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Abstract
This thesis reports the observation of interspecies Feshbach resonances in
an ultracold mixture of Rb and Cs atoms. A versatile combined magnetic
and optical potential has been designed and constructed which is capable
of bringing both 87Rb and 133Cs to degeneracy, and reaching high phase-
space density in 85Rb. High phase-space density mixtures are the first step
required in the production of ultracold polar molecules, the topic of much
current research.
The apparatus capitalises on the efficient capture of atoms by a magnetic
trap from a magneto-optical trap, and the efficient sympathetic cooling of
Cs by Rb therein. Upon transfer to the crossed optical dipole trap conden-
sates in excess of 1 × 106 87Rb atoms and approximately 1 × 105 133Cs atoms
are produced after direct evaporation and gravito-magnetic tilting of the po-
tential. The observation of six interspecies 87Rb133Cs Feshbach resonances
are reported, three of which had only been predicted theoretically, allowing
testing and development of the theoretical model. Furthermore, the extrap-
olation of this model has predicted numerous Feshbach resonances between
85Rb and 133Cs, none of which have been experimentally observed prior to
this work. The versatile nature of this apparatus is discussed, including the
application of the current system to cooling of 85Rb. Initial experiments
observed seven interspecies resonances, including a broad s−wave resonance
at a magnetic field of (644 ± 2) G which is in excellent agreement with the
theoretical prediction. Further work has revealed that fourteen Feshbach res-
onances exist in the 0-700 G magnetic field range between 85Rb and 133Cs
atoms in the |2,+2⟩ and |3,+3⟩ states, respectively. Several of these reso-
nances would be ideal for magneto-association of RbCs molecules, prior to
transfer to the rovibrational ground-state.
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Chapter 1

Introduction

Since the first observation of Bose-Einstein condensation (BEC) in 1995 [1–3]
the field of matterwave optics has progressed enormously. In addition to the
original condensates of 87Rb, 23Na and 7Li, degenerate gases are now rou-
tinely produced in other isotopes of these species and different alkali-metals
such as 40K [4], 41K [5], 85Rb [6–8], 6Li [9] and 133Cs [10–12]. Additional de-
velopments of the field have allowed degeneracy to be reached in the alkaline
earth elements 40Ca [13] and Sr [14–19] and in other systems such as 52Cr
[20], Yb [21–26], atomic H [27] and metastable He [28, 29]. More recently
BEC has been achieved in exciton polaritons [30], magnons [31] and pho-
tons [32]. Prior to the Nobel prize being awarded for the realisation of BEC
other atomic physics work in laser cooling was also awarded the Nobel prize
[33–35]. Laser cooling is often the first step in trapping an ultracold cloud
of atoms. BECs have many practical applications within atomic, molecular
and condensed matter physics such as the atom laser [36–38] and matter-wave
interferometry [39]. They also allow study of vortices [40–42] and vortex lat-
tices [43], condensate collapse [44], soliton formation [45–48] and Anderson
localisation [49, 50], all contributing towards knowledge of the behaviour of
matter at ultracold temperatures.

Precise control over interactions within a BEC can be achieved in certain
atomic species such as 85Rb and 133Cs through variation of the magnetically
tunable scattering length. The creation of condensates in these species relied
on control of the scattering length around Feshbach resonances [51] to pro-

1
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duce a favourable ratio of elastic to inelastic collisions [6, 10]. Molecules may
also be formed by ramping over a Feshbach resonance [52], providing an al-
ternative to photoassociation [53]. Feshbach resonances also open up avenues
to explore the aforementioned condensate collapse and soliton formation as
well as modelling of cold atom collisions [54, 55].

The creation of ultracold molecules, via Feshbach resonances or otherwise,
has been the subject of intense research in recent years after the demonstra-
tion of optically trapped fermionic [56, 57] and bosonic molecules [57, 58].
The transfer of these molecules to the absolute ground-state via stimulated
Raman adiabatic passage (STIRAP) [59] proves to be the first step in study-
ing interacting molecular gases. Being able to control the internal degrees-
of-freedom of a homonuclear molecule is an important stepping stone on the
way to studying dipolar quantum effects however the dipole moment of these
single-species molecules is small [60]. Long-range magnetic dipole moments
in Cr BECs have been observed to cause collapse in the condensate [61] and
these long range interactions are predicted to be a feature of heteronuclear
alkali-alkali molecules [62, 63]. Thus mixtures of quantum gases have been
extensively studied in recent years due to their myriad of applications, from
different spin-state mixtures [64, 65], to isotopic mixtures [9, 18, 66, 67] to
heteronuclear mixtures [12, 68–84].

1.1 Ultracold mixtures and molecules

Quantum degenerate mixtures of atoms have received much attention due
to the large range of experiments not possible in single-species experiments.
Studies of interactions between the mixtures including phase separation be-
tween the constituent species is a rich area in both theoretical and experi-
mental physics [64, 65, 85–88], with studies of the superfluid to Mott insula-
tor transition [89] and novel quantum phases also possible within an optical
lattice [90–92]. The choice of species with which to implement a mixture
experiment is driven by the fascinating results that it is possible to produce
by studying such a mixture, however the choice is often a technical one.

Atoms that cool efficiently such as 87Rb are often employed as a refrigerant
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that will sympathetically cool another species - due to their favourable ra-
tio of elastic to inelastic collisions they are employed as a collisional bath
for the minority species. This technique was instrumental in reaching Fermi
degeneracy [73], where s-wave collisions, vital for rethermalisation during
evaporation, are forbidden due to the Pauli exclusion principle. The addi-
tion of a second species lifts this restriction and allows efficient sympathetic
cooling to ensue. The technique has also been utilised in cooling of ‘difficult’
bosonic species such as 41K [5], 133Cs [12] or 85Rb [7, 66].

There are two routes to the production of cold molecules, direct and indirect.
The direct methods address a range of diatomic molecules which are typically
cooled directly, with no need for initial association of atoms. Due to the ro-
tational and vibrational structure in molecules being very complex adequate
laser cooling has not been fully developed yet, however large strides are being
taken in this field [93, 94]. Other techniques that are receiving attention are
Stark deceleration [95, 96], buffer gas cooling [97, 98], sympathetic cooling
[99], optical Stark deceleration [100], cooling molecules from a rotating source
[101], photostop [102] and magnetic deceleration [103]. Whilst progress is be-
ing made in the direct cooling methods, typical temperatures after cooling are
currently capped around the millikelvin range and the samples are far from
degeneracy [104]. At present the phase-space densities (PSDs) achievable by
indirect methods are much larger.

The indirect method of producing ultracold molecules harnesses the power-
ful laser cooling techniques available to individual atoms such as the alkali-
metals and molecules are associated from these pre-cooled atomic clouds.
The method of association can involve formation of molecules in an excited
state after two colliding atoms absorb a photon, known as photoassocia-
tion [53], or magneto-association by ramping over a Feshbach resonance [52].
Photoassociation has recently been successful in transferring Cs2 [105], LiCs
[80] and RbCs [106] molecules into the ground-state, however due to its non-
coherent nature transfer is inefficient resulting in low molecule number. Since
transfer typically occurs from a magneto-optical trap (MOT) the molecular
temperature is also limited to the MOT temperature.

Molecules associated via a Feshbach resonance are formed in an excited level,
and transfer into the ground-state requires implementation of the STIRAP
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technique [59]. The magnetic resonance couples a bound molecular state with
that of the atoms, hence by sweeping over the magnetic resonance we can
produce weakly-bound Feshbach molecules. Feshbach molecules have been
created in both homonuclear and heteronuclear mixtures, which is the first
step towards creating a dipolar quantum gas. Importantly the transfer to
the rovibrational ground-state has been performed with high efficiency for
Rb2 [107], Cs2 [108] and for KRb, a molecule which consists of a fermion and
a boson and has a large dipole moment [75]. Experiments are currently on
the verge of producing a degenerate molecular gas of bosons [109].

The vast number of applications that ultracold polar molecules are applicable
to justifies the amount of current research surrounding them. Potentially the
most exciting of these is the possibility that polar molecules may be utilised as
qubits in a quantum computer whereby the molecules, transferred to a lattice
with a single-occupancy per lattice site, could be addressed individually via
an electric field [110]. Polar molecules are also proposed to be instrumental
in the precision measurement of fundamental constants such as the time
dependency of the proton to electron mass ratio or the fine structure constant
[111–114]. Indeed experimental measurements of the electron electric dipole
moment [115] and the proton to electron mass ratio variation by observing
absorption lines from molecular clouds [116] have already been obtained. The
field of ultracold dipolar molecules is thus set to continue expanding.

1.2 Ultracold mixtures of RbCs

Cold mixtures of 87Rb and 133Cs atoms have been studied over the past
decade for multiple reasons. From a technical standpoint, laser cooling of
the two atoms is not challenging as diode lasers are available at the laser
cooling frequencies for both atoms and single species condensates have been
produced in the two atoms individually [1, 10]. The properties of the two
atoms are complementary from the point of view that evaporation of 87Rb
in both magnetic and dipole traps is efficient, however high inelastic losses
have plagued attempts to reach degeneracy in 133Cs in magnetic traps [117].
Evaporation efficiency can drastically be increased with the implementation
of sympathetic cooling of the 133Cs after rethermalising collisions with 87Rb.
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At low magnetic fields the magnetic moment to mass ratios of the two species
are a maximum of 2% different, hence good overlap is achieved within a
magnetic trap leading to a high interspecies collision rate.

Scientific motivation for studying a mixture of 87Rb133Cs arose from the fact
that the interspecies scattering properties were relatively unknown, despite
the intraspecies interactions being well defined [118, 119]. Initial experiments
focussed on trap loss within the two-species MOTs, where the time-evolution
of trapped Rb atoms with and without Cs atoms present was studied.

More recent studies have confirmed that sympathetic cooling of 133Cs by
87Rb is indeed efficient, and temperatures of 6 µK have been reached prior to
dipole trap transfer [12, 70]. Good sympathetic cooling is consistent with
an appreciable interspecies scattering length and studies of rethermalisa-
tion between the two atomic species confirmed this, a scattering length of
(aRbCs =

(
700+700

−300

)
a0) being extracted from the data [120]. Knowledge of

the system was advanced further upon observation of 25 interspecies Fesh-
bach resonances between 133Cs in the |F = 3, mF = +3⟩ state and 87Rb in
the |F = 1, mF = +1⟩ and |F = 2, mF = −1⟩ states. The ensuing analysis
of the additional Feshbach and bound-state spectrum studies have resulted
in a complete model of the system, with resonances up to magnetic fields of
667 G observed [121].

In theory any Feshbach resonance can be used to form Feshbach molecules,
however a broad, entrance-channel dominated resonance is the ideal candi-
date, many of which exist and can be seen in figure 1.1. Transfer of these
molecules to the rovibrational ground-state is perfomed via the STIRAP
technique where a state superposition is formed from the initial Feshbach
molecular state and the deeply bound molecular state, via an intermediate
state [59]. The superposition state is formed by overlapping two light pulses
in a ‘counterintuitive’ manner. The coupling laser between the ground-state
and the intermediate level is first switched on, followed by the light that cou-
ples the Feshbach molecular state and the intermediate state. A good overlap
of the Franck-Condon factors of the three states determines the efficiency of
this method, hence molecular state selection is critical. The theory behind
the STIRAP process is discussed in more detail in chapter 8.2. Current work
is focussed on determining the best route to ground-state transfer [109].
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Figure 1.1: Interspecies 87Rb133Cs scattering length as a function of magnetic
field for 87Rb and 133Cs atoms in the |1,+1⟩ and |3,+3⟩ states, respectively.
All Feshbach resonances depicted in this plot have previously been observed
[72, 121].

In addition to being polar the RbCs molecules are long lived. Unlike KRb
molecules, RbCs is stable against the atom exchange interaction RbCs +
RbCs → Rb2 + Cs2 [122]. They are therefore long-lived and are predicted
to exhibit a dipole moment of 1.25 Debye [63], which is approximately a
factor of 2 larger than for KRb [75], and several orders of magnitude larger
than the atomic dipole moments. If an external DC electric field is applied
to a polar molecule an electronic dipole moment is induced, and this makes
them an ideal candidate for a quantum computer as the energy of dipolar
interactions exceeds the thermal energy of the molecules at low temperature.
Additionally the rotational constant of RbCs molecules is lower than that
of KRb, hence smaller electric fields are required to achieve sizeable dipole
moments [123, 124].
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1.3 Overview of thesis

This thesis presents work on a system constructed to optically trap Rb and
Cs atoms simultaneously and perform measurements of interspecies Fesh-
bach resonances between Cs and the two naturally abundant isotopes of Rb.
The document is largely focussed on the measurements taken using a sys-
tem whose setup is discussed elsewhere [125–127], however in addition any
technical improvements made are discussed in detail.

In brief the experimental procedure begins with the collection of atoms in
a two-species MOT using a pyramid-MOT as a cold atom source. The two
atomic species are separated from each other in the MOT by utilising a beam
of light resonant with the Rb atoms to ‘push’ the Rb cloud, reducing the over-
lap of the two species [71]. Following compressed-MOT and molasses phases
the atoms are optically pumped into the magnetically trappable stretched
states to increase the spin-state purity of atoms when captured in the mag-
netic trap.

We load a quadrupole magnetic trap generated by a pair of coils in the anti-
Helmholtz configuration. The magnetic field gradient is increased to values
much larger than the minimum required to trap the Rb and Cs atoms in
order to increase the collision rate. The Rb atoms are cooled using RF
evaporation in the magnetic trap, a process which results in sympathetic
cooling of Cs atoms after collisions with Rb atoms. As atoms cool they
are captured in an optical potential generated by a high power fibre laser
crossing at a point ≈ 70 µm below the magnetic trap centre. Once magnetic
trap evaporation becomes less efficient the field gradient is reduced, resulting
in more atoms being loaded into the optical trap. Within the optical trap
fast, efficient evaporative cooling is performed by reducing the power of the
trapping beams or by ‘tilting’ the potential with a magnetic field gradient
[11]. At this stage a high phase-space density atomic mixture is realised,
which is the ideal starting point for measurements of Feshbach resonances and
molecule formation. The experimental procedure is summarised in figure 1.2.

The remaining chapters are arranged as follows:

• Chapter 2 discusses the basic theory involved in the different aspects
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Figure 1.2: Illustration summarising the different stages of the experimental
procedure. Atoms are collected in a two-species MOT before transfer to a
quadrupole trap where the cloud temperatures are reduced efficiently via
forced RF evaporation and sympathetic cooling of Cs. Once the evaporation
in the quadrupole trap becomes less efficient the magnetic field gradient
is reduced such that the atoms are trapped in a levitated crossed dipole
trap. Evaporation continues in the dipole trap either by decreasing the beam
powers to reduce the trap depth, or by applying a magnetic field gradient to
‘tilt’ the trap.
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covered in this thesis. Only a brief treatment of each topic is reported
and for a more detailed study the reader is referred to more compre-
hensive references.

• Chapter 3 gives an account of the experimental techniques utilised in
this work to produce an ultracold atomic mixture. Many technical
details can be found elsewhere in references [125–127], this section is
only intended to introduce the reader to the methods used here.

• Chapter 4 describes modelling, design and implementation of the op-
tical dipole trap used in this work. The chapter then covers the op-
timisation of evaporation taking place within the dipole trap and the
condensation of 87Rb.

• Chapter 5 contains data highlighting the gains made in the magnetic
trap sympathetic cooling of 133Cs by 87Rb due to the other improve-
ments made during the course of this work. The corresponding im-
provement in 133Cs evaporation within the optical trap is then dis-
cussed, which consequently leads to larger 133Cs BECs being produced.

• Chapter 6 reports the single-species results obtained at high-fields and
the observation of interspecies 87Rb133Cs Feshbach resonances are then
reported.

• Chapter 7 presents the results of theoretical models that predict a series
of Feshbach resonances in a system of 85Rb133Cs, the alterations made
to the setup in order to trap 85Rb and the observation of many of these
resonances.

• Chapter 8 draws conclusions made using the data presented in the
previous chapters and presents an outlook towards the future goals of
the experiment and the field of ultracold dipolar molecules.



Chapter 2

Background theory

Ultracold atomic mixtures and molecules are a rich and interesting area of
physics that have been studied extensively. This chapter contains an intro-
duction to various theoretical concepts that are required to understand the
different sections of this thesis. A brief account of each concept is given, how-
ever the references within this chapter and the many review articles provide
a more complete treatment [33–35, 41, 51, 52, 128, 129].

2.1 Scattering theory

Collisions between cold atoms are the fundamental building block behind
evaporative cooling and the ability to reach degeneracy within a system of
ultracold atoms. On a basic level they can be divided into two main cate-
gories: elastic and inelastic. Elastic collisions allow rethermalisation to occur
resulting in a decrease in ensemble temperature, whereas inelastic collisions
generally result in heating and losses. A favourable ratio of elastic to inelas-
tic collisions is desirable and can dictate whether or not degeneracy within
a system is possible. Interactions between the atoms in the ensemble are
characterised by the s-wave scattering length.

10
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2.1.1 Elastic collision cross section

The Hamiltonian describing the relative motion of two colliding atoms is the
sum of the relative kinetic energy of the atoms and the interaction potential

H = p⃗2

2M
+ V (r⃗), (2.1)

where p⃗ = p⃗1 − p⃗2, r⃗ = r⃗1 − r⃗2 and M = m1m2/(m1 + m2) is the reduced
mass. The spherical symmetry of the interaction potential allows it to be
written in the form

H = ~2

2M

(
1
r2

d

dr

(
r2 d

dr

)
− l(l + 1)

r2

)
+ V (r), (2.2)

where l is the angular momentum quantum number. The solutions to this
Hamiltonian take the form

ψk(r) = eikr + f(k⃗)e
ikr

r
, (2.3)

where f(k⃗) is the scattering amplitude, k⃗ is the wavevector of the scattered
wave and k = M ⟨vR⟩ /~. Here ⟨vR⟩ = (16kBT/πM)1/2 is the mean relative
velocity. The potential is assumed to vanish as r → ∞.

The differential scattering cross section is the cross section per unit solid
angle, given by

dσ(k⃗)
dΩ

=
∣∣∣f(k⃗)

∣∣∣2 . (2.4)

The scattering amplitude can then be written in terms of Legendre polyno-
mials (Pl(cos(θ))) if we assume the interaction to be symmetric and to only
depend on θ [130]

f(θ) = 1
2ik

∞∑
l=0

(2l + 1)(ei2δl − 1)Pl(cos(θ)), (2.5)

where δl are the phase shifts associated with each partial wave and the l =
1, 2, 3, ... denote the contribution to the total scattering amplitude from each
s, p, d, ... partial wave. Integrating equation 2.5 over the full solid angle we
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obtain
σ = 4π

k2

∞∑
l=0

(2l + 1) sin2 δl. (2.6)

Due to the indistinguishable nature of the two particles the wavefunction
must be symmetric for bosons and anti-symmetric for fermionic particles. If
we exchange the particles’ coordinates we in effect change the sign of the
relative coordinates, hence r⃗ → −r⃗, r → r, θ → π− θ and φ → π+φ, where
φ is the azimuthal angle. Hence the wavefunction becomes symmetric

ψ = eikz ± e−ikz + (f(θ) ± f(π − θ)) e
ikr

r
. (2.7)

To calculate the scattering cross section for indistinguishable particles we
must take into account the fact that the wavefunction must be (anti-)sym-
metric for bosonic (fermionic) particles, hence

ψ(r⃗1, r⃗2) = ϵψ(r⃗2, r⃗1), (2.8)

where ϵ = 1(−1) for bosons (fermions). We can construct an (anti-)symmet-
ric scattering state such that the differential cross section reads [131]

dσ

dΩ
= |f(k, θ) + ϵf(k, π − θ)|2 . (2.9)

Here 0 ≤ θ ≤ π/2.

Due to the (−1)l parity of the Legendre polynomials only even (odd) partial
waves contribute to the bosonic (fermionic) scattering cross section. Thus
the contribution of the even partial waves is doubled for bosons, whereas the
contribution from odd partial waves is cancelled

σ = 8π
k2

∞∑
l even

(2l + 1) sin2 δl. (2.10)

The converse is true for fermions, contributions from odd partial waves are
doubled, whereas they are cancelled for even partial waves. The summation
in equation 2.10 is then modified to count odd values of l only. Thus reaching
quantum degeneracy in a single-species fermionic system is impossible to
achieve due to the existence of the potential barrier on all partial waves
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other than for l = 0 (see section 2.1.3). The inclusion of a second species
allows degeneracy to be achieved via sympathetic cooling [4]. Similarly the
inclusion of an additional species in the bosonic case allows odd partial wave
collisions to occur, important in a RbCs system. This also reduces the 8π
prefactor of equation 2.10 to 4π.

2.1.2 Low energy scattering

The contribution of different partial waves in a collision process is dependent
on the energy of the colliding particles. Partial waves with l ̸= 0 experience
a centrifugal barrier as well as the interaction potential (the V (r) term in
equation 2.2). If the relative kinetic energy is not large enough to overcome
the barrier height scattering will not take place as the interparticle separa-
tion never becomes small enough such that V (r) is non-negligible. In this
situation all collisions are purely s−wave in origin and equation 2.10 becomes

σ = 8π
k2 sin2 δ. (2.11)

Ignoring the effective range of the interaction the cross section becomes [132]

σ = 8πa2

1 + k2a2 , (2.12)

where a is the s-wave scattering length.

It is possible to define two limits for equation 2.12. In the ultracold limit,
where ka ≪ 1, the de Broglie wavelength

λdB =
√

2π~2

mkBT
, (2.13)

becomes much larger than the scattering length, hence σ is dependent only
on a and saturates to a value of

σultracold = 8πa2. (2.14)

This is known as the ultracold limit, where σ is independent of E and T .
Conversely, for ka ≫ 1, the elastic cross section becomes unitarity limited
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and λdB ≪ a. This occurs at higher T , and σ is limited by the de Broglie
wavevector

σunitarity = 8π
k2 . (2.15)

These two limits are highlighted in figure 2.1.

Figure 2.1(a) shows that for small scattering lengths similar cross sections are
predicted by equations 2.12 and 2.14 [133]. As the scattering length increases
the ultracold limit becomes inaccurate, similarly for higher temperatures the
ultracold limit becomes less applicable as we transfer into the unitarity limit.
Figure 2.1(b) highlights the transfer between the two regimes at different
temperatures. In the ultracold limit (dashed lines) the cross section is a
constant value of 8πa2. Equation 2.12 saturates in the ultracold limit to
approximately 3.6 × 10−9 cm2 for 133Cs and 7.3 × 10−12 cm2 for 87Rb. At
higher temperatures the cross section is better approximated by the unitarity
limit and becomes independent of scattering length.

2.1.3 Higher partial waves

At higher temperatures the kinetic energy of the atoms may be large enough
such that contributions to the cross section from other partial waves become
significant as their energy is larger than the centrifugal barrier. This potential
is of the form

Vcen = ~2l(l + 1)
2mr2 . (2.16)

For higher partial waves to contribute to the cross section the minimum
energy required is

Emin = ~2l(l + 1)
2MR2

min
− C6

R6
min

, (2.17)

where C6 is the van der Waals coefficient and Rmin is the separation for which
the effective potential is a maximum

Rmin =
√

6MC6

~2l(l + 1)
. (2.18)

Using the values for the C6 coefficients given in table 2.1 and equa-
tions 2.17 and 2.18 it is possible to calculate the relevant threshold tem-
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Figure 2.1: Elastic cross section as a function of scattering length (a) and
of temperature (b). In (a) the cross section has been calculated for 133Cs at
temperatures of 2 µK (blue), 1 µK (red) and 0.1 µK (purple) using equa-
tion 2.12. The cross section in the ultracold limit (equation 2.14) is also
displayed (black dashed). In (b) the cross section is displayed for 87Rb (red)
for the background scattering length of 102 a0 and for 133Cs (blue) with a
background scattering length of 2250 a0, where a0 = 0.0529 nm is the Bohr
radius. Also displayed are the cross sections in the ultracold limit (dashed
lines) and in the unitarity limit (dotted lines).
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Species C6 (a.u.)
87Rb-87Rb 4691
133Cs-133Cs 6851
87Rb-133Cs 5284

Table 2.1: C6 coefficients for 87Rb-87Rb scattering, 133Cs-133Cs scattering and
87Rb-133Cs scattering in atomic units [134, 135]. To convert the values of C6
into S. I. units the coefficient is multiplied by a6

0 and Eh = ~2/(mea
2
0), the

Hartree energy.

peratures for d-wave scattering in homonuclear systems of 87Rb and 133Cs.
For 133Cs at a temperature of 180 µK d−wave collisions begin to contribute,
and in 87Rb the temperature is 410 µK. Due to the distinguishable nature
of 87Rb-133Cs collisions p−wave collisions also contribute to the elastic cross
section. Here d−wave collisions begin to contribute at 290 µK and p−wave
collisions at temperatures of 56 µK. It is worth noting that the d−wave
threshold temperatures are larger than typical MOT temperatures hence we
will not consider d−wave collisions here, however the p−wave threshold is
lower for 87Rb-133Cs, hence will contribute during the MOT and magnetic
trap phases of the experiment.

2.1.4 Inelastic collisions

The elastic collision rate provides an upper bound to the efficiency of evap-
oration, however it is limited by the presence of inelastic collisions which
change the total kinetic energy of the system. This gain in kinetic energy is
generally larger than the trap depth of the potential, resulting in atom loss.
Generally speaking inelastic collisions can be categorised into three broad
types of loss; background gas collisions of cold atoms with residual gas in
the system, two-body collisions which change the electronic structure of the
system and three-body collisions in which molecule formation may occur.

Background gas collisions

Collisions with the background gas in the vacuum system result in the loss of
one cold atom per collision event. The rate of loss of this nature depends only
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on the background gas pressure and the total atom number, not the density
of the ensemble. Hence these collisions will result in a reduction of atom
number but do not lead to significant increases in temperature. The loss
rate due to background gas collisions is given by 1/τB. Typical background
lifetimes are of the order of hundreds of seconds.

Two-body collisions

Two-body collisions result in a change of the atoms’ internal states. The
only two-body inelastic mechanisms which are not energetically forbidden
are dipolar angular momentum changing collisions. The two possible pro-
cesses by which this may occur are direct spin-spin coupling between collid-
ing atoms and the 2nd-order spin-orbit interaction. In the alkali metals these
interactions are opposite in sign, so one has the effect of working to cancel
the other. In 87Rb their magnitudes are so similar that two-body losses are
effectively suppressed, hence the anomolously low two-body loss rate (K2)
in 87Rb. Conversely for 133Cs in the |3,−3⟩ state K2 is much larger [60],
resulting in an increase in inelastic loss processes, an effect which has ham-
pered condensation of 133Cs in many experiments [117, 136]. Transferring
the atoms into the absolute ground state suppresses two-body losses for en-
ergetic reasons [137], a step which was required for the production of a 133Cs
condensate [10]. K2 is dependent on the density of the atoms, hence a higher
loss rate is observed in higher PSD ensembles.

Three-body collisions

Three-body processes occur when two particles form a compound while in-
teracting with a third atom (required to conserve energy and momentum),
resulting in the formation of a diatomic molecule. The molecular binding
energy is then released as kinetic energy. The energy of both the molecule
and the atom is generally greater than the trap depth, hence three atoms are
lost per collision event. Occasionally the third atom remains trapped and
collides with an additional atom, distributing the kinetic energy as recombi-
nation energy [138]. The three-body loss rate, K3, is dependent on the square
of the atomic density therefore, as in two-body processes, it occurs most at
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the centre of the trap where the density is largest. The average energy of the
atoms at this location is smaller than the average energy of the ensemble, so
after rethermalisation the average ensemble energy, and hence temperature
increase, in a process known as ‘anti-evaporation’.

Experimentally inelastic loss rates are identified by measuring loss from con-
servative traps, however distinguishing between two- and three-body pro-
cesses can be difficult. This complication is removed however by either using
87Rb or transferring atoms to the absolute ground state [139, 140]. Previ-
ous work reports an increase in loss processes near a Feshbach resonance
[141, 142].

Single species inelastic collision rates

The time-evolution of the ensemble atom-number is described by the sum of
the loss rates due to the three distinct processes described above [143]

dN

dt
= −N

τB
−K2 < n > N −K3 < n2 > N, (2.19)

where 1/τB is the background gas collision rate and n is the atomic density.
We can calculate

< n >= 1
N

∫
n(r⃗)2d3r, (2.20)

and
< n2 >= 1

N

∫
n(r⃗)3d3r = 8√

27
< n >2, (2.21)

for a Gaussian distribution.

Two-species inelastic collision rates

The presence of a second species within a trap results in extra terms being
introduced to equation 2.19. For example in a RbCs system the additional
loss terms involve two-body losses due to Rb colliding with Cs and three-body
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losses due to Rb-Rb-Cs and Rb-Cs-Cs collisions

dNRb

dt
= − NRb

τB,Rb
−K2,RbRb

∫
nRb(r⃗)2d3r −K2,RbCs

∫
nRb(r⃗)nCs(r⃗)d3r

−K3,RbRbRb

∫
nRb(r⃗)3d3r −K3,RbRbCs

∫
nRb(r⃗)2nCs(r⃗)d3r

−K3,RbCsCs

∫
nRb(r⃗)n2

Cs(r⃗)d3r,

(2.22)

where nRb(Cs) is the density of trapped Rb (Cs) atoms, K2,RbCs is the two-
body loss coefficient due to Rb-Cs collisions andK3,RbRbCs(RbCsCs) is the three-
body loss rate due to Rb-Rb-Cs (Rb-Cs-Cs) collisions [68]. It may be noted
that switching the subscripts Rb and Cs in equation 2.22 will describe the
time-evolution of the Cs atom number in the trap.

Results of previous studies have revealed that the two- and three-body loss
coefficients are similar for both isotopes of Rb in a MOT. Further, it was
discovered that there is an order of magnitude difference between the loss
rate of 87Rb as compared to that of 133Cs, which, although to be expected due
to the mass difference between the atoms, is larger than can be attributed
to the mass ratio alone. It has been suggested that it is due to different
interaction potentials and changes in trap depth between the two cases [68].

2.2 Feshbach resonances

2.2.1 Basic theory

Feshbach resonances have become the topic of intense research since their
first observation [144] and have now been observed in most of the alkali
atoms, and in many heteronuclear mixtures [51]. They can be understood by
considering two molecular potentials, Vo(r) and Vc(r), where for large sepa-
rations Vo connects two free atoms [51]. For low energy (Ec) scattering this
potential represents an energetically open channel, alternatively called the
entrance channel. Feshbach resonances occur when the entrance channel is
coupled to a molecular bound state supported by Vc(r) (the closed channel).
The coupling strength can be tuned via a magnetic field if the open and
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closed channel have different magnetic moments, resulting in high tunability
of scattering length around a Feshbach resonance, as described in figure 2.2.
Feshbach resonances now have many applications including molecule forma-
tion [52] and condensate collapse and soliton formation [44–48].
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Figure 2.2: Schematic of a Feshbach resonance. (a) When two atoms collide
if their energy E (blue) is similar to that of a bound molecular state (red)
of energy Ec they can couple resonantly. The energy difference may then be
tuned by the magnetic field if the atomic and molecular magnetic moments
differ. (b) The magnetic field dependence of the energy of the atomic con-
tinuum (blue) and molecular bound state (red). The two energies coincide
at the location of the resonance (B0) and the corresponding strong coupling
between the open and closed channels leads to an avoided crossing (purple
dashed lines). Molecule formation is performed by adiabatically sweeping
the magnetic field in the appropriate direction to convert free atoms into
loosely bound molecules (see section 2.2.2). (c) The scattering length be-
comes highly tunable in the vicinity of a Feshbach resonance, following the
form of equation 2.23. The resonance is centred on B0, where a → ±∞ and
the width is defined as B − B0 when a = 0. Far away from the resonance
centre a → abg.

In the vicinity of a Feshbach resonance the scattering length varies as [145]

a(B) = abg

(
1 − ∆B

B −B0

)
, (2.23)
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where abg is the background scattering length far from the resonance, ∆B is
the resonance width, the change in field required for a to be equal to 0 and
B0 is the resonance centre where the scattering length becomes infinity. The
entrance channel’s last bound vibrational level determines abg. Due to the
divergence of the scattering length and the a4 dependence of three-body loss
rate, enhanced inelastic losses are an experimental feature used to detect the
location of a Feshbach resonance [138].

2.2.2 Molecule formation

As shown in figure 2.2(b) loosely bound molecules can be formed by adia-
batically ramping the magnetic field through the resonance, such that the
atoms follow the avoided crossing. The direction of the sweep is dictated by
the fact that the association technique only works for real bound molecular
states where Ec < 0 [146], in the figure this represents a sweep from high
to low fields. Molecules formed via this method have large separations, are
loosely bound and are known as Feshbach molecules. Ramping back over the
resonance above the scattering continuum causes the molecules to rapidly
dissociate into atoms.

The nature of the molecules being short lived with very small trap lifetimes
necessitates a transfer into an optical lattice with only one molecule per
lattice site [147]. This method has resulted in increased lifetimes in the trap
of up to 700 ms. To obtain longer trap lifetimes transfer to the ground-state
is required, one of the many ongoing challenges, as discussed in chapter 1
[107, 148, 149].

2.2.3 Feshbach structure of 133Cs

The collisional properties of 133Cs have been well known since the year 2000
when the results of two studies were published [54, 55]. Experimental work
focussed on the identification of Feshbach resonances in the 0-230 G field
range [54]. In excess of 25 resonances were observed across the different spin
states, and K2 was determined. The resulting theoretical study [55] involved
a coupled-channel analysis and was able to predict all the observed Feshbach
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resonances. A zero crossing of the scattering length was predicted at 17.1 G
which allows precise control of interactions [150] and the possibility for soli-
ton production [44]. Moreover, the existence of a small field range between
21-25 G where the scattering length is favourable for rethermalisation opened
up the possibility of Bose-Einstein condensing 133Cs [10]. Extrapolating the
calculation allows a calculation of the scattering length to be made for field
values in excess of 1000 G. This reveals the existence of various other Fes-
hbach resonances, including broad resonances at approximately 549 G and
787 G [151]. The 133Cs scattering length for magnetic fields of 0-1000 G can
be observed in figure 2.3.
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Figure 2.3: 133Cs scattering length between magnetic fields of 0-1000 G for
the |3,+3⟩ state [151].

Many of the features displayed in figure 2.3 have been observed [152, 153].
One interesting feature of the data is the large s-wave Feshbach resonance at
787 G which is broad so would allow precise control of the scattering length in
the region. This region is also potentially more promising for the formation
of solitons than the low-field region as there are no Feshbach resonances
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between the field where a ∼ 200 a0 and the zero crossing in the scattering
length at ≈ 881 G. Additionally, evidence for the existence of Efimov features
in 133Cs have also been observed at various magnetic fields [152, 154].

2.2.4 Feshbach structure of 87Rb133Cs

As described in chapter 1 the properties of a 87Rb and 133Cs mixture have
been well studied and the culmination of this work resulted in the obser-
vation of twenty-three resonances in the |1,+1⟩ and |3,+3⟩ states, and two
resonances in the |2,−1⟩ and |3,+3⟩ states, in 87Rb and 133Cs respectively
[72]. The locations and widths of these resonances have been precisely ob-
tained [153] and the existence of many additional resonances up to magnetic
fields of 667 G have led to a coupled-channel model of the 87Rb133Cs scat-
tering length being developed for fields in excess of 1000 G. This complete
model has predicted several resonances at magnetic fields higher than the
0-667 G field range that have not been observed to date. The 87Rb133Cs
scattering length as a function of magnetic field is presented in figure 2.4.

2.3 Bose-Einstein condensation

Since the prediction of the BEC phase in 1925 and the first experimental
observation 70 years later much experimental and theoretical work has been
performed in the field [1–3, 155, 156]. Here we consider basic theory sur-
rounding condensates, for a full treatment see the literature on the subject
[38, 41].

2.3.1 Basic theory

For an ideal system of bosons (integer spin particles) the energy distribution
as a function of temperature is described by the Bose-Einstein distribution

f(ϵ) = 1
e(ϵ−µ)/kBT − 1

, (2.24)
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Figure 2.4: Interspecies 87Rb133Cs scattering length as a function of magnetic
field for 87Rb and 133Cs atoms in the |1,+1⟩ and |3,+3⟩ states (positive fields)
and for the |1,−1⟩ and |3,−3⟩ states (negative fields), respectively. Feshbach
resonances have been observed in the 0-667 G region previously [72, 121],
however those in the shaded regions are predicted but not yet observed.

where ϵ is the particle energy and µ is the chemical potential. Apart from
a sign change in the denominator this expression is identical when applied
to fermions (spin-1/2 particles). Occupation of the ground-state increases
as T → 0, and the population of the ground-state becomes macroscopically
large. The atoms remaining in the excited states continue to behave as
thermal atoms, however the condensed fraction are described by a single
wavefunction.

At colder temperatures the atoms can be visualised as wavepackets and they
can be assigned a de Broglie wavelength (see equation 2.13). λdB increases as
temperature decreases, and when the de Broglie wavelength approaches the
separation distance between the atoms their wavefunctions overlap. Thus the
atoms condense, which can be parameterised in terms of the PSD exceeding
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2.612
nλ3

dB ≥ 2.612, (2.25)

where n is the number density of the atoms [130].

2.3.2 Bose-Einstein condensation in a harmonic trap

In experiments atomic gases are non-uniform and are typically trapped in
potentials providing harmonic confinement, which is the case in this work

U(r⃗) = 1
2
m
(
ω2

xx
2 + ω2

yy
2 + ω2

zz
2
)
, (2.26)

where ωx,y,z are the trap frequencies in the x−, y− and z−directions respec-
tively. In the scenario where all particles in the system are just located in
the excited states, where any further reduction in temperature would result
in ground-state occupation, the total number of particles can be calculated

Ntot (Tc, µ = 0) =
∫ ∞

0
g(ϵ) 1

eϵ/kBTc − 1
dϵ (2.27)

where g(ϵ) is the density of states, which is dependent on the potential used.
Here the chemical potential must be zero, as we stipulated that if any particle
were to be added, it would have to go into the ground state, thus there would
be no change to the energy, assuming N is large and the zero-point energy
may be neglected. For the harmonic potential described by equation 2.26,
the solution to equation 2.27 is [130]

Tc = ~ωho

(
N

ζ(3)

)1/3

= ~ωho

(
N

1.202

)1/3
= 0.94~ωhoN

1/3, (2.28)

where ζ(3) is the Riemann zeta function and ωho is the geometric mean trap
frequency.

Above Tc the chemical potential becomes N -dependent and the population of
the ground-state is zero. As the temperature decreases below Tc the number
of thermal atoms drops far below Ntot, and thus to conserve total atom
number the other atoms are in the condensed state. The number of particles
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within the condensate is given by [130]

N0(T ) = Ntot −Nex(T ). (2.29)

Inserting equation 2.28 into equation 2.29 the condensate fraction as a func-
tion of temperature can be found [41, 157]

N0

N
= 1 −

(
T

Tc

)3
. (2.30)

2.3.3 Interactions within a Bose-Einstein condensate

We have previously considered only a gas without interactions, to take ac-
count of interactions within a condensate the mean-field or Hartree approach
is applied [130]. In the condensate all particles are in the same condensed
state ϕ(r⃗), therefore the N−particle wavefunction can be written

Ψ (r⃗1, r⃗2, ..., r⃗N) =
N∏

i=1
ϕ (r⃗i) , (2.31)

where ϕ (r⃗i) are the single-particle wavefunctions and are normalised to unity.
Using mean-field theory the interactions taking place over distances smaller
than the interparticle spacing are not taken into account, and the effective
Hamiltonian is

H =
N∑

i=1

(
p⃗2

i

2m
+ Uext (r⃗i)

)
+ g

∑
i<j

δ (r⃗i − r⃗j) , (2.32)

where Uext is the external potential and g is the interaction term

g = 4π~2a

m
. (2.33)

The Hamiltonian in equation 2.32 yields the time-dependent Gross-Pitaevski
equation (GPE)

i~
∂

∂t
Ψ (r⃗, t) =

(
−~2

2m
∇2 + Uext (r⃗) + g |Ψ (r⃗, t)|2

)
Ψ (r⃗, t) . (2.34)
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Here |Ψ (r⃗, t)|2 is the number density (n (r⃗)). This describes the condensate’s
time-evolution. If Ψ (r⃗, t) is expressed in terms of a product of ϕ (r⃗) and the
time-dependent exponential e−iµt/~, minimising the energy with respect to
variations of the condensed state wavefunction yields the time-independent
GPE (

−~2∇2

2m
+ Uext(r⃗) + g |ψ(r⃗)|2

)
ψ(r⃗) = µψ(r⃗), (2.35)

where µ is the chemical potential and

ψ (r⃗) = N1/2ϕ (r⃗) , (2.36)

is the condensed state wavefunction. The GPE has the form of a non-
linear Schrödinger equation due to the interaction term being quadratic in
|ψ(r⃗)|2. If the interaction is ‘switched off’, equation 2.35 is reduced to a linear
Schrödinger equation.

Dynamics within a two-species Bose-Einstein condensate

Interactions within a two-species BEC provide access to physics inaccessible
within a single-species condensate, in addition to allowing condensation of
species that are ‘difficult’ to evaporatively cool [5, 10] and the onset of Fermi
degeneracy to be reached [4]. Quantum degenerate mixtures are analyti-
cally described by a pair of coupled GPEs which incorporate an additional
interaction term to account for interspecies interactions [87, 158]
(

− ~2

2m1
∇2 + U1 (r⃗) + g11 |ψ1 (r⃗)|2 + g12 |ψ2 (r⃗)|2

)
ψ1 (r⃗) = µ1ψ1 (r⃗) , (2.37)(

− ~2

2m2
∇2 + U2 (r⃗) + g21 |ψ1 (r⃗)|2 + g22 |ψ2 (r⃗)|2

)
ψ2 (r⃗) = µ2ψ2 (r⃗) , (2.38)

where the subscripts denote which species the individual terms apply to.
The interspecies interaction strengths are the g11 and g22 terms and the
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interspecies interactions are described by the g12 and g21 terms [87]

g11 = 4π~2a11

m1
, (2.39)

g22 = 4π~2a22

m2
, (2.40)

g12 = g21 = 2π~2a12

(
m1 +m2

m1m2

)
, (2.41)

where a11 and a22 are the intraspecies scattering lengths and a12 is the inter-
species scattering length.

The mixture dynamics are dictated by the relative strength between the
intra- and interspecies interaction strengths [87]

∆ = g12√
g11g22

= a12√
a11a22

√√√√(m1 +m2)2

4m1m2
≈ a12√

a11a22
. (2.42)

There are three regions of interest that concern equation 2.42, each of these is
highlighted in figure 2.5. They are stable and miscible condensates (|∆| < 1),
forming interpenetrating superfluids [64], stable and immiscible condensates
(∆ > 1), where the condensate phases separate and don’t overlap, and un-
stable condensates that are miscible (∆ < −1), which are attractive.

Due to the a terms in equation 2.42 the interspecies interactions can be tuned
by the scattering length and hence the magnetic field. This can be via the
dependence of the intra- or interspecies scattering lengths on magnetic field,
or both, which has already been demonstrated in a system of 87Rb-85Rb[84],
and more recently in a 87Rb133Cs system [12].

2.3.4 The Thomas-Fermi approximation

In sufficiently large harmonically trapped condensates the ratio between the
kinetic and interaction energies becomes small. In this limit the GPE can
be solved by neglecting the kinetic term in equation 2.35, which is known as
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Figure 2.5: Interactions between two-species BECs as a function of the rela-
tive interaction strength, ∆ (equation 2.42). Miscibility is determined by the
value of ∆. For ∆ < −1 (a) the system is miscible (purple regions highlight
the overlap of the mixture), however the attractive interspecies interactions
dominate and the system becomes unstable against collapse. For |∆| < 1 the
system is stable and miscible as the intraspecies interactions are larger and
two interpenetrating superfluids coexist. For ∆ > 1 the interspecies inter-
actions are repulsive and overwhelm the intraspecies interactions, hence the
condensates are stable, however they are immiscible and phase separation
occurs. Positive single species scattering lengths are assumed here.

the Thomas-Fermi approximation. The solution to this equation is [130]

n (r⃗) =
∣∣∣ψ (r⃗)2

∣∣∣ =


(µ− Uext (r⃗)) /g for µ− Uext (r̃) > 0,

0 otherwise.
(2.43)

Since the potential is zero when the right hand side of this equation is neg-
ative, the cloud density is zero where Uext (r⃗) = µ. These points are defined
as the Thomas-Fermi radii, and mark the extension of the cloud in each
dimension [41]

RTF,i =
√

2µ
mω2

i

= aho

(15Na
aho

)1/5
, (2.44)

for i = x, y, z. Here

aho =
√

~
mωho

(2.45)

sets a characteristic length scale for the system.
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The normalisation condition for ψ gives the relation

N = 8π
15

(
2µ
mω2

ho

)3/2
µ

g
, (2.46)

hence, solving for µ

µ = ~ωho

2

(15Na
aho

)2/5
. (2.47)

By definition µ = ∂E/∂N and µ ∝ N2/5 hence we can calculate the average
energy per particle

Eave = 5
7
µ. (2.48)

From the solution to equation 2.43 and neglecting the kinetic energy it is
possible to calculate the ratio between the interaction energy per particle
and the potential energy. From the resulting calculation

Eint

N
= 2

7
µ. (2.49)

Both the average energy and the release energy (equations 2.48 and 2.49) are
dependent on µ, which is in turn dependent on a, hence the scattering length
can be tuned to vary the condensate interactions [6]. If the scattering length
is varied slowly the condensate remains in equilibrium as the wavefuntion
can follow the change adiabatically [159]. However, in the case where the
condensate is released from the trap and the scattering length is rapidly
switched the wavefunction cannot react to the change in interaction energy
and a vastly different condensate expansion is observed to the equilibrium
case. The expansion of the non-equilibrium condensate is much faster than
one in equilibrium, and due to the linear relationship between the mean-field
interaction energy and the scattering length there is also a linear relationship
between the release energy and a [160].

Physically this means that there are three scattering length regimes of ex-
perimental interest. For a > 0 the condensate is stable as the interactions
are repulsive. Conversely, for a < 0 the attractive nature of the interactions
result in the condensate being inherently unstable with an increase in trap
density at the centre of the trap in order to reduce the interaction energy. In
a harmonic potential, however, if the condensate number is lower than the
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critical value it is possible for the zero-point kinetic energy to stabilise the
condensate. The critical value is defined as [48]

Ncrit = k
aho

|a|
, (2.50)

where k is known as the stability coefficent, a dimensionless constant de-
pendent on the ratio of the trap frequencies. If the atom number is larger
than Ncrit the condensate is unstable against collapse. When condensates
are released and a is quickly jumped to a negative value the condensate col-
lapses, there is a large spread of momentum and a large loss of atoms [44],
the well known ‘Bosenova’. The final case is for a = 0, where interactions are
minimised, hence there is little internal energy. Upon release from the trap
minimal expansion of the condensate is observed and the BEC is said to be
‘frozen’.

2.3.5 Condensate expansion

The shape of the condensate within the confining potential is dependent
on the trapping frequencies. Anisotropic trapping frequencies lead to cigar
shaped condensates as ωrad > ωax, where ωrad(ax) is the radial (axial) trapping
frequency. Acceleration is greatest in the direction of the greatest trapping
frequency, as the force is provided by the internal mean-field energy, which
is proportional to the density gradient. Hence, in the trap the axial size is
larger than the radial size, however upon release due to the anisotropic forces
the aspect ratio inverts, one of the signatures of a BEC [161].

The time-evolution of the condensate’s radii after being released from an
axially symmetric trap is described by

RTF,rad (t) = λrad (t)RTF,rad (0) , (2.51)

RTF,ax (t) = λax (t)RTF,ax (0) , (2.52)

where RTF,rad(ax) (0) is the Thomas-Fermi radius in the radial (axial) direc-
tion, which can be calculated by equation 2.44, and the λ are scaling pa-
rameters. In the simple case of the trap being switched off at t = 0 their
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time-evolution is described by [161]

d2

dτ 2λrad = 1
λ3

radλax
,

d2

dτ 2λax = ϵ2

λ2
radλ

2
ax
.

(2.53)

Here τ is a dimensionless time variable equal to ωrad (0) t and ϵ = ωax/ωrad ≪
1. This inequality for ϵ defines when equations 2.53 are valid.

This anisotropic expansion is in stark contrast to the symmetric expansion
in the widths of thermal clouds of atoms

σ2
rad,ax = kBT

m

(
1

ω2
rad,ax

+ t2
)
. (2.54)

Explicit in this equation is the dependence of the width on the trap fre-
quency, however after a long time-of-flight the widths become dependent on
temperature as the expansion rate is determined by the in-trap temperature.
Hence σrad/σax → 1.

2.4 Magnetic trapping

The total magnetic field at a particular point in space is the vector summation
of all the contributing elements at that point, the calculations of which will
be discussed in chapter 4. The magnetic potential is then given by

UB = −µ⃗ (B) .B⃗ = mFgFµ (B)B, (2.55)

where µ is the magnetic moment which is calculated by differentiating the
Breit-Rabi equation (equation A.1) with respect to B. At low magnetic fields
this reduces to

UB = mFgFµBB. (2.56)

The magnetic potential may be used to form traps for some mF states, de-
pending on the value of equation 2.55. To form such a trap this value must
be positive, hence only weak field seeking states are trapped. The following
sections discuss various concepts surrounding the magnetic trap used in this
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work.

2.4.1 Quadrupole traps

The magnetic quadrupole field is generated using a pair of identical copper
coils connected in the ‘anti-Helmholtz’ configuration - a pair of coils separated
by a distance d with current flowing in the opposite sense. If a coil of N turns
and radius R is arranged in the x − y plane with current I flowing through
the coil, the Biot-Savart law may be used to calculate the magnetic field
produced in the z-direction, a distance z from the coil’s centre

Bz = µ0NIR
2

2 (R2 + z2)3/2 . (2.57)

Extending this to the aforementioned pair of coils connected in the anti-
Helmholtz configuration, the magnetic field gradient at the centre of the
coils is

∂Bz,AH/∂z = − 3µ0NIR
2 (d/2)

(R2 + (d/2)2)5/2 . (2.58)

The potential created by this field gradient forms a magnetic trap. The most
uniform magnetic field gradient is produced when the third derivative of Bz

is zero.

2.4.2 Bias field generation

In contrast to the anti-Helmholtz case, when coils are connected in the
‘Helmholtz’ configuration the current flows through the coils in the same
sense. Here the field at the centre of the trap geometry is non-zero, hence a
uniform finite magnetic field may be produced

Bz,H = −µ0NIR
2

2

 1(
R2 + (z + d/2)2

) + 1(
R2 + (z − d/2)2

)
 . (2.59)
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2.4.3 Levitating atoms with a magnetic field gradient

An additional technique regularly used for various purposes throughout this
work is that of separating the different atomic states via a Stern Gerlach
method. Due to the different magnetic moments of the various mF states
and thus the magnetic moment to mass ratio the rate of vertical acceleration
can be tuned using a magnetic field gradient. If the optical trap and any bias
field are switched off the atoms can be levitated against gravity by applying
a magnetic field gradient such that

µ
∂B

∂z
−mg = 0, (2.60)

where µ = mFgFµB is the magnetic moment of the atom. Alternatively, a
bias field can be used to shift the field-zero upward and allow the high field
seeking states to be levitated. It is possible to see that the rate of downward
acceleration can also be tuned by varying ∂B/∂z. The field gradients required
to levitate 87Rb, 85Rb and 133Cs against gravity are displayed in table 2.2. By
allowing the atom cloud to evolve for a short period before a free time-of-flight
expansion the different mF states can be spatially separated. Experimentally
this is useful when calibrating bias fields using RF or microwave frequencies
to drive transitions between different energy levels (see section 3.9) or when
diagnosing rapid adiabatic passage. Typical images of the three mF sublevels
in 87Rb can be seen in reference [162] that demonstrate sympathetic cooling
of the mF = −1 and mF = 0 atoms by mF = +1 atoms.

2.4.4 Majorana transitions

The precession of the magnetic moment of an atom in a B−field about the
magnetic quantisation axis has a frequency equal to the Larmor freqeuncy

ωL = µB

~
. (2.61)

If µ can no longer adiabatically follow the quantisation axis of the magnetic
field the atom can no longer remain trapped. This occurs when the rate of
change of the magnetic field direction is ∼ ωL. The atom may undergo a ‘spin
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(a) 87Rb

F mF ∂B/∂z
(G cm−1)

1 0 -
1 ±1 30.53
2 0 -
2 ±1 30.53
2 ±2 15.27

(b) 85Rb

F mF ∂B/∂z
(G cm−1)

2 0 -
2 ±1 44.74
2 ±2 22.37
3 0 -
3 ±1 44.74
3 ±2 22.37
3 ±3 14.91

(c) 133Cs

F mF ∂B/∂z
(G cm−1)

3 0 -
3 ±1 93.38
3 ±2 46.69
3 ±3 31.13
4 0 -
4 ±1 93.38
4 ±2 46.69
4 ±3 31.13
4 ±4 23.34

Table 2.2: The required magnetic field gradients for levitation of 87Rb (a),
85Rb (b) and 133Cs (c) in their ground states in the absence of any bias field.

flip’ to a magnetically untrappable state [163] or one that is not trapped by
the current potential. This process causes anti-evaporation as it occurs close
to the trap centre where the coldest atoms are located. An estimate that the
Majorana loss rate (Γm) scales with ~/mσ2 [164] can be made, where σ is
the radial half width half maximum cloud size, and then [165]

Γm = 1.85 ~
m

(
mFgFµB

∂B
∂z

kBT

)2

. (2.62)

This loss results in a limit to the maximum achievable PSD in a quadrupole
trap.

2.4.5 Evaporative cooling

Evaporative cooling is the method by which most atomic physics experiments
access the lowest possible temperatures. The process works by removing the
hottest atoms from an ensemble, thus after evaporation the average temper-
ature of the atoms decreases as the high energy Boltzmann tail is removed
from the velocity distribution of the atoms. In the magnetic trap used in this
work forced evaporative cooling is performed using an RF ‘knife’ to remove
the hotter atoms (in some experiments microwaves are also used). Initially
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the RF knife is set to a frequency that drives transitions at a magnetic field
corresponding to an energy much higher than the sample average, so only
the hotter atoms are removed by the trap. These atoms have larger Zeeman
shifts.

The RF frequency is maintained so that atoms with energy above

Ecut = ηkBT (2.63)

are removed from the trap, where η is the ratio of the desired cut energy to
the mean energy of the sample. To drive an atom into an untrapped state,
the photon energy required is

hυ = gFµB

∣∣∣∣∣∂B∂z
∣∣∣∣∣ z, (2.64)

where υ is the RF frequency. The RF knife’s position is then

Ecut = mFgFµB

∣∣∣∣∣∂B∂z
∣∣∣∣∣ z. (2.65)

Thus, rearranging equation 2.64 to obtain zRb and zCs we can substitute
these values into equation 2.65. This yields the relation Ecut,Rb = 3Ecut,Cs.
Thus, in the magnetic trap, 87Rb is preferentially evaporated at higher RF
frequencies, whilst 133Cs can be cooled sympathetically, a powerful technique
for the production of a 133Cs BEC [12]. This is highlighted in figure 2.6.

2.5 Optical trapping

The traditional starting point for the trapping of neutral atoms is the MOT
where the confinement is due to the radiation pressure force. The first ob-
servations of BECs were realised after transfer from the MOT to a magnetic
trap and forcing evaporation therein [1–3]. More recently, optical dipole traps
have been used to reach the onset of BEC [166]. Among many other advan-
tages (see below), a degenerate system of 133Cs in the |F = 3, mF = +3⟩
state has been achieved [10, 11, 167]. The use of an optical dipole trap al-
lowed confinement of this magnetically untrappable state which eliminates
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Figure 2.6: Application of the experiment to sympathetic cooling of 133Cs.
The magnetic quadrupole potentials for 87Rb (red) and 133Cs (blue). The
depth of the quadrupole trap determined by the RF frequency is 3× larger
for 133Cs than for 87Rb thereby permitting sympathetic cooling. The purple
arrows indicate RF transitions and the dashed lines are for construction
purposes.

inelastic two-body collisions, and tuning of the bias field and thus scattering
length allowed regions of high three-body loss and unfavourable evaporation
conditions to be avoided. Evaporation to BEC was found to be possible in
the 21−25 G range.

Both magnetic and optical traps have their own distinct advantages. Mag-
netic quadrupole traps, the simplest configuration of a magnetic trap, are
easy to implement, boast good, efficient capture due to good mode-matching
with a MOT, and allow efficient forced evaporation due to the potential re-
maining linear as the trap depth is decreased [168]. Magnetic traps are,
however, only able to capture low-field seeking states and a zero potential in
some magnetic traps such as the quadrupole exists at the trap centre (see
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section 2.4.4). Due to the lack of a quantisation field here, Majorana spin
flip losses occur at an increasing rate as the atomic cloud is cooled, limit-
ing the PSD achievable in this type of trap. Techniques exist to remove this
weakness from this type of trap, such as the time-averaged, orbiting potential
(TOP) trap [164], or alternatively an optical trap may be utilised [166, 169].

Optical dipole traps have the advantage that all mF states observe the same
dipole potential, and hence all states can be trapped. Implementation is
simplified by the fact that fewer, less complicated coils are required and hence
good optical access is possible without obstruction from the coils. Due to the
lack of magnetic field this becomes a free parameter allowing the transfer of
the atomic state to any desired one (generally the absolute ground state) [170]
and tuning of the bias field for experiments involving Feshbach resonances
[51]. To obtain a sizeable trap depth the beam waist is necessarily small,
limiting the capture volume of dipole traps. Due to the comparatively small
trap depth atomic clouds generally require pre-cooling prior to loading.

Hybrid traps that combine the advantages of both magnetic and optical traps
have been explored in order to combat the negative effects of each distinct
type of trap [2, 11, 165, 171]. Often the optical trap is used as a ‘dimple’,
relying on collisions within the magnetic trap ‘reservoir’ to load the optical
potential [159, 165, 172, 173]. This allows the coldest fraction of the mag-
netically trapped atoms to be loaded into the optical trap, resulting in large
gains in PSD. An additional magnetic field gradient can be included such
that the total potential is tilted (see section 4.5). This allows evaporation of
atoms with little reduction in the trap frequency [11].

2.5.1 Optical trapping theory

The optical potential

Optical dipole traps rely on the dipole interaction between neutral atoms
and far off resonance light. The trapping force is generally much weaker
than that in the case of traps utilising the radiation pressure force (MOTs)
or magnetic forces. The interaction between the atomic dipole moment (p⃗)
and a gradient in a light field results in the optical dipole force, which can
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be derived from an optical potential due to its conservative nature [174]. p⃗ is
given by the product of the complex polarisability (α) and the electric field
amplitude, E. The optical dipole potential is then [174]

Udip = −ℜ (α) I
2ϵ0c

, (2.66)

where I is the intensity of the light and α is the complex polarisability. The
factor of 1/2 derives from the fact that the dipole moment is induced and
not permanent.

Perturbation theory may be used to calculate the polarisability [175], however
the calculation is simplified if we only consider the real part of the polaris-
ability, assume the detuning is large and only take the valence electron into
account. It can then be shown [176]

ℜ (α) = 3πϵ0c
3∑

i̸=j

Γij

ω3
ij

(
1

ωij − ω
+ 1
ωij + ω

)
, (2.67)

where ω is the driving frequency and ωij and Γij are the frequency and rate
of transition from state i to state j. In the limit of large detuning and
negligible saturation the fine and hyperfine structure can be neglected and
only a summation of all the light shift potentials of the relevant transitions
is required. We are able to arrive at the following expressions for the dipole
potential and the scattering rate following the arguments in [174]

Udip (r⃗) = −3πc2

2ω3
0

(
Γ

ω0 − ω
+ Γ
ω0 + ω

)
I (r⃗) , (2.68)

ΓSCAT (r⃗) = 3πc2

2~ω3
0

(
ω

ω0

)3
(

Γ
ω0 − ω

+ Γ
ω0 + ω

)2

I (r⃗) , (2.69)

where ∆ is the detuning of the beam. In the alkali atoms the contributions
are dominated by theD lines and if we apply the rotating wave approximation
these equations simplify to

Udip (r⃗) = 3πc2

2ω3
0

Γ
∆
I (r⃗) , (2.70)

ΓSCAT (r⃗) = 3πc2

2~ω3
0

(
Γ
∆

)2

I (r⃗) . (2.71)
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Hence
~ΓSCAT = Γ

∆
Udip. (2.72)

Inspection of equations 2.70-2.72 clearly shows that the depth of the potential
will increase as I/∆ and the scattering rate increases as I/∆2. Ideally an
optical dipole trap is therefore produced using a large intensity to increase
the trap depth, at a large detuning to reduce the scattering rate and hence
heating mechanisms within the trap.

The optical potential at a given point may be found using equation 2.70 and
the intensity of a Gaussian beam at a given point

I (r⃗) = 2P
πw (z)2 exp

−2
(

r

w (z)

)2
 , (2.73)

where P is the power of the beam, w (z) is the 1/e2 radius and r2 = x2 + y2.
w (z) in equation 2.73 is calculated via

w (z) = w0

√√√√1 + (z − zw)2

Z2
R

, (2.74)

where w0 is the beam waist, zw is the position of the beam waist and

ZR = πw2
0/λ, (2.75)

is the Rayleigh range - the distance over which a beam’s area increases by a
factor of 2.

Equations 2.66 and 2.70, which are equivalent in the appropriate limit, can
then be calculated. When modelling the potential they are calculated over a
finite grid in space. The experimental parameters are clearly specific to the
experiment, and the polarisabilities used in this work are those reported in
reference [175]. Table 2.3 presents the polarisability (in atomic units) at a
wavelength of 1550 nm for Rb and Cs.
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Species α (a3
0)

Rb (424.7 ± 0.7)
Cs (572.2 ± 1.2)

Table 2.3: Polarisability of Rb and Cs at a wavelength of 1550 nm, in atomic
units of a3

0 [175].

The Gaussian beam

Given the Gaussian nature of a laser beam it is possible to determine its
properties at all points along its beam path, given knowledge of the ‘q-value’
(the complex beam parameter) of the output. The q-value at point z is [177]

q = z − zw − iZR. (2.76)

To define q at any point, only knowledge of the Rayleigh range (or conversely
the beam waist) and the position of the beam’s waist are required.

To take account of any deviation of the laser’s output from a true Gaussian
beam, we can define a factor, M2, that corrects for this [178]

M2 = πw2
0/λZ

′
R. (2.77)

For an ideal Gaussian beam M2 = 1 whereas for a real beam M2 > 1.

Using the q-value of the laser beam and an adaptation to standard ray trans-
fer matrices one can determine the beam’s properties after any transforma-
tion of the beam. The resultant q after an operation is given by equation 2.78

 q/n

1


z=z2

= (α)

 A B

C D

 q/n

1


z=z1

, (2.78)

where z1 is the initial position of interest where q is known, z2 is the location
where q is to be determined, n is the refractive index of the medium (taken
to be = 1 here as the medium is air), α is a factor which is cancelled and(

A B
C D

)
is the matrix describing the transformation between z1 and z2.

The resultant q after a series of transformations is calculated by multiplying
the individual ABCD matrices together, in the reverse order that they occur
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within the optical setup. The resultant matrix may then be substituted into
equation 2.78. Two matrices are of concern in this work (neglecting reflection
which only affects the direction of propagation). The matrix that describes
a translation between z1 and z2 is

 1 (z2 − z1)/n
0 1

 , (2.79)

and the matrix describing a thin lens is
 1 0

−1/f 1

 , (2.80)

where f is the focal length of the lens. Using equation 2.78 the matrices can
be multiplied out to obtain two separate equations. Dividing through will
remove the factor of α. The q-value that results can be used to calculate w0,
w(z), (z − zw) and ZR from equation 2.76. This was used in the design of
the optical setup of the dipole trap (chapter 4).



Chapter 3

Experimental overview

The experimental setup of the apparatus is discussed in this chapter. Due to
the nature of working on an ongoing experiment many specific details are al-
ready reported elsewhere [71, 125–127]. A brief overview of the experiment is
given here and any improvements or modifications distinct from the previous
work are discussed.

3.1 Summary of experiment

This experiment can be thought of as being divided into smaller subsections
which are all necessary to produce a two-species ultracold atomic cloud. The
main experiment consists of two separate optical benches, one on which laser
light is derived and the other which contains the vacuum system, magnetic
field generating coils and optical trapping apparatus. In addition to the ex-
perimental hardware, equipment used for computer control of the experiment
is also required, which is discussed in section 3.10.

The first optical bench will be referred to as the ‘laser table’ in this work.
On the laser table light of the different required frequencies is derived from a
series of lasers using acousto-optic modulators (AOMs) to modulate the op-
tical frequencies. The different frequencies are used for various purposes such
as laser cooling, repumping, molasses cooling, optical pumping and imaging.
Laser light for trapping of both 87Rb and 85Rb is derived on this bench us-
ing the same lasers, as is the corresponding 133Cs light. This light is then

43
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transferred via polarisation maintaining optical fibres to the other optical
bench, the ‘experimental bench’, which houses the vacuum system. A two-
species pyramid MOT [179–181] is used as a cold atom source for the ultra
high vacuum (UHV) region of the 2nd MOT which is housed within a glass
cell. The atoms are then optically pumped into the magnetically trappable
(|1,−1⟩, |2,−2⟩ and |3,−3⟩ for 87Rb, 85Rb and 133Cs respectively) stretched
states and transferred to a magnetic quadrupole trap. RF evaporative cool-
ing is used to pre-cool the atoms and increase their PSD prior to transfer
to an optical dipole trap. To load the optical dipole trap the magnetic field
gradient is decreased to a value close to that which cancels gravity. The
atoms are then transferred into the absolute ground state via rapid adiabatic
passage [170, 182]. The experiments described in the following chapters are
then performed after evaporation within the dipole trap.

3.2 Derivation of laser light

The closed transitions required for laser cooling [33–35] occur at wavelengths
of ∼ 780.2 nm for Rb atoms and at ∼ 852.3 nm for Cs. The atomic transitions
and hyperfine structure of 87Rb, 85Rb and 133Cs are displayed in figure 3.1. In
this work to produce light that excites these transitions (the D2 transitions)
a series of six lasers are used, which are split into three lasers for each atomic
species. For each species a ‘master’ laser (Toptica DL 100) is the source
of light used for laser cooling in the 2nd MOT, imaging of the atoms and
seeding a home-built slave laser, the output of which is used as cooling light
for the pyramid MOT. After the optical isolator the output beam power is
95.5 mW (118.3 mW) for the Rb (Cs) laser. The direct output of the master
laser is detuned from the atomic transition F = 2 to F ′ = 3 (F = 4 to
F ′ = 5) by (251.2 ± 0.1) MHz ((251.2 ± 0.1) MHz) and is brought back to
the desired frequencies by double passed AOMs. The detuning of the light
used for MOT cooling is changed successively throughout the experiment to
the required values for the compressed magneto-optical trap (CMOT) stage,
molasses cooling and depumping prior to magnetic trapping. The light used
for imaging the Rb atoms is also used to displace this MOT slightly with a
small ‘push’ from resonant light in order to reduce light assisted interspecies
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collisions that result in decreased lifetimes in the MOT [68, 71, 183]. A
‘slave’ laser is seeded using light from the master laser, and the output light,
of 55.8 mW (72.4 mW) power, is used for pyramid MOT cooling. Finally, for
each atomic species a home-built laser generates repumping light for both the
pyramid and 2nd MOTs as well as the optical pumping light on the F = 1 to
F ′ = 1 (F = 3 to F ′ = 3) transition. This laser outputs 49.5 mW (46.9 mW)
total power. Figure 3.2 graphically displays how the laser light is divided
in the experiment for Rb, with a similar scheme being employed for Cs.
Table 3.1 lists the atomic transitions used in this work and the detuning of
the laser light from these transitions.
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Figure 3.1: Atomic energy level diagrams displaying the hyperfine structure
in 87Rb, 85Rb and 133Cs. Arrows on the right indicate the transitions relevant
to this work. Splittings are not to scale and all frequencies are in MHz. The
hyperfine structure of 85Rb is discussed further in chapter 7.
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Figure 3.2: Basic schematic describing the optical setup of the laser table
for Rb, with a similar scheme being used for the Cs lasers. Light close to
the Rb cooling transition is denoted by solid red lines and light close to the
Rb repump transition is denoted by transparent red lines, and likewise for
Cs light which is denoted by blue lines. Light is picked off using PBS cubes
and AOMs are used to increase the frequency (or decrease the frequency
in the case of the OP AOM) to that required, and light is coupled to the
experimental bench using optical fibres. The ×1/×2 indicate whether the
AOM is single passed or double passed. The thickness of the lines indicate
relative powers, but are not exactly to scale. The complete optical setup is
given in figure B.1.
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3.3 Laser stabilisation

Active stabilisation of the laser frequencies was achieved by ‘locking’ the
master and repump lasers using an error signal generated using an atomic
reference. Electronic feedback to the laser piezo driver is used to stabilise the
laser frequency. In this work the master lasers are locked using modulation
transfer (MT) spectroscopy [184–186] and the repump lasers are stabilised
using frequency modulation (FM) spectroscopy [187, 188] for 133Cs and ex-
periments with 87Rb. For reasons that will be explained in chapter 7 when
experiments with 85Rb are being performed the repump laser is instead locked
using dichroic atomic vapour laser locking (DAVLL) [189, 190]. The setup
of the locking optics and electronics used for MT and FM spectroscopy is
described elsewhere, however a brief description is given below [127].

The direct output of the master laser is detuned with respect to the atomic
cooling transition, however AOMSpec brings the light back onto resonance.
This light is then used to generate the error signal used for locking. The
beam is split and a telescope in each branch is used to expand the beam to
reduce saturation effects. The pump beam is modulated using a home-built
electro-optic modulator (EOM) which consists of a LiTaO3 crystal mounted
on a perspex block. This is connected in a simple LCR circuit with a resonant
frequency of 1/

√
LC. Sidebands on the pump beam derive from the electro-

optic effect, and the error signal originates in the beat of the sidebands
generated on the probe beam in the atomic vapour and the probe beam
carrier frequency. For MT spectroscopy there is a zero crossing as there is
no modulation transfer unless a closed transition exists. Hence we achieve
a large error signal gradient for good laser locking at the frequency of the
closed atomic transition.

The direct output of the repump laser is on resonance with the crossover
transition between F = 1 to F ′ = 2 (F = 3 to F ′ = 4) for 87Rb (133Cs).
This direct output is used in the FM spectroscopy locking of the repump
laser. Here the probe beam is modulated by an EOM, and the error signal
originates from the beat between the carrier frequency and the sidebands.
Locking electronics demodulate this signal and the resulting error signal is
utilised for locking. In FM spectrocopy a non-zero background to the signal
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must be removed to produce a zero-crossing of the error signal for use to lock
to. All atomic transitions produce an FM spectroscopy signal, hence it is
possble to lock to an open atomic transition.

3.4 Magneto-optical trapping

3.4.1 The pyramid MOT

The cooling and repump light for both MOTs is fibre coupled to the op-
tical bench via polarisation maintaining optical fibres. For the pyramid
MOT both Rb and Cs cooling and repump light is overlapped on a dichroic
mirror and coupled into the same optical fibre. The fibre output is colli-
mated by a Thorlabs F810APC-780 collimator and the light is circularly
polarised using an achromatic Casix WPA1212-700-1000nm λ/4-plate. The
beams are expanded by a telescope comprised of two lenses, one of -30 mm
focal length and the second lens of 140 mm focal length. The beam, of
approximately 17 mm 1/e2-radius, is steered by a mirror and is incident
on the viewport of the vacuum chamber. We operate with a fibre output
of (46.5 ± 0.1) mW ((38.9 ± 0.1) mW) of cooling light for Rb (Cs) and
(7.7 ± 0.1) mW ((4.7 ± 0.1) mW) of repump light.

The pyramid MOT mirrors form a pyramid of 60×60 mm2 square base. To
allow a flux of cold atoms to the 2nd MOT the apex of the pyramid has
been removed, forming a 2.4×3.0 mm2 gap. The lack of a retro-reflected
MOT cooling beam at the apex forms an imbalance in the radiation pressure
force on the atoms at this location. Thus the atoms are pushed into the UHV
region and are then trapped by the 2nd MOT. The magnetic field gradient for
the pyramid MOT is produced by a pair of copper coils in the anti-Helmholtz
configuration (see section 2.4.1). The optimum magnetic field gradient for
maximising the number of atoms captured by the 2nd MOT is 7.54 G cm−1.
The location of the magnetic field zero, and thus the location over which the
MOT forms, is shifted using a pair of shim coils which generate a bias field in
the x− and y−directions. When the MOT location is above the apex a flux
of atoms into the 2nd MOT is generated. The detuning of the MOT light is
reported in table 3.1.
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3.4.2 The 2nd MOT

The 2nd MOT is realised using a standard six-beam MOT configuration.
Light for cooling and repumping of Rb and Cs is transmitted through differ-
ent optical fibres to the experimental bench. The fibre outputs are collimated
to a 1/e2-radius of (3.5±0.1) mm by Thorlabs F810APC-780(850) collimators
for the Rb (Cs) fibre. Two telescopes consisting of 80 mm and 125 mm focal
length lenses expand the beams to 1/e2-radii of approximately 5.5 mm, how-
ever this size is limited by the functional area of the optics used later in the
beam path. Light is split using PBS cubes and the MOT beam paths in the
x− and y−directions are independent for the two species, whereas the light
is overlapped in the z−direction using a non-polarising beam splitting cube.
The light in the x− and y−directions is circularly polarised using wavelength
specific zero-order λ/4-plates, Casix WPZ1225-780(850) for Rb (Cs), and in
the z−direction the up (down) beam is polarised using a WPZ1225-780(850)
λ/4-plate as well. The vertical beams propagate at an angle of 4◦ to the ver-
tical and are overlapped in opposite directions. An additional λ/4-plate for
the Rb wavelength has been included for the down beam for reasons that will
be discussed in section 3.6. In the horizontal direction light is split such that
there are two orthogonal sets of beams that counter propagate, generating
the required balance in beam power for laser cooling.

To magneto-optically trap the atoms the beam detunings detailed in table 3.1
are used. The magnetic field gradient is generated by a pair of 2 × 2 turn
coils in the anti-Helmholtz configuration. For the 2nd MOT a magnetic field
gradient of 10.3 G cm−1 is used, and (35.0 ± 0.1) mW ((40.2 ± 0.1) mW)
of Rb (Cs) cooling light and (8.0 ± 0.1) mW ((2.8 ± 0.2) mW) of Rb (Cs)
repump light are output by the fibre. The intensity of the cooling beam
is (2.9 ± 0.4) mW cm−2 ((4.8 ± 0.7) mW cm−2) and for the repump it is
(0.7±0.1) mW cm−2 ((0.34±0.05) mW cm−2). The offset magnetic field in the
2nd MOT region can also be controlled using a set of shim coils which allow
changes to be made to the magnetic field in all three dimensions. During
MOT loading the shims are set such that the MOT is formed in a similar
location to the magnetic trap centre (see section 3.6.1). In 30 s of typical
loading we are able to trap in excess of 1 × 109 87Rb atoms and up to 3 × 108
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133Cs atoms, however the 133Cs MOT load is controlled via an electronic servo
circuit. This circuit stabilises the output voltage of a photodiode monitoring
the 133Cs MOT fluorescence to a preset value by varying the RF power applied
to the Cs repump AOM. The 133Cs MOT number is typically stabilised to
a number greater than a factor of ten lower than the maximum possible
number, however the exact value is determined by the aim of the experiment,
and the desired final ratio of Rb to Cs atoms. These larger MOT loads
represent a significant improvement on previous work, which will be discussed
in section 3.6.

3.4.3 The ‘push beam’

During the loading of the 2nd MOT we employ a technique developed in
the first generation of this experiment to separate the Rb and Cs MOTs,
known as the ‘push beam’. To reduce atom losses due to interspecies light
assisted collisions we apply a weak beam which is resonant with the Rb
atoms. Since no counter propagating beam is applied the radiation pressure
force on the atoms in this direction is unbalanced, and the resultant force on
the atoms causes the centre of the Rb MOT to be displaced in the direction
of propagation of the beam. The overlap between the two MOTs is thus
reduced and larger MOT loads are possible. Previously we had set the centre
of the two MOTs to be displaced by ∼ 2 mm [127] however in making the
improvements highlighted in section 3.6 it was found that magnetic trap
loading is improved without the two MOTs being displaced. During the
CMOT the push beam is switched off and hence the atoms are brought back
into contact.

3.4.4 The compressed magneto-optical trap

In a 40 ms CMOT stage [191] the detunings are changed to those reported
in table 3.1 and ∂B/∂z is decreased to (7.7 ± 0.1) G cm−1. Despite being
labelled a CMOT, the magnetic field gradient is decreased in this work.
This is to achieve better mode matching into the magnetic trap. Due to
the change in ∂B/∂z and the beam detunings the centre of the CMOT is
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slightly different to that of the MOT. To achieve optimal loading of the
magnetic trap the field produced by the shim coils is set such that the atoms
are positioned over the magnetic trap centre, hence increasing the PSD of
atoms loaded into the magnetic trap. This occurs as the atoms that are
loaded away from the trap centre will begin to oscillate harmonically at the
trap frequency. The potential energy increase associated with this will be
distributed among the other magnetically trapped atoms, resulting in heating
and thus a lower PSD. Experimentally we find the optimal position of the
CMOT to be (0.9 ± 0.1) mm displaced from the magnetic trap centre, and
(0.4 ± 0.1) mm from the MOT centres. The larger detuning of the beams
results in a lower scattering rate and re-absorption of photons, hence this
scattering cannot limit the density of the MOT.

3.4.5 Molasses cooling

After the CMOT stage the magnetic field gradient is then switched off and
the shim coils switched to cancel any stray bias fields within the science cell
(this field was determined via the experiments explained in section 3.6). The
beam detunings were then increased further to (−62.9 ± 0.1) MHz for Rb
and to (−53.5 ± 0.1) MHz for Cs. The duration of this stage is 15 ms. This
optical molasses stage pre-cools the atoms to sub-Doppler temperatures such
that optimal loading into the magnetic trap is achieved [192]. The molasses
was optimised by measuring the number, temperature and PSD after the
magnetic trap was loaded.

3.5 Magnetic trapping

3.5.1 Optical pumping

All atomic mF states are trapped by the MOT, including the high-field seek-
ing magnetically untrappable states, and all weak-field seeking states, not
just the |1,−1⟩, |2,−2⟩ and |3,−3⟩ stretched states in 87Rb, 85Rb and 133Cs
respectively. The presence of atoms in these other states would increase
inelastic collisions within the magnetic trap, thus limiting the efficiency of
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cooling. Optically pumping the atoms into the stretched states increases the
percentage of atoms trapped by the magnetic trap and additionally reduces
inelastic losses during magnetic trap evaporation.

To optically pump the atoms into the stretched states the light output from
the optical pumping AOMs is coupled into separate fibres. The light is then
combined on a dichroic mirror, and polarised by a broadband PBS. The light
is circularly polarised by a Casix WPA1212-700-1000 nm λ/4-plate, before
being aligned through the glass cell such that the beam is incident on the
atoms. The beam is retroreflected on itself to remove the centre-of-mass
motion that would cause heating due to the scattering of photons in the
optical pumping process. The magnetic bias field in the horizontal plane
remains cancelled by the shim coils, however a (2.7 ± 0.1) G quantisation
field in the z−direction is produced by a separate 16 turn coil created for
the optical pumping process. The current flows in a direction such that σ−

transitions are driven. In addition to the optical pumping beams the MOT
cooling beams are detuned from the cooling transition by the values given
in table 3.1. This is done so that the F = 2 to F ′ = 2 transition is driven
in 87Rb (for 85Rb and 133Cs we drive the F = 3 to F ′ = 3 and F = 4 to
F ′ = 4 transitions respectively). This depumping light ensures that atoms
don’t remain in the upper hyperfine states. The frequency that the AOMs
must be driven at to generate light of this detuning is far from the optimum
frequency for the AOMs in use hence the maximum power for depumping
light is limited. The intensity of the depumping light is (0.7±0.1) mW cm−2

for Rb and (3.6 ± 0.5) mW cm−2 for Cs whereas for optical pumping light it
is (22 ± 1) µW cm−2 and (49 ± 3) µW cm−2 respectively.

3.5.2 Magnetic trap loading

The loading of the magnetic trap was optimised by maximising the atom
number and PSD once the field gradient had been increased to its maximum
value. The field gradient from the quadrupole coils was switched on at (39 ±
1) G cm−1 and the atoms are held in this potential for 1 s, thus spin polarising
the atoms as the atoms in the incorrect spin states leave the trap. The field
gradient was then ramped up in two stages as it was found more atoms
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remained after the increase in gradient. We first adiabatically increase the
field to (59 ± 1) G cm−1 in 100 ms, followed by a further 100 ms hold. The
field gradient was then linearly ramped to its final value of (187 ± 1) G cm−1

in 1 s. A high gradient such as this is used in order to increase the collision
rate of the atoms, leading to faster more efficient evaporation. Due to the
improvements in atom number and density outlined in section 3.7 we are now
able to perform all forced RF magnetic trap evaporation in a single 15.1 s
linear ramp of the RF field, which represents a decrease in evaporation time
of more than a factor of two [127]. After the onset of Majorana spin flips
beginning to limit the evaporation efficiency in the magnetic trap we load
the optical dipole trap via the method outlined in chapter 4.

3.6 Improvements made to the MOT setup

Following the installation of the new magnetic field coils [127] the 2nd MOT
optics were completely realigned to take advantage of the increased optical
access. The MOT was optimised such that a maximum load of atoms into
the MOT was achieved, and from there the following stages of the experiment
such as the CMOT, molasses and magnetic trap loading were optimised in
sequence. This procedure does not guarantee the maximum possible PSD will
be achieved in the magnetic trap, however. The MOT beams have since been
fully realigned with a view to increasing the number of atoms transferred into
the magnetic trap at as low a temperature as possible.

The role of the CMOT is to move the atomic cloud to the centre of the
magnetic trap. If the centre of the MOT is largely displaced from the centre
of the CMOT the atoms’ position is rapidly changed causing heating of atoms
due to ‘slosh’ and loss [126]. By making a MOT using the MOT beams but
with the magnetic trap coils to provide the quadrupole field the centre of
the magnetic trap was recorded. This process was repeated using the MOT
coils, with the MOT field gradient and detunings, and with the CMOT field
gradient and detunings. It was found that in the previous configuration the
MOT was displaced by (3.2 ± 0.1) mm from the magnetic trap centre, and
the CMOT was displaced by (2.1 ± 0.1) mm from the magnetic trap centre.
In an attempt to increase the atom numbers available in the magnetic trap
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the following procedure was followed to optimise the MOT alignment.

3.6.1 Nullifying the background magnetic field

The field applied by the shim coils to nullify any ambient shim field was first
optimised in each direction separately. This was achieved by measuring the
efficiency of optical pumping. The efficiency is measured using the recapture
technique whereby the MOT fluorescence before and after magnetic trapping
is recorded. To nullify the field in the two planes orthogonal to the quan-
tisation field the recapture efficiency as a function of magnetic field applied
was measured. If any field is applied in the two directions orthogonal to the
quantisation field the efficiency of the optical pumping is reduced, hence the
null field is that for which the optical pumping is most efficient. Figure 3.3(a)
presents typical data acquired when performing this optimisation.

To nullify the ambient field along the quantisation axis a slightly different
technique is applied. The recapture rate is first measured without the optical
pumping routine in the sequence. This sets the level of recapture possible
without optical pumping, hence it is possible to determine whether the in-
clusion of the optical pumping sequence makes the magnetic trapping more
efficient (pumping) or less efficient (anti-pumping). When optical pump-
ing is efficient there is a non-zero quantisation field in the correct direction,
however when the pumping becomes less efficient than the base rate, the
quantisation axis has the wrong sense hence atoms are being pumped to
the non-magnetically trappable states. The field at which the recapture ef-
ficiency is the same with and without pumping is the field at which there
is zero ambient field. This test was performed for both 87Rb and 133Cs, the
results of which are presented in figure 3.3(b).

The ambient magnetic field was minimised by applying (0.0 ± 0.2) G and
(4.8±0.1) G in the x− and y−directions respectively, as shown in figure 3.3.
In the z−direction data was taken using both 87Rb and 133Cs, and the nul-
lifying shim field was measured to be (−0.1 ± 0.2) G and (−0.2 ± 0.2) G
respectively. Both values are in agreement with each other. Ultimately it
can be seen that the ambient lab field has been cancelled using the shim coils.
This field setting is used for the molasses and from all points onwards in the
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Figure 3.3: Recapture efficiency in the x−, y− (a) and the z−directions (b)
as a function of the bias field applied with the shim coils in that direction.
In the x−direction (purple triangles) the field required to nullify the ambient
field is (0.0±0.2) G and in the y−direction (black diamonds) (4.8±0.1) G is
required. In the z−direction recapture data are presented for both 87Rb (red
squares) and 133Cs (blue circles) with (solid) and without (hollow) optical
pumping. At the bias field where optical pumping begins to improve the
recapture (as opposed to decreasing the efficiency as the quantisation field
is in the wrong direction and ‘anti-pumps’ the atoms) the ambient field is
nulled. For the 87Rb data this field is (−0.1 ± 0.2) G and for the 133Cs data
we calculate (−0.2 ± 0.2) G. The absolute recapture possible is lower for the
data in the x− and y− directions as this test was performed prior to further
improvements in magnetic trapping being made. Lines are added simply to
guide the eye.

experiment until the quantisation field is applied during absorption imaging.

3.6.2 Repositioning the MOT

With the ambient field nullified as above a MOT was then made using the
smallest magnetic field gradient possible. To be able to magneto-optically
trap atoms with a small trapping gradient the beam powers must be well bal-
anced, and the circular polarisation of the beams well aligned. Additionally
the direction of propagation of the beams must be optimum. Small apertures
were placed in the MOT trapping beams before they were split into the three
different beams. The beam power in each beam prior to impinging on the
glass cell was then balanced with the counter-propagating beam. Following
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the balancing of the powers the aperture was removed and a MOT was formed
with the MOT gradient of 10.3 G cm−1. Applying an iterative procedure of
slightly varying the beam powers to produce a large MOT over the centre
of the MOT coils, and then varying the polarisation until the largest MOT
was formed the optimum configuration was found. The final beam powers
for the balanced 87Rb beams are displayed in figure 3.4. Note that the values
are simply fractions of the maximum power in any one beam as the inclusion
of the iris drastically reduces the total beam power. It can be seen that in
both the horizontal and vertical planes all beam powers are balanced well.
In addition to balancing the beam powers it was also verified that all beams
were well overlapped and counter-propagating.

0.94 I0
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x

1.00 I0 0.86 I0

0.95 I0 

0.55 I0 

0.55 I0 

Figure 3.4: Ratio of 87Rb MOT beam powers incident on the glass cell in
each direction after the powers were balanced. The axes indicate the x−, y−
and z−directions.

Once the largest MOT had been produced the MOT shim coil settings were
varied until the MOT formed over the magnetic trap centre. An additional
87Rb λ/4-plate was inserted in the beam that propagates in the direction of
gravity. This was to ensure that optimum circular polarisation was achieved
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for 87Rb to improve the 87Rb MOT. The previous setup simply had one λ/4-
plate for each species, hence the optimum wasn’t achieved for either. Since
the absolute 133Cs number required for measurement of Feshbach resonances
is reasonably low, the 133Cs load has been compromised in order to improve
the 87Rb load, and thus the sympathetic cooling in the magnetic trap (see
section 5.1). The MOT is now aligned in the optimum position for transfer
into the magnetic trap, however the absolute maximum number that is trap-
pable in the MOT may be slightly higher than what can be achieved in this
configuration.

The magnetic trap loading was then optimised creating a MOT with the
CMOT beam detunings and magnetic field gradient. The shim coil settings
were changed until the CMOT was formed over the magnetic trap centre,
such that in the experimental procedure the atoms would not move much
between the MOT, CMOT and magnetic trapping phases. The procedure
above was repeated for 133Cs, however the shim settings were not changed as
this would affect the 87Rb magnetic trap loading. In addition, it was found
to be necessary to use the push beam as discussed in section 3.4.

Using this method we are now able to load (6.2 ± 0.2) × 108 87Rb atoms at a
temperature of (140 ± 10) µK and a phase space density of (2.2 ± 0.7) × 10−6

into the magnetic trap after ∂B/∂z is increased to 187 G cm−1. Previously
(1.6±0.1)×108 87Rb atoms were loaded into this potential at a temperature
of (114 ± 5) µK and a PSD of (1.5 ± 0.3) × 10−6. At this stage there is
only a small improvement in PSD, however throughout the RF evaporation
the evaporation was more efficient in the new system due to the increased
number of collisions, as will be discussed in section 3.7.

3.7 Improved magnetic trap evaporation

In this section the improvements made to the magnetic trap RF evaporation
of 87Rb are discussed. Since the number of atoms loaded into the magnetic
trapping potential has increased the optimum RF evaporation ramps were
re-optimised for this new experimental situation. All RF evaporation was
performed at a magnetic field gradient of 187 G cm−1 and the optimisation
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procedure used is discussed in section 3.7.1. The RF field is broadcast by a
rectangular copper coil of two turns of dimension 36 × 45 mm2 positioned
approximately 20 mm from the glass cell. The orientation of the coil is
orthogonal to the x-direction.

If a high frequency field is applied no atoms are cut from the potential,
experimentally we find that atoms begin to be lost from the trap once the
frequency is approximately 28.8 MHz. Hence this is chosen as the starting
frequency for the RF ramps. Figure 3.5 presents data taken to determine
the initial RF frequency to use. The initial cloud temperature prior to RF
evaporation is (140 ± 10) µK, hence the cut energy is obtained using

∆E = mFgFµBB = kBT, (3.1)

and since the ground state frequency splitting of 87Rb is 0.70 MHz G−1

[193] this corresponds to a cut energy of kB × (1.376 ± 0.001) × 103 µK.
Correspondingly η is calculated using equation 2.63, in this case a value of
(9.8 ± 0.7) is obtained.

3.7.1 Optimisation of evaporation

Evaporation within the magnetic trap is forced using an RF field and in the
optical trap it was performed via either plain evaporation or by tilting the
trap with a B-field gradient. The method of optimisation for each stage of
evaporation was the same independent of the technique used, however. For
each stage of evaporation, the initial number and PSD were recorded. The
next evaporation ramp would approximately quarter the trap depth, and the
time taken to perform this evaporation would be varied. The most efficient
timing was always chosen, where efficiency is defined as [168]

γ = log (PSD2/PSD1) / log (N1/N2) . (3.2)

Here PSD1,2 is the PSD before or after the evaporation stage and N1,2 is the
initial number or number after the evaporation stage. This figure of merit was
used to optimise every evaporation ramp. The number and temperature after
the evaporation ramp were fitted using an exponential decay curve, and from
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Figure 3.5: The number of 87Rb atoms remaining in the quadrupole trap after
different RF cutting frequencies are applied to the trap with a magnetic field
gradient of 187 G cm−1. This aids to determine the starting frequency for
RF evaporation. The lines are linear fits to the data, and the crossing point
was used as the initial RF frequency.

the fit to the data a PSD was calculated. Finally γ was calculated for each
ramp time, and the most efficient ramp time was selected. Figure 3.6 presents
a typical set of data taken when optimising part of the linear evaporation
ramp for 87Rb in the quadrupole trap, between frequencies of 14.6 MHz
and 8.8 MHz. The values for γ are calculated using an initial number of
(3.1 ± 0.2) × 108 and PSD of (1.9 ± 0.1) × 10−5.

3.7.2 87Rb RF evaporation

The optimised ramp was found to be a single linear ramp of 15.1 s duration
from the initial frequency of 28.8 MHz to a final frequency of 6.6 MHz.
This was originally optimised in three separate stages, which when combined
were found to be linear, so were combined for simplicity. The speed of the
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Figure 3.6: Typical data obtained when optimising a magnetic trap evap-
oration ramp against ramp time. The graphs display how the number (a),
temperature (b), PSD (c) and efficiency (d) vary with ramp time. The lines
in (a) and (b) are fits to the data points. The lines in (c) and (d) are then
calculated using these fits. The dashed blue lines indicate the optimum ramp
time of 3.7 s.

evaporation is significantly faster than the 34.5 s required previously, hence
the duration of each experimental cycle has been reduced accordingly [127].
After this stage the evaporation began to stagnate due to Majorana spin
flips at the trap centre [163]. After the RF evaporation in the magnetic trap
(7.3 ± 0.3) × 107 atoms remain at a temperature of (33.6 ± 0.3) µK and a
PSD of (1.6 ± 0.2) × 10−4. The progression of the PSD as the evaporation
proceeds is presented in figure 3.7. Tables 3.2 and 3.3 reiterate the optimum
evaporation ramp for RF evaporation of 87Rb.

Figure 3.7 indicates that currently after the RF evaporation the 87Rb atom
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Figure 3.7: PSD as a function of atom number in the quadrupole trap for
87Rb alone. The lines have been added to guide the eye. The grey data
points and line represent data taken before improvements to the magnetic
trap loading were made [12].

number is much larger ((7.3 ± 0.3) × 107 compared to (3.6 ± 0.1) × 107) than
previously and the PSD is accordingly higher, by a factor of approximately
six. The temperature reached is also lower (as displayed in figure 5.2). The
lines in figure 3.7 that have been included to guide the eye can be used to
calculate the efficiency of the evaporation from equation 3.2. We see for the
evaporation of 87Rb alone the efficiency for the new data is (1.99 ± 0.07)
whereas it was previously (2.5 ± 0.2). The efficiency has therefore dropped

Ramp t f1 f2
(s) (MHz) (MHz)

1 15.1 28.8 6.6

Table 3.2: Magnetic trap RF evaporation ramp used for evaporation of 87Rb.
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Ramp N T PSD
(×108) (µK)

Load (6.2 ± 0.2) (140 ± 10) (2.2 ± 0.7) × 10−6

1 (0.73 ± 0.03) (33.6 ± 0.3) (1.6 ± 0.2) × 10−4

Table 3.3: Number, temperature and PSD before and after RF evaporation
ramp for 87Rb. The ramp labels correspond to those in table 3.2.

due to increased inelastic collisions, however the improved starting conditions
mean that more atoms are still present after the evaporation.

3.8 Imaging

In this work we use two diagnostic techniques to determine the parameters of
the atom clouds. Fluorescence imaging is a technique which was used heavily
during the MOT and magnetic trap loading phases of the experiment due
to its non-destructive nature and its versatility in providing information on
relative MOT numbers. Absorption imaging was used to obtain information
on the spatial profile of the atoms in addition to their absolute number,
however this technique is destructive. Additionally, separating the atoms into
their different mF states via the Stern-Gerlach method means information
about the different hyperfine states can be accessed. In the following sections
the different methods will be discussed in more detail.

3.8.1 Fluorescence imaging

Fluorescence imaging was used extensively during the initial MOT optimisa-
tion, where the different parameters were optimised to increase MOT fluores-
cence, which is a good indicator of the relative number of atoms within the
MOT. Further, it is possible to analyse the performance of magnetic trap
loading by re-capturing the magnetically trapped atoms in the MOT. Ex-
perimentally the fluorescence emitted by the MOT is incident on an 80 mm
focal length lens a distance L from the atom cloud. To ensure the relation-
ship between MOT fluorescence and trapped atoms remains linear, an iris
of aperture d is placed immediately in front of the lens. For aperture diam-
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Figure 3.8: Schematic of the experimental setup required to detect MOT flu-
orescence and a definition of all terms used in the atom number calculations
outlined in appendix D. The electronics required to measure the photocur-
rent of just one photodiode are shown, however they are identical for each
photodiode. Diagram not to scale.

eters that are too large, not all of the light is collected by the lens as it is
incident on the edge of the lens, hence a deviation from a linear relation-
ship is observed. The lens, which is broadband AR coated focusses the light
onto two photodiodes (Thorlabs DET110 for Rb and DET36A for Cs). A
dichroic mirror which reflects light of wavelength 850 nm splits the fluores-
cence due to trapped Rb and Cs atoms. Due to the fact that this mirror still
reflects (1.2±0.2)% of the 780 nm wavelength light emitted by the Rb MOT,
this background must be taken into account when calculating absolute atom
numbers. The photocurrent is measured by detecting the voltage across a
1 MΩ resistor. The absolute number of atoms can then be calculated using
the calculations presented in appendix D.

3.8.2 Absorption imaging

More detailed information about the atom cloud, its spatial profile and the
mixture of hyperfine states present within can be obtained via an absorption
image. This is performed by allowing the cloud to evolve in free space for
a time known as the time-of-flight. A quantisation field of (2.7 ± 0.1) G is
applied in the y−direction before atoms are then pumped out of the absolute
internal ground state by switching the repump light on 100 µs before switch-
ing on a 10 µs pulse of cooling light of intensity 0.1I/ISAT. The cooling light
drives either σ+ or σ− transitions into the stretched states. To image the
magnetically trappable states σ− transitions are driven, whereas σ+ transi-
tions are driven to image the high-field seeking states. Once the atoms are
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Figure 3.9: Schematic of the apparatus required to take an absorption image
of the atoms. The probe beam illuminates the atom cloud, which absorbs
some of the probe photons. Two achromatic doublet lenses magnify the
absorption profile with a magnification of (1.858 ± 0.002) (see figure 3.10).
The probe beam is detected on a CCD camera. Diagram not to scale.

in the stretched states they absorb the photons which reduces the intensity
of the beam in this location. The probe beam is incident on a CCD cam-
era (Andor iXon 885) and the sequence of required images is recorded here.
A full explanation of the absorption imaging routine including the program
used to image both species in the same experimental run and fitting the cloud
with a Gaussian function is presented in reference [125]. A schematic of the
apparatus required to take an absorption image is provided in figure 3.9.

Three individual ‘shots’ are required to make one absorption image, each one
taken shortly after the previous one. The first shot contains the atoms, the
probe beam (which ‘destroys’ the atom cloud) and the background which is
present without the probe beam. The second shot consists of just the probe
beam and the background, and for the third shot the probe beam is switched
off, hence only the background light is present in the image. The intensity
of each pixel on the camera is read out, and the optical depth of the atom
cloud at each point in the image is calculated via

OD = ln
(
I2 − I3

I1 − I3

)
, (3.3)

where I1,2,3 are the intensities of light on each pixel in the first, second and
third shot. For a weak, on resonance probe beam

I = I0 exp(−OD), (3.4)

where I is the intensity of light recorded on the CCD camera and I0 is the
intensity of the probe beam without the atoms’ presence. Hence if there are
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more atoms in the cloud the optical depth will be larger. The purpose of
taking the three images is to remove the background counts from both I1

and I2, and then determine the rate of absorption of light.

After fitting the resultant image with a Gaussian lineshape and following the
arguments in appendix D we can calculate the number of atoms in the cloud
using

N = 4π2

3λ2σxσzODPK, (3.5)

where σ2
x,z = kBT/mω

2
x,z are the widths of the Gaussian fit to the cloud, λ is

the wavelength of light and ODPK is the peak optical depth.

Assuming a harmonic trapping potential, as is the case in the optical trap,
and that the trap frequencies are known, we can also calculate the tempera-
ture of the cloud

Tx,z =
mω2

x,z

kB

σ2
x,z(TOF )

1 + ω2
x,zTOF

2 , (3.6)

where TOF is the time-of-flight, σx,z(TOF ) is the cloud size after the time-
of-flight expansion and ωx,z are the radial and longitudinal trap frequencies.
If the cloud size after a time-of-flight expansion is known the size of the cloud
in the trap can be calculated using

σx,z(0) = σx,z(TOF )√
1 + ω2

x,zTOF
2
. (3.7)

The derivation of these properties is reported in more detail in appendix D.

The two achromatic lenses are set up such that the second lens, of 160 mm
focal length, is positioned with its focus at the location of the CCD chip. The
first lens was then positioned such that it brings the atoms into focus. To
obtain sharp, well focussed images this lens is mounted on a translation stage
with 5 µm accuracy, and a series of images were taken for various positions to
locate the optimum position. This optimisation process is discussed in more
detail in section 3.8.3. The telescope system of the two lenses obviously
magnifies the image. The magnification factor of the telescope setup was
determined by measuring the vertical position of the atom cloud as a function
of a flight time after the cloud had undergone RF evaporation in the magnetic
trap (see figure 3.10).
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Figure 3.10: The vertical position of the atom cloud after undergoing freefall
for various time-of-flights. The vertical position is recorded as the distance
in pixels of the cloud’s centre from the top of the camera, using a Gaussian
fit to the distribution. The pixels are numbered such that zero pixels is at
the top of the camera. A parabola is then fit to the data, weighted to the
error bars, and it is found that the magnification is M = (1.858 ± 0.002).

To interpret figure 3.10 one must use

s = s0 + ut+ 1
2
gt2, (3.8)

where s is the vertical position of the atom cloud’s centre, s0 is the initial
position of the cloud centre, and u is the initial speed of the atom cloud,
assumed to be zero. Hence comparing the equation of the parabola, y =
A+Bx+ Cx2, with equation 3.8 we see

y = 1
2
gt2

M

dPIX
= Ct2 (3.9)

where dPIX is the length of the side of each pixel (16 µm in this case, as the
camera’s pixels are 8 × 8 µm2 in size, but we bin the total charge on four
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pixels together at once to reduce the processing time) and C is the coefficient
of the t2 term in the parabolic fit to the data. Hence

M = 32C
g
. (3.10)

For the data in figure 3.10 we find that the magnification is (1.858 ± 0.002).
This value is used in calculating atom numbers and cloud temperatures in
this work.

For the atoms to absorb the maximum amount of probe light the frequency
of the probe beam must be on resonance, however the application of the
(2.7 ± 0.1) G quantisation field creates a Zeeman shift in the energy levels.
Therefore the probe beam frequency required detuning in relation to the zero
field resonant frequency. The frequency driving the AOM which modulates
the probe beam was varied and the optical depth of an image of the atoms
was measured. By fitting a Lorentzian function to the data and extracting
the centre of the function where the maximum optical depth occurs one can
determine the detuning required to bring the light back on to resonance with
the atoms. Figure 3.11 presents the optical depth (normalised to a value
extracted from a fit to the non-normalised data) as a function of probe beam
detuning. Similar experiments were performed to determine the resonant
imaging frequency for both isotopes of Rb.

The frequency at which the optical depth is maximised is found to be (−2.41±
0.07) G for the σ+ data and (3.54±0.06) G for the σ− data and the calculated
widths were 2π×(6.0±0.2) MHz and 2π×(6.1±0.2) MHz respectively. Thus
the bias field that was applied here is calculated to be (2.12 ± 0.05) G, using
the theoretical Zeeman shift at low-fields of 1.40 MHz G−1. The reason
that the σ− plot is shifted more than the σ+ plot is that at the time the
cancellation fields required for the shim coils were not well known, hence
the quantisation field may not have been purely in the correct direction.
The widths were in agreement with each other but not with the theoretical
133Cs linewidth of 2π × 5.2340 MHz. Similarly this is potentially due to the
quantisation field not purely being in the direction of propagation of the
probe beam. Imaging of different mF states is performed experimentally by
the Stern-Gerlach method, described in detail in section 2.4.3.
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Figure 3.11: Optical depth of a cloud of 133Cs atoms imaged after a 2 s hold
in the magnetic trap and a 3 ms free time-of-flight as a function of the probe
beam detuning from the zero field resonant frequency. A 50 µs probe pulse
was used with 1 ms of repumping light applied prior to the probe pulse. The
two plots correspond to a bias field being applied that drives σ+ transitions
(blue) and then reversing the bias field such that σ− transitions are driven
(red). A Lorentzian fit to the data, weighted to the error bars calculates
linewidths of 2π× (6.0 ± 0.2) MHz for the σ+ data and 2π× (6.1 ± 0.2) MHz
for the σ− data. These values agree with each other, however are not in
agreement with the natural linewidth of 133Cs (see table A.1). The detuning
at the peak in the optical depth is (−2.41 ± 0.07) G for σ+ transitions and
(3.54 ± 0.06) G for the σ− data. For clarity the values are normalised to the
maximum optical depth obtained from a fit to the raw data.

3.8.3 Imaging lens positioning

The approximate alignment of the telescope was discussed in the previous
section however the first lens in the telescope has been mounted on a transla-
tion stage such that the exact position can be optimised. Exact positioning
was not immediately possible due to the atomic density not being very large.
Imperfect focussing on the atom cloud results in distortion of the image as
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discussed in the following.

The model for calculating atom number in appendix D only considers ab-
sorption and scattering of photons from the probe beam, it does not include
the effects that the cloud may have on the spatial profile of the probe beam.
For a dense atomic cloud the refractive index is not unity as the atomic sus-
ceptibility is non-zero [194]. The refractive index of the atomic medium will
be greater than 1 for a red detuned probe beam and less than 1 for a blue
detuned probe beam [195]. The spatial density profile within the cloud and
its curvature at the edges therefore lead to lensing of the probe beam.

Modelling the cloud as a sphere of radius R and refractive index n its focal
length is [196]

f = R

2(n− 1)
. (3.11)

Due to this lensing of the probe beam the image will not reflect the true
spatial profile of the atomic cloud. To remove the effect the probe beam
may be tuned to resonance, however the high optical depth of the dense
cloud would limit number calculation. Alternatively, accurate focussing of
the cloud means the effect is removed, as described below.

Consider the case of a blue detuned beam where n < 1. For n < 1 the
cloud will act as a diverging lens. Therefore as the beam diverges the light
in the imaging sequence’s first shot is refracted and its new path is incident
on outlying parts of the CCD camera, where light otherwise wouldn’t reach.
Resultantly the amount of light in the centre of the image is reduced. As
the cloud is then ‘destroyed’ the second shot in the imaging sequence is
unaffected. If the focussing lens is placed too far away from the atom cloud,
the optical depth calculated is higher in the centre of the image and becomes
negative at the edges of the image. If the imaging lens is placed too close
to the cloud we record a virtual image of the clouds, and one must consider
the virtual rays of the probe beam. In this situation more light is incident
at the centre of the cloud, resulting in a sharp dip in the optical depth here.
Conversely for red detuned beams n > 1 and the cloud acts as a converging
lens, hence the process described above is reversed.

A schematic of this lensing effect is presented in figure 3.12(a). When the
imaging lens is positioned too close to the atoms such that it is focussed at
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the side of the probe beam source (position 1 in the figure highlighted by the
dashed lines) a region of negative optical depth occurs at the centre of the
image for blue detuned light, or at the edge of the image for red detuned light.
For this location one must consider the virtual imaging rays, represented by
dotted lines. For the case where the imaging lens is positioned too far from
the atoms such that it is focussing on position 2 in the figure, we obtain
more light at the edges for blue detuned light and more light at the centre
for red detuned light. The optical depth thus calculated as a function of
position is presented in figure 3.12(b) for the case where there is more light
at the edges (left), an ideal image (centre) and more probe light at the centre
(right). Where more probe light is observed at the edges, this creates a dip
in the optical depth here, which is observed on either wing of the graph, and
a slight enhancement of optical depth can also be seen at the centre, as there
would be less light in the first probe shot here. When there is more light
at the centre we get a sharp dip in optical depth here. A clean Gaussian
profile is observed if the imaging telescope is well focussed. Corresponding
experimental data for a 87Rb condensate can be seen in figure 3.12(c). For
both the profiles on the left and right the imaging system was focussed too far
away from the atoms, with the probe light blue and red detuned, respectively.
For the blue detuned image a dip in optical depth can be observed at the
edge of the cloud. Conversely for the red detuned profile at the centre of
the cloud a region of lower optical depth can be observed. The profile in the
centre was taken with blue detuned light, however the imaging system was
well focussed on the atoms.

To accurately focus onto the atoms a sequence of images were taken for
different positions of the focussing lens. For each position a red and a blue
detuned image were taken. Starting with the lens focussed too far from the
atoms, one could observe the effects of the lensing becoming less pronounced
the closer the system became to being in focus, and then once past the
optimum position the opposite effect begins to manifest itself. Additionally it
is possible to reduce the effects of lensing by performing a large time-of-flight
such that the density at the time of imaging decreases. This is preferable
to detuning the beam as the lensing effect will become less pronounced for
large detunings as it is inversely proportional to ∆, however the strength of
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(a)

Probe

beam

Atoms

Figure 3.12: Schematic of the imaging lensing effect (a) for blue detuned (left)
and red detuned (right) probe light, theoretical density profiles observed for
the different imaging cases (b) and experimentally obtained density profiles
of the atom cloud for these cases (c). In the schematics regions where probe
light intensity is increased are highlighted by the transparent purple shade
and virtual focussing rays are represented by dotted lines. The dashed lines
at location 1 and 2 indicate the two focussing locations discussed in the text.
In (b) the optical depth is represented as a function of position in the image
for the case of (left to right) more probe light at the wings of the image,
an ideal image and more probe light at the centre of the image. In (c) the
x−axis refers to the horizontal distance from the cloud’s centre.
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the signal at high detunings is inversely proportional to ∆2 so the signal to
noise ratio will decrease.

3.9 Bias field stabilisation

The methods used in the work to detect Feshbach resonances require the
application of a stable bias field. Various resonances are located at high
magnetic fields, hence the ability to generate these high-fields in a stable
manner must be achieved. The bias field coils used in this experiment are
set up such that one is used for making small, fast changes to the magnetic
field, known as ‘Bias 3’ and the other two coils (‘Bias 1 and 2’) are run in
series. These are used to generate fields in excess of 1000 G. To generate
the fields a current is driven through the coils, the calculation of the field at
the centre of the coils is given by equation 2.59. Approximate calibrations
for the magnetic field generated by driving current through the coils are
(2.761 ± 0.004) G A−1 for Bias 1 and 2 and (0.261 ± 0.002) G A−1 for Bias
3 [127]. To achieve an accuracy of ±10 mG in our experiments this requires
stabilisation of the current driven through the coils to 1 part in 105 for
measurements at 1000 G.

3.9.1 Magnetic field generation

The current is drawn from two power supplies (Agilent 6681A and Agilent
6690A), the amount of which is stabilised via a series of four field-effect
transistors (FETs) (IXYS Semiconductor 230N10) which are water cooled.
A distinct power supply and FET bank are utilised for Bias 3, and Bias 1
and 2. Each set are connected in parallel such that they have a common
source, drain and ground [126]. The current flowing through the coils is
measured using a Hall effect sensor (Honeywell CSNL181). The Hall effect
sensor generates a current 2000 times smaller than that in the coil. The
current drawn by the Hall sensor is detected as a voltage dropped across a
sense resistor on a ‘feedback board’ (Oxford University Deparment of Physics
EW1282) and this voltage is compared with a voltage from a ‘reference board’
(Oxford University Deparment of Physics EW1285). The reference voltage
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is set in the LabVIEW computer control program.

The circuit works by varying the current in the coils such that the Hall
voltage dropped over the sense resistor is equal to the reference voltage. A
TTL switch controls by-passing of capacitors which when switched in provide
higher stability to an initial amplification stage. The values of the capacitors
chosen have been selected to minimise current instability at all currents, and
is specific to the individual coils which have different resonant frequencies.
When switching the currents through the coils on and off the capacitors are
bypassed by the switch and fast ramping is achievable. A second stage of
amplification allows the current to be switched to high values quickly without
oscillation of the current at the final value. A tunable offset is set such that
the current oscillates about the final current value.

In optimising the feedback boards two main changes have been made to the
existing design. First, the level of variable gain on the second amplification
stage is set to reduce the stabilisation time. The combination of capacitors
used for each board was then changed to reduce current noise and thus in-
crease stability. The combination of the capacitors required is dependent on
the level of variable gain set. The second change was undertaken for the
feedback boards of both Bias 1 and 2 and Bias 3. Previously the Hall voltage
was measured over a 1 Ω resistor, however this has since been changed to
a 20 Ω (Isabellenhütte A-H2-20R0-F1-K2-0.1) power resistor. The increase
in the voltage of the sense resistor means a larger voltage will be dropped
over the resistor, hence stabilisation is more sensitive. The power dropped
over the resistor is larger, however the load capacity of the resistor is 10 W
and the temperature coefficient is ±10 ppm K−1. The resistor is mounted
on a heatsink to further reduce any change in resistance if the magnetic field
remains on for a long period of time. Indeed, a marked improvement in bias
field stability has been observed, examples of which will be demonstrated in
figures 6.5 and 6.6.

3.9.2 Magnetic field calibration

The bias fields used in this experiment have previously been calibrated by
driving RF transitions between the excited states [127]. To obtain a more
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precise calibration by observing a narrower feature we are able to drive mi-
crowave transitions between the ground states in the atoms. The field axis
for each individual feature observed in this work is calibrated by driving ei-
ther RF or microwave transitions as presented in figure 3.13. The central
frequency at which transitions are driven for each field are then used to cal-
culate the magnetic field using the Breit-Rabi equation (equation A.1). A
set of measurements are performed at a minimum of two points off resonance
with the feature. The same experimental routine is performed, for example
all MOT load, RF evaporation and forced dipole trap evaporation timings
are identical, however the RF or microwave field is applied during the final
hold at the final magnetic field. The different ground or mF states are then
separated using the Stern-Gerlach method and imaged.

The microwave frequencies are generated using an Agilent E8257D frequency
generator as the source. When we calibrate the fields the output from the
source remains on and a Mini-Circuits MSP2T-18-12 switch controlled by
a TTL signal from LabVIEW determines whether the signal is applied to
the atoms. The microwave frequencies are delivered using an AtlanTecRF
AS 6186 waveguide-coaxial adapter. The output of the adapter is positioned
(118 ± 2) mm from the centre of the glass cell.

A similar scheme is utilised to deliver RF frequencies to drive transitions
between different mF states. An Agilent E4400B is used as the RF source
and once again the output remains constantly on. A TTL controlled Mini-
Circuits ZYSW-2-50DR switches the signal on and off. The signal is then
amplified by a Mini-Circuits TIA-1000-1R8-2 35 dB gain amplifier. A (25 ±
1) mm diameter single turn copper coil of thickness (0.8 ± 0.1) mm, which is
positioned (80 ± 5) mm from the centre of the glass cell delivers the RF field
to the atoms.

Figure 3.13 presents a sample bias field calibration taken at ≈ 31.5 G. Here
the dipole trap beams are ramped to powers of 630 mW and the bias field from
Bias 3 is ramped in 5 ms to its final value and held at this value for 100 ms.
The microwave frequencies are then applied in this holding period. Note that
the magnetic trap is also switched on to a field gradient of 28 G cm−1 for
this measurement, hence the bias field at the atoms is approximately 0.6 G
lower than the bias field produced by the coils as the atoms are positioned
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∼ 200 µm below the magnetic trap centre (see chapter 4). The magnetic
field gradient was kept on during this measurement in order to maintain the
same experimental procedure as described above.

Lorentzian fits to the data in figure 3.13 reveal that the central tran-
sition frequencies (widths of transitions) are (6.90109 ± 0.00001) GHz
((0.20 ± 0.04) MHz), (6.879262 ± 0.000003) GHz ((0.070 ± 0.009) MHz) and
(6.857288±0.000002) GHz ((0.05±0.01) MHz) for σ+, π and σ− transitions,
respectively. The magnetic fields required to drive these specific transitions
at these frequencies were then determined from the Breit-Rabi equation.
Combining these values represents a magnetic field of (31.490±0.007) G and
at this field a 10 mG change in field results in approximately 0.021, 0.007,
or 0.014 MHz changes in frequency for the σ+, π, and σ− transitions re-
spectively. Experimentally to calibrate fields we drive σ+ transitions as the
signature of atom loss from the |1,+1⟩ state is most pronounced.

Most experiments in this work are performed by switching on the field from
Bias coils 1 and 2 to the lower extreme of the region of interest, and then
using the setting of Bias coil 3 the field is quickly ramped to the final field.
The range we typically run with Bias 3 is 50 G, hence many experiments
explore a 50 G window. To calibrate we set the voltage to which the feedback
board will servo to in LabVIEW and obtain a plot similar to figure 3.13(a).
This is repeated for a minimum of one other point in the window, and after
calculating the field for each voltage a linear fit is made to the data. The
bias field of each experimental point can then be calculated from this fit. A
series of these fits at various bias fields is presented in figure 3.14.

Figure 3.14 highlights that although the calibration of the field provided by
Bias 3 remains very similar over the entire field range, there is still a change
at the highest fields. There is a tendency for Bias 3 to provide a smaller
field as a function of LabVIEW control voltage at higher bias fields. This is
potentially due to an offset picked up on the different Hall effect sensors and
feedback electronics inherent when high currents are being driven through
the coils. We also note that when the magnetic trap is switched off the bias
field at the atoms with Bias 3 also switched off is (153.87 ± 0.01) mG. In
section 3.6 the errors involved with nullifying the shim field were typically
±200 mG, which is consistent with the field seen at the atoms.
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Figure 3.13: Number of 87Rb atoms in different ground and magnetic states
remaining after a 100 ms pulse of a microwave frequency field drives σ+

(a), π (b) and σ− (c) transitions. The same bias magnetic field is used for
each case. The lines represent Lorentzian fits to the data and are used to
calculate the central frequency of the transitions. In (a) the number of atoms
remaining in |1,+1⟩ is displayed as the |2,+2⟩ atoms are not trapped. In (b)
and (c) the number of atoms transferred to the |2,+1⟩ and |2, 0⟩ states are
displayed, respectively. The x−axes are centred on (6.90109 ± 0.00001) GHz
(a), (6.879262 ± 0.000003) GHz (b) and (6.857288 ± 0.000002) GHz (c).
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Figure 3.14: Bias field as a function of LabVIEW control voltage (a) for a
series of different bias fields produced by Bias 1 and 2 and the corresponding
calibration of bias field as a function of the bias field at the atoms produced
by Bias 1 and 2 (b). Note there are two plots where Bias 1 and 2 are
switched off which can’t be resolved due to the scale. The different bias fields
without Bias 3 switched on are approximately 1093 G (blue circles), 876 G
(red squares), 606 G (purple triangles), 154 G (yellow inverted triangles),
0 G (blue diamonds) and 0 G without the magnetic trap switched on (black
stars).

3.10 Experimental control

To control the experimental timings down to small (ms-µs) timescales com-
puter control of the apparatus is necessary. The necessity of computer control
of the experiment is outlined in reference [125] hence a brief description is
given here. The program used to control the system is ‘LabVIEW’ which
allows precise timings to be pre-programmed and takes account of the delays
involved when switching different hardware on or off.

A recent upgrade of the computer control systems has been implemented
to both improve and simplify the computer control of the experiment. The
LabVIEW program is still utilised, however a ‘Field Programmable Gate
Array’ (FPGA) module has been installed. This has increased the resolution
of the timing sequence and made the graphical user interface more intuitive.
To control the experiment an NI PCI-7833R ‘Reconfigurable Input/Output’
(RIO) control board is used which allows independent control of 56 ‘Digital
Input/Output’ (DIO) channels, 8 ‘Analogue Input’ (AI) and 8 ‘Analogue
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Output’ (AO) channels. The DIO channels are used for various functions
such as the control of shutters and switching the magnetic field coils on
and off. They are also required to receive input as a trigger to continue
the imaging sequence [125]. The AO channels are used to control analogue
parameters such as the magnetic field coil currents. Currently no AI channels
are in use.

The control computer also communicates with a separate computer that con-
trols external hardware using a PCI-GPIB card. The GPIB computer also
has a PCI-DIO-32-HS DIO installed, which was used in the experiment pre-
viously. The main control computer outputs a series of digital signals which
are read using the DIO channels on the GPIB computer. Depending on the
input, the GPIB computer interfaces with different hardware. The frequen-
cies applied during RF evaporation in the magnetic trap and rapid adiabatic
passage are controlled in this way.

To reduce the number of DIO channels used on the control board two DIO
channels can be combined to produce four possible outputs using a ‘Voltage
Level Multiplexer’ designed by Oxford University Department of Physics.
This is used to control shim coil currents, the MOT magnetic field gradient
and the level of attenuation to apply to the cooling and repump AOMs for
both Rb and Cs. The multiplexer works on a principle of setting analogue
voltages assigned to the four output channels, and then selecting which one
is used depending on the TTL input. Additionally control boards developed
in the Durham University Department of Physics Electronics Workshop are
used to control the driving frequency and RF power applied to the AOMs.
Through TTL input from the control board or analogue input from the mul-
tiplexer it is possible to adequately time the switching of all frequencies.



Chapter 4

Bose-Einstein condensation of
87Rb in an optical dipole trap

The following chapter discusses modelling of the experimental potentials en-
countered in this work and characterisation of the dipole trapping beam. The
criteria that were required to be met by the final design of the experiments
are discussed in detail, and this final design is presented in section 4.3.2. Fi-
nally data on loading the trap is reported in section 4.4 and data on improved
evaporation within the trap is presented in section 4.5. This culminates in the
the production of large 87Rb BECs, which can be thought of as the ultimate
test of evaporation within the system.

4.1 Modelling the optical trap

To model the experimental potentials it is possible to calculate the different
contributions to the overall potential and superpose each one. In this section
a model of the optical trap is developed sequentially by adding the individual
building blocks in turn.

80
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Species α (a3
0)

Rb (424.7 ± 0.7)
Cs (572.2 ± 1.2)

Table 4.1: Polarisability of Rb and Cs at a wavelength of 1550 nm, in atomic
units of a3

0 [175].

4.1.1 The optical potential

The optical potential is calculated using the values in table 4.1 and

Udip = −ℜ (α) I
2ϵ0c

, (4.1)

where I is the intensity of the light and α is the complex polarisability.
For a crossed optical dipole trap consisting of two identical beams we sum
the contribution from each beam. Given the linear relationship between
intensity and beam power, and thus dipole potential and beam power, the
trap depth of the lone optical potential trivially increases linearly with beam
power (see figure 4.2(b)). The other parameter affecting the trap depth and
frequencies is the beam waist, this dependence is displayed in figure 4.1.
The trap frequencies in each direction are calculated by fitting a quadratic
function to a slice through the potential, and approximating this potential
with a harmonic oscillator potential, for example

Uz = 1
2
mω2

zz
2. (4.2)

4.1.2 The gravitational potential

The gravitational potential is simply given by

Ug = mgz (4.3)

where m is the mass of the atom.

The gravitational potential effectively tilts the total potential, reducing the
height of the potential barrier on one side of the trap, hence reducing the trap
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Figure 4.1: Trap depth (a) and frequencies (b) in the x− (blue solid), y− (red
dashed) and z− (purple dotted) directions, as functions of the beam waist
for 87Rb atoms in the |1,−1⟩ state. These values are calculated for a purely
optical potential created by two beams of power 4.05 W and wavelength
1550 nm, crossing at right angles to each other.

depth. This effect can be seen in figure 4.2(a). For a crossed optical dipole
trap at high beam powers the evaporation surface is initially along the beams
as the trap depth along the beams is approximately half that in the vertical
direction, however as beam power is reduced the gravitational tilting of the
trap becomes more pronounced until the trap depth in the vertical direction
becomes smaller than in the horizontal direction. When this happens the
evaporation surface changes which can be seen in figure 4.2(b).

4.1.3 The magnetic potential

As discussed in chapter 2 the Biot-Savart law can be used to calculate the
magnetic field due to a pair of coils at a particular point in space. However the
analytic equations 2.57 and 2.59 are only valid for a point on the axes of the
coils. To perform the integral over many points in space is computationally
slow, however a different method exists [197]. The field produced by a pair
of coils can be expressed in terms of elliptic integrals, functions which are
in-built into many computational programs. Our simulation of the magnetic
field thus calculates the field at a particular point using these functions and
knowledge of the coil pair’s radius and separation.



Chapter 4. Bose-Einstein condensation of 87Rb in an optical dipole trap 83

-500 -250 0 250 500
0

25

50

75

100

 

 
Po

te
nt

ia
l (

K)

z ( m)

(a)

0 2 4 6
0

10

20

30

40

 

 

Tr
ap

 d
ep

th
 (

K)

Beam power (W)

(b)

Figure 4.2: Potentials as functions of vertical position (a) and trap depth as
a function of beam power (b), when considering 87Rb atoms in the |1,−1⟩
state in a combined opto-gravitational potential. In (a) the three potentials
displayed are the combined (blue solid), the gravitational (red dashed) and
the optical (purple dotted), for two beams of 4.05 W optical power and
100 µm waist crossed at right-angles. In (b) the trap depth along the beams
(blue solid) and in the z−direction (red dashed) are displayed as functions
of beam power. For the combined potential the dimension in which the trap
depth is smallest switches from the horizontal direction to the vertical at
smaller beam powers. The optical trapping beams in (b) are crossed at right
angles to each other and have a waist of 100 µm.

The magnetic field gradient created by the anti-Helmholtz coil can be utilised
to cancel the effects of gravity on one side of the magnetic trap. This is the
case if the current driven through the coil is stabilised to a value such that
the field gradient is that which levitates against gravity (see table 2.2). The
levitation gradient is dependent on the magnetic bias field however due to the
µ (B) term in equation 2.55. The effect that this has on the trap depth must
be taken into account at high bias fields. The magnetic field dependence of
the magnetic moment and the magnetic field gradients required to levitate
87Rb and 133Cs atoms are displayed in figure 4.3.

4.1.4 The combined potential

The total potential that an atom experiences at a particular point in space
is the summation of the optical, magnetic and gravitational potentials. For
a hybrid trap where a single dipole trapping beam’s waist is displaced a
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Figure 4.3: Magnetic moment to mass ratio (a,c) and levitation gradients
(b,d) for 87Rb atoms (red) and 133Cs atoms (blue) as functions of bias field.
Data for both stretched weak-field seeking (a, b) and high-field seeking (c,
d) states in the lower hyperfine levels are shown.

distance z0 from the magnetic field zero (at x = y = z = 0), and the beam
propagates in the x−direction, the potential is given by [165]

UTot (r⃗) =µ (B) dB
dz

√√√√(x2

4
+ y2

4
+ z2

)
−

U0 exp
(
−2

(
y2 + (z − z0)2

)
/w2

0

)
+mgz + E0.

(4.4)

Here U0 is the trap depth of the optical potential and E0 is the calculated en-
ergy difference between the total potential trap minimum, and the potential
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Figure 4.4: Contour plots of the optical, magnetic, gravitational and com-
bined potentials experienced by 87Rb in the |1,−1⟩ state. The graphs indicate
the potential experienced as a function of position. The combined potential
is a linear sum of the three constituent potentials. The optical potential is
generated by 4.05 W of 1550 nm light, focussed to a waist of 68 µm, 200 µm
below the magnetic field zero. The magnetic potential is produced by a field
gradient of 28 G cm−1.

at this point without the dipole potential present

E0 = U0 exp
(
−2z2

0/w
2
0

)
. (4.5)

The inclusion of E0 in equation 4.4 sets the total potential at the trap mini-
mum to zero.

Consider one experimental situation that this work is concerned with (see
section 4.3). The |1,−1⟩ state in 87Rb in an optical potential generated by
a single 4.05 W beam of light of wavelength 1550 nm and a waist of 68 µm,
focussed 200 µm below the magnetic field zero, and a magnetic potential
produced by a field gradient of 28 G cm−1 experiences the total potential (in
the x-z−plane) presented in figure 4.4.

In previous work [12, 127, 162, 167] the dipole trapping beam was located
approximately one beam waist below the magnetic trap centre. This was to
take advantage of the increased trap depth here (see figure 4.5(a)) resulting
in a larger load into the trap, as well as the increase in trap frequency at this
location for a single beam trap, as displayed in figure 4.5(b). Condensates
of up to 2×105 atoms were produced in this potential, and an investigation
of evaporation efficiency at different beam positions revealed that position-
ing the beam (of 60 µm 1/e2 radius) 80 µm below the magnetic trap centre
was optimum. However, figure 4.21 indicates that in the crossed-beam trap
the optimum loading position is approximately three beam waists below the
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magnetic trap centre. Therefore the crossed beam trap was located there.
The trap depth and frequencies for the crossed beam trap are independent
of beam location at high beam powers as axial confinement is provided by
the optical potential and the magnetic field gradient only increases the con-
finement slightly.
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Figure 4.5: Trap depth (a) and frequencies (b) for the single beam dipole trap
versus beam position calculated for different magnetic field gradients for 87Rb
in the |1,−1⟩ state. In (a) the trap depth is increased below the magnetic trap
centre hence larger dipole trap loads can be expected here. In (b) the data
above the break represents radial frequencies and the data below the break
represents axial frequencies. It can be seen that the radial frequency is nearly
independent of beam position, however as the axial confinement is provided
by the magnetic field gradient, the axial frequency shows strong dependence
on position. The different magnetic field gradients used are 28 G cm−1 (blue
solid), 20 G cm−1 (red dashed), 10 G cm−1(purple dotted) and 5 G cm−1

(yellow dash-dotted). Parameters used are P = 6.70 W, w0 = 68 µm, λ =
1550 nm.

4.1.5 The loading trap

Atoms in the weak-field seeking |1,−1⟩ state are loaded into the hybrid load-
ing trap from the magnetic trap after pre-cooling using forced RF evaporation
(see section 3.7 for more details). Initial loading is performed at a power of
4.05 W in each beam with a gradient of 28.2 G cm−1 and zero bias field. The
magnetic field gradient is set slightly below the value which cancels gravity
for the |1,−1⟩ state (i.e. levitates it) and provides an attractive confining
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potential that adds to the existing optical confinement along the beam. The
essential features of the trapping potential are presented in figure 4.6. Along
the beam the trap potential is the sum of the harmonic trap obtained from
a quadrupole trap offset by a bias field (due to the beam being positioned
below the magnetic trap centre) and the dimple optical potential superim-
posed in the centre. In the horizontal plane, outside the dimple region, the
trap potential increases linearly in all directions to values > 1000 µK. The
trap depth of 101 µK is thus entirely determined by the potential in the
z−direction, which is nearly constant on the lower side of the trap owing to
the near cancellation of gravity. On the upper side of the trap a potential
gradient of ≈ 2g exists owing to the addition of magnetic and gravitational
potentials. Hotter atoms are lost vertically downwards in the direction with
the lowest trap depth. The frequencies of the loading trap for 87Rb atoms in
the |1,−1⟩ state are ωrad = 2π × 448.3 Hz and ωax = 2π × 90.4 Hz.

4.1.6 Trap tilting

The trapping potential can be tilted by varying the magnetic field gradi-
ent. By applying the field gradient required to levitate the weak-field atoms,
gravity is cancelled on one side of the trap and effectively doubled on the
other side. If we apply a magnetic bias field such that the high-field seek-
ing states are levitated it is then possible to increase ∂B/∂z such that we
‘overcompensate’ for gravity, and the potential is reduced on one side of the
trap. This gravito-magnetic trap tilting has been utilised in order to bring
133Cs to degeneracy [11]. The evaporation surface depends on the quadrupole
tilt applied, as the lowest trap depth is generally in the direction along the
beams, unless beam powers are low or the amount of tilting is large. This is
displayed in figure 4.7

It can be seen in figure 4.7 that the trap depth along the beam (which is the
shallowest part of the trap potential in the horizontal plane) is almost con-
stant, whereas the vertical trap depth may be either greater or less than the
horizontal depth. Thus the figure divides into two regions, with an approxi-
mate crossover gradient for this example of 37 G cm−1. The usefulness of this
levitated trap stems from the existence of both regions. For gradients less
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Figure 4.6: The loading trap potential for 87Rb atoms in the |1,−1⟩ state
created with 4.05 W in each 68 µm dipole beam and a magnetic field gradient
of 28.2 G cm−1. Contour plots of the trap potential in the x-y−plane (a)
intersecting the potential minimum and the x-z−plane (b). Cross-sections
through the potential minimum along one of the beams (c) and vertically
(d). The crossed dipole trap is positioned 200 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).

than the crossover gradient evaporation occurs horizontally along the beams
and can be achieved by decreasing the beam powers. This method also causes
a consequent decrease in trap frequencies and hence the collision rate, which
is generally detrimental to evaporative cooling, although we note that it may
be useful in some circumstances where three-body loss rates are high. For
gradients greater than the crossover gradient evaporation occurs in the verti-
cal direction owing to the lower trap depth (see figure 4.7(c)). Physically this
occurs because, as the gradient is increased, gravity is overcompensated and
the residual upwards force (magnetic minus gravity) eventually overcomes
the downwards confinement of the optical potential. The atoms escape up-
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Figure 4.7: Trap depth of the levitated trap as a function of magnetic field
gradient (a), a cross-section through the potential along one of the beams (b)
and vertically (c). The trap depth is calculated for 87Rb atoms in the |1,+1⟩
state in the z−direction (red) and along the beams (blue). Cross-sections
through the potential are shown for the levitated (blue solid) and the tilted
(red dashed) potentials indicated by the arrows in (a). The purple dotted
line in (b) indicates the magnetic potential due to a gradient of 30.2 G cm−1

with no optical potential present. The beam powers are both 100 mW, the
beam waist is 68 µm and the bias field is 22.4 G.
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wards; an effect referred to as ‘tilting’ the trap as it is analagous to tilting
a cup full of water. For gradients greater than the crossover gradient evapo-
ration may be implemented by either reducing the beam power or by simply
increasing the magnetic field gradient. In the latter case the trap frequencies
do not change appreciably as the evaporation proceeds.

4.2 Development of the optical trap

4.2.1 Characterisation of the dipole trapping beam

The location of the beam’s waist can be determined by measuring the radius
of the beam as a function of position along its path, and using equation 2.74.

The location of the beam’s waist in terms of distance from the fibre laser’s
output was inferred from figure 4.8 by a fit to equation 2.74. The location of
the waist in the horizontal direction was found to be (0.20 ± 0.07) m and in
the vertical direction it was found to be (0.13 ± 0.05) m from the fibre laser’s
output. As the Rayleigh range of the beam is also explicit in equation 2.74
the data returns values for ZR of (0.69 ± 0.07) m and (0.61 ± 0.04) m in
the horizontal and vertical directions respectively. Hence in the horizontal
direction we have a q of −200 mm + i690 mm and −130 mm + i610 mm in
the vertical direction.

Considering equation 2.77 and the data in figure 4.8 values ofM2 = (1.1±0.1)
and M2 = (1.08±0.08) are obtained for the horizontal and vertical directions
respectively. Both values are in excellent agreement with each other. The
close proximity of these values to 1 indicated that the output of the laser is
close to an ideal Gaussian.

4.2.2 Sources of heating in the optical trap

Heating of the atoms due to effects of the dipole trapping beam will be con-
sidered in this section. Note that other sources of heating such as Majorana
spin flips [163, 198, 199] and the spontaneous scattering of trap photons are
also present [174].



Chapter 4. Bose-Einstein condensation of 87Rb in an optical dipole trap 91

0 200 400 600 800 1000

0.6

0.7

0.8

0.9

1.0

1.1

 

 
1/

e2 
ra

di
us

 (m
m

)

Position (mm)

Figure 4.8: 1/e2 radius of the dipole trapping beam as a function of displace-
ment from the laser’s output, in the horizontal (blue circles) and vertical (red
squares) directions. The lines are fits to the data using equation 2.74.

Relative intensity noise

Relative intensity noise (RIN) is defined as the relative change in the intensity
of a laser beam compared to the average power of the beam. Heating due
to RIN can be quantified using a harmonic oscillator model [200] where the
spring constant k is dependent on the laser intensity, hence k varies with
time. Exponential heating occurs as a result of this fluctuation [200, 201].
Transition rates between the available states can be calculated using time-
dependent perturbation theory, revealing that the average energy increases
exponentially ⟨

Ė
⟩

= Γϵ ⟨E⟩ , (4.6)

where Γϵ is the time constant of the heating

Γϵ = 1
TI

= π2ν2
trSϵ(2νtr) (4.7)
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where TI is the time taken for ⟨E⟩ to increase by a factor e, νtr is the frequency
of the trap, ϵ = (I(t) − I0) /I0 is the laser intensity’s fractional fluctuation
and Sϵ is the power spectrum of the RIN

Sϵ(νtr) = 2
π

∫ ∞

0
cos(νtrτ) ⟨ϵ(t)ϵ(t+ τ)⟩ dτ. (4.8)

Due to the trap’s oscillation frequency the heating rate is dependent on
the laser intensity, and when E ≈ V the atoms will be lost from the trap.
The dependence on the trap frequency’s second harmonic indicates that the
heating is parametric.

Although measurement of the RIN on a laser is a reasonably involved mea-
surement to undertake [202] it is possible to predict the level of RIN using
simple techniques. By focussing the light directly from a laser beam onto
a photodiode and measuring the AC component of the photodiode output
the frequency spectrum of the noise can be observed if a Fourier transform
of the signal is taken. It is worth noting that there is noise present on the
photodiode circuit when no light is present on the diode. The noise due to
the circuit is generally of a higher frequency than the noise due to the laser
hence it can be removed with a low pass filter. Of the remaining noise, com-
paring the Fourier transform of the photodiode signal with and without laser
light present the frequency components that laser noise is responsible for can
be determined. Figure 4.9 displays the output of the photodiode in the two
cases.

Considering figures 4.9(b) and 4.9(d) it is possible to see that noise is present
on the circuit at frequencies of 0.92 kHz, 1.95 kHz, 2.18 kHz, 2.27 kHz,
2.47 kHz. Hence in figure 4.9(a) peaks at these frequencies can be discarded
and the remaining peaks relate to the noise from the laser. Much of the
remaining noise is at a frequency of 50 Hz and this frequency’s harmonics.
These frequencies are present on the photodiode when no light is present,
but it is possible to see that the depth of the noise is increased when the
light is present. The source of this noise has been attributed to the 50 Hz
frequency of the mains voltage. There are also noise peaks at 2 Hz and three
peaks at approximately 1.75 kHz. Since the frequencies of the dipole trap
are in the 20 − 500 Hz range we are not concerned with these noise peaks
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Figure 4.9: AC component of photodiode signal versus time (a,b) and its
Fourier transform (c,d) with light present (a,c), and just for the bare pho-
todiode (b,d). Electronic noise on the photodiode accounts for peaks at
0.92 kHz, 1.95 kHz, 2.18 kHz, 2.27 kHz, 2.47 kHz and values which are mul-
tiples of 50 Hz are attributed to the frequency of the mains supply. For this
data ϵ = 0.12 %.

as they are not close to the trapping frequencies, where parametric heating
would be a large problem. Additionally, as will be described in the following
section, the relative intensity noise can be removed via the use of feedback
to a servo-mechanical circuit.

Reduction of relative intensity noise

Equation 4.6 indicates that intensity noise on the laser induces heating of
atoms. To reduce this heating the intensity of the laser beam can be servo-
mechanically controlled using feedback about the intensity from a photodiode
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and an AOM to control the intensity. In this experiment the two beams are
monitored separately as discussed in section 4.3. The photodiode signals are
then separately stabilised via feedback to the AOMs provided by a servo-
mechanical circuit which is documented elsewhere [127].

Figure 4.10 presents the removal of intensity noise on the fibre laser beam.
The output signal of the servo circuit is presented, as are the incident pow-
ers on two different photodiodes. The two photodiodes measure the beam
intensity before and after stabilisation via an AOM. The signals shown are
the AC components to highlight the noise, and have been displaced for clar-
ity. The servo circuit’s output signal is displayed to indicate the varying RF
power applied to the AOM required to remove the intensity noise. It can be
seen that the noise on the photodiode signal measuring the stabilised beam
is approximately 4 times lower than that on the photodiode measuring the
unstabilised beam, indicating the gain in beam power stability that can be
achieved by intensity stabilising the dipole trapping beams. The servo circuit
has been set to stabilise the beam power at the trap to be ∼ 100 µW.

Beam pointing stability

We have seen previously that the use of an AOM is imperative in producing
a beam of stable intensity as well as achieving modulation of that intensity
such that the desired evaporation routine can be performed. The drawback
to using this method is that to reduce the beam intensity the RF power to
the AOM must be reduced. Due to thermal effects when the RF power is
varied the diffracted beam is displaced. This displacement is known to cause
heating of the atoms [200–202] in addition to the changes in trap depth and
frequency that result from a displacement of the trap centre (see section 4.1).
The AOM used in this work is driven by an external AOM driver, which is
controlled via a control voltage input, between 0 and 1 V. The larger this
input, the more RF power is applied to the AOM. More detail about the
AOM is given in section 4.3.2.

In contrast to heating due to RIN (equation 4.6), for fluctuations of trap



Chapter 4. Bose-Einstein condensation of 87Rb in an optical dipole trap 95

0 20 40 60 80 100
-4

-3

-2

-1

0

1

2

-40

-20

0

20

40

 

 
A

C
 c

om
po

ne
nt

 o
f p

ho
to

di
od

e 
vo

lta
ge

 (m
V

)

Time (ms)

A
C

 c
om

po
ne

nt
 o

f o
ut

pu
t t

o 
A

O
M

 d
riv

er
 (m

V
)

 

Figure 4.10: AC components of the signal of a photodiode measuring the
beam prior to stabilisation (blue), the signal of a photodiode measuring the
stabilised beam (red) and the output signal from the servo circuit (purple)
over 100 ms. Note the reduction in noise that is evident when removing the
noise via the servo circuit. A ten point average has been applied and the
output signals have been displaced for clarity.

position the resultant heating is independent of the trap energy [201]

⟨
Ė
⟩

= 4π4ν4
trmSϵx(νtr) (4.9)

where Sϵx(ω) is the power spectrum of the position fluctuations, ϵx. At first
inspection equation 4.9 suggests that as the beam powers are reduced, which
would reduce the trap frequencies, the rate of heating would also reduce.
However it is likely that for lower beam powers the position fluctuations
would increase as this involves a larger change in RF power applied to the
AOM.

Techniques exist to reduce the level of beam pointing fluctuations in an ex-
periment. Simply water cooling the AOM will reduce the thermal effect of



Chapter 4. Bose-Einstein condensation of 87Rb in an optical dipole trap 96

changing the RF power applied to the AOM, however this solution does not
remove pointing instability to a sufficient degree, and is already in place in
many AOMs that deliver large RF powers. A method already employed in
this work in the optical setup of the cooling and repumping lasers is to pass
the beam through the AOM twice. On the second pass through the AOM the
deviation caused by thermal effects is reversed, thus the beam travels along
its original path, in the opposite direction. In the case of an optical dipole
trap this technique has been utilised previously [203] resulting in a 92% re-
duction of pointing instability. The disadvantage of this technique is that
passing a beam through an AOM twice results in a reduction of available
beam power. Another technique involves driving the AOM with a second
frequency and varying the power of this frequency as the main frequency’s
power is changed such that the total power transmitted to the AOM remains
constant [204]. For constant RF power the thermal effects and hence beam
pointing changes are removed. This technique has reportedly reduced the
angular deviation of an AOM to a maximum of 0.03 mrad, a 95% reduction
in pointing instability. One final technique that removes the pointing issue
completely is to fibre couple the dipole trapping beams into the experiment.
Any pointing instability is then only detectable by a reduction in efficiency
of coupling to the fibre. It would then be possible to reduce the intensity
noise with feedback to the AOM. The drawback to this technique is that the
total available power is reduced due to imperfect coupling into the fibre, and
production of optical fibres that will adequately transmit the magnitude of
optical power required for this work is non-trivial.

The beam pointing stability of the apparatus used in this experiment was
measured using three techniques, which are discussed later. Figure 4.11
displays the deflection angle out of the AOM measured after the RF power to
the AOM is varied. The maximum deflection measured was (0.2±0.1) mrad.
This value was obtained using the first method. The direct measurement via
the razor blade position (the third method) is the most accurate, hence we
believe the maximum deflection angle to actually be (94±3) µrad. Since the
values returned using the first and second method are consistently larger than
the direct measurement it appears there is a systematic error in converting
the difference in the photodiode signals into a beam displacement.
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Realistically the maximum change in the control voltage applied to the AOM
during an experimental sequence would be ∼ 0.5 V. Figure 4.11 indicates
that the deflection angle expected for this change in control voltage would
be ∼ 60 µrad. This is likely to be satisfactory as previous work reports a
deflection angle of 2 mrad to be sufficient for all-optical production of a BEC
[203], hence other removal techniques are not deemed to be necessary.
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Figure 4.11: Angular deviation of the dipole trapping beam from the AOM
as a function of the change in control voltage applied to the AOM, measured
using the two photodiode technique and a razor blade at the focus of a
beam (solid blue circles), the two photodiode technique without focussing
the beam (hollow red squares) and a direct measurement with a razor blade
and translation stage (solid purple triangles). There is a clear systematic
error in converting the difference in photodiode signals into a displacement,
potentially due to a non-linear relation between displacement and difference
in signal.

Various tests have been devised in order to determine the amount of deflection
experienced by the beam in this work [201, 202]. In this work the first
order diffracted beam was split using a PBS cube as in figure 4.12. Both
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Figure 4.12: The experimental setup designed to calculate the beam pointing
stability of the AOM. See appendix B for a key to the different components.

transmitted and reflected beams were focussed onto photodiodes (after the
beam power was attenuated to reduce it to a suitable value). A razor blade
was used to block half of the reflected beam, and finally the half-wave plate
was used to equalise the signal on each photodiode. The beam transmitted
through the PBS allows any changes in laser intensity to be discriminated.
Any deviation in the beam pointing results in a change in the signal detected
by the beam with the razor blade cutting it, however the other beam would
remain unchanged. The difference in the two signals can then be converted
into a beam deflection. The angular deviation of the beam is then calculated
given the distance of the knife edge from the AOM (3.6 m) and using ABCD
matrices as described in section 2.5.1 to account for the refraction at the lens.

Three similar methods were employed to determine the beam pointing stabil-
ity. The exact method explained above was utilised, a slight variation on this
technique was also used, however the beam was focussed after the razor blade
so a direct deflection of the beam was determined without need to remove
the effect of the lens. Finally the deflection was directly measured using the
razor blade on a translation stage to measure the difference in position of the
beam’s centre.

Prior to each measurement the AOM was stabilised by applying a control
voltage to the AOM driver such that the diffraction efficiency was maximised,
which is representive of how the AOM would be powered during loading of
the dipole trap. The control voltage was then changed to one that would
result in a lower RF power being applied to the AOM. The magnitude of the
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largest difference between the two photodiode signals was then recorded, or
in the case of the direct measurement with the translation stage the blade
was positioned at the new beam centre and the displacement noted. For
the technique utilising the difference between the two photodiode signals
the magnitude of the signal on the photodiode measuring the unblocked
beam was also recorded as this would be reduced for lower RF powers, hence
was required in calibrating the beam displacement. Results are displayed in
figure 4.11. There is a systematic error involved in converting the difference
in the photodiode signal into a deflection angle and the errors propagate
accordingly resulting in the large error bars observed, however this is not an
issue with the direct measurement. Likewise due to the small signal when the
control voltage is low, relative errors in the measurement are large. Another
source of error is potentially a deviation from a linear relationship between
the distance the beam moves and the difference in the photodiode signals.

The conclusion drawn from this test is that the maximum realistic deflection
of the beam is likely to be ∼ 60 µrad. In section 4.3.2 we will discuss the
corresponding deviation at the trap centre. Without utilising any special
techniques to reduce beam pointing instability such as the two RF technique
or double passing the AOM the deflection angle observed is favourable com-
pared to values reported in previous work [203, 204]. If these techniques were
implemented the gain to be expected may not be necessary as a stability of
approximately 2 mrad was reported to be sufficient for all-optical produc-
tion of a BEC [203]. We therefore determine that no corrective techniques
are required and in the following a solution to reducing the beam pointing
instability will be discussed in the context of this work.

Consider the situation in figure 4.13. A beam originating from position z1

which in the current context would be at the AOM, is translated to position
z2, at the surface of a lens. The angle the beam makes with the origin is
θ1. The beam is refracted at the lens, hence the propagation angle changes
to θ3. Consider the location of the beam to now be (z3, y3). The beam then
undergoes a final translation to z4. The displacement between y3 and the
beam’s new y−position is defined as y4. When the RF power applied to the
AOM is changed angle θ1 and hence θ3 and y4 are changed (thus the change
in y4 is what is measured in figure 4.11). This situation resembles the setup
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Figure 4.13: Diagram defining positions, displacements and angles required
in the discussion of beam pointing instability minimisation. The solid purple
line is the actual beam path, dashed lines indicate lines used for construction
purposes only.

of the experiment in this work (see figure 4.16).

Using the method of ray transfer, we can see the situation is described by
 y4

n4θ4


z=Z4

=

 1 (z4 − z3)
0 1

 1 0
−1/f 1

×

 1 (z2 − z1)
0 1

 y1

n1θ1


z=Z1

. (4.10)

For simplicity we may assume that n1,2,3,4 = 1. Expanding out the matrices
we find

y4 = (1 − (z4 − z3)/f) y1 + θ1 ((z2 − z1)(1 − (z4 − z3)/f) + z4 − z3) (4.11)

If we set y1 = 0 and given that z4 − z3 + z2 − z1 = z4 − z1

y4 = θ1 ((z4 − z1) − (z4 − z3)(z2 − z1)/f) (4.12)

Thus we can minimise any change in y4 by reducing θ1 or by ensuring that
(z4 − z3)(z2 − z1)/f is equal to the total path length z4 − z1. Note that this
condition is always satisfied if the waist is located at z1 and z4, which can be
seen using the lens equation. This means that if the waist is aligned to the
atomic cloud, and there is a waist at the AOM, then any beam deviation is
purely angular.
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4.3 Experimental design

4.3.1 Design criteria

The optical setup of the dipole trap was designed with various criteria impos-
ing restrictions on the beam size and path. Fulfilment of five main criteria
was required of the final design:

1. The beam path should be as small as possible such that optics fit within
the limited space. A smaller beam path after the AOM will also reduce
beam pointing instability.

2. Beam pointing instabilities should be reduced as much as possible (see
section 4.2.2).

3. The number of optics used should be minimised to reduce loss of beam
power (for example transmission through mirrors), to avoid burning
pollutants from the air onto optics and to reduce distortion of the
beam at optical surfaces.

4. The 1/e2 radius of the beam at the AOM should be favourable to
achieve good diffraction efficiency (see figure 4.15).

5. The waist of the trap should be (80±20) µm to produce the trap depths
desired (see calculations below).

Other trivial criteria such as avoiding placing optics in the already existing
MOT beams were also required of the final design.

The required waist is determined by the desired loading trap depth and the
amount of available power. With the available power it is possible to achieve
an initial trap depth of 100 µK for 87Rb in the |1,−1⟩ state in a crossed
beam trap for beam waists between 60 and 100 µm. For example two beams
of waist 60 µm intersecting 200 µm below the magnetic trap centre generate
a trap depth of ≈ 97 µK for a beam power of 3 W. Similarly for beam waists
of 100 µm a trap depth of 93 µK is achievable with 8 W in each beam. There
are advantages in using larger or smaller beams - given a limited laser power
the trapping volume requires maximising, whilst matching the trap depth
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to the temperature after pre-dipole trap loading evaporation. Larger beams
have the advantage of a larger capture volume and reduced trap frequencies,
which reduce three-body collision rates and hence losses within the atomic
mixture, however larger laser powers are required to generate the same trap
depth. Conversely beams of a tighter waist suffer from increased three-body
losses, and additionally the trapping volume is reduced owing to the smaller
size of the beams. The advantage of the smaller beam size is that less laser
power is required.

The diffraction efficiency of the AOMs is dependent on beam size. Diffraction
efficiency is defined as the beam power in the first-order diffracted beam
when the AOM is switched on as a percentage of the beam power that is
transmitted through the AOM when it is switched off (P3/P2). The total
efficiency of the AOM is simply the percentage of the total beam power
incident on the AOM available in the first order diffracted beam (P3/P1).
The definition of each beam is displayed in figure 4.14. To determine the
optimum 1/e2 radius the diffraction efficiency and total efficiency as functions
of beam size were recorded (figure 4.15). The optimum beam size was found
to be approximately 1.25 mm hence to satisfy the fourth criteria the beam
size at the AOM should be this size. The total efficiency is dependent on the
beam size for two reasons. Firstly, the insertion losses decrease for smaller
beam sizes, however, the diffraction efficiency increases for larger beam sizes
as the volume of the interaction medium is increased. Hence an intermediate
beam size is optimum. The active area of the AOMs used for dipole trapping
is 3 mm, which gives rise to the optimum beam size measured.

A scheme that satisfied the above criteria was devised utilising the knowledge
of the Gaussian nature of the beam. Lenses L1 and L2 were chosen to achieve
the correct beam size at the AOM and the lenses used to focus the beam at the
trap centre. Coupled into this decision was the fact that using a 200 mm focal
length lens to focus onto the atoms would create a scenario where the beam
pointing stability was reduced. Unnecessary use of optics has been avoided
to achieve the third criteria. A waist of ≈ 70 µm was predicted, which agrees
with values measured from parametric heating experiments (figure 4.22).
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Figure 4.14: Definition of the beam power incident on an AOM (P1), the
beam power transmitted through the AOM (P2) and the beam power in the
first order diffracted beam (P3). P2 and P3 differ when the AOM is switched
on or off. In practice higher diffraction orders are present with negligible
power in those beams.

4.3.2 The experimental design

In this experiment the light used for optical trapping is derived from an IPG
Photonics ELR-30LP-SF fibre laser, which provides a maximum power of
30 W at 1550 nm. The light output is of a single-frequency. A PBS cube
is used to ensure only light of a pure polarisation is used in the remainder
of the dipole trapping setup. The servo-mechanical circuits (which were
discussed in section 4.2.2) are unable to stabilise the beam power effectively
without the presence of this cube as the power transmitted and reflected by
the second PBS in the optical setup varies too much otherwise. Two lenses,
L1 and L2 (of focal length -50 mm and 100 mm, respectively) are used in a
standard telescope configuration. Their separation is 42.5 mm in order to
achieve the required beam widths as discussed in section 4.3.2. PBS2 splits
the beam power approximately in two to derive a crossed-beam dipole trap.
The reflected beam’s polarisation is vertically polarised, which is required to
assure maximum transmission through an acousto-optic modulator (AOM).
The beam transmitted through PBS2 is polarised horizontally, hence a half-
wave plate (Thorlabs WPH502) is used to rotate the polarisation to vertical.

The two aforementioned beams impinge on separate AOMs, both of which
are water cooled Isomet M1135-T50L-H-1550 anti-reflection coated AOMs.
The AOMs are driven by Isomet 531B RF drivers, which provide a signal at
a fixed modulation frequency of 50 MHz. Light in the 1st order diffracted
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Figure 4.15: Diffraction efficiency (blue circles) and total AOM efficiency
(red squares) as defined in the text, as functions of beam size. Maximum
efficiency is obtained for a 1/e2 radius of ≈ 1.25 mm. Lines are intended
solely to guide the eye.

beam is therefore 50 MHz detuned from the light in the 0th order. The
beam of increased frequency is used in beam 1 (as denoted in figure 4.16)
whereas the light in beam 2 is of a decreased frequency. The reason for this
difference is to avoid standing wave effects in the crossed-beam region. A
more detailed diagram higlighting the position of the beam and the coils
can be observed in figure 4.17. The AOMs allow fast switching of the light
as well as servo-mechanical reduction of relative intensity noise (RIN) as
discussed in section 4.2.2. During the earlier phases of the experiment, such
as MOT loading and magnetic trapping where the dipole trap is not required,
the AOMs remain switched on such that displacement of the beam due to
thermal effects in the AOM are not observed when the RF power changes.
To deflect the beams from the cell during these phases mirrors mounted
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in Thorlabs MFF001/M motorised flipper mounts are used. Two steering
mirrors are utilised to position the beams within the cell. The vertical and
horizontal positioning of these beams is discussed in section 4.4. The light is
focussed to a waist of 68 µm.

The beams are transmitted through the cell at an angle of approximately
11◦ to the normal. The reflection coefficient for vertically polarised light
incident on glass at this angle is approximately 4%, which is in agreement
with what is measured. The reflected beams have therefore been blocked to
avoid potentially hazardous reflections. The light transmitted through the far
side of the cell is blocked directly for beam 2. For beam 1 two successive beam
samplers (Thorlabs BSF-10-C) are used to pick off approximately 0.01% of
the total beam power. This is focussed onto the photodiode which provides
the signal for the servo-mechanical circuit. For beam 2 the light used as the
signal for the servo-mechanical circuit is that which is transmitted through
the steering mirror M4, focussed onto a photodetector. Neutral density filters
reduce the beam power incident on both photodetectors to a safe level. Both
photodetectors are Thorlabs FGA10 InGaAs photodiodes.

A schematic of the setup used to remove relative intensity noise is displayed
in figure 4.18. A control voltage is set by the user which corresponds to a
trapping beam power. When the ‘On/Off’ TTL is true the circuit attempts
to stabilise the photodiode signal (VPD) by varying the output to the AOM
driver, which in turn outputs a corresponding RF signal to the AOM. In
between experimental runs a pair of mirrors in motorised flipping mounts
block the dipole trapping beams for three reasons. If they weren’t utilised,
in between experimental runs, and during the phases of the experiment where
dipole trapping light isn’t required (or indeed would be detrimental), it would
be necessary to apply zero RF power to the AOM, thus the majority of
light would be present in the zeroth order diffracted beam. The light in
this beam is blocked by a beam dump which is necessarily small to avoid
clipping the first order diffracted beam, and would rapidly heat this beam
dump. Secondly it is important for the RF power applied to the AOM to
be as stable as possible to reduce beam pointing instabilities as discussed
in section 4.2.2. Finally there is still a small amount of diffraction into the
first order diffracted beam when zero RF power is applied, which would then
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Figure 4.16: Schematic diagram of the optical setup of the dipole trap. The
two dipole trapping beams intersect in the region of the centre of the magnetic
trapping coils, at an angle of ∼ 22◦ to one another. The MOT chamber and
vacuum apparatus are also pictured for reference. The blue panels shown
surrounding the optics are the safety enclosure. A key to the symbols used
can be found in the top right of the diagram.
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Figure 4.17: Diagram of the dipole trapping beams and their positions as
they intersect the glass cell. The beams are angled at approximately 22◦

to each other. Also shown are the coils used to generate the magnetic field
gradient for magnetic trapping and for the MOT, as well as those used for
applying a magnetic bias field. The assignment of the axes used throughout
this work are labelled.
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Figure 4.18: Schematic of the integration of the servo-mechanical circuit in
the experiment.

be incident on the atoms during other experimental phases, a potentially
detrimental consequence. During the time in which the mirrors block the
beam a TTL (‘No PD TTL’) is output by the control system. When the
servo-mechanical board receives this signal the output to the AOM is set
to a constant voltage, nominally that which is used to generate the correct
beam power for dipole trap loading.

Experimentally the servo-mechanical circuit is also used during the evapo-
ration procedures described in section 4.5. The evaporation ramps are pro-
grammed into the experimental control procedure resulting in the desired
beam powers being output from the AOM.

4.4 Loading the optical trap

Atoms are pre-cooled via RF evaporation, which is described in section 3.7.2,
prior to dipole trapping the atoms. During the RF evaporation the dipole
trapping beam impinges on the magnetically trapped atom cloud and is
loaded continuously throughout the process by atoms which fall into the
potential. The vast majority of atoms are loaded after the RF evaporation
where ∂B/∂z is reduced from 187 G cm−1 to 28 G cm−1, a value just below
that which levitates 87Rb and 133Cs. Hence as the atoms are no longer levi-
tated the cloud will expand into the region where the dipole trapping beam
is located (200 µm below the magnetic trap centre). These atoms may then
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collisionally load the dipole trap’s potential.

Positioning of the dipole trapping beam was performed by exploiting the
fact that each individual beam can be used to form a hybrid trap with the
magnetic field gradient providing the axial confinement. In this manner each
beam could be aligned separately. The beams were aligned independently in
each direction. Good alignment in the axial plane is essential as the beam
size determines trap depth and frequency. Given the beam waist is 68 µm
(see figure 4.22) the Rayleigh range is ∼ 9 mm. Hence if the beam waist
is axially misaligned by 1 cm, the beam radius at the trap centre would be
∼ 100 µm. Typically the trap depth and frequency would then decrease by
approximately a factor of 2.

4.4.1 Longitudinal alignment

To achieve good axial alignment two techniques were used. After RF evapo-
ration the dipole trap was loaded by reducing the magnetic field gradient to
28 G cm−1 in 6 s for a beam power of 5.20 W. The atoms were then held in
this potential for 20 s. As the atoms would be in equilibrium with the trap
after this hold we expect their temperature to be approximately 1/10 of the
trap depth. Imaging the atoms after a long time-of-flight ensures that the
cloud’s width is independent of trap frequency, hence we can be confident
that the temperature determined in this manner would be accurate, even if
the trap frequency wasn’t precisely known. The trap depth calculated can
then be used to determine the beam size at the atoms if the beam power is
known. Plotting this for various lens positions (assuming the waist’s position
varies linearly with the lens position) allows correct positioning of the lens
using equation 2.74. To aid the measurement a second technique was used,
where the atoms were loaded into the dipole potential only, as the magnetic
field gradient was reduced to 0 G cm−1 in 7 s, removing confinement along
the beam. If the atoms were then imaged immediately one observes the
atoms positioned precisely over the magnetic trap centre. We then imaged
the atoms after a 1 s hold in the single beam potential and after a 5 s hold.
If the beam waist doesn’t coincide with the magnetic trap centre the atoms
can be seen moving away from the focus of the imaging system, however if
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the beam is well positioned they do not move. This technique was used to
determine in which direction the beam was axially mis-aligned. Three such
images taken for this purpose are displayed in figure 4.19.

The beam waist calculated from the temperature and trap depth as a function
of lens displacement from an arbitrary reference point are presented in fig-
ure 4.20. Using equation 2.74 we find that for beam 1 w0 = (65.6 ± 0.8) µm,
z0 = (12.19 ± 0.02) cm and zR = (0.79 ± 0.02) cm. For beam 2 we find
w0 = (69.8±0.3) µm, z0 = (12.19±0.01) cm and zR = (0.87±0.01) cm. These
values are not in agreement, however the horizontal and vertical alignment
had not been performed at this stage, hence, as trap depth and frequency
depend on position any small dependencies may change the temperature cal-
culated. M2 can also be calculated for each beam from these values, for
beam 1 we find M2 = (1.1 ± 0.2) and for beam 2 we find M2 = (1.14 ± 0.01).
These values are in excellent agreement with each other, however they are
larger than the values calculated for the direct beam output as every extra
optic in the path distorts the beam a finite amount.

4.4.2 Horizontal and vertical alignment

Horizontal alignment

To locate the optimum horizontal and vertical positions for loading, which
we believe to be approximately three beam waists below the magnetic trap
centre (see section 4.1), 87Rb atoms were prepared in the magnetic trap as
above. Again the hybrid potential was used with a beam power of 5.20 W.
The magnetic field was ramped to 28 G cm−1 in 6 s and atoms were held in
this potential for a further 6 s. An image of the 87Rb atoms was then taken
after 19.92 ms time-of-flight. The number of atoms loaded into the potential
was recorded as a function of the beam’s horizontal position, with the beam’s
vertical position set ‘by eye’ at the magnetic trap centre. Figure 4.21(a)
presents the results of this experiment. The beams’ horizontal positions
were then set at the trap’s centre, where the dip occurs in figure 4.21(a).

Horizontally the beam was located at the centre, where the profile dips in
figure 4.21(a). The atom number dips at this point as the trap was close
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Figure 4.19: Cloud profiles taken immediately after ∂B/∂z is reduced to
0 G cm−1 (blue), 1 s after (red) and 5 s after (purple) for three different
waist locations. The three lens positions (explained in the text as arbitrary)
are 11.73 cm (a), 12.69 cm (b) and 12.13 cm (c). The black dashed line
highlights the magnetic trap’s horizontal centre at 240 pixels. In (a) and
(b) the lens is too far from and too close to the centre of the magnetic trap
respectively, and the atoms can be seen moving along the beam, and away
from the edge of the CCD camera. This data was used to aid axial alignment
of the dipole trapping beam.
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Figure 4.20: Beam size at the magnetic trap centre calculated from the cloud
temperature after a 20 s hold in a hybrid potential comprised of a 5.20 W
beam and a 28 G cm−1 magnetic field gradient, for beam 1 (blue circles) and
beam 2 (red squares). The solid lines are fits to the data using equation 2.74.

to the magnetic field zero where Majorana spin flips limit the lifetime of
the atoms and hence few atoms are loaded into the trap. We would expect
the reduction in number to precisely reach zero, however the vertical trap
position had only been set ‘by eye’ hence the beam was not perfectly located
at the trap zero.

Vertical alignment

An identical experiment was then performed for different vertical positions,
the results of which are displayed in figure 4.21(b). When the experiment
was performed in the vertical direction the number dropped to zero at the
trap centre. We see optimum trap loading approximately 200 µm below the
trap centre. For the single beam trap this location represents a lower trap
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frequency region [165] however in the crossed beam trap the trap frequency
is nearly independent of location. The beams were therefore located 200 µm
below the magnetic field zero, avoiding the region of spin flip losses. The
profiles of the magnetically trapped atoms demonstrate how atoms ‘sag’ into
the trapping region as the magnetic field is reduced.

4.4.3 Parametric heating

To determine the size of each beam at the centre of the magnetic trap the fre-
quency of the hybrid traps were measured by observing parametric heating.
The single beams were loaded by reducing ∂B/∂z at a beam power of 5.20 W.
The power of beam 1 (beam 2) was then reduced to 1.54 W (1.70 W) in 10 s
and to ensure atoms were in equilibrium with the trap they were held in
this potential for 10 s. The beam power was then modulated sinusoidally by
sending an oscillating control signal to the AOM for 3 s at different frequen-
cies. When the modulation frequency (ωmod) matches the second harmonic
of the trap frequency (ωmod = 2ωtrap) parametric heating of the atoms was
observed in addition to a loss of atoms from the trap. Heating and loss can
also be observed at subharmonic frequencies (ωmod = 2ωtrap/n, where n is
an integer) [205]. The depth of the modulation was changed when searching
for the fundamental trap frequency where a depth of 18% (18%) of the total
beam 1 (2) power was used. When searching for the second harmonic the
modulation depth used was 5% (7%) of the total beam power. Figure 4.22
presents the increase in temperature observed when the beam was modulated
at the trap frequency.

The fundamental trap frequencies measured were (188 ± 2) Hz for beam
1 and (197.1 ± 0.5) Hz for beam 2, as determined by Gaussian fits to the
temperature (the solid lines in figure 4.22). The second harmonic frequencies
measured were (392 ± 3) Hz for beam 1 and (378 ± 2) Hz for beam 2 (the
dashed lines). Similar frequencies were obtained for fits to the loss of atom
number. Assuming the beam to be displaced 200 µm below the trap centre
we calculate the 1/e2 radius of both beams to be (68 ± 1) µm. Similar
measurements have been performed for various beam powers, all agreeing
with a 68 µm beam waist. The same experiment was also performed in the
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Figure 4.21: Number of 87Rb atoms loaded into the dipole trap after a 6 s
hold for different horizontal (a) and vertical (b) beam positions for beam 1
(blue circles) and beam 2 (red squares). Positions are relative to the magnetic
trap centre. Lines are included to guide the eye. The profiles in (b) show
the evolution of the cloud density profile as the magnetic field gradient is
adiabatically ramped from 187 G cm−1 (purple dashed) to the final 28 G cm−1

(black dash-dot-dotted). A five point moving average has been applied to
these profiles. The dips in (a) and (b) strikingly reveal the magnetic trap’s
centre as Majorana losses limit dipole trap loading.
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Figure 4.22: Temperature of the atoms trapped in the hybrid potential of
beam 1 (blue circles) and beam 2 (red squares) when the beams are be-
ing modulated. Heating is observed when the beam power is modulated at
the trap frequency. Modulation depths are 18% for the fundamental fre-
quency data (solid data points), 5% for the second harmonic frequency for
beam 1 and 7% for the second harmonic frequency for beam 2 (hollow data
points). Gaussian fits to the fundamental frequencies (solid lines) are centred
on (188 ± 2) Hz and (197.1 ± 0.5) Hz, and to the second harmonics (dashed
lines) they are centred on (378 ± 2) Hz and (392 ± 3) Hz for beam 1 and
beam 2 respectively.
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crossed beam potential. It is then possible to observe the harmonic and
sub-harmonic frequencies of the crossed beam trap’s frequencies in all three
dimensions. Note that it is also possible to observe loss from the trap as a way
of measuring the trap frequency, however more modulation is required. The
fitting of the data is generally more accurate for lower modulation depths.

4.4.4 The loading process

To load the hybrid trap the dipole trap beam power is held at 6.70 W through-
out the RF evaporation. ∂B/∂z is reduced to 28 G cm−1 in 6 s whilst the
radio-frequency is simultaneously reduced to 3.50 MHz. The single beam trap
is typically loaded with (2.88 ± 0.02) × 107 87Rb atoms in the |1,−1⟩ state at
a temperature of (13.80 ± 0.02) µK and a PSD of (2.77 ± 0.02) × 10−3. The
trap depth here is 83 µK and the trap frequencies are ωrad = 2π × 411.2 Hz
and ωax = 2π × 17.0 Hz. In single beam experiments the magnetic field
gradient is never switched off completely such that atoms are confined in the
axial beam direction. Without the magnetic confinement the axial frequency
would be ωax = 2π × 2.2 Hz

Atoms are loaded into the crossed dipole trap by reducing the magnetic
field gradient from 187 G cm−1 to 28 G cm−1. This is done in two stages,
first the gradient is reduced to 94 G cm−1 in 200 ms. The RF cut into the
atoms continues during this time to a frequency of 5.05 MHz. The field
gradient and RF frequency are held at these values for 500 ms before the
field gradient is reduced to 28 G cm−1 in 1 s. The RF cut continues down
to a frequency of 3.50 MHz during this time. The dipole trapping beam is
stabilised to a power of 4.05 W during the RF evaporation and dipole trap
loading sequences. Typically (1.45 ± 0.06) × 107 87Rb atoms are loaded into
the crossed beam potential at a temperature of (11.7 ± 0.1) µK and PSD of
(1.39 ± 0.03) × 10−2. In this configuration the atoms are evaporated in the
vertical direction.

The dipole trap potential is the same for all magnetic sublevels of the atoms,
hence once atoms are loaded into the crossed beam dipole trap we transfer
the atoms into the absolute ground states. In this state two-body loss is
suppressed for energetic reasons [137] thus removing the potential for high
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two-body losses in 133Cs [117, 136]. This is done via rapid adiabatic passage
[170]. Experimentally the state transfer is performed by applying a fixed RF
field to the atoms. This field dresses the atoms, and the magnetic field is
ramped which causes the atoms to sweep through a resonance (alternatively a
fixed magnetic field may be applied and the RF frequency swept). The atoms
are transferred to the absolute ground state. Full details of the experimental
setup exist elsewhere [127].

In this work, to perform rapid adiabatic passage the frequency applied to the
atoms is 1.64 MHz. This is achieved via a small 3 turn coil of copper wire
of 26×26 mm2 square cross-section, which is placed a few centimetres from
the trap centre. The power applied to the coil is +29 dBm. The bias field is
then switched on in three stages. The Helmholtz coil pair are switched on in
10 ms to a low current via a TTL. The current in the coil is then increased
linearly in 20 ms to 5.35 A, which generates a field of (0.93 ± 0.04) G at
the atoms. This sweeps the atoms through the resonance and the atoms are
transferred into the absolute ground states. From here the current in the
coils is ramped in 5 ms to the final experimental value, generally 89 A which
generates a bias field of (22.91±0.02) G, the optimum field for evaporation of
133Cs (see figure 5.4). Considering the inclusion of the 28 G cm−1 magnetic
field gradient the high-field seeking states are levitated against gravity in this
potential.

For single-species loading of 87Rb (1.05 ± 0.01) × 107 atoms remain after the
spin flip at a temperature of (7.16±0.06) µK and a PSD of (4.31±0.08)×10−2.
Since atoms are now levitated against gravity the trap depth is reduced by
a factor of 2. The evaporation surface is now along the beams, as the trap
depth in the vertical direction remains the same as it was before the bias field
ramp and spin flip were performed. The new trap depth and frequencies are
52 µK, ωrad = 2π × 448.1 Hz and ωax = 2π × 88.8 Hz.

4.5 Evaporation within an optical trap

Evaporation within the dipole trap is performed via two distinct methods.
The first method is plain evaporation of the atoms by reducing the trap
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depth of the dipole trap, in practice this is performed by reducing the beam
power. This method takes advantage of the high trapping frequency of an
optical trap, resulting in fast, efficient evaporation [159, 165, 166, 206–208].
Due to the harmonic trapping potential, at low beam powers the trapping
frequencies are reduced, resulting in fewer atomic collisions. At this stage
we sometimes apply a magnetic field gradient which ‘tilts’ the potential,
reducing the trap depth in the vertical direction and allowing evaporation to
take place with little reduction in the trap frequencies [11, 162].

4.5.1 Evaporation within the optical trap

Due to the improvements outlined in section 3.7 the increased number and
PSD at the end of the RF evaporation sequence resulted in larger dipole
trap loads. This resulted in faster optimum dipole trap evaporation ramps
than observed previously, as well as an increase in condensate number upon
evaporation in the single beam trap. Optimised evaporation in the single
beam trap consists of three plain evaporation ramps. We first ramp to a
power of 1.69 W in 2 s. Here (1.16±0.02)×107 atoms remain at a temperature
of (3.10 ± 0.02) µK. After the second ramp which lasts 3 s to a power of
420 mW the cloud temperature is (0.624±0.005) µK with (6.57±0.02)×106

atoms remaining. A final ramp to 68 mW in 3 s increases the PSD to (1.37±
0.05). Thus the (5.37 ± 0.10) × 106 atoms retained by the potential are close
to degeneracy. Holding in this potential for 1 s results in the production of a
pure BEC of (1.31 ± 0.02) × 106 atoms after rethermalisation. These ramps
are summarised in tables 4.2 and 4.3. The trajectory to BEC of 87Rb in both
the single beam and crossed beam traps can be observed in figure 4.23.

In the crossed beam dipole trap three linear evaporation ramps to BEC are
utilised. From the loading beam power of 4.05 W the beam power is ramped
to 1.01 W in 0.5 s. Immediately after this ramp the power is reduced to
250 mW in 0.4 s and finally the power is ramped down to 90 mW in 1 s. After
the first evaporation ramp (5.8 ± 0.4) × 106 atoms remain at a temperature
of (1.82 ± 0.01) µK. (4.5 ± 0.1) × 106 87Rb atoms remain at a temperature
of (0.85 ± 0.04) µK after the second evaporation ramp and the PSD here is
(0.51±0.09). After the third evaporation ramp a condensate can be observed
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Ramp P1 P2 t Trap depth frad fax
(W) (W) (s) (µK) (Hz) (Hz)

Load - 6.700 - 83.1 411.2 17.0
1 6.700 1.690 2 20.5 210.8 17.0
2 1.690 0.420 3 4.5 105.6 16.9
3 0.420 0.068 3 0.2 41.9 16.9
4 0.068 0.068 1 0.2 41.9 16.9

Table 4.2: Hybrid magnetic and optical trap evaporation ramps used for
evaporation of 87Rb. Trap depths and frequencies quoted are for the power
P2 in each ramp, for the |1,−1⟩ state.

Ramp N T PSD
(µK)

Load (2.88 ± 0.02) × 107 (13.80 ± 0.02) (2.77 ± 0.02) × 10−3

1 (1.16 ± 0.02) × 107 (3.10 ± 0.02) (2.56 ± 0.02) × 10−2

2 (6.57 ± 0.02) × 106 (0.624 ± 0.005) (4.6 ± 0.1) × 10−1

3 (5.37 ± 0.10) × 106 (0.024 ± 0.003) (1.37 ± 0.05)
4 (1.31 ± 0.02) × 106 - > 2.612

Table 4.3: Number, temperature and PSD after each hybrid magnetic and
optical trap evaporation ramp for 87Rb. The ramp numbers correspond to
those in table 4.2.

along with thermal atoms and a pure BEC of (1.10±0.08)×106 is formed after
a 1 s hold in the potential. The ramps are summarised in tables 4.4 and 4.5.

Figure 4.23 displays that overall the evaporation procedure in the dipole
trap produces larger BECs now than previously. This is largely due to the
increased load into the dipole trap however. The lines of best fit represent
more efficient cooling if they are steeper as a lower temperature or higher PSD
is achieved with a lower loss of atom number. In the single beam dipole trap
the evaporation efficiency is similar to the previous results, however the time
taken to reach degeneracy is much faster as the larger density throughout
the evaporation results in a higher collision frequency. In the crossed beam
trap the efficiency is lower, despite larger condensates being produced. This
has been attributed to a larger three-body loss coefficient being observed
due to the higher density [138]. When the elastic collisions required for
good evaporation are competing with the three-body losses the efficiency



Chapter 4. Bose-Einstein condensation of 87Rb in an optical dipole trap120

Ramp P1 P2 t Trap depth frad fax
(W) (W) (s) (µK) (Hz) (Hz)

Load - 4.050 - 101.0 448.3 90.4
Spin flip 4.050 4.050 0.02 52.0 448.1 88.8

1 4.050 1.010 0.50 13.0 210.8 44.3
2 1.010 0.250 0.40 3.1 112.0 22.0
3 0.250 0.090 1.00 0.2 66.8 13.0
4 0.090 0.090 1.00 0.2 66.8 13.0

Table 4.4: Crossed dipole trap evaporation ramps used for evaporation of
87Rb. Trap depths and frequencies quoted are for the power P2 in each
ramp, for the |1,+1⟩ state.

Ramp N T PSD
(µK)

Load (1.45 ± 0.06) × 107 (11.7 ± 0.1) (1.39 ± 0.03) × 10−2

Spin flip (1.05 ± 0.01) × 107 (7.16 ± 0.06) (4.31 ± 0.08) × 10−2

1 (5.8 ± 0.4) × 106 (1.82 ± 0.01) (1.9 ± 0.2) × 10−1

2 (4.5 ± 0.1) × 106 (0.85 ± 0.04) (5.1 ± 0.9) × 10−1

3 (1.7 ± 0.2) × 106 - ∼ 2.612
4 (1.10 ± 0.08) × 106 - > 2.612

Table 4.5: Number, temperature and PSD after each crossed dipole trap
evaporation ramp for 87Rb. The ramp numbers correspond to those in ta-
ble 4.4.

of evaporation is reduced. However, an efficiency of γ = (3.0 ± 0.2) still
represents highly efficient evaporation.

4.5.2 Expansion of the condensate

A characteristic signature of the production of a BEC is the anisotropic ex-
pansion of the condensate upon release from the trapping potential, in con-
trast to the expansion of a thermal cloud where the aspect ratio approaches
unity, independent of the trap frequency. As discussed in section 2.3.5 at
long time-of-flights the aspect ratio of a thermal cloud tends to one in con-
trast with the anisotropic expansion of the condensate, described by equa-
tions 2.53.
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Figure 4.23: 87Rb PSD as a function of atom number throughout the exper-
imental evaporation sequences. Atom numbers after the improvements were
made to the system (red) consistently exhibit higher PSDs than previous
data (grey). Both single beam data (hollow squares) and crossed beam trap
data (solid squares) are presented. The lines correspond to linear fits to the
logs of the data points, and the gradient of these fits are the reported values
of γ. More efficient evaporation is represented by a steeper line of best fit.
Note some points aren’t included in these fits, such as the first points after
loading the dipole trap, as some of the atoms are still being evaporated at
this point. A characteristic signature of the BEC transition is shown in the
form of absorption images which highlight the evolution of the density distri-
bution as the gas is cooled through the critical temperature (top right). Data
in the RF evaporation sequence is identical to that presented in figure 3.7.
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The anisotropic expansion of the BEC produced in the hybrid trap was ob-
served by switching off the potential and measuring the horizontal and ver-
tical cloud widths for various time-of-flights, this is displayed in figure 4.24.
For comparison the expansion of a thermal cloud is also presented, the as-
pect ratio of which converges to one at long time-of-flights as expected. The
BEC in the hybrid trap is cigar shaped due to the anisotropic confining po-
tential where the radial trapping frequency is larger than the axial trapping
frequency. Upon release the condensate’s internal energy is converted into
kinetic expansion energy in an anisotropic way such that the acceleration is
larger in the radial direction, leading to an inversion of the aspect ratio. This
can be seen in the false colour absorption images in figure 4.24.

4.5.3 Condensate fraction

The temperature dependence of the occupancy of the condensate has been
measured below the critical temperature, Tc, which is described by equa-
tion 2.30. Measurement of the condensate occupancy was performed by
taking two measurements for different final cloud temperatures, one with
the probe beam close to resonance to image the thermal atoms, and one
far detuned to image the condensate. Depending on the final temperature
the cloud consists of purely thermal atoms, a bimodal distribution or a near
pure condensate. Thermal clouds were fit using a Gaussian distribution and
bimodal clouds were fit using a double Gaussian. The fits to the data can be
seen in the inset of figure 4.25.

Figure 4.25 displays the condensate fraction as a function of the temperature,
normalised to Tc, plotted with the theoretical prediction, resulting in reason-
able agreement between experiment and theory. The accuracy of measuring
condensate fractions > 0.8 render measurements at very low temperature un-
reliable due to the requirement of highly reproducible condensate numbers
and imaging of dense condensates. Note that this data was obtained prior
to the improvements to the evaporation in the magnetic trap were made.

The ability to produce large BECs is the ultimate test of all technical aspects
of the dipole trap setup, such as the alignment, beam pointing stability,
intensity stabilisation and experimental control, hence the performance of
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Figure 4.24: Aspect ratio (σv/σh) of a BEC (blue circles) and a thermal cloud
(red squares) after being released from the hybrid potential for different time-
of-flights. At long time-of-flight the aspect ratio of the thermal cloud tends
to unity, however the BEC becomes elongated in the vertical direction, a
characteristic signature of a BEC. The lines indicate the predicted expansion
of the BEC and the thermal atoms using equations 2.53 and 2.54, respectively.
Absorption images of a thermal cloud (top) and a BEC (bottom) highlight
the evolution pictorially.
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Figure 4.25: Condensate fraction as a function of temperature normalised
to Tc. The line is the theoretical prediction given by equation 2.30. At the
critical temperature (1.2 ± 0.1) × 106 atoms remain. On the right statistical
fits to the data are displayed for a thermal cloud (top), a bimodal distribution
(middle) and a near pure condensate (bottom).

the system has proved to be more than adequate when applied to 87Rb.



Chapter 5

An ultracold mixture of 87Rb
and 133Cs

So far we have only considered single-species cooling of 87Rb. We now move
on to study a mixture of 87Rb and 133Cs, starting with a study of sympathetic
cooling of 133Cs. In section 3.7 improvements made to the RF evaporation of
87Rb were discussed, which has implications for sympathetic cooling of 133Cs.
Subsequent dipole trap loading and evaporation of 133Cs alone is discussed
in section 5.2 followed by a discussion of the 133Cs scattering properties at
low magnetic field and optimisation of the bias field used for cooling. The
production of a 133Cs BEC is then presented in sections 5.3 and 5.4.

5.1 Improved sympathetic cooling within the
magnetic trap

The evaporation sequence described in section 3.7.2 was optimised for evap-
oration of 87Rb alone, however when 133Cs was added to the potential the
evaporation sequence was not changed. This is because the 87Rb atom num-
ber is approximately an order of magnitude larger than the 133Cs number
throughout the evaporation hence the optimum ramp should not be vastly
affected by the presence of the small amount of 133Cs. This is demonstrated
in figures 5.1 and 5.3. With the addition of the 133Cs we are able to load

125
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(5.6 ± 0.2) × 108 87Rb atoms into the magnetic trap at a temperature of
(130 ± 10) µK and a PSD of (3 ± 1) × 10−6, and (1.7 ± 0.1) × 107 133Cs atoms
at a temperature of (160 ± 10) µK and PSD of (6 ± 2) × 10−8.
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Figure 5.1: PSD as a function of atom number in the quadrupole trap.
Solid blue circles and red squares correspond to data for 133Cs and 87Rb
respectively, when 87Rb is cooling 133Cs. Open purple squares correspond to
the 87Rb PSD when not in the presence of 133Cs. The lines have been added
to guide the eye. The grey data points and lines represent data taken before
improvements to the magnetic trap loading were made [12].

Figure 5.1 indicates that in the two-species case the presence of 133Cs hardly
affects the evaporation of 87Rb. This is because the number of 87Rb atoms is
so large that any collisional loss with 133Cs atoms does not remove a signifi-
cant proportion of the 87Rb atoms from the trap. The final number of 87Rb
atoms remaining is (5.7 ± 0.1) × 107 when 133Cs is also present, however this
is not due to a decrease in evaporation efficiency as the initial magnetic trap
load is lower due to light assisted interspecies collisions within the MOT. The
evaporation efficiency of 87Rb when cooling 133Cs is (2.1±0.1). This is within
error of the efficiency when 133Cs is not present, and the slight increase in
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Ramp Species N T PSD
(×107) (µK)

87Rb alone (62 ± 2) (140 ± 10) (2.2 ± 0.6) × 10−6

Load 87Rb(+Cs) (56 ± 2) (130 ± 10) (3 ± 1) × 10−6

133Cs (1.7 ± 0.1) (160 ± 10) (6 ± 2) × 10−8

87Rb alone (7.3 ± 0.3) (33.6 ± 0.3) (1.6 ± 0.2) × 10−4

1 87Rb(+Cs) (5.7 ± 0.1) (37.3 ± 0.8) (7.9 ± 0.9) × 10−5

133Cs (0.113 ± 0.006) (37.8 ± 0.6) (2.6 ± 0.3) × 10−5

Table 5.1: Number, temperature and PSD after each RF evaporation ramp
for 87Rb and 133Cs. The ramp labels correspond to those in table 3.2.

the efficiency may be explained by the fact that the initial atomic density is
lower, leading to lower three-body intraspecies losses, which would otherwise
reduce the final efficiency calculated. Previously the RF evaporation of 87Rb
with 133Cs present in the trap was massively impacted by the presence of
133Cs, as highlighted by the much lower gradient of the fit to the old data in
figure 5.1. The efficiency in this case was (0.4 ± 0.1). This improved 87Rb
number has implications later in the experiment as collisional loading of 133Cs
into the dipole trap should be improved with increased collisions with 87Rb.

The atom numbers and temperatures before and after the RF evaporation are
listed in table 5.1. The 133Cs number post evaporation is slightly larger than
the old value of (9.1 ± 0.3) × 106. However the main difference is that due to
the improved 87Rb cooling the temperature after evaporation is now almost
a factor of two lower than the (68 ± 3) µK achieved previously, resulting in
a maximum 133Cs PSD of (2.6 ± 0.3) × 10−5, which is more than an order
of magnitude larger than the previous data. Hence when loading the dipole
trap, which has a set trap depth, the trap would be able to confine a larger
number of 133Cs atoms. The efficiency of 133Cs cooling now is (14 ± 2), a
huge improvement on the previous efficiency of (5.6 ± 0.5). Clearly the 133Cs
evaporation is more efficient than the 87Rb evaporation, which is because the
trap depth of 87Rb is smaller than that of 133Cs, hence, after 133Cs atoms
collide with atoms in the collisional bath of 87Rb, they rethermalise to the
lower temperature. This sympathetic cooling is efficient for 133Cs, reflected
in the high value of γ. The sympathetic cooling is highlighted further in
figure 5.2.
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Figure 5.2: Atom number as a function of temperature in the quadrupole
trap. Solid blue circles and red squares correspond to data for 133Cs and 87Rb
respectively, when 87Rb is cooling 133Cs. Open purple squares correspond to
the 87Rb number when not in the presence of 133Cs. The lines have been
added to guide the eye. The grey data points and lines represent data taken
before improvements to the magnetic trap loading were made [12].

Figure 5.2 highlights the fact that the sympathetic cooling of 133Cs is efficient
with little drop in atom number. This is demonstrated by the fact that the
133Cs data are almost a flat line, which would indicate perfect sympathetic
cooling where all rethermalisation of 133Cs is performed via collisions with
87Rb. In comparison with the previous 133Cs data it is clear that there
is a much smaller loss of 133Cs atoms. The figure also highlights that the
temperatures reached now are much lower than the previous values due to
the increased Rb:Cs ratio. Previously the 87Rb cloud rapidly heated as the
collisional bath of 87Rb atoms was depleted. However, as we now load more
87Rb into the magnetic trap the heat load of 133Cs does not have as much of
a pronounced effect on the 87Rb, which also correspondingly affects the final
atom numbers, as discussed above, as is evident in the figure. Similarly, one
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can also see in figure 5.2 that the number of 87Rb atoms is not affected by
the presence of 133Cs in the magnetic trap, the reduction in atom number is
simply due to light assisted collisions in the MOT.

To investigate the effect that the presence of 133Cs has on the efficiency of
the 87Rb cooling the full 15.1 s RF evaporation sequence was performed with
different initial 133Cs atom numbers within the magnetic trap. The 133Cs
load was controlled using the servo control circuit to stabilise the number
of 133Cs atoms within the MOT, and for the different MOT loads the two-
species clouds were imaged both immediately after loading the magnetic
trap and after the entire RF evaporation sequence. The final atom numbers,
temperatures and cooling efficiencies are displayed in figure 5.3. The final
atom number is displayed as a fraction of the initial load number. The
experiment was performed for as high a 133Cs MOT load as possible with
87Rb present. We find that even though the push beam is being utilised,
there are still some interspecies collisions that reduce the maximum 133Cs
MOT number trappable.

Figure 5.3(a) indicates that the final fractional 133Cs atom number remaining
is largely independent of the intial load, although there is a slight trend for the
number to increase with initial load number. This increase is not significant
in terms of the uncertainty of the data however. Indeed, considering the
absolute final number remaining as a function of the initial magnetic trap load
there is a strong linear relationship between the two, as would be expected.
The fact that this relationship is linear indicates that up to the magnetic trap
loads possible there is no effect on the 87Rb evaporation. Likewise for the
fractional 133Cs number data. On average ≈ 63% of 133Cs atoms remain after
the evaporation, in comparison to ≈ 13% of 87Rb atoms, which is consistent
with good sympathetic cooling as the remaining fraction of 133Cs atoms is
much higher than that for 87Rb. The fraction of 87Rb remaining decreases
by only ≈ 2% from the zero 133Cs case to the full 133Cs load case, hence the
presence of 133Cs does affect the 87Rb evaporation a small amount, however it
isn’t significant. The absolute 87Rb number remaining does show a decrease
of ≈ 30% with 133Cs load, however as the fractional number remaining doesn’t
vary by this amount we attribute the difference to the lower 87Rb load into
the magnetic trap as a result of interspecies collisions in the MOT.
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Figure 5.3: Fractional number of the magnetic trap load remaining (a), evap-
oration efficiency (b) and final temperature (c) of 133Cs (blue circles) and 87Rb
(red squares) after the evaporation sequence in the magnetic trap, as a func-
tion of the number of Cs atoms loaded into the magnetic trap. Evaporation
efficiency is calculated considering the numbers and PDSs immediately after
loading the magnetic trap and after RF evaporation.

Figure 5.3(b) shows that as the 133Cs magnetic trap load increases the ulti-
mate temperature that we can reach when evaporating 87Rb increases because
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of the extra heat load that 133Cs imposes on the refrigerant 87Rb atoms. The
consequence of having a higher 87Rb temperature is that the 133Cs atoms
rethermalise to a higher temperature, which is shown in the figure. We also
observe corresponding patterns in the PSD. The final 133Cs PSD is under-
standably dependent on the initial 133Cs load, and little effect of stagnation
of evaporation can be seen in the 133Cs PSD data, even at higher loads. For
higher 133Cs loads the 87Rb PSD density drops to about one-third of the value
when 133Cs is not present. This is a manifestation of both reduced efficiency
of evaporation due to the heat load of the 133Cs atoms, and a reduction in
initial PSD density as the MOT load is reduced.

The evaporation efficiency of 133Cs does not decrease as a function of the
133Cs magnetic trap load, taking the uncertainties into account. This is to be
expected given the trends in the number, temperature and PSD as explained
above. The 87Rb efficiency does decrease slightly, which suggests that if it
were possible to load more 133Cs than we can currently that the sympathetic
cooling would be limited for higher 133Cs numbers. The initial efficiency of
87Rb evaporation is slightly lower than the other points, which is attributed
to the fact that without the presence of 133Cs atoms in the MOT the 87Rb
number is larger, hence the magnetic trap load is too. The three-body loss
rate would then increase due to the higher atomic density, resulting in a lower
number and heating which competes with the evaporation.

5.2 Optimisation of 133Cs evaporation in the
dipole trap

To load the dipole trap the magnetic field gradient and RF frequency are
reduced in the same way they were for single species 87Rb trap loading, as
described in section 4.4. The dipole trapping beam is stabilised to a power of
4.05 W throughout the RF evaporation. For experiments involving Cs alone
the 87Rb atoms are removed from the trap via a blast of resonant light from
the MOT cooling beam. We then load (3.9 ± 0.2) × 106 133Cs atoms into the
trap at a temperature of (20.1±0.1) µK and a PSD of (6.5±0.5)×10−4. For
two-species experiments the 87Rb atoms aren’t removed from the trap, how-
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ever the exact number of each species remaining varies depending on the exact
experiment being performed. Trap depths and frequencies are listed for all
stages of the loading and evaporation process for 133Cs in tables 5.3 and 5.4.
For 87Rb the values can be found in table 4.4.

After the spin flip (2.4 ± 0.3) × 106 133Cs atoms remain in the |3,+3⟩ state.
Their temperature and PSD at this stage are (15.04 ± 0.04) µK and (1.03 ±
0.02) × 10−3 respectively. Since atoms are now levitated against gravity the
trap depth is reduced by a factor of 2. The evaporation surface is now along
the beams, as the trap depth in the vertical direction remains the same as
it was before the bias field and spin flip were performed. Again, for two-
species experiments the ratio of the two atom numbers differs depending on
the measurement that is being taken.

Cooling of 133Cs is more complicated than a ‘simple’ atomic species such
as 87Rb. Previous experiments have found that there is a small window of
21-25 G where 133Cs can be condensed due to its rich Feshbach structure
in addition to a large background scattering length [10, 151]. In this 4 G
wide window the scattering length varies between approximately 200-400 a0

[209], and there is a minimum in the recombination rate (see equation 5.1)
due to the existence of Efimov physics when a ≈ 210 a0 [154], which occurs
when B ≈ 21 G [209]. This scattering length allows three-body losses to be
minimised whilst still ensuring efficient rethermalisation of the atoms. We
find the optimum magnetic field for evaporation to be (22.91±0.02) G, which
is in reasonable agreement with previous experiments [10]. To determine the
optimum field for evaporation 133Cs atoms were loaded into the dipole trap,
and following the spin flip the beam power was reduced to 1.01 W in 0.6 s,
and then to 250 mW in 1 s. The trap depth and frequencies in this trap are
listed in table 5.3. The number after the spin flip was recorded and the final
number and PSD after the evaporation ramps were used to calculate γ. The
evaporation was performed at different magnetic fields in the 8-57 G region.
The results of the experiment are displayed in figures 5.4 and 5.5.

Although this experiment doesn’t provide a complete exploration of the op-
timum method with which to evaporate to BEC it does provide a good way
to locate Feshbach resonances, regions of zero scattering length and the op-
timum location to evaporate for a given set of dipole trap ramps. It is worth
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Figure 5.4: 133Cs number remaining and temperature after two plain dipole
trap evaporation ramps to beam powers of 250 mW at different magnetic
fields. The scattering length is displayed below for reference. Feshbach reso-
nances are highlighted by regions of number loss and high temperature. Red
lines indicate the locations of known Feshbach resonances and the zero in
scattering length [151]. The purple boxes span the two regions where 133Cs
has been condensed in the current apparatus, the previously used 21-25 G
region [10] and the new region of 18.1-19.6 G.
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Figure 5.5: PSD of 133Cs and the evaporation efficiency after two plain dipole
trap evaporation ramps to beam powers of 250 mW at different magnetic
fields. The scattering length is displayed below for reference. Feshbach res-
onances are highlighted by regions of lower PSDs and efficiencies. Red lines
indicate the locations of known Feshbach resonances and the zero in scat-
tering length [151]. The purple boxes span the two regions where 133Cs has
been condensed in the current apparatus, the previously used 21-25 G region
[10] and the new region of 18.1-19.6 G.
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This experiment Literature Theory
B (G) B (G) B (G)

(10.97 ± 0.07) (11.02 ± 0.03) (11.2 ± 0.2)
(14.34 ± 0.06) (14.37 ± 0.03) (14.6 ± 0.2)
(15.1 ± 0.1) (15.06 ± 0.03) (15.1 ± 0.2)

(19.89 ± 0.09) (19.90 ± 0.03) (20.1 ± 0.2)
(47.7 ± 0.1) (47.97 ± 0.03) (47.7 ± 0.2)

(53.43 ± 0.04) (53.50 ± 0.03) (54.3 ± 0.2)

Table 5.2: Feshbach resonances observed due to collisions between 133Cs
atoms in the |3,+3⟩ state. Positions have been determined using Lorentzian
fits to the atom number. Experimental and theoretical values have been
taken from the literature for comparison [210].

noting that if different ramp timings or depths are used the optimum bias
field may change (indeed to reach degeneracy in the lower field region the
ramps require modification). The process of locating the resonances also
provides an additional tool with which to check operation of the system.

Feshbach resonances (see table 5.2) can be observed as regions of low atom
number, PSD and efficiency, and of high temperature. The number decreases
as the three-body recombination rate scales with a4 [138, 141, 142]

K3 = nlC~a4/m, (5.1)

where nl depends on the atom loss per recombination event and C is a dimen-
sionless factor. This results in a consequent decrease of PSD and efficiency.
The temperature is seen to increase as the energy released during three-body
recombination processes is absorbed by the atom cloud [138].

At approximately 17 G the scattering length is zero, hence rethermalisation
of the atoms is poor here, and atom cloud isn’t cooled. This is seen as a large
peak in the temperature. A Gaussian fit to the temperature in this region
suggests the zero in scattering length is at (16.9 ± 0.1) G, in reasonable
agreement with the theoretical value [151] and the experimental value of
(17.119 ± 0.002) G, measured via Bloch oscillations [150]. The atom number
remaining here is high due to the low number of collisions. The cooling is
poor over a range of approximately 3 G due to this feature. Either side of
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the zero in the scattering length the cooling can be seen to quickly become
more efficient as interactions between the atoms increase, resulting in a rise
in rethermalisation also. Towards more negative scattering lengths the atom
number again begins to drop at fields lower than 12.5 G as the interactions
increase, and likewise in the positive scattering length regime, the number
begins to drop for fields above 25 G. It is also possible to see that above 25 G
the temperature increases in accordance with the scattering length, as the
ratio of elastic-inelastic collisions decreases.

5.3 Bose-Einstein condensation of 133Cs

The overall efficiency of cooling is maximised between 20.2-24.8 G, a region
highlighted by the purple boxes in figures 5.4 and 5.5. Here the scattering
length is optimum for efficient cooling, and we find that producing a BEC
is possible in this window if evaporation continues. BECs of up to 2×105

atoms may be produced in this region if evaporation continues via trap tilt-
ing. There is also a region of slightly less efficient cooling at lower bias fields
between 18.1-19.6 G, separated from the main region by the Feshbach reso-
nance at 19.90 G, a region also highlighted in the figures. In this region we
find that we are able to produce a BEC if the experiment is modified in the
dipole trap evaporation stage. Two plain evaporation ramps are performed,
to 1.01 W and 250 mW in 1 s and 800 ms respectively. The magnetic field
gradient is then increased to 42.3 G cm−1 at which point the trap depths
in the vertical direction and along the beams are equal. Over the course of
17.5 s ∂B/∂z is increased to a value of 62 G cm−1 tilting the trap further. At
this stage we are able to produce a BEC of up to 3×104 atoms. To present
knowledge a BEC of 133Cs has not been produced in this field range be-
fore. The plain evaporation ramps used to produce a BEC in this field range
are summarised in table 5.3, and the trap tilting ramps are summarised in
table 5.4.

In the optimal experimental configuration, performing evaporation at a B-
field of (22.91 ± 0.02) G, we continue our evaporation using another plain
evaporation ramp to a power of 130 mW in 1 s. The trap and frequencies
in this trap are listed in table 5.5. At this stage if we continue to evaporate
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Ramp P1 P2 t Trap depth frad fax
(W) (W) (s) (µK) (Hz) (Hz)

Load - 4.050 - 136.0 422.3 85.3
Spin flip 4.050 4.050 0.02 69.0 422.0 82.0

1 4.050 1.010 1.00 16.5 211.0 41.7
2 1.010 0.250 0.80 4.2 105.5 20.7

Table 5.3: Crossed dipole trap plain evaporation ramps used for evaporation
of 133Cs in the lower field 18.1-19.6 G region, performed by simply reducing
the beam power. The magnetic field gradient used is 28.2 G cm−1. A con-
densate is produced using a bias field in the range of 18.1-19.6 G throughout
the plain evaporation. Trap depths and frequencies quoted are for the power
P2 in each ramp, for the |3,+3⟩ state, except for the loading trap, where
values are calculated for the |3,−3⟩ state.

Ramp ∂B/∂z1 ∂B/∂z2 t Trap depth frad fax
(G cm−1) (G cm−1) (s) (µK) (Hz) (Hz)

1 28.2 42.3 0.05 3.9 105.5 20.6
2 42.3 53.5 9.50 0.9 100.8 20.5
3 53.5 57.0 4.00 0.4 96.9 20.5
4 57.0 62.0 4.00 0.1 96.6 20.5

Table 5.4: Crossed dipole trap tilting ramps used for evaporation of 133Cs in
the lower field 18.1-19.6 G region, performed by tilting the trap by increasing
the magnetic field gradient. The beam power used is 250 mW. A condensate
is produced using a bias field in the range of 18.1-19.6 G throughout the
evaporation. Trap depths and frequencies quoted are for the field gradient
∂B/∂z2 in each ramp, for the |3,+3⟩ state.

by simply reducing the beam power the evaporation stagnates, and we are
unable to reach the BEC phase transition. We instead increase ∂B/∂z to
37.0 G cm−1 in 10 ms, as this now balances the trap depths along the beams
and in the vertical direction (note the lower value than in the case for the
lower field region, where the beam power is higher). The trap is then tilted
by increasing ∂B/∂z to 40.0 G cm−1 in 1 s, and then to 42.5 G cm−1 in 0.2 s.
The atoms are held in this potential for 1 s where the trap depth is 0.5 µK
deep. A pure BEC of up to 1×105 133Cs atoms is produced via this method,
as presented in figure 5.7. The plain evaporation ramps used to produce an
optimised BEC are summarised in table 5.5 and the trap tilting ramps are
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Ramp P1 P2 t Trap depth frad fax
(W) (W) (s) (µK) (Hz) (Hz)

Load - 4.050 - 136.0 422.3 85.3
Spin flip 4.050 4.050 0.02 69.0 422.0 82.0

1 4.050 1.010 0.60 16.5 211.0 41.7
2 1.010 0.250 1.00 4.2 105.5 20.7
3 0.250 0.130 1.00 1.9 72.7 14.6

Table 5.5: Optimised crossed dipole trap plain evaporation ramps used for
evaporation of 133Cs, performed by simply reducing the beam power. The
magnetic field gradient used is 28.2 G cm−1 and the bias field is 22.91 G
throughout the plain evaporation. Trap depths and frequencies quoted are
for the power P2 in each ramp, for the |3,+3⟩ state, except for the loading
trap, where values are calculated for the |3,−3⟩ state.

Ramp ∂B/∂z1 ∂B/∂z2 t Trap depth frad fax
(G cm−1) (G cm−1) (s) (µK) (Hz) (Hz)

1 28.2 37.0 0.01 1.9 72.7 14.3
2 37.0 40.0 1.00 1.1 69.5 14.3
3 40.0 42.5 0.20 0.5 69.5 14.2
4 42.5 42.5 1.00 0.5 69.5 14.2

Table 5.6: Optimised crossed dipole trap tilting ramps used for evaporation of
133Cs, performed by tilting the trap by increasing the magnetic field gradient.
The beam power used is 130 mW and the bias field is 22.91 G throughout the
evaporation. Trap depths and frequencies quoted are for the field gradient
∂B/∂z2 in each ramp, for the |3,+3⟩ state.

summarised in table 5.6. The number, temperature and PSD after each stage
of evaporation are summarised in table 5.7.

5.4 Tuning interactions in a Cs Bose-Einstein
condensate

Figures 5.4 and 5.5 demonstrate the rich Feshbach structure exhibited by
133Cs in the 0-50 G field range. These broad resonances allow control of the
scattering length and thus the mean field interactions within the BEC can
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Ramp N T PSD
(µK)

Load (3.9 ± 0.2) × 106 (20.1 ± 0.1) (6.5 ± 0.5) × 10−4

Spin flip (2.4 ± 0.3) × 106 (15.04 ± 0.04) (1.03 ± 0.02) × 10−3

Plain 1 (1.22 ± 0.03) × 106 (2.91 ± 0.04) (8.2 ± 0.1) × 10−3

Plain 2 (8.5 ± 0.2) × 105 (0.861 ± 0.005) (3.4 ± 0.1) × 10−2

Plain 3 (3.77 ± 0.06) × 105 (0.3423 ± 0.0003) (2.34 ± 0.003) × 10−1

Tilt 1 (2.8 ± 0.1) × 105 (0.247 ± 0.001) (4.6 ± 0.3) × 10−1

Tilt 2 (2.2 ± 0.2) × 105 (0.224 ± 0.005) (5.1 ± 0.7) × 10−1

Tilt 3 (1.77 ± 0.07) × 105 - ≈ 2.612
Tilt 4 ∼ 1 × 105 - > 2.612

Table 5.7: Number, temperature and PSD after each crossed dipole trap
evaporation ramp for 133Cs. The ramp numbers correspond to those in ta-
bles 5.5 and 5.6.

be tuned due to the interaction term in the Gross-Pitaevski equation
(

−~2∇2

2m
+ Uext(r⃗) + g |ψ(r⃗)|2

)
ψ(r⃗) = µψ(r⃗). (5.2)

A resonance exists between a pair of atoms initially in the |3,−3⟩ state
at approximately 8 G, which derives from an avoided crossing in the 6(s)
molecular bound state. Being the last bound state for fields >20 G the
avoided crossing results in a broad resonance where the scattering length
increases from negative to positive values at a steady rate [210]. The width
of the resonance allows precise control of the scattering length and thus the
interactions.

Experimentally the tunability of intraspecies interactions is observed by cre-
ating a condensate and allowing the cloud to evolve at various bias fields for
a free time-of-flight. The BEC was prepared as discussed previously, and
the bias field was then non-adiabatically jumped in 100 µs to a value in
the 14-29 G range. The number of condensed atoms was kept constant at
(9±1)×104 as the release energy of the BEC is the sum of the kinetic energy
and the interaction energy. Assuming the condensate is large enough such
that the kinetic term can be neglected, we can see that the release energy
is proportional to the chemical potential, which is in turn proportional to
(Na)2/5, hence Erel ∝ (Na)2/5 (see section 2.3.4). The atoms were levitated
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Figure 5.6: Graphical representation of the optimised (blue) and lower field
region (red) crossed dipole trap ramps for Bose-Einstein condensation of
133Cs. The trap depth (solid symbols) and the magnetic field gradient (hollow
symbols) are presented as functions of time after loading the dipole trap. The
trap depths are given for the |3,+3⟩ state, except for the first points, where it
is given for the |3,−3⟩ state. The ramps correspond to those in tables 5.3-5.6

for 30 ms at the measurement field, prior to a free time-of-flight expansion
of 10 ms. An absorption image of the cloud was then taken. The results of
this experiment are presented in figure 5.8.

Figure 5.8 exhibits three distinct regimes of interaction. For negative scatter-
ing lengths (fields below the zero-crossing at ∼ 16.9 G) the interactions are
attractive, which causes the condensate to collapse [44, 211]. In the collapse
process many atoms are lost and the large spread in momentum results in
larger vertical widths being observed [10]. At the zero in scattering length
the interactions are ‘switched off’ (an ideal Bose gas) and there is little or
no expansion of the cloud, as seen in figure 5.8. The condensate is generally
referred to as being ‘frozen’. The final regime is in the positive scattering
length region between 17 G and 29 G, where the scattering length increases
almost linearly up to 600 a0 (with exception of the narrow resonance at
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Figure 5.7: 133Cs and 87Rb PSD as a function of atom number throughout
the experimental evaporation sequences in the crossed dipole trap. Atom
numbers after the improvements were made to the system (blue and red for
133Cs and 87Rb repectively) consistently exhibit higher PSDs than previous
data (grey circles and squares for 133Cs and 87Rb respectively). The lines cor-
respond to linear fits to the logs of the data points, and the gradient of these
fits are the reported values of γ. More efficient evaporation is represented by
a steeper line of best fit. In the past it was observed that the evaporation
during trap tilting wasn’t as efficient as plain evaporation, however the new
data indicates that the efficiency is the same using both methods. Note that
some points aren’t included in these fits, such as the first points after load-
ing the dipole trap, as some of the atoms are still being evaporated at this
point. Data in the RF evaporation sequence is identical to that presented in
figure 5.1.
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Figure 5.8: The vertical width (1/
√
e half width) of the 133Cs BEC after a

time-of-flight expansion for a series of magnetic fields applied during levi-
tation and the free time-of-flight. The (9 ± 1) × 104 condensed atoms are
levitated for 30 ms prior to the 10 ms free time-of-flight. Three particular
regions of interest are highlighted by the false colour absorption images (of
dimension 600×600 µm2): (a) negative scattering length, (b) zero scattering
length and (c) positive scattering length. The 133Cs scattering length is in-
cluded for comparison [151], and the location of the zero in scattering length
is highlighted by the red dashed line.
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19.90 G). Here the interaction is repulsive, hence the condensate is stable,
and the mean field interaction causes the width to increase. The false colour
images in figure 5.8 demonstrate the size of the condensate pictorially.



Chapter 6

Observation of 87Rb and 133Cs
Feshbach resonances

The ability to condense both 87Rb and 133Cs within the same apparatus is
a useful step in the process of preparing a sample of ultracold atoms with
which a Feshbach resonance can be measured. Before measuring interspecies
Feshbach resonances at high-fields there remain a few tests such as measuring
sensitivity via intraspecies Feshbach resonances and exploring the behaviour
of 133Cs at high-fields where comparatively little work has been undertaken
previously. In this section the preliminary single-species tests are covered,
before a discussion of the various interspecies Feshbach resonances that have
been observed. Magnetic fields for all results are calibrated using either RF
signals to drive transitions between different mF levels, or microwaves to
drive transitions between the F = 1 and F = 2 ground states in 87Rb. The
procedure used to determine the locations of the resonances and the errors
on these fields is described in appendix E.

6.1 Single-species results

6.1.1 Single species Feshbach resonances

Single-species dipole trap loading has been discussed in sections 4.4.4 and 5.2,
we use the same procedures for the following single-species experiments. To

144
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test the stability of the system at high-fields two known resonances were
measured, one in 133Cs and one in 87Rb. Our detection methods included
detection of increased atom losses [51] which arise due to the a4 dependence of
the three-body loss coefficient on scattering length [138], and an observation
of an increase in temperature, due to the recombination energy of the atoms
involved in such three-body processes. However, the situation becomes more
complicated in two-species experiments, where the intra- and interspecies
scattering lengths must be considered.

A high-field 133Cs Feshbach resonance

In 133Cs, Feshbach resonances and Efimov features exist in the region around
550 G [152], making this region ideal to test the sensitivity of the apparatus.
In addition to the large s-wave resonance in 133Cs at 548.8 G where the
scattering length is zero at 556.19 G three other resonances are present in
the window from 540-590 G [153, 209].

Once 133Cs atoms were loaded into the dipole trap the beam power was
reduced as standard to 1.01 W in 0.6 s and then to 250 mW in 1 s at a bias
field of (22.91±0.02) G. The bias field was then increased to (537.23±0.04) G
in 10 ms before a final small jump was made in a further 10 ms to the
measurement field. At the high-field the trap depth is 4.4 µK and the trap
frequencies are ωrad = 2π × 105.5 Hz and ωax = 2π × 20.8 Hz. At this
stage there are (5.6 ± 0.6) × 105 atoms in the trap at a temperature of
(1.83 ± 0.02) µK and a PSD of (1.8 ± 0.2) × 10−3. The atoms were allowed
to evolve in the trap at the measurement field for 100 ms. The atom number
remaining, temperature and density were recorded. These can be seen in
figure 6.1.

The large s-wave resonance at 548.8 G is only detectable through the loss
minimum where the scattering length and the collision cross section are zero
(the Ramsauer-Townsend minimum [212]). The scattering length at 540 G is
4500 a0 where it begins to diverge due to the resonance. From this unitarity
the scattering length increases (becomes less negative) until 556.19 G where
the scattering length is 0 a0. The scattering length then increases to 2500 a0

at 590 G. From equation 2.12 we can see that the elastic cross section becomes
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Figure 6.1: 133Cs atom number (a), temperature (b), peak-density (c) and
PSD (d) after a 100 ms hold at various B-fields in the 540-590 G region. The
resonance predicted to be at 554.3 G can be observed as a minimum in the
number, and the zero in scattering length due to the large s-wave resonance
at 548.8 G can be observed as a peak in the number. The pole of the large
s−wave resonance is not observed due to the measurement being unitarity
limited as described in the text. Additionally the temperature increases due
to the resonances at 544.3 G and 554.3 G. The theoretical position of the zero
in scattering length is highlighted by the purple dotted line and the poles of
the local resonances are indicated by the red dashed lines. The solid red
lines in the number and temperature plots display the fits to the data used
to measure the locations of the resonances and zero in scattering length.



Chapter 6. Observation of 87Rb and 133Cs Feshbach resonances 147

limited when ka ≈ 1. For a cloud of 133Cs with a temperature of 1 µK
the elastic cross section becomes unitarity limited approximately when a =
1000 a0. Clearly this value is smaller than the scattering length is in a
large portion of this window. Thus we expect only to be able to detect the
resonances at 544.3 G and 554.3 G and the Ramsauer-Townsend transmission
at 556.19 G with the current experiment. Previous work has observed other
resonances in this region at temperatures of (200 ± 50) nK where the cross
section is unitarity limited at scattering lengths of ∼ 2250 a0, however colder
temperatures still would be required to observe the large s-wave resonance
in this window [153].

The drop in number in figure 6.1(a) displays the atom loss after the 100 ms
hold. Fitting the number data with a double Gaussian function we find
the resonance position is (553.3 ± 0.7) G, in reasonable agreement with the
previous experimental value of (554.06±0.02) G [213]. There is also a peak in
the temperature here due to three-body recombination. The peak in number
and the minimum in temperature represents the zero in scattering length,
where the cross section is zero and hence atom loss and rethermalisation are
reduced. From the same fit as above we find that this occurs at (557 ± 1) G,
in excellent agreement with the previous measurement of (556.26 ± 0.10) G
[153]. We are also able to measure the resonance at (543.6 ± 0.4) G as a
small peak in the temperature that has been fit with a Lorentzian function,
which is in reasonable agreement with the theoretical value of 544.3 G [209].
The experiment’s sensitivity to measure 133Cs resonances at high-field was
determined to be sufficient enough for measurement of resonances of similar
sizes.

A high-field 87Rb Feshbach resonance

Better confidence in the field stability was achieved by measuring a previously
observed Feshbach resonance at the highest fields achievable with the current
setup. Although the scattering length of 87Rb is (102 ± 6) a0 at low-fields
[214], narrow resonances in the |1, 1⟩⊗|1, 1⟩ entrance channel have previously
been measured between 400-1300 G [118]. The resonance at 1007.4 G [215]
has a width of (0.21 ± 0.02) G [216] hence proves an excellent resonance to
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test sensitivity.

To observe the resonance 87Rb in the |1,+1⟩ state was trapped in the dipole
trap as discussed in section 4.4.4. Atoms were then evaporated in two linear
evaporation ramps, first to 1.013 W in 0.6 s and finally to 630 mW in 1 s. In
this potential the trap depth is 7.9 µK and the trap frequencies are ωrad =
2π × 177.2 Hz and ωax = 2π × 35.1 Hz. As the inelastic scattering in 87Rb
is much smaller than in 133Cs the background lifetime is longer, hence the
atoms can be held in the trap for longer. Here we hold the atoms for 5 s to
allow the atoms to come into equilibrium with the potential. The bias field
is then switched on in two stages. We first switch on to (1003.17 ± 0.04) G
in 10 ms, and then ramp to the field in question in 10 ms. The atoms are
allowed to evolve at this field for 100 ms before imaging the atom cloud.
Figure 6.2 displays the results of this experiment.

Atom loss and three-body heating of the atom cloud can be used to detect
the Feshbach resonance, and the peak density and PSD of the cloud evolve
accordingly. A Lorentzian fit to the number data reveals that the resonance
position is (1007.6±0.2) G, which is in excellent agreement with the published
value of (1007.40 ± 0.04) G. The width of the resonance, obtained from the
Lorentzian fit to the data, is measured to be (0.3±0.1) G which is in excellent
agreement with the published value of (210 ± 20) mG. It may be noted that
the shape of the resonance in figure 6.2 is not Lorentzian in nature however,
hence the centre and width measured in this way have a systematic error
associated with the calculation. The potential cause of the distortion of the
lineshape is due to ramping from low-field to high-field in 10 ms, while at
a high PSD. The success of this measurement provided ample confidence in
the sensitivity of the experiment to measurements at high-field on Feshbach
resonances of a similar width.

6.1.2 Optimisation of high-field 133Cs evaporation

As an extension to the investigation of the efficiency of the evaporation of
133Cs as a function of field in the low-field region we have performed a similar
experiment at high bias fields. At low-field it is possible to produce a BEC
between 18.1-19.6 G and 20.2-24.8 G. The scattering length in these regions
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Figure 6.2: 87Rb atom number (a), temperature (b), peak-density (c) and
PSD (d) after a 100 ms hold at various B-fields between 1003-1013 G. The
Feshbach resonance can be observed as a minimum in the number, peak
density and PSD, and a maximum in the temperature. A Lorentzian fit to a
portion of the data highlighted by the blue line returns a resonance position
of (1007.6 ± 0.2) G and a width of (0.3 ± 0.1) G.
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varies between 55-400 a0 [209]. Due to the broad s-wave Feshbach resonance
at 786.84 G which is 93.82 G [153] wide the interactions are tunable with
a high precision possible. The same range of scattering lengths are present
between 883.0-900.5 G, hence a similar precision should be possible as at
low-field.

After the 133Cs dipole trap load the bias field is ramped up in 10 ms to
(869.76 ± 0.07) G, before the field is ramped in 5 ms to a final value in
the range of 860-910 G. At this stage (2.7 ± 0.1) × 106 atoms remain at a
temperature of (20.7±0.5) µK and a PSD of (4.2±0.8)×10−4. The efficiency
of the evaporation is calculated using these values. We then perform three
linear plain evaporation ramps, first in 1.9 s to 1.01 W, then to 280 mW in
1 s and to 170 mW in 1.5 s. In this final potential the trap depth is 2.7 µK
and the trap frequencies are ωrad = 2π × 86.2 Hz and ωax = 2π × 17.0 Hz.
The number, temperature, PSD and evaporation efficiency are displayed in
figures 6.3 and 6.4.

In contrast to the data presented in figures 5.4 and 5.5 there are no Feshbach
resonances in the high field region, hence there is only one feature in the
data which is due to the scattering length zero. The peak in the temperature
data is due to the poor rethermalisation at this field. Fitting a Lorentzian
function to this peak we find the scattering length zero occurs at a field of
(880 ± 1) G, which is in excellent agreement with the theoretical value of
880.66 G. Due to the peak in the temperature a local minimum in the PSD
and efficiency are also observed.

The performance of evaporation is observed to increase either side of the
minimum as the interactions begin to increase again, at both lower fields
where the scattering length is negative and at higher fields where the scat-
tering length is positive. In the region where the scattering length is positive,
the region of interest when evaporating to BEC, the optimum efficiency is
achieved at (889 ± 1) G where the scattering length is ∼ 200 a0. Previous
work reports an optimum field of 894 G where a ∼ 300 a0 [217]. Thus far
attempts to condense 133Cs at these fields have not yielded a condensate in
this apparatus.
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Figure 6.3: 133Cs number remaining and temperature after three plain dipole
trap evaporation ramps to beam powers of 170 mW at different magnetic
fields between 860 and 910 G. The scattering length is displayed below for
reference. The red dashed line indicates the location of the zero in scattering
length [209]. There is a peak in the temperature at this field as there is little
rethermalisation in the trap.
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Figure 6.4: PSD of 133Cs and the evaporation efficiency after three plain
dipole trap evaporation ramps to beam powers of 170 mW at different mag-
netic fields between 860 and 910 G. The scattering length is displayed below
for reference. The red dashed line indicates the location of the zero in scat-
tering length [209]. At this field the rethermalisation is poor, hence the
temperature is high, and conversely the PSD and γ are low here.
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6.2 Two-species results

Here we discuss the observation of interspecies 87Rb133Cs Feshbach reso-
nances. Initially the sensitivity of the system to the effects of the resonances
was tested by observing resonances that have previously been observed in
this apparatus [167] and in other work [72]. This is discussed in section 6.2.1,
before observation of previously unmeasured resonances is discussed in sec-
tion 6.2.2. Feshbach resonances in a 85Rb133Cs mixture are discussed in
chapter 7.

In principle the procedure for observing interspecies Feshbach resonances is
the same as for intraspecies resonances. A high PSD mixture is required,
which can be achieved via the plain evaporation method, and interspecies
three-body losses are enhanced around an interspecies Feshbach resonance,
so a resonance generally manifests itself as a reduction in number in the
system. The difference in the procedures utilised depends on the interaction
of the two atoms and their relative numbers. A better signal-to-noise ratio
is generally achieved if there is an imbalance in the number of each species
present in the trap [218]. In this scenario the majority species (here we use
87Rb as the majority species) acts as a collisional bath for the probe species
(133Cs in the case of this work). Thus in the vicinity of a Feshbach resonance
the number of the buffer species is reasonably unchanged, whereas the probe
species is depleted significantly. To achieve this imbalance in number the
amount of 133Cs loaded into the magnetic trap is controlled using the MOT
repump light servo circuit. Another advantage to using 87Rb as the majority
species is that the trap depth at a given beam power is shallower for 87Rb
than 133Cs as described in chapter 5, hence 87Rb can sympathetically cool
133Cs. Another feature of this system is the large background interspecies
scattering length (∼ 650 a0), which is large, resulting in rapid loss of the
minority species [12], hence we reduce the beam powers much faster when
measuring 87Rb133Cs Feshbach resonances.
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6.2.1 Low-field interspecies Feshbach resonances

Prior to the improvements made to the experiment as detailed in chapter 3
an interspecies 87Rb133Cs Feshbach resonance was observed in the current
apparatus [167]. The effects that the improvements to the total atom number,
the reproducibility of the atom number and the stability of the bias field have
had on the system were possible to quantify by measuring the resonance
again. After loading 87Rb and 133Cs into the dipole trap at beam powers of
4.05 W the power was decreased logarithmically in 500 ms to 250 mW. This
evaporation took place at (22.91 ± 0.02) G. The field was then switched in
10 ms to (176.68±0.01) G before ramping to the final field in 5 ms and holding
in the potential at this field for 500 ms. The fraction of 133Cs atom number
remaining after the 500 ms hold in comparison to the number remaining off
resonance as a function of field is displayed in figure 6.5. The temperatures
away from the resonance are TRb = (0.79 ± 0.01) µK and TCs = (0.78 ±
0.02) µK, and the 133Cs number here is ≈ 5×104 atoms, with approximately
an order of magnitude more 87Rb atoms.

Fitting a Lorentzian function to the data in figure 6.5 we measure the pole
of the resonance to be at (181.55 ± 0.05) G. This is in reasonable agreement
with other published values of (181.64 ± 0.08) G [72, 121]. The width of the
fit is (0.45±0.07) G, however the width is in general defined as the difference
in field between the pole of the resonance and the zero in scattering length.
At the pole the scattering length diverges, represented experimentally by a
reduction in atom number, and at the zero in scattering length there is a
maximum in atom number as the three-body losses are minimised. Hence
the width of a Lorentzian fit is not a true representation of the width. No
clear peak in atom number is visible in the data hence we cannot measure
the zero in scattering length in this way.

This data represents a significant improvement in both number and mag-
netic field stability over previous measurements with this apparatus. The
data points in figure 6.5 are averages of two shots, whereas previously five
shots were required to allow similar confidence in precision. The previous
measurement taken with this equipment is presented in figure 6.6. We also
note that magnetic field noise has significantly decreased as the width of the
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Figure 6.5: Fraction of 133Cs atoms remaining after a 500 ms hold at different
magnetic fields. The mF states used are |1,+1⟩ and |3,+3⟩ for 87Rb and 133Cs
respectively. The number remaining is normalised to the number remaining
off resonance. The 133Cs number off resonance is ≈ 5×104. The line indicates
a Lorentzian fit to the data resulting in a resonance position of (181.55 ±
0.05) G and a width of (0.45 ± 0.07) G.

resonance has decreased from ≈ 3 G to ≈ 0.5 G.

The improvement in field and number stability is a significant advancement
in the performance of the apparatus, hence an observation of a narrower
resonance was made. Another published resonance exists nearby [121] at a
magnetic field of (197.06 ± 0.05) G and with a width of (0.09 ± 0.01) G.
The width is calculated as the difference in magnetic field between the loss
maximum and minimum. Clearly with the resonance being narrower it allows
a better determination of the bias field stability. The same experimental
procedure was used to observe the resonance as detailed in the above. The
normalised number of 133Cs remaining after the 500 ms hold as a function of
field is displayed in figure 6.7 for this field region.
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Figure 6.6: Previous measurement with this apparatus of the Feshbach res-
onance at ≈ 182 G, observed via atom loss measurements. Data points
represent an average of 3-5 individual shots. The Lorentzian fit to the data
returns a width of ≈ 3 G.

The data were fit with a double Gaussian function and the centre of the
resonance is measured to be at (197.10 ± 0.03) G, in excellent agreement
with the previously published value of (197.06 ± 0.05) G [121]. The width
of the fit was (0.09 ± 0.01) G and is in excellent agreement with previous
data. The zero in scattering length can be observed in this data as the
small increase in normalised 133Cs number at a slightly higher field than
the decrease in number. The fit reveals the scattering length zero to be at
(197.2 ± 0.1) G, also in excellent agreement with the past result of (197.15 ±
0.05) G. This value implies a width of (0.1 ± 0.1) G, in agreement with
the value calculated by the fit. The ability to measure a feature of this
width indicates that the bias field stability here is better than ≈ 0.01 G,
however, in the trap σh ≈ 6 µm and σv ≈ 1 µm, which means the field
spread sampled by the cloud is approximately 0.01 G and 0.003 G in the
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Figure 6.7: Fraction of 133Cs atoms remaining after a 500 ms hold at different
magnetic fields. The mF states used are |1,+1⟩ and |3,+3⟩ for 87Rb and 133Cs
respectively. The number remaining is normalised to the number remaining
off resonance. The 133Cs number off resonance is ≈ 5×104. The resonance
position is measured to be at (197.10±0.03) G and has a width of (0.1±0.1) G.
A small peak in the 133Cs number can also be observed, the centre of which is
measured to be (197.2 ± 0.1) G. These data were fit using a double Gaussian
function (purple line).

horizontal and vertical directions, respectively. It is therefore impossible
to tell whether the measurement of the width is limited by the bias field
stability or the field spread. In principal any Feshbach resonance may be
used to associate molecules via the magnetic field ramping technique [51],
however the resonance at ≈ 182 G has previously been successfully used for
Feshbach association of 87Rb133Cs molecules [109]. This resonance would be
a good starting point for future association of Feshbach molecules.

The two interspecies Feshbach resonances already presented are reasonably
narrow. Previously unobserved resonances of similar widths have been pre-
dicted to occur at high-field [209] however there are also two large resonances
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predicted at fields of ∼ 792 G (width ∼ 4 G) and ∼ 1116 G (width ∼ 9 G).
As a precursor to measuring these resonances another previously reported
resonance was observed, published as being located at (352.65 ± 0.34) G
which has a width of (2.70 ± 0.47) G [121].

To measure this resonance a slightly different experimental method was ap-
plied. As the bias field is increased the atoms sample a range of magnetic
fields and thus scattering lengths, hence potential for three-body recombi-
nation heating is increased. If the evaporation is performed at low-field in
this system prior to increasing the field to the field range of interest, due to
the reduced trap depths we find that atom loss on jumping to high-fields is
increased. One method to combat this would be to adiabatically compress
the trap, however we find the increase in cloud temperature detrimental to
measurements. Thus we jump the magnetic field to (337.78 ± 0.01) G in
10 ms and then jump to the final field in 5 ms and evaporate at this field by
reducing the beam powers logarithmically in 500 ms to powers of 250 mW.
After a 500 ms hold the number of 133Cs and 87Rb atoms remaining was
recorded, as displayed in figures 6.8(a) and (b) respectively, normalised to
the off resonance numbers. Off resonance (2.9±0.1)×105 87Rb atoms remain
at a temperature of (0.698 ± 0.003) µK and (3.7 ± 0.2) × 104 133Cs atoms
remain at a temperature of (0.66 ± 0.01) µK.

The method of evaporating the atoms at various fields yields different infor-
mation to experiments where the atoms are simply held in the same potential
at various fields. We can see from figure 6.8 that the remaining number of
133Cs atoms is reduced at the pole of the Feshbach resonance, a fit to the
data reveals that the pole is located at (352.7±0.4) G, in excellent agreement
with the published value [121]. The zero in scattering length is noticeably
highlighted by the peaks in both the 133Cs and 87Rb numbers, measured to
be (355.7 ± 0.3) G using the 133Cs number data, and (355.3 ± 0.3) G using
the 87Rb data. The 133Cs data was fitted using a double Lorentzian function
and the 87Rb number was fitted using a Lorentzian function in the region
highlighted by the blue line in figure 6.8(a). The reason the 87Rb number
shows a large increase where the interspecies scattering length is low is that
87Rb is sympathetically cooling 133Cs during the evaporation sequence, hence
when there are no 87Rb133Cs interactions the heat load on the 87Rb atoms is
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Figure 6.8: Fraction of 87Rb (a) and 133Cs (b) atoms remaining after a 500 ms
hold at different magnetic fields. The mF states used are |1,+1⟩ and |3,+3⟩
for 87Rb and 133Cs respectively. The number remaining is normalised to the
number remaining off resonance. The off resonance 87Rb atom number is
(2.9 ± 0.1) × 105 and the 133Cs number off resonance is (3.7 ± 0.2) × 104.
The pole of the resonance is measured to be at (352.7 ± 0.4) G, taken from
the drop in the 133Cs number, and the zero in scattering length, which can
be seen as a peak in the 133Cs and number, is measured at (355.7 ± 0.3) G.
Alternatively, fitting the peak in the 87Rb number reveals that the scattering
length zero is located at (355.3 ± 0.3) G. The solid lines indicate fits to the
data.

removed, resulting in more efficient cooling. The fit to the 133Cs data yields
a resonance width of (3.0 ± 0.5) G, in excellent agreement with the pub-
lished value. The observation of this resonance indicated that performing a
similar experimental routine would be adequate to measure the resonance at
∼ 790 G.

6.2.2 High-field interspecies Feshbach resonances

The following results represent resonances that have not previously been
measured, hence to locate them theoretical predictions were used to navigate
the Feshbach resonance search [219]. Feshbach resonances in a 87Rb133Cs
mixture have only been measured up to bias fields of ∼ 670 G and the theory
reports that there are six more resonances of widths larger than 1 mG within
the operational range of the apparatus used here. These can be seen in
figure 2.4. Three of the resonances are located within (800 ± 10) G, however
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observation of resonances in this region is complicated by the similarly rich
133Cs Feshbach spectrum here, with the large s-wave resonance at 786.84 G
and an additional d-wave resonance at 820.1 G. Figure 6.9 presents the intra-
and interspecies scattering length in more detail.
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Figure 6.9: 133Cs (blue) and 87Rb133Cs (green) scattering length between
magnetic fields of 760 G and 840 G. Three interspecies resonances exist at
fields of 791.7 G, 799.8 G and 808.0 G and two intraspecies 133Cs resonances
are located at 786.8 G and 820.1 G [209]. Note the difference in the vertical
axes’ scales.

To measure the interspecies resonances in this region the mixture was cooled
in the dipole trap at a fixed magnetic field of (784.04 ± 0.09) G. One stage
of evaporation was used, which involved a 500 ms logarithmic ramp to beam
powers of 250 mW. In 5 ms the bias field was ramped to a final value and
the atoms were held at this field for 500 ms. The number of 133Cs atoms
remaining after the hold at off resonance fields was (1.64 ± 0.07) × 104 and
the number of 87Rb atoms remaining was (8.4 ± 0.4) × 104. Off resonance
the temperature of the 133Cs atoms was (0.473 ± 0.004) µK and of the 87Rb
atoms it was (0.513±0.002) µK. The results of this experiment are presented
in figure 6.10.
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Figure 6.10: Atom number remaining (a,b) and temperature (c,d) after
a 500 ms hold at various magnetic fields after dipole trap evaporation at
(784.04 ± 0.09) G for 87Rb (a,c) and 133Cs (b,d). The red dashed lines indi-
cate the theoretical locations of interspecies resonances, and the zero crossing
in scattering length of the largest of these is marked by the purple dotted
line. There is also a 133Cs resonance located in this field range at 820.4 G
which is highlighted by the blue dashed line. This resonance wasn’t observed
and likewise for two of the interspecies resonances. Both the pole and the
zero scattering length position of the largest interspecies resonance can be
observed. All values are normalised to an off resonant point. The red solid
line indicates the fit used to determine the resonance and zero in scattering
length.
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Only two of the predicted features can be observed in figure 6.10, the pole and
the zero crossing of the large resonance. The two smaller predicted resonances
at 799.8 G and 808.0 G (of width 74 mG and 5 mG respectively) were not
observed above the noise on the data. The detectable features can only be
detected clearly in the number data for 133Cs whereas the 87Rb number data
do indicate that a feature is present but not as clearly. The temperature
data for each species also lack any clear evidence of a feature. A double
Lorentzian fit to the peaks in the 133Cs number data reveal that the pole of
the resonance and the zero crossing of the scattering length are located at
fields of (790.6±0.8) G and (796.9±0.4) G, respectively. The location of the
pole of the resonance is in reasonable agreement with the theoretical value,
however the location of the scattering length zero is in disagreement. The
calculated width of the resonance is (6.3 ± 0.9) G which is 2.1 G wider than
predicted.

Although the scattering length zero position is in disagreement with the
theoretical prediction, there is scope for small changes to the theory as the
prediction involves extrapolation based on lower field Feshbach resonance
locations measured in other apparatus [72, 121]. Likewise, the fact that the
narrower resonances weren’t observed is not proof of non-existence, clearly
the field step sizes are not small enough to rule out their existence as they
are very narrow. It is also possible that they aren’t distinguishable above
the noise.

To rule out single-species effects being responsible for the features observed
in figure 6.10 a single-species scan of 133Cs in this region was performed. Note
that the fact that the data for 87Rb appear to indicate a feature confirms that
the feature is a two-species effect, however better proof involves repeating the
experiment with 133Cs alone in the dipole trap. A near identical experiment
was performed, however the dipole trap beams were ramped to lower powers
in order for the final temperature to be the same as in the two-species case.
The final power used was 200 mW where the 133Cs trap depth is 3.4 µK
and the trap frequencies are ωrad = 2π × 93.0 Hz and ωax = 2π × 19.4 Hz.
The temperature after the 500 ms hold off resonance was (0.497 ± 0.002) µK
and the atom number remaining was typically (5.95 ± 0.04) × 104. The
133Cs number remaining after the 500 ms hold is displayed in figure 6.11,
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Figure 6.11: 133Cs atom number remaining after a 500 ms hold at mag-
netic fields identical to those in figure 6.10 after dipole trap evaporation at
(780.38 ± 0.04) G. The red dashed lines indicate the theoretical locations of
interspecies resonances and the blue dashed line indicates the previous exper-
imental value for the resonance’s location [153]. No features can be observed
where the two-species effects were observed. All values are normalised to an
off resonant point. The number remaining off resonance is (5.95±0.04)×104.
The solid red line indicates the Lorentzian fit used to determine the resonance
location.

The data reveal the existence of the d-wave Feshbach resonance at a field
of (820.0 ± 0.3) G. This is in excellent agreement with the theoretical and
previous experimental values of 820.1 G [209] and (820.37 ± 0.22) G [213].
The presence of the resonance is indicated by the loss of atom number at the
resonance location, no feature was revealed in the temperature data. It is
also not possible to observe the zero crossing of the scattering length, where,
in theory, there should be a larger atom number. The loss minimum has
been measured before as being at (819.41 ± 0.02) G [153]. This is potentially
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because the atom number is comparatively low and accordingly the peak
density will be also. This results in fewer collisions than the case where 87Rb
is present. Most importantly, there are no features present at lower magnetic
fields than this resonance, hence we believe that the peaks in figure 6.10 are
two-species related.

Locating the predicted 87Rb133Cs Feshbach resonance at 909 G perhaps pro-
vides a better confirmation of the theoretical model as it is narrower and
hence easier to define its location. However since the predicted and measured
values of the pole and zero of the resonance in the 790 G region were in dis-
agreement by ≈ 2 G a search over a wide range for a narrow feature would
possibly be required. To increase the possibility of observing the feature the
bias field was sampled using ramps of (0.13±0.01) G over a 2 s period. Prior
to this field sampling the dipole trap beams were logarithmically ramped to
powers of 370 mW in 500 ms at a bias field of (898.03 ± 0.01) G. The field
was then jumped in 5 ms to the field in question and then the field was in-
creased linearly by 0.13 G in 2 s as discussed. In the final potential the trap
depth is 4.7 µK (6.4 µK) and the trap frequencies are ωrad = 2π × 135.9 Hz
(ωrad = 2π×128.0 Hz) and ωax = 2π×26.9 Hz (ωax = 2π×23.8 Hz) for 87Rb
(133Cs).

A fit to the data in figure 6.12 reports a value of (910.3 ± 0.2) G for the
pole of the resonance. This is in disagreement with the theoretical value
as it is 1.06 G higher than predicted. A width can’t be extracted from the
data as the zero crossing of the scattering length can’t be detected, and
additionally we are scanning a range of fields. The temperature data for this
measurement didn’t reveal any information as only noise was visible, likewise
for both the 87Rb number and temperature data. Due to the nature of the
width of this resonance and the detection method employed it is difficult to
draw conclusions on the validity of the theoretical model. Similarly, for the
predicted 39 mG wide resonance at 1033.6 G detection is difficult, and at
present successful observation hasn’t been achieved after a search of a 5 G
window.

Of the predicted interspecies resonances the one at the highest field within
range of the apparatus is predicted to be located at 1116.5 G. This is a large
8.9 G wide s-wave resonance, comparable to those at ∼ 350 G and ∼ 791 G,
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Figure 6.12: Normalised 133Cs atom number remaining after a (0.13±0.01) G
magnetic field ramp over 2 s at various fields. The x−axis represents the
centre of the field sweep. The red dashed line indicates the theoretical lo-
cation of the predicted interspecies resonance and the red solid line repre-
sents the Lorentzian fit to the data. The number remaining off resonance is
(1.3 ± 0.1) × 104.

so a similar detection method was applied, with two variations being used
for measurements at different temperatures. For the initial measurement the
bias field was switched on to (1127.8 ± 0.4) G and the dipole trap beams
were logarithmically ramped to 370 mW in 500 ms. The trap depths in
this potential are 4.7 µK (6.4 µK) for 87Rb (133Cs) and the frequencies are
ωrad = 2π × 135.9 Hz (ωrad = 2π × 128.0 Hz) and ωax = 2π × 27.6 Hz
(ωax = 2π × 25.3 Hz) for 87Rb (133Cs).

The field was then ramped in 5 ms to the measurement value, and the atoms
were imaged after a 500 ms hold. The temperature of the atoms away from
the resonance was (0.804 ± 0.005) µK for 87Rb and (0.773 ± 0.008) µK for
133Cs, and the remaining atom numbers were (8.4±0.5)×104 and (3.6±0.6)×
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104 for 87Rb and 133Cs respectively. The second measurement was almost
identical, except the evaporation took place at a field of (1137.22 ± 0.04) G
and the beams were ramped down to powers of 250 mW. Again the trap
depths and frequencies for this beam power have been reported earlier. The
atoms were then held at the measurement field for 300 ms. As a consequence
of the lower beam power the temperature of the atoms off resonance was
lower, (0.416 ± 0.004) µK for 87Rb and (0.390 ± 0.003) µK for 133Cs, and
the number ratio was slightly different, with (7.2 ± 0.6) × 104 87Rb atoms
remaining and (2.19 ± 0.06) × 104 133Cs atoms left in the trap. The results
of the two experiments are displayed in figures 6.13 and 6.14.

Figure 6.13 clearly reveals a drop in 133Cs number around the pole of the
interspecies Feshbach resonance. A Gaussian fit to the data reveals the pole
to be located at (1116 ± 1) G and the zero in scattering length is at a mag-
netic field of (1126 ± 1) G. This results in a calculated width of (10 ± 1) G.
The location of the pole is in excellent agreement with the theoretical pre-
diction of 1116.5 G, whereas the width is in reasonable agreement with the
prediction of 8.9 G. Interestingly rethermalisation effects can also be seen in
the temperature. In the location of increased scattering length around the
resonance pole the 133Cs temperature is reduced by a factor of ≈ 1.3. This
is very close to the expected ratio between the 133Cs and 87Rb trap depths
of 1.35. Therefore it is believed that due to the increased collision rate close
to the resonance the increase in collisions leads to sympathetic cooling of
the 133Cs atoms. Another feature in the data is the rather broad region of
high number loss around the pole of the resonance. It is believed that due to
the finite temperature of the cloud the collision rate is in the unitarity limit
here. Following from the arguments in section 6.1 but using the reduced
mass of the 87Rb133Cs system to calculate the mean relative velocity and the
wavevector, the limit of ka = 1 is reached at a = 1800 a0 for T = 0.8 µK
and at a = 2500 a0 for T = 0.4 µK, the two experimental temperatures
described above. From the theoretical calculations of the scattering length
the magnitude of the scattering length is above the limit of a = 1800 a0 for
magnetic fields between 1111.4 G and 1118.9 G. This 7.5 G range is similar
to the size of the broadened region of number loss in figure 6.13, hence we
believe the mixture to be unitarity limited in this region, and this makes
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Figure 6.13: Atom number remaining (a,b) and temperature (c,d) after
a 500 ms hold at various magnetic fields after dipole trap evaporation at
(1127.8 ± 0.4) G for 87Rb (a,c) and 133Cs (b,d). The pole of the resonance
can be seen in the 133Cs number data, and the location of the scattering
length zero can be seen in the number data for both 87Rb and 133Cs. The
temperature data for 133Cs indicates that a region of better rethermalisa-
tion exists as the 133Cs temperature is reduced after rethermalisation with
87Rb which has a smaller trap depth than the 133Cs which is sympathetically
cooled. The red dashed lines indicate the theoretical location of the inter-
species resonance, and the zero in scattering length is marked by the red
dotted lines. The red solid lines indicate the Gaussian fits used to measure
the locations of the features. The atom numbers are normalised to an off
resonant point.
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Figure 6.14: Atom number remaining (a,b) and temperature (c,d) after
a 300 ms hold at various magnetic fields after dipole trap evaporation at
(1137.22 ± 0.04) G for 87Rb (a,c) and 133Cs (b,d). Note the lower tempera-
ture than in figure 6.13 due to the lower beam powers used. The pole of the
resonance can be seen in the 133Cs number data, and the location of the scat-
tering length zero can be seen in the number data for both 87Rb and 133Cs.
The temperature data does not clearly indicate any features. The purple
dashed lines indicate the theoretical location of the interspecies resonance,
and the zero in scattering length is marked by the blue dashed line. The
solid red lines indicate the double Gaussian function used to fit the data. All
number values are normalised to an off resonant point.
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precise determination of the resonance’s pole difficult.

For a mixture of 87Rb133Cs at a temperature of 0.4 µK the unitarity limit
is reached at scattering lengths of 2500 a0, which is the case for a magnetic
field range of 1113.3 G to 1118.3 G, 5 G wide. We see from figure 6.14 that
there is no region in which atom loss that is broadened, hence the limit is
not observed in the mixture at this temperature. A double Gaussian fit to
the data returns a resonance pole location of (1115.2 ± 0.8) G and a zero
scattering length location of (1127 ± 1) G, hence a width of (12 ± 1) G is
calculated. The locations of the pole and the scattering length zero are in
reasonable agreement with the theoretical predictions, however the calculated
width is not. The values are, however, more reliable than the values measured
at higher temperature as there is no saturation of atom number loss due to
unitarity effects.

The above presents a number of interspecies Feshbach resonances observed
in a 87Rb133Cs mixture in our apparatus, some of which have been observed
previously, and other high-field resonances which have previously only been
predicted. Tables 6.1-6.3 review the different resonances that have been
presented in this chapter. A natural extension to the work involves observing
resonances in a mixture of 85Rb133Cs, results regarding this follow in the next
chapter.
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(a) Resonance location

This work Experimental Theory
B ∆B Bexpt ∆Bexpt Btheory

(G) (G) (G) (G) (G)
(1007.6 ± 0.2) (0.3 ± 0.1) (1007.40 ± 0.04) (0.21 ± 0.02) 1008.5

(b) Scattering length zero location

This work Experimental Theory
B Bexpt Btheory ∆Btheory

(G) (G) (G) (G)
- (1007.60 ± 0.03) 1008.67 0.17

Table 6.1: Measured resonance location and width (a) of the high-field
intraspecies 87Rb Feshbach resonance observed in this and previous work
[118, 215, 216]. The location of the zero in scattering length is also presented
(b).

(a) Resonance locations

This work Experimental Theory
B ∆B Bexpt ∆Bexpt Btheory

(G) (G) (G) (G) (G)
(543.6 ± 0.4) - - - 544.3
(553.3 ± 0.7) - (554.06 ± 0.02) (0.33 ± 0.03) 554.3
(820.0 ± 0.3) - (820.37 ± 0.22) (1.0 ± 0.2) 820.1

(b) Scattering length zero locations

This work Experimental Theory
B Bexpt Btheory

(G) (G) (G)
(557 ± 1) (556.26 ± 0.10) 556.19

- (819.41 ± 0.02) 819.36
(880 ± 1) (880.9 ± 0.3) 880.66

Table 6.2: Measured resonance locations and widths (a) of the high-field
intraspecies 133Cs Feshbach resonances observed in this and previous work
[153, 209, 213]. Locations of the zeros in scattering length are also presented
(b) for the two large s-wave resonances at fields of approximately 549 G and
787 G, and the d−wave resonance at 820 G.
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(a) Resonance locations

This work Experimental Theory
B ∆B Bexpt ∆Bexpt Btheory

(G) (G) (G) (G) (G)
(181.55 ± 0.05) (0.45 ± 0.07) (181.64 ± 0.08) (0.27 ± 0.10) 181.650
(197.10 ± 0.03) (0.1 ± 0.1) (197.06 ± 0.05) (0.09 ± 0.01) 197.067
(352.7 ± 0.4) (3.0 ± 0.5) (352.65 ± 0.34) (2.70 ± 0.47) 352.706
(790.6 ± 0.8) (6.3 ± 0.9) - - 791.699

- - - - 799.833
- - - - 808.010

(910.3 ± 0.2) - - - 909.288
- - - - 1033.62

(1115.2 ± 0.8) (12 ± 1) - - 1116.46

(b) Scattering length zero locations

This work Experimental Theory
B Bexpt Btheory ∆Btheory

(G) (G) (G) (G)
- (181.9 ± 0.1) 181.836 0.186

(197.2 ± 0.1) (197.15 ± 0.05) 197.121 0.054
(355.7 ± 0.3) (355.4 ± 0.6) 354.912 2.206
(796.9 ± 0.4) - 795.919 4.220

- - 799.907 0.074
- - 808.016 0.006
- - 909.294 0.006
- - 1033.661 0.039

(1127 ± 1) - 1125.396 8.936

Table 6.3: Measured locations and widths (a) of the interspecies 87Rb133Cs
Feshbach resonances observed in this and previous work [72, 121, 209]. Loca-
tions of the zeros in scattering length are also presented (b) for the resonances
that have been the focus of this work.



Chapter 7

Observation of 85Rb and 133Cs
Feshbach resonances

Due to the versatility of the apparatus in addition to the ability to trap
87Rb and 133Cs simultaneously, it is also possible to perform experiments
involving a mixture of 85Rb and 133Cs in the same system. In contrast to
the 87Rb133Cs case relatively little work has been performed investigating
the 85Rb133Cs system, hence there are many interesting experiments possible
that will provide valuable insight into the behaviour of a two-species mixture
of these atoms. In this chapter the small changes to the experiment that are
required to perform 85Rb133Cs experiments are discussed and the results of
such experiments are reported.

7.1 Feshbach structure of 85Rb133Cs

During the course of this work the model for the 87Rb133Cs potential and
background scattering length has been refined resulting in the current best
model of the system [121]. The calculations for this model were based upon
observation of Feshbach resonances in a 87Rb133Cs system [72, 121] and upon
extrapolation predictions for high-field 87Rb133Cs Feshbach resonances were
made, as discussed in chapter 6, but in addition a coupled-channels calcula-
tion has also been performed for a 85Rb133Cs system in the absolute internal
ground states. This predicts the existence of many s-wave and higher order
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resonances up to magnetic fields of 1000 G, as shown in figure 7.1. An ad-
ditional interesting feature of this system is that the background scattering
length is small, indicating that collisional loss between the two species would
be low, and any rethermalisation poor, unless in the vicinity of a Feshbach
resonance. At higher temperatures the contributions from higher partial
waves may be significant enough for rethermalisation to occur, however once
they become forbidden for energetic reasons the sympathetic cooling will
rely on the s-wave scattering length. Hence experiments involving 85Rb and
133Cs may effectively be thought of as single-species experiments, unless the
interactions are increased by changing the magnetic field.

The small background scattering length is apparent in figure 7.1, and the
scattering length only becomes appreciable in the vicinity of a Feshbach
resonance. In addition to the six resonances visible in the figure there are
an additional 23 predicted resonances at fields lower than 1000 G, all within
range of the apparatus. Five of these predicted resonances are s-wave in
origin, these are located at 109.3 G, 187.1 G, 477.5 G, 578.4 G and 642.4 G.
With the exception of the resonance at 477.5 G these are all broad resonances.
In this system the definition of a resonance width is complicated by the
fact the scattering length slowly approaches 0 a0, hence the width of many
resonances would be artificially broad using this definition. In the following
the resonance widths or the positions of the zero in scattering length are
generally not quoted.

7.2 Implementation of 85Rb locking optics

To perform experiments involving 85Rb the laser table required small changes
from the setup that is currently used for 87Rb experiments. The vacuum
system and MOT trapping beam alignment remains identical to the case for
87Rb however changes were required in the derivation of laser light. For the
MOT cooling light the locking scheme is the direct analogue of the 87Rb case,
however for the repump laser there are differences. The splitting of the energy
levels in 85Rb is different to that in 87Rb (see figure 3.1) which is problematic
due to the central operation frequency of the AOMs that shift the frequency
of the repump laser being 80 MHz. When trapping 87Rb the direct laser
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Figure 7.1: Interspecies 85Rb133Cs scattering length as a function of magnetic
field for 85Rb and 133Cs atoms in the |2,+2⟩ and |3,+3⟩ states respectively
[209]. At present no 85Rb133Cs Feshbach resonances have yet been observed.

output frequency is on the cross-over transition between F = 1 to F ′ = 1
and F ′ = 2. This light is then detuned either -78.5 MHz or +78.5 MHz from
the repumping and optical pumping transitions respectively. In contrast for
85Rb if the laser is locked to the crossover transition between F = 2 to
F ′ = 2 and F ′ = 3 the detuning would be ±31.7 MHz from the repumping
and optical pumping transitions. A different locking scheme is thus required,
or a major overhaul of the Rb locking optics.

To convert the experiment to run 85Rb experiments we have arrived at a
scheme whereby the hardware and indeed AOM frequencies can all remain
the same as they are in 87Rb experiments. To do this requires the use of
a dichroic atomic vapour laser lock (DAVLL) to lock the repump laser as
the large Doppler broadened background means this locking technique has a
large capture range so the laser can be locked far away from the hyperfine
peak that is desired.
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7.2.1 Principles of DAVLL

The basic principle of DAVLL involves a linearly polarised beam incident on
an atomic vapour as in figure 7.2(a). The beam transmitted through the
vapour is split by a PBS cube and the two output branches of the PBS are
detected via a differencing photodiode. This detector subtracts one photodi-
ode signal from the other. A λ/4-plate is used to balance the signal incident
on the two photodiodes. If zero B-field is applied to the vapour cell the
mJ = ±1 states are degenerate, hence the absorption profiles of σ− and σ+

transitions are identical. Applying a B-field (where the axis of the B-field
is the same as the wave-vector of the light) lifts this degeneracy and the
medium becomes dichroic. This shifts the absorption profiles for the differ-
ent circular polarisations in different directions. Rotating the λ/4-plate prior
to the PBS changes the balance of the two signals on the photodiode. The
signal output by the differencing photodiode then resembles a dispersion type
feature. This signal can be used as a frequency discriminant for laser locking.
The location of the zero crossing can be altered by either the λ/4-plate or
by applying an external electronic voltage to the electronic locking circuit,
which is the technique applied in this work.

The experimental setup is displayed in figure 7.2(a). The light for the DAVLL
locking derives from the branch of light that becomes the optical pumping
beam. The polarisation of a beam reflected from a PBS is rotated such that
it is transmitted through another PBS. The second PBS is included simply
to ensure that the polarisation is pure. The light then impinges on a heated
Rb DAVLL cell. The cell consists of a Rb vapour cell of length 5 cm held in
place by brass contacts and is surrounded by a solenoid wound from enameled
copper [220]. A current of 1.49 A is passed through the solenoid generating
a B-field of approximately 30 G in the centre of the cell. The beam is then
split by another PBS and is detected by a differencing photodiode. A λ/4-
plate is inserted before the final PBS so that the contribution derived from
σ± light may be varied. This signal is then transmitted to the input of the
laser locking circuit.
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- Output

(a) (b)

Figure 7.2: Optical setup for DAVLL on the Rb repump laser (a) and optical
setup to measure the beat frequency between the cooling and repump laser
(b). In (a) a differencing photodiode calculates the difference in power of
the optical signal of both branches of the PBS output. In (b) the light
of the incorrect polarisations rejected by the cube are combined on a fast
photodiode and the beat signal of the two is measured. Symbols used are
defined in figure B.2.

7.2.2 Deriving repumping and optical pumping fre-
quencies

Whilst DAVLL exhibits a large capture range, this can be detrimental as the
locking signals are Doppler broadened so it is difficult to determine the laser
frequency exactly. To determine the precise frequency of the light output
by the laser we measure the beat frequency between light from the cooling
laser (when locked to the repump transition) and the repump laser. Light
of the incorrect polarisation rejected by the cube used to combine the two
frequencies of light prior to fibre coupling for the 2nd MOT are incident on
a λ/2-plate. This rotates the polarisation such that an appreciable fraction
of both beams is transmitted by a PBS cube, and the light is then detected
on a fast photodiode (EOT 2030). A frequency counter (Agilent 5313 A)
is used to measure the beat frequency of the two beams, which is equal to
the difference in frequency of the two beams. This can be understood by
superimposing two sine waves (of unit amplitude)

sin (k1x− ω1t) + sin (k2x− ω2t) = 2 cos
(
k1 − k2

2
x− ω1 − ω2

2
t

)
×

sin
(
k1 + k2

2
x− ω1 + ω2

2
t

)
.

(7.1)

The resultant signal can thus be broken up into two parts. One is the sine
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component which oscillates faster than the cosine component, hence the co-
sine part of the right hand side is an envelope function. The perceived beat
frequency is the frequency of the envelope function, specifically the difference
in frequency of the two signals

|fB| = |f1 − f2| . (7.2)

From equation 7.2 we thus see that the frequency measured by the fast pho-
todiode will be the difference in frequency of the two lasers.

The frequency of the light that is incident on the photodiodes depends on
where the laser is locked and any shifting of the frequency that is applied
downstream, for example by AOMs. When locking the lasers to the 85Rb
transitions we first lock the cooling laser to the 85Rb F = 2 to F ′ = 1
repumping transition, the raw laser light is detuned by 251.16 MHz from
the transition. The laser is locked to this transition as this is the closed
repump transition, and to lock a laser via modulation transfer spectroscopy
a closed atomic transition is required. The cooling AOM then steps up the
frequency by 240.66 MHz, hence the detuning from the actual transition is
then 10.50 MHz. For the repump laser, to obtain MOT light of the correct
detuning the laser must be detuned by -80.00 MHz from the F = 2 to F ′ =
3 transition. The repump AOM then increases the laser frequency to be
resonant, and it is this light that is measured by the fast photodiode. Hence
we expect a beat frequency between the two signals of 103.27 MHz. We
achieve this by locking the laser and then varying the offset voltage applied
to the locking circuitry until we achieve the correct beat frequency, which
corresponds to a maximum MOT load.

To set the correct offset so that the optical pumping frequency is correct
we again lock the cooling laser to the closed transition and obtain the same
frequency of light at the photodiode. For the repump light the signal that
is incident at the photodiode is again 80 MHz higher than the frequency
of the laser, however since the optical pumping AOM reduces the beam
frequency the laser frequency must be increased to take account of this.
Thus the expected beat signal between the two beams is 192.37 MHz in
this case. Figure 7.3 presents the desired frequencies in a diagrammatic
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form. The two required offset voltages are set and a digital trigger is applied
to switch between the two levels. This is generally set to the repumping
voltage, and switched to the level required for optical pumping at the end of
the molasses stage. In practice to obtain a maximum magnetic trap load the
difference frequency for repumping is slightly different to the value quoted
above because only two locking points are set and ideally different detunings
should be used during the CMOT, however we do not consider that here.

At present limitations with hardware limit in situ measurement of the beat
frequency which would provide a more accurate and stringent measurement
of the beam’s frequency. The frequency counter is limited to frequencies
of 225 MHz hence the beat between the cooling laser when locked to the
cooling transition and the repump laser would be out of the detectable range.
A modification to the setup has recently been applied whereby a separate
laser locked to the 85Rb repump transition has been setup, and the beat
signal between this laser and the repump laser is measured such that in situ
monitoring is possible.
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Figure 7.3: Atomic energy level diagram for 85Rb that highlights how the
frequencies incident on the fast photodiode that measures the beat frequency
are derived. The two cases shown are for the beat frequency expected for
repumping (left) and optical pumping (right).
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7.3 Magnetic trapping of 85Rb

7.3.1 Loading 85Rb into the magnetic trap

The method of loading 85Rb into the magnetic trap is identical to that for
87Rb because the routine performs well for simultaneous loading of 133Cs
hence any change could have effects on the 133Cs loading efficiency. Beam
powers for the MOT, CMOT, molasses and optical pumping are all identical
to the 87Rb case, as are the field gradients and quantisation fields used. The
magnetic trap switch on is also identical to that used in 87Rb experiments.
As reported in table 2.2 a magnetic field gradient of 22.37 G cm−1 is required
to levitate 85Rb in the |2,−2⟩ state. This is approximately 10 G cm−1 lower
than that required to levitate 87Rb and 133Cs in the magnetically trappable
stretched states, however we must perform the same magnetic trap ramping
to ensure that 133Cs is not lost by switching on at too small a gradient.
As in the 87Rb case the B-field gradient is ramped up to 187 G cm−1 and
evaporation is performed in this tight trap. At this stage the trap contains
(5.5 ± 0.9) × 108 ((3.5 ± 0.2) × 107) 85Rb (133Cs) atoms at a temperature of
(220±10) µK ((150±10) µK) and PSD of (6±2)×10−7 ((1.9±0.5)×10−7).

7.3.2 Evaporation of 85Rb in the magnetic trap

The RF evaporation of 85Rb was optimised via the same method described
in section 3.7. The optimum RF evaporation ramps in 85Rb were found
to be three linear ramps in the RF frequency. The starting evaporation
frequency is 15.0 MHz, and this is ramped to 5.0 MHz in 7.0 s. The RF
frequency is continuously reduced to 3.5 MHz in 3.1 s and then to 3.0 MHz
in a further 1.1 s. The total time required for RF evaporation is thus 11.2 s.
After the RF evaporation sequence the 85Rb (133Cs) PSD has increased to
(1.2 ± 0.3) × 10−5 ((4.8 ± 0.6) × 10−6). The temperature after evaporation is
(51±1) µK ((56±1) µK) and (1.5±0.2)×107 ((1.21±0.06)×107) atoms remain
trapped in the potential. The PSD versus atom number remaining and the
atom number versus temperature during the RF evaporation are displayed
in figures 7.4 and 7.5 respectively. Data for single-species cooling of 85Rb are
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Ramp t f1 f2
(s) (MHz) (MHz)

1 7.0 15.0 5.0
2 3.1 5.0 3.5
3 1.1 3.5 3.0

Table 7.1: Magnetic trap RF evaporation ramps used for evaporation of 85Rb.

Ramp Species N T PSD
(×107) (µK)

85Rb alone (41 ± 5) (216 ± 2) (5.2 ± 0.8) × 10−7

Load 85Rb(+Cs) (55 ± 9) (220 ± 10) (6 ± 2) × 10−7

133Cs (3.5 ± 0.2) (150 ± 10) (1.9 ± 0.5) × 10−7

85Rb alone (8.43 ± 0.04) (105 ± 3) (2.7 ± 0.3) × 10−6

1 85Rb(+Cs) (8.0 ± 0.6) (88 ± 7) (6 ± 2) × 10−6

133Cs (2.4 ± 0.9) (106 ± 7) (5 ± 3) × 10−7

85Rb alone (2.89 ± 0.07) (53 ± 1) (2.0 ± 0.2) × 10−5

2 85Rb(+Cs) (1.5 ± 0.1) (52 ± 1) (1.1 ± 0.2) × 10−5

133Cs (1.4 ± 0.3) (66 ± 6) (3 ± 1) × 10−6

85Rb alone (1.4 ± 0.6) (40 ± 1) (3 ± 2) × 10−5

3 85Rb(+Cs) (1.5 ± 0.2) (51 ± 1) (1.2 ± 0.3) × 10−5

133Cs (1.21 ± 0.06) (56 ± 1) (4.8 ± 0.6) × 10−6

Table 7.2: Number, temperature and PSD after each RF evaporation ramp
for 85Rb and 133Cs. The ramp labels correspond to those in table 7.1.

also shown. The RF evaporation ramps are summarised in table 7.1.

Figure 7.4 indicates that it is only possible to achieve a PSD of ∼ 10−5 when
cooling 85Rb in the quadrupole trap. This is an order of magnitude lower
than the PSD achievable when evaporating 87Rb. The PSD of 133Cs is also
roughly an order of magnitude lower than when cooled by 87Rb. The lines
of best fit that are used to guide the eye have been used to calculate γ for
the evaporation sequence. For 85Rb in the absence of 133Cs γ = (1.3 ± 0.1)
and when cooling 133Cs it is (0.6 ± 0.1). Evaporative cooling of 85Rb is
less efficient that that of 87Rb due to the larger inelastic collision rates in
the 85Rb system [142]. For 133Cs γ = (3.5 ± 0.4), which indicates that the
cooling of 133Cs is reasonably efficient as it is above 3, this is due to the
effect of sympathetic cooling, however when sympathetically cooled by 87Rb
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Figure 7.4: PSD as a function of atom number during the quadrupole trap
RF evaporation sequence for 85Rb (purple triangles) and 133Cs (blue circles)
when 85Rb is cooling 133Cs. Open red triangles correspond to 85Rb number
when not in the presence of 133Cs. The lines were used to calculate the values
of γ quoted.

the efficiency of 133Cs evaporation was (14 ± 2). The reduction follows from
the low efficiency of 85Rb cooling. When not sympathetically cooling 133Cs
the 85Rb cooling is not efficient, however the inclusion of 133Cs reduces the
85Rb cooling efficiency further still, which is in contrast to the 87Rb133Cs case
where there is no marked effect on the 87Rb cooling by the presence of 133Cs.
The reason for this is the comparatively lower 85Rb atom number in the
magnetic trap, hence when 85Rb atoms are lost due to collisions with 133Cs
the effect on the total atom number in the cloud is comparatively larger.

At this stage the cloud is cold enough to load atoms into the dipole potential
(see chapter 4). Even though the presence of 133Cs in the quadrupole trap
has a pronounced effect on the 85Rb cloud the atom number and temperature
at the end of the RF evaporation sequence is adequate to perform Feshbach
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Figure 7.5: Atom number as a function of temperature during the quadrupole
trap RF evaporation sequence for 85Rb (purple triangles) and 133Cs (blue
circles) when 85Rb is cooling 133Cs. Open red triangles correspond to 85Rb
number when not in the presence of 133Cs. The lines have been added to
guide the eye.

spectroscopy within the dipole trap.

7.4 Optical trapping of 85Rb

7.4.1 Optical trap loading

It is possible to load 85Rb atoms into the dipole trap with a similar exper-
imental configuration as in the experiments involving 87Rb. Following the
same magnetic trap evaporation procedure as described in section 7.3.2 atoms
are loaded into the crossed dipole trap by decreasing ∂B/∂z to 20 G cm−1,
which is just below the gradient required to levitate 85Rb atoms in the |2,−2⟩
state. The dipole trapping beams are at a power of 4.05 W during the load-
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ing process. The bias field is switched on in two stages, first the field from
bias coil 3 is switched on to 36.2 G in 5 ms and secondly the field from bias
coils 1 and 2 (which are connected in series) is increased to 124.7 G in 10 ms,
the resultant magnetic field at the atoms being 160.9 G. The trap depth and
frequencies of this trap are reported in table 7.3. We load (6.1 ± 0.2) × 105

atoms at a temperature of (13.24 ± 0.08) µK after the ramp up to 160.9 G
is performed.

Alternatively for experiments in the magnetically untrappable state of |2,+2⟩
the technique of rapid adiabatic passage is also used as in the case for 87Rb
and 133Cs. The timings and the magnetic fields used are identical as the bias
field required to dress the applied RF field is between that for 87Rb and 133Cs.
After the spin flip, at a field of (22.91±0.02) G, (6.7±0.4)×105 atoms remain
at a temperature of (13.80 ± 0.07) µK. The PSD here is (4.5 ± 0.3) × 10−5.
The 85Rb |2,+2⟩ atoms experience a potential with a trap depth of 52.0 µK
and the trap frequencies are ωrad = 2π × 453.3 Hz and ωax = 2π × 89.8 Hz.

7.4.2 Optical trap evaporation

Due to the negative background scattering length of 85Rb [221] evaporation
to BEC is not possible without exploring the region around a Feshbach reso-
nance. One such broad resonance exists in the |2,−2⟩ state at approximately
155 G where the scattering length is positive between this field and ∼ 166 G.
Previous experiments report the optimal field for evaporation is in this re-
gion [6]. We therefore evaporate atoms in the magnetically trappable |2,−2⟩
state, hence the trap tilting evaporation method is not possible with the
experimental configuration in its present state due to the direction of the
bias field being set up to levitate the high-field seeking states. A resonance
has been predicted at high-field in the |2,+2⟩ state, which, as yet, remains
unobserved, but it does present an opportunity to condense in the absolute
ground state [222].

We evaporate 85Rb via the plain evaporation method using ramps that are
optimised in smaller stages than for experiments with 87Rb. Prior to each
stage a 5 ms ramp was included to change from one bias field to another,
hence ramp times as well as the bias field were optimised. The first stage of
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evaporation was a 1 s ramp to beam powers of 1.01 W at 160.9 G followed
by ramps to 510 mW at 161.0 G in 1 s and to 370 mW at 164.7 G in 2 s. Two
final ramps were performed, both at a bias field of 161.5 G, to 250 mW in
1 s and then to 190 mW in 1 s. The final trap depth is approximately 1 µK
with trap frequencies of ωrad = 2π×111.7 Hz and ωax = 2π×33.8 Hz. These
dipole trap evaporation ramps are summarised in table 7.3. The number of
atoms left after each stage of evaporation is reported in table 7.4.

Ramp P1 P2 t B Trap depth frad fax
(W) (W) (s) (G) (µK) (Hz) (Hz)

Load - 4.05 - - 83.1 458.3 124.2
High-field 4.05 4.05 0.02 160.9 83.3 458.3 124.3

1 4.05 1.01 1.00 160.9 23.1 260.6 77.9
2 1.01 0.51 1.00 161.0 10.6 185.2 55.4
3 0.51 0.37 2.00 164.7 7.1 157.7 47.2
4 0.37 0.25 1.00 161.5 4.2 128.1 38.8
5 0.25 0.19 1.00 161.5 2.8 111.7 33.8

Table 7.3: Crossed dipole trap evaporation ramps used for evaporation of
85Rb in the |2,−2⟩ state, performed by simply reducing the beam power. The
magnetic field gradient used is 20.0 G cm−1. Trap depths and frequencies
quoted are for the power P2 in each ramp.

Ramp N T PSD
(µK)

Load (7.0 ± 0.6) × 105 (13.83 ± 0.05) (4.7 ± 0.5) × 10−4

High-field (6.1 ± 0.2) × 105 (13.24 ± 0.08) (4.5 ± 0.1) × 10−4

1 (3.0 ± 0.1) × 105 (2.92 ± 0.02) (2.6 ± 0.1) × 10−3

2 (1.72 ± 0.02) × 105 (1.13 ± 0.01) (8.34 ± 0.07) × 10−3

3 (1.21 ± 0.02) × 105 (0.6667 ± 0.0009) (1.58 ± 0.03) × 10−2

4 (6.04 ± 0.10) × 104 (0.257 ± 0.003) (6.2 ± 0.2) × 10−2

5 (2.4 ± 0.1) × 104 (0.102 ± 0.003) (4.0 ± 0.1) × 10−1

Table 7.4: Number, temperature and PSD after each crossed dipole trap
evaporation ramp for 85Rb. The ramp numbers correspond to those in ta-
ble 7.3.

Evaporation proceeds with an efficiency of (2.04 ± 0.04) (see figure 7.6) until
the end of the fifth ramp (at a beam power of 190 mW). At this stage the
evaporation stagnates and the efficiency decreases rapidly, resulting in de-
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generacy not being reached, potentially due to the drop in trap frequencies
observed at lower beam powers. The evaporation at this stage is in conflict
with both background and inelastic collisions (two-body and three-body) and
the reduction in atom number does not produce the same increase in PSD
as earlier in the evaporation sequence. We note that were evaporation to
continue at the same efficiency throughout, a BEC of 1×104 atoms would be
produced. Previous experiments also observe a reduction in evaporation effi-
ciency within this system [6]. Although degeneracy was not reached, clouds
with unity PSD were produced, hence it is believed that with re-wiring of the
bias field coils such that the weak-field seeking states are levitated it may
be possible to produce a BEC via the trap tilting method. Alternatively,
an attempt to produce a condensate near the high-field Feshbach resonance
in the high-field seeking state appears favourable, as two-body losses would
be suppressed [137]. We also propose that increasing the dipole trap beam
size and beam powers would potentially lead to a larger dipole trap load and
result in a sufficient number of atoms to reach degeneracy.

BEC of 85Rb has been reached within our group in a similar apparatus to
the experiment described here, hence condensation of 85Rb in this system
should be possible [8]. We note the aforementioned problems above, most
importantly that the beams are potentially too small, increasing collision
frequencies and reducing dipole trap loads owing to the small capture volume.
The beam waist in the other experiment is 136 µm, with trapping frequencies
more than a factor of two lower than those here. The initial load of atoms into
the dipole trap is also much larger hence a higher initial PSD is achieved in
the dipole trap. If MOT loading of 85Rb is improved, for example by making a
move to FM spectroscopy locking of the repump laser, and the corresponding
increase in number and PSD that this would bring about in the magnetic
trap, a larger load would also be expected. With these proposed changes
condensation would be considerably more likely in this apparatus.
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Figure 7.6: 85Rb PSD as a function of atom number throughout the exper-
imental evaporation sequences. The reduction in evaporation efficiency can
be observed at high PSD. The line corresponds to a linear fit to the logs of
the data points, and the gradient of these fits are the reported values of γ.
More efficient evaporation is represented by a steeper line of best fit. Note
some points aren’t included in these fits, such as the first points after load-
ing the dipole trap, as some of the atoms are still being evaporated at this
point, and the final three points where evaporation stagnates. Data in the
RF evaporation sequence is identical to that presented in figure 7.4.

7.5 Observation of 85Rb and 133Cs Feshbach
resonances

To determine the Feshbach spectrum of 85Rb133Cs the mixture was evapo-
rated at different magnetic fields in the dipole trap via plain evaporation by
reducing the beam powers. Given the difference in trap depths between the
two species two distinct temperatures were expected to be measured wher-
ever a resonance isn’t present as the small scattering length would result
in poor rethermalisation. Conversely wherever a resonance is present good
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rethermalisation should occur, and hence the 133Cs temperature should be
reduced to the 85Rb temperature. Similarly to the 87Rb133Cs case a distinct
drop in number is expected wherever a Feshbach resonance occurs. As in all
experiments involving 133Cs one must also take care to ensure observed fea-
tures are not simply intraspecies 133Cs resonances, however due to the nature
of the 85Rb loss rates, the Rb:Cs ratio is lower than in the 87Rb case, hence
many features can be seen clearly in the 85Rb number data, which provides
near sufficient evidence of an interspecies feature.

The magnetic trapping of 85Rb and 133Cs has been presented in section 7.3.1,
and 85Rb dipole trap loading has been reported in section 7.4. The experi-
mental procedure is not altered for two-species experiments, hence after the
spin flip the magnetic field is increased to the final value in 15 ms (apply-
ing two different linear ramps in the field using different coils) and then the
dipole trapping beams are reduced to a power of 1.01 W in 2 s and the
atoms are held in this potential for a further 1 s. The trap depth at low-field
in this potential is 12.6 µK (16.5 µK) for 85Rb (133Cs) and the frequencies
are ωrad = 2π × 229.2 Hz (ωrad = 2π × 211.0 Hz) and ωax = 2π × 44.1 Hz
(ωax = 2π × 41.8 Hz). These trap depths and frequencies are only modified
slightly at higher magnetic fields.

The experiment has been performed for magnetic fields between 0 G and
170 G, and then between fields of 605 G and 660 G, which represents the
areas most densely populated with predicted resonances. The results of the
experiment up to fields of 170 G are presented in figure 7.7, and for the data
between 90-150 G the results are presented on a smaller scale in figure 7.8.
Results for the higher magnetic field region are presented in figure 7.9.

The 85Rb133Cs evaporation data confirms that the background interspecies
scattering length between 85Rb and 133Cs is small, as indicated by the fact
the temperatures are out of equilibrium wherever there isn’t a Feshbach reso-
nance. A distinct difference in the temperature of the two species is observed
where |a85Rb133Cs| . 60 a0. For scattering lengths of a larger magnitude the
rethermalisation is sufficient such that the 133Cs temperature is similar to
that of the 85Rb. The temperature is therefore useful in identifying inter-
species Feshbach resonances in this system. Four sharp dips exist in the
133Cs temperature at the fields of the resonances at approximately 107 G,



Chapter 7. Observation of 85Rb and 133Cs Feshbach resonances 188

0 40 80 120 160
0.0

0.4

0.8

1.2

1.6

 

 

R
b 

at
om

 n
um

be
r (

x1
05 )

Magnetic field (G)

(a)

0 40 80 120 160
0

1

2

3

4

5

 

 

C
s 

at
om

 n
um

be
r (

x1
04 )

Magnetic field (G)

(b)

0 40 80 120 160
1.5

2.0

2.5

3.0

 

 

R
b 

te
m

pe
ra

tu
re

 (
K)

Magnetic field (G)

(c)

0 40 80 120 160
1.5

2.0

2.5

3.0

 

 

C
s 

te
m

pe
ra

tu
re

 (
K)

Magnetic field (G)

(d)

Figure 7.7: Atom number remaining (a,b) and temperature (c,d) after
dipole trap evaporation and a 1 s hold at different magnetic fields, for
85Rb (purple, a,c) and 133Cs (blue, b,c). The vertical dashed lines indi-
cate the locations of predicted interspecies 85Rb133Cs Feshbach resonances
(red dashed) and intraspecies 133Cs (blue dotted) Feshbach resonances. Two
interspecies resonances are clearly seen in the 133Cs number data, at fields of
(107.1 ± 0.2) G and at (112 ± 1) G, with two others which are less clear at
fields of (128.1 ± 0.4) G and (143.2 ± 0.6) G. The smaller two resonances are
clearer in figures 7.8(c) and 7.8(d). The temperature of the 85Rb cloud is con-
stant throughout the region, however the 133Cs temperature is lower where
the interspecies scattering length is higher due to the effects of rethermali-
sation. The constant 85Rb temperature is marked by the horizontal dotted
line in figure 7.7(d).
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Figure 7.8: Atom number remaining (a,b) and temperature (c,d) after dipole
trap evaporation and a 1 s hold at different magnetic fields, for 85Rb (purple,
a,c) and 133Cs (blue, b,d). The dashed lines indicate the locations of predicted
interspecies 85Rb133Cs Feshbach resonances (red dashed) and intraspecies
133Cs (blue dotted) Feshbach resonances. Four interspecies resonances are
seen, at (107.1±0.2) G, (112±1) G, (128.1±0.4) G and (143.2±0.6) G. These
resonances are most visible in the 133Cs number data. The temperature of the
85Rb cloud is constant throughout the region, however the 133Cs temperature
is lower where the interspecies scattering length is higher due to the effects of
rethermalisation. The constant 85Rb temperature is marked by the horizontal
dotted line in figure 7.8(d). Red solid lines present the Lorentzian fits used
to determine the resonance locations.
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Figure 7.9: Atom number remaining (a,b) and temperature (c,d) after dipole
trap evaporation and a 1 s hold at different magnetic fields, for 85Rb (purple,
a,c) and 133Cs (blue, b,d). The red dashed lines indicate the locations of
predicted interspecies 85Rb133Cs Feshbach resonances. Three interspecies
resonances are seen in this region, at (614.6±0.4) G, (644±2) G and (654.0±
0.3) G. Only one is in agreement with theory. The temperature of the 85Rb
atoms remains constant throughout this region, whereas the temperature of
the 133Cs varies depending on the interspecies scattering length. The constant
85Rb temperature is marked by the horizontal dotted line in figure 7.9(d).
Red solid lines present the Lorentzian fits used to determine the resonance
locations.
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B Notes
(G)

(107.1 ± 0.2) No predicted resonance in region
(112 ± 1) Broad s−wave resonance. Disagrees with theory.

(128.1 ± 0.4) In excellent agreement with theory
(143.2 ± 0.6) Predicted resonance is very narrow
(614.6 ± 0.4) No predicted resonance in region

(644 ± 2) Broad s−wave resonance. Agrees with theory.
(654.0 ± 0.3) No predicted resonance in region

Table 7.5: Measured locations of the interspecies 85Rb133Cs Feshbach reso-
nances observed in this work. Theoretical predictions for locations of reso-
nances taken from [219].

112 G, 128 G and 615 G. We note that it is not possible to see the drop in
temperature for the resonances at approximately 143 G, 644 G and 654 G.
The 85Rb temperature remains constant throughout the entire field region
explored as it acts as a collisional bath for 133Cs and the 85Rb number is much
higher than the 133Cs number so the heat load on it is not large enough to
significantly heat the 85Rb cloud.

The number loss data reveals the locations of interspecies Feshbach reso-
nances very clearly and the locations are reported in table 7.5. The inter-
species Feshbach resonances are detected via a reduction in 133Cs number
and repeat measurements with 133Cs alone in the dipole trap confirm that
they are indeed interspecies resonances. Intraspecies 133Cs resonances are
not observed above the noise in the region as the step size of the points is
not small enough and the density of the 133Cs atoms is low in the trap, off
resonance it is (6.2 ± 0.2) × 1011 cm−3. Only with the addition of collisions
with 85Rb can atom loss be detected.

The locations of the two broad s-wave resonances were measured to be
(112 ± 1) G and (644 ± 2) G. The theoretical predictions for the locations of
these resonances is at 109.3 G and 642.4 G. Clearly experimental observation
of the lower field resonance is in disagreement with the theory. Given the
broad nature of these resonances the number loss occurs over a large mag-
netic field range, hence the fit to the centre of the resonances is difficult, and
produces a large error, however this is not of the same magnitude as the dis-
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crepancy. Another possible source of the discrepancy is that there are three
predicted interspecies resonances within ±5 G of the s−wave resonance. If
these resonances are present it is possible that loss from one resonance is
disguised due to loss from another, which would have the effect of changing
the resonance location and broadening the resonance. Since the other reso-
nances in this region are predicted to be narrow, however, this is unlikely to
be the case. Given that the higher field resonance is within twice the error
and thus in reasonable agreement with the theory we believe that the the-
oretical potential utilised to predict the locations of the resonances is valid.
There are three further predicted resonances that are s-wave in origin, at
187.1 G, 477.5 G and 578.4 G. Current work is being undertaken to locate
these resonances which would provide more evidence in favour or against the
theoretical predictions (see section 7.6).

Of the narrower resonances the one at (128.1 ± 0.4) G is in excellent agree-
ment with the predicted 128.3 G. The other four narrow resonances are
in disagreement with the theoretical predictions, with their locations being
(107.1 ± 0.2) G, (143.2 ± 0.6) G, (614.6 ± 0.4) G and (654.0 ± 0.3) G. For
some the nearest predicted resonances are incredibly narrow or > 10 G away
so it is unlikely that they are the same resonance. Further study during the
course of writing this thesis has shed new light on the Feshbach spectrum of
85Rb133Cs, and is highlighted in the following section.

Broad resonances were also predicted to exist at fields of 77.5 G, 187.1 G
and 578.4 G. The two higher field resonances were out of the range that was
covered by this initial scan, however they have been observed in the current
work. The resonance at 77.5 G was within the range of the initial scan,
however the step size between points was not sufficiently fine that this was
detected.

7.6 Further study of 85Rb and 133Cs Feshbach
resonances

During the course of writing this thesis further measurements have taken
place to observe the full range of 85Rb133Cs Feshbach resonances. Improve-
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ments to the above work have been implemented as the power of the dipole
trapping beam has been reduced and hence the atoms are at lower tempera-
tures. This has the effect that resonances are narrowed, potentially making
fitting of the broader resonances more accurate, and reducing the probability
that the collision rate is in the unitarity limit. A full study has been per-
formed up to fields of 700 G, providing sufficient data to allow the theoretical
predictions to be tested fully and the model refined.

The same experiment as that described in section 7.5 was performed, whereby
the beam power was reduced in 2 s and the atoms held in this potential for
1 s, for different magnetic fields. For the new measurement the beam power
was ramped to 1.01 W. Here the trap depth is 15 µK (22 µK) and the trap
frequencies are 2π×218 Hz (2π×211 Hz) in the radial direction and 2π×61 Hz
(2π×42 Hz) in the axial direction for 85Rb (133Cs). Figure 7.10 and table 7.6
present the results of this measurement [223].
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Figure 7.10: Temperature (bottom) of 85Rb atoms (purple) and 133Cs atoms
(blue) after evaporation at different magnetic fields between 0-700 G. The
red dashed lines indicate the locations of the 14 experimentally observed
resonances. The scattering length (top) is also presented for the same field
range, as predicted theoretically [209]. Here the red dashed lines indicate the
theoretically predicted resonances. Figure adapted from [223].

The recent experimental work has resulted in the observation of fourteen
interspecies 85Rb133Cs Feshbach resonances which are clearly evident in fig-
ure 7.10 and summarised in table 7.6. Most resonances are in excellent
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Experiment Theory
Assignment

B ∆B Inc. l f mf B ∆B
(G) (G) Wave (G) (G)

(3.47 ± 0.01) (0.12 ± 0.02) s 2 5 3 3.105 0.00005
(3.90 ± 0.02) (0.33 ± 0.05) s 2 5 4 4.269 0.000294
(6.76 ± 0.02) (0.14 ± 0.03) s 2 5 5 6.804 0.000857
(70.68 ± 0.04) (0.8 ± 0.1) p 1 - - 70.54 -11.62
(107.13 ± 0.01) (0.6 ± 0.2) s 0 5 5 109.08 35.0
(112.6 ± 0.4) (28 ± 5) s 2 6 6 112.21 -0.1711

(187.66 ± 0.05) (1.7 ± 0.3) s 0 6 5 187.070 -4.0580
(233.9 ± 0.2) (2.1 ± 0.3) - - - - - -
(246.5 ± 0.3) (14 ± 2) - - - - - -

(370.39 ± 0.01) (0.08 ± 0.04) s 2 7 7 370.374 3.909
(395.20 ± 0.01) (0.08 ± 0.01) s 2 7 6 395.112 0.4488
(577.8 ± 0.1) (1.1 ± 0.3) s 0 6 5 578.365 0.3412
(614.6 ± 0.3) (1.1 ± 0.4) p 1 - - 614.984 -6.773
(641.8 ± 0.3) (6 ± 2) s 0 5 5 642.115 576.5

Table 7.6: Location and assignment of recently observed Feshbach resonances
in a 85Rb133Cs mixture. The atomic states for 85Rb and 133Cs are |2,+2⟩
and |3,+3⟩ respectively. Additional systematic magnetic field uncertainties
of ±0.1 G and ±0.5 G are present for the ranges 0 − 400 and 400 − 800 G
respectively. Table adapted from [223].

agreement with the refined theoretical model, however two have been ex-
perimentally observed which have not been theoretically predicted. Single-
species scans indicate that these are not single-species effects, although five
intraspecies 85Rb Feshbach resonances have additionally been observed be-
tween 0 − 900 G during this work [223]. Experimental and theoretical work
is ongoing to understand the origin of the discrepancy.
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Conclusion and outlook

Three main results have been obtained during this work, they are the observa-
tion of previously unobserved interspecies 87Rb133Cs and 85Rb133Cs Feshbach
resonances, and the creation of a 133Cs BEC in a window where previously
a condensate of this atomic species had not been made. In the following
the measurements presented in the previous chapters are summarised and
conclusions are drawn from the results obtained.

8.1 Summary

In this work we have highlighted the various techniques that have been used
to create an apparatus capable of optically trapping an ultracold sample of Rb
and Cs. Improvements made to the previous system have been discussed in
detail and the larger magnetic trap loads achieved have enabled more efficient
sympathetic cooling of Cs by collisions with 87Rb within the magnetic trap.
After the RF evaporative cooling in the magnetic trap (5.7 ± 0.1) × 107

((1.13 ± 0.06) × 107) 87Rb (133Cs) atoms remain at temperature of (37.3 ±
0.8) µK ((37.8±0.6) µK) and a PSD of (7.8±0.8)×10−5 ((2.6±0.3)×10−5),
representing a significant improvement over previous results [127].

The optical dipole trap has been realigned stringently and positioned at a
lower location where more atoms are trapped in the deeper potential. This
change in conjunction with the improvements made to the magnetic trap
evaporation allows pure single-species condensates of (1.10±0.08)×106 87Rb

195



Chapter 8. Conclusion and outlook 196

atoms and up to 1 × 105 133Cs atoms to be produced after evaporation in the
dipole trap. Many of the 133Cs Feshbach resonances in the 8-57 G magnetic
field region have been located, and by modifying the evaporation ramps it is
possible to condense 133Cs between 18.1 G and 19.6 G.

Measurements of Feshbach resonances initially focussed on previously mea-
sured single-species resonances in order to quantify the stability of the large
magnetic fields produced by the system. The measurements also provided a
means to improve the method of calibrating magnetic fields by driving transi-
tions between the atomic ground states using microwaves. The performance
of the system was then tested by observing previously measured interspecies
87Rb133Cs Feshbach resonances at magnetic fields of approximately 182 G,
197 G and 353 G [72, 121]. The observation of the resonance at 182 G high-
lighted the marked improvement in the performance of the system, as the
width of the resonance has been measured to be (0.45 ± 0.07) G and its
location defined to much greater accuracy ((181.55 ± 0.05) G).

The observation of 87Rb133Cs resonances predicted by theoretical modelling
of previous results [121] has been performed for three previously unobserved
Feshbach resonances at high-fields. This represents the first measurements
of these particular resonances and additionally confirms the validity of the
model potential used to predict the resonance locations, however small dis-
crepancies between the measured location and the predictions remain.

The same theoretical potential has been used to predict the existence of
many interspecies 85Rb133Cs resonances, all of which have not previously
been experimentally observed. The inclusion of DAVLL laser locking optics
has resulted in the ability to trap mixtures of 85Rb and 133Cs resulting in
sympathetic cooling of a sufficient efficiency to optically trap a two-species
mixture of these atoms. It has been possible to observe many of these reso-
nances via rethermalisation of the 85Rb and 133Cs. The nature of the method
also allows confirmation of the prediction that the background interspecies
scattering length is very small, hence little interspecies rethermalisation takes
place off resonance. Once again, the observation of these resonances and the
agreement with theory [209] confirms the validity of the potential used, and
the calculated interspecies scattering length.
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8.2 Outlook

The long term goal of the project encompassing this work is to produce sam-
ples of ultracold ground state RbCs molecules because their dipole moment
is predicted to be large [63] and the dipolar physics that can be investigated
is exciting. Other interesting experiments are also possible with small mod-
ifications to the current apparatus. The remainder of this section discusses
the future direction of the experiment and the steps that must be taken to
achieve the goals.

8.2.1 General modifications

There are several modifications that could be made to the apparatus or ex-
perimental methods that would make a number of small improvements to the
measurements taken in this work. The following is not a comprehensive or
exhaustive list, its purpose is simply to highlight features that would improve
the experimental results.

The efficiency with which data can be measured can be improved by in-
creasing the reproducibility of measurements. At present it is believed that
number stability is limited by a number of parameters. The first is the po-
laristion of the 2nd MOT cooling beam. Although polarisation maintaining
fibres are used to couple light between the laser table and the experimental
bench, there is still some rotation of polarisation apparent when the fibre is
placed under stress or if the temperature changes. Improved alignment can
combat this effect, however including a λ/4-waveplate to correct any circular
polarisation of the beam will increase the stability [224]. If the polarisation
of the MOT beam is changing, the amount of power in each beam will change
too due to the nature of using a PBS to split the beam. An imbalance in
beam power results not only in smaller MOT numbers, but also a change in
MOT position, and hence magnetic trap loading is also affected. Depending
on the time scale of polarisation fluctuations the reproducibility of results
may also change. A similar improvement would involve servomechanically
controlling the intensity of the MOT cooling light power by monitoring the
output power of the optical fibre. By stabilising the MOT beam intensity
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the MOT loads would become more uniform.

The method of locking the repump laser to the 85Rb transitions, and the
way its frequency is monitored could also be improved. At present the laser’s
frequency is only monitored at the time of locking, as the master laser is then
locked to the cooling transition and the beat frequency between the beams
would be out of the measuring device’s range. To allow in situ monitoring of
the repump laser’s frequency a stand-alone laser has been constructed that
is frequency modulation locked [187] to the 85Rb repump F = 2 to F ′ = 3
transition. The beat frequency between this laser and the repump light is
then monitored to check that the laser frequency isn’t drifting, which DAVLL
locked lasers are prone to do. Monitoring the laser frequency also simplifies
the calculation of the expected beat frequencies presented in figure 7.3.

A more substantial improvement to the laser locking for experiments with
85Rb would be to lock the laser via FM spectroscopy. The result would be
a tighter lock as sub-Doppler features are resolvable using FM spectroscopy.
This would require an additional laser system that is setup solely for exper-
iments using 85Rb, and then the current laser setup would be used for 87Rb
experiments only. The reasons for not simply constructing an FM laser lock
for 85Rb experiments with the current system have been explained in chap-
ter 7, hence a new layout for these optics is being designed at the time of
writing.

We have seen in chapters 3 and 4 that whilst the magnetic trap evaporative
cooling has been significantly improved, the number of atoms loaded into the
dipole trap has not increased by the same factor, and similarly the number
of atoms within the pure 87Rb and 133Cs BECs has not either. Attempts to
condense 85Rb have also not met with success. It is believed that the reason is
that the dipole trapping beams are focussed to too small a waist, hence larger
beams should be utilised. This would not only increase the trap volume, it
should allow more atoms to be trapped in the optical potential, but it would
also decrease the collision rate within the trap. The trapping frequencies
would be reduced to similar frequencies to those used in other experiments
which have brought 133Cs to degeneracy [10, 11]. In the tight trap of this
work the harmonic trapping frequencies are very large such that three-body
loss is increased. By making a modest change to the size of the beams at the
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trap centre to ∼ 80 µm, 5.8 W of power in each beam would produce a 87Rb
trap depth of 52 µK, identical to that of the present trap into which atoms
are loaded. There is enough laser power remaining with the current laser to
produce two beams of this power. Importantly a trap of such a waist and
beam power would have trap frequencies of ∼ 355 Hz and ∼ 105 Hz in the
radial and axial directions respectively, which is approximately 20% smaller
than the trap frequencies in the current loading potential. Technically it
is a small change to make to the system as the expected beam size at the
trap centre can be calculated using equation 2.74 if the final focussing lens’
position is changed slightly, assuming that the waist position changes by the
same distance. This would create a slightly asymmetric trap, however due to
the Rayleigh range being ∼ 1 cm and the size of the trap being much smaller
the asymmetry amounts to very small changes in the trap depth on either
side of the trap.

In order to condense 85Rb it is hypothesised that the above changes may im-
prove the evaporation efficiency by a large enough amount such that the BEC
phase transition is reached. However, an experiment of similar construction
in our group has recently condensed 85Rb where the initial number of atoms
trapped in the dipole trap is approximately a factor of 2 higher [8]. Hence, to
increase the initial dipole trap load it may be necessary to change the dipole
trap design and alignment. To create a trap with sufficient trap depth may
require realignment of the beam into a bow-tie arrangement such that the
power is re-used, or the use of another high power fibre laser at a wavelength
of 1070 nm with larger total output power (50 W) (IPG Photonics YLR-50-
LP). Given the larger possible output power and the wavelength being closer
to resonance with 85Rb the trap depths achievable would be much larger.
Initial plans are being made now to implement these changes.

On a similar note other less drastic changes could be made to the dipole
trap setup that require little or no change to the current dipole trap setup.
Other work has found that dual-species evaporation to BEC of 87Rb and
133Cs is more efficient if the two species-are separated within the dipole trap
[225]. This could be implemented by inserting a beam of a wavelength that
is blue detuned to the 133Cs atomic transition and red detuned from the 87Rb
atomic transitions. Since this wavelength would not be greatly detuned an
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appreciable trap depth could be realised with only the modest output power
of a diode laser, however the scattering rate would be reasonably large for
the same reason. Currently tests are being performed using a laser diode
(EYP-RWE-0870-06010-0750-SOT01-0000) that is capable of output wave-
lengths between 820 nm and 880 nm. Tuning this laser to a wavelength of
approximately 830 nm would produce the desired effect of separating the two
atomic species, thus reducing interspecies three-body losses and increasing
the lifetime in the dipole trap. The negative effect that this would have is
that any sympathetic cooling within the dipole trap would be reduced.

The tunability of the aforementioned diode also makes it interesting for an-
other reason. The diode is capable of output at a wavelength that is situated
between the D1 and D2 transitions in 133Cs. The AC Stark shift cancellation
that results means that there is no effect on 133Cs atoms by light at such a
‘magic-wavelength’ [226, 227]. Hence the dipole trap could be modified using
a beam at this wavelength, potentially opening up new methods with which
to sympathetically cool, or conversely to increase the 87Rb trap depth whilst
retaining a smaller 133Cs trap depth.

8.2.2 Production of ground-state molecules

The production of ground-state molecules via the STIRAP technique first
relies on the association of molecules via a Feshbach resonance. A large,
entrance channel dominated resonance is typically chosen, such as the ones
presented in figures 6.5 and 6.7 [52]. However, not only is a good molecule
production efficiency required, a good overlap of the wavefunction of the
Feshbach molecule’s state and the intermediate state in the STIRAP pro-
cess (see below) is required [109]. Hence other work has been performed in
which RbCs Feshbach molecules have been associated by ramping over the
interspecies resonances at (217.34 ± 0.05) G [109, 121] and (197.06 ± 0.05) G
[228]. The resonance at 217 G is of a similar width and magnetic field as the
resonance observed in this work at 197 G, hence production of a bias field
stable enough should not pose a technical problem. The PSD attainable
with current two-species experiments would have to be increased, however,
potentially via the methods explained above.
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Following the scheme proposed in reference [59] which is graphically demon-
strated in figure 8.1, transfer to the molecular ground-state should be possi-
ble. Previous work has found that for molecules produced in the initial Fesh-
bach level at 217 G the frequency of light required to drive the transition from
state |1⟩ to |2⟩ is 1571.327941 nm. The transition to the ground-state (state
|3⟩) has also been identified as 982.772847 nm [109]. The photon of this sec-
ond frequency removes the (3811.5755±0.0016) cm−1 of binding energy from
the excited molecule. More efficient transfer has been reported by ramping
over the resonance at 197 G to produce the Feshbach molecules [228], requir-
ing a transfer laser frequency of 192.572015 THz. Consequently the transfer
to the ground state would require a laser frequency of 306.84017 THz.
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Figure 8.1: Proposed scheme for production of ground-state heteronuclear
RbCs molecules via the STIRAP process [59]. Weakly bound RbCs molecules
are associated via a magnetic field sweep over a Feshbach resonance, which
have high vibrational excitation. Two laser frequencies then couple the ini-
tial Feshbach level and the deeply bound ground-state via an intermediate
‘dark-state’ (dashed line). This coherent process transfers the atoms into the
rovibrational ground-state with a high efficiency. Molecular potentials have
been taken from [229].

A stable laser system is currently being developed for the STIRAP laser
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transfer. Short term laser stability is to be achieved by locking the lasers to
a home-built high finesse cavity, which is in turn to be locked to a laser at
a wavelength of 852 nm which would be modulation transfer locked to the
133Cs atomic transition. The laser light for the STIRAP transfer is then to
be fibre-coupled to the experimental bench, with frequency and amplitude
modulation provided by an AOM for each laser. Development of the laser
system and cavity locking is currently well underway.

Given the success of the experiment in observing 85Rb133Cs Feshbach reso-
nances adapting the system to be able to transfer 85Rb133Cs molecules to the
ground-state could prove fruitful. From a Feshbach molecule viewpoint the
initial PSDs need to be increased via the proposals made already. The STI-
RAP lasers would also require modifying to produce the correct frequencies,
however the transfer may prove to be less technically challenging as the need
to separate 85Rb and 133Cs in the dipole trap is not as great as in the case of
87Rb and 133Cs due to the lower background interspecies scattering length.

8.2.3 Additional experiments

Experiments that are not directly linked to the main goal of producing
ground-state heteronuclear molecules are possible with the same apparatus
due to the way in which it has been designed to be highly versatile. Collapse
of a 133Cs BEC has already been observed in this work (figure 5.8), further
studies into the collapse would present the opportunity to form 133Cs soli-
tons, in a field region that is very stable. The ability to produce a 133Cs BEC
in the field region below 19.6 G is advantageous as it means that the bias
field can be ramped smoothly through the zero in scattering length, rather
than having to jump the field quickly to avoid three-body loss due to the
Feshbach resonance at 19.90 G [210].

At low-field we have found it is possible to condense 133Cs at s-wave scattering
lengths between 55-400 a0, a range that mimicks that at much higher fields
between 883.0-900.5 G. The production of a BEC in the high-field region
promises to be equally interesting as there are also no resonances there and
more precision in control of the scattering length can be achieved as the rate
of change of scattering length with magnetic field is lower. The potential to
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investigate other rich physical phenomena exists here as Efimov effects [230]
have been observed in the vicinity of the broad s-wave Feshbach resonance
at ∼ 792 G [152].

The potential modifications outlined in section 8.2.1 have been discussed
with a view to improve evaporation efficiency within the dipole trap. In the
current potential it is possible to evaporate 85Rb to PSDs within an order
of magnitude of the BEC phase transition, hence any increase in dipole trap
loads or evaporation efficiency should result in the ability to condense this
atomic species. In parallel with the study of 133Cs condensate collapse and
soliton formation, studies of these effects in 85Rb would also be possible.

As a final example of the route that could be taken during future experiments,
there is the possibility to revisit the experiments described in this thesis.
By evaporating to colder temperatures and measuring Feshbach resonances
again it would be possible to measure resonance locations more accurately, for
reasons such as there being a smaller field spread over the colder atomic cloud,
and any broadening of the Feshbach resonance would be reduced as work
would not be being performed in the unitarity limit. Atom numbers would
also be more reproducible if interspecies atomic collisions can be reduced for
two reasons. Firstly, larger atom numbers would be realised at the end of
experiments due to a reduction in three-body losses, however less obviously
the effects of an initial number ratio imbalance in the dipole trap would be
reduced. Observation of the predicted Feshbach resonances between atoms
in the |1,−1⟩ and |3,−3⟩ states in 87Rb and 133Cs respectively would increase
confidence in the theoretical model too.

This list is not exhaustive, as many other experimental side roads could be
taken, such as the measurement of Rabi-oscillations driven by microwaves
amongst others.

8.2.4 Concluding Remarks

The work presented in this thesis outlines the large steps that have been taken
by this and other atomic physics experiments that are working towards cre-
ating a quantum gas of bosonic ground-state dipolar molecules. At present
all of the individual building blocks required to achieve such a feat exist, the
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final step is all that remains to be taken. At present the Durham mixture
experiment is taking strides towards creating such ground-state molecules,
however the exact isotopic mixture that work will persist with has not yet
been decided. The next few years of experiments offer many exciting possi-
bilities, however the goals are achieved.



Appendix A

Physical constants and Rb and
Cs atomic data

Physical values relating to 87Rb, 85Rb and 133Cs are given in table A.1. Values
specific to an atomic transition are given for the D2 transition, ground-state
gF values are given for the upper hyperfine level of the 5S1/2 state in 87Rb
and 85Rb and the 6S1/2 state in 133Cs and excited state gF values are given
for the upper hyperfine level of the 5P3/2 state in 87Rb and 85Rb and the
62P3/2 state in 133Cs.

Figures A.1-A.3 present the energy level shift for the different F and mF

states in 87Rb, 85Rb and 133Cs. The splitting of energy levels was used in
field calibrations where RF and microwave frequency signals are used to
drive transitions between the various ground and hyperfine states. Values
are calculated using the Breit-Rabi equation [231]

∆E = − hVhfs

2(2I + 1)
− gIµBBmF ± 1

2
hVhfs

(
1 + 4mF

2I + 1
x+ x2

)1/2
, (A.1)

where
x = (gI + gJ)µBB

hVhfs
. (A.2)

The values used are reported in table A.1.
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Figure A.1: Breit-Rabi diagram for 87Rb for a field range of 0-1000 G.
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Figure A.2: Breit-Rabi diagram for 85Rb for a field range of 0-1000 G.
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Appendix B

Optical setup diagrams

The full optical setup used to derive the different frequencies of light required
for the experiment is displayed in figure B.1 and a key to the symols used is
given in figure B.2. The optical setup for the optical trap has already been
displayed in figure 4.16.

210



Appendix B. Optical setup diagrams 211

Fi
gu

re
B

.1
:

O
pt

ic
al

be
nc

h
se

tu
p.

B
ea

m
pa

th
s

ar
e

di
sp

la
ye

d
fo

r
M

O
T

co
ol

in
g

an
d

im
ag

in
g

(o
pa

qu
e

lin
es

)
an

d
re

pu
m

pi
ng

an
d

op
tic

al
pu

m
pi

ng
lig

ht
(t

ra
ns

pa
re

nt
lin

es
)f

or
R

b
(r

ed
)a

nd
C

s(
bl

ue
).

N
ot

e
th

at
bo

th
R

b
an

d
C

sm
as

te
rl

as
er

sc
on

ta
in

an
op

tic
al

iso
la

to
r

be
fo

re
th

e
ou

tp
ut

.
A

ke
y

to
th

e
sy

m
bo

ls
us

ed
is

gi
ve

n
in

fig
ur

e
B

.2
.



Appendix B. Optical setup diagrams 212

Symbol Optical element:
45o mirror
0o mirror
Dichroic mirror
Lens
λ/2-plate
λ/4-plate
PBS cube
Rotating PBS cube
AOM
Photodiode
Anamorphic prism pair
Shutter
Fibre coupler input/output
Beam dump
Étalon
Neutral density filter
Glass blank
Optical isolator
Faraday rotatorFR

Figure B.2: A key to symobls used in optical setup diagrams throughout this
work.



Appendix C

Laser electronics modifications

In this appendix modifications made to the home-built lasers are discussed
in detail.

Interplay between various factors determines the specific frequency of light
emitted by a laser. The wavelength of the emitted light is generally the
frequency with the highest gain, whereupon stimulated emission reduces the
emission in other modes, hence the laser emits on a single mode. The gain
profile of the medium is set mainly by the temperature, the internal mode
gain is set by the laser current and temperature, the diffraction grating gain
is set by the angle of the diffraction grating and the external cavity gain is
set by the distance between the diode and the diffraction grating (tuned via
the piezo). It is essential therefore the tune the various factors affecting the
gain such that the laser emission is of the correct wavelength (Figure C.1).

The home-built lasers used in this experiment can generally scan ∼ 2 GHz,
this is achieved via a sweep of the voltage applied to the piezo. Modulation
of the laser current can be used to extend the mode hop free scan range of
a laser, a technique often utilised in commercial lasers. The remainder of
this section will discuss how this is achieved for the home-built lasers of this
experiment.

In this work the frequency scan of the home-built lasers is generated by an
Oxford design EW1223 laser diode stabiliser circuit. A sinusoidal signal is
output to an amplifier and this signal drives the laser piezo. This is repre-
sented schematically in figure C.2. The current used to drive the home-built
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Figure C.1: Graphical representation of the various factors governing optical
gain of the laser. Contributions include gain due to the medium (blue), the
internal cavity (red), the diffraction grating (purple) and the external cavity
(yellow). Lasing occurs at the frequency with the largest net gain. For
reasons of clarity the plots have been displaced.

lasers is generated by either the EW1291 (Rb lasers) or the EW1206 (Cs
lasers) laser diode supplies. In their intended setup there is no link between
the current and piezo drivers. By picking off a small amount of the scan
signal from the laser diode stabiliser and manipulating this signal slightly
before modulating the current driver with the signal one can increase the
scan range of the laser.

The signal picked off from the lock box was input directly to a separate
board, which is identified as the ‘current feed forward board’. A circuit
diagram of the current feed forward board is provided in figure C.3. The
function of this board is simply to amplify the input signal and possibly
invert the signal if required. The 100 kΩ resistor on the input was chosen
such that the amount of the signal picked off from the scan was sufficient
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Figure C.2: Electronics setup for laser spectroscopy and locking. The general
form of the signals is given by graphical representations of the signals but
are not to scale, however any changes in phase or offset are displayed.

to generate an appreciable signal, but not so large that the piezo scan was
impaired. The first amplifier of a TL082 op-amp amplified the signal, using a
variable resistor as the gain resistor. The value of this resistor was varied to
optimise the scan range of the laser, as detailed in the following. The second
amplifier in the op-amp was used as an inverting ampifier of unity gain. The
jumper switches were connected in order to make inclusion or exclusion of
this second amplifier easier. Requirement of this second amplifier depends on
how the phase changes throughout the different electronic stages, ultimately
in this work the second chip was required. The output of the board was fed
into the modulation input of the laser diode supplies.

To achieve the desired level of modulation on the laser current supply output
the gain resistors in the modulation branch of this cicuit required modifica-
tion. To this end R20 in EW1206 was changed to 200 kΩ and in EW1291 R15
and R20 were both changed to 1 MΩ resistors. For the two supplies an input
modulation signal of 1 V peak-to-peak resulted in 17 mA modulation on the



Appendix C. Laser electronics modifications 216

���

�����

�����

	����


��

���
�

�

��

	�

�

�

��

	�


����

���
���

���

���


����

���

�����

Figure C.3: Circuit diagram for the feed forward board.

output for the EW1206 circuit and for the EW1291 circuit 1 V modulation
resulted in 4.33 mA modulation. A switch to allow a change between these
values and ‘0.1×’ modulation was included, however was not utilised in this
work.

To maximise the amount of modulation available the variable gain resistor
on the current feed forward board was varied until the scan range was max-
imised. Ultimately this was performed by setting up spectroscopy for the
laser and analysing the signal on an étalon (of 300 MHz free spectral range).
The resistance was varied until the number of étalon peaks was maximised,
whilst still maintining a single mode output, detectable on the spectroscopy
signal. The maximum scan range obtained was approximately 14.7 GHz,
which was achieved with a modulation signal of 20.8 mA. Figure C.4 presents
the scan range achieved for different modulation currents, using both the full
modulation and ‘0.1×’ modulation. Notice that with ‘0.1×’ modulation it is
not possible to maximise the scan range. The DC laser driving current here
is 64 mA.
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Figure C.4: Scan range (in GHz) of the laser as a function of modulation
current. The maximum scan range is achieved for ∼21 mA of modulation
current. The blue plot was obtained with the modulation switch set to ‘1×’
and the red plot corresponds to data taken with the modulation set to ‘0.1×’.



Appendix D

Atom number calculations

This appendix outlines the different calculations required to calculate the
number of atoms via the different imaging methods.

D.1 Fluorescence imaging atom number cal-
culations

Using the experimental situation displayed in figure 3.8 it is possible to calcu-
late the atom number trapped in the MOT. In the two-level model the power
of fluorescence emitted by N atoms when illuminated by light of intensity I
detuned from an atomic resonance by ∆ is

PFLU = ~ωLΓ
2

(I/ISAT)
1 + 4(2π∆

Γ )2 + (I/ISAT)
(D.1)

where ωL = 2πc/λ is the laser frequency, Γ is the natural decay rate of the
excited state and ISAT is the saturation intensity of the atomic resonance,
defined

ISAT = πhcΓ
3λ3 . (D.2)

Note this two-level approach can be improved by including empirically de-
termined constants, however this is not discussed here [234].

Assuming the solid angle subtended by the iris outline is Ω the total output
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power incident on the photodiode is

PPD = Ω
4π
PFLU (D.3)

thus, since Ω = πd2/4L2, where d is the iris diameter and L is the distance
of the lens from the atoms as described by figure 3.8, we see

PPD = d2

16L2PFLU. (D.4)

The voltage over the 1 MΩ resistor is then

VPD = IPDR = ℜ(λ)PPDR, (D.5)

where IPD is the photocurrent produced, R is the resistance and ℜ(λ) is the
responsivity of the photodiode at the wavelength in question. In this work
for Rb ℜ(λ) = 0.51 A W−1 and for Cs ℜ(λ) = 0.55 A W−1. Finally, the
atom number can be calculated using

N = VPD

ℜ(λ)R
16L2

d2
λ

hc

1
Γ
. (D.6)

D.2 Absorption imaging atom number calcu-
lations

Equation D.1 can be re-written

P = hc

λ
ΓSCAT, (D.7)

where ΓSCAT is the scattering rate of probe photons

ΓSCAT = Γ
2

(I/ISAT)

1 + 4
(

2π∆
Γ

)2
+ (I/ISAT)

. (D.8)

In the limit of a weak probe beam we may approximate this as

ΓSCAT = Γ
2
I/ISAT = 3λ3

2πhc
I. (D.9)
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After transmission through a layer of atoms of thickness δy and atomic den-
sity n the intensity of the probe beam is reduced by an amount δI

δI = nδyΓSCAT
hc

λ
= 3λ2

2π
nIδy, (D.10)

hence I = I0 − δI. Thus for a Gaussian atomic distribution the fractional
intensity change is

δI

I0
= 3λ2

2π
nPK exp

( −m
2kBT

(
ω2

xx
2 + ω2

yy
2 + ω2

zz
2
))

δy, (D.11)

where nPK is the peak density of the atoms within the harmonic trap

nPK = Nωxωyωz

(
m

2πkBT

)3/2
. (D.12)

We thus find that
∫ I(x,z)

I0(x,z)

dI
I

= 3λ2

2π
nPK exp

( −m
2kBT

(
ω2

xx
2 + ω2

zz
2
)) ∫ ∞

−∞
exp

( −m
2kBT

ω2
yy

2
)
,

(D.13)
assuming that the probe beam propagates in the y-direction. This implies

ln
(
I0(x, z)
I(x, z)

)
= 3λ2nPK

ωy

√
kBT

2πm
exp

( −m
2kBT

(
ω2

xx
2 + ω2

zz
2
))

. (D.14)

Given the definition of optical depth in section 3.8.2 we can see that the
right hand side of equation D.14 is simply the optical depth. Since the
atomic distribution is being approximated with a Gaussian function we may
assume the centre of the cloud is where the peak optical depth is situated

ODPK = 3λ2nPK

ωy

√
kBT

2πm
, (D.15)

where x = z = 0 at this location.

Substituting equation D.19 into equation D.15 we see

ODPK = 3λ2N

4π2
mωxωz

kBT
= 3λ2N

4π2
1

σxσz

, (D.16)
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where

σx,z =

√√√√ kBT

mω2
x,z

, (D.17)

are the widths of the Gaussian fit to the cloud, where the density drops to a
factor 1/

√
e of the peak density. Rearranging

N = 4π2

3λ2σxσzODPK. (D.18)

To calculate the temperature, we first note that the peak density of the cloud
can be calculated from the total atom number

nPK = Nω2
xωy

(
m

2πkBT

)3/2
. (D.19)

Since σx,z are the displacements along the x− and z−axes at which n has
dropped to nPKe

−1/2 we see

mω2
x,zσ

2
x,z = kBT, (D.20)

which can evidently be rearranged to solve for T .

If the atomic cloud is allowed to expand for a set time-of-flight (TOF), the
size of the cloud after the expansion, σx,z(TOF ), can be determined using
kinematics

σx,z(TOF ) =
√
σ2

x,z(0) + ω2
x,zTOF

2σ2
x,z(0) = σx,z(0)

√
1 + ω2

x,zTOF
2,

(D.21)
where i = x, z is the spatial direction in which the temperature is being cal-
culated and σx,z(0) is the size of the cloud in the trap. Experimentally, after
a time-of-flight expansion it is σx,z(TOF ) that is measured, hence equa-
tion D.21 can be solved for σx,z(0) and this value can be submitted into
equation D.20 in order to calculate the temperature.



Appendix E

Determining the locations of
Feshbach resonances

Although the variation in scattering length around a Feshbach resonance
can be calculated accurately using coupled-channel calculations there is no
definitive model of how this variation translates to an experimental resonance
feature observed through variation in atom number and temperature. Never-
theless it is desirable to measure the location of the pole of the resonance and
its width for comparison to theory. A number of approaches have been used
in the literature and in this thesis depending on the form of the observed
resonance. This appendix discusses the various methods used in this work
to determine the locations of the resonances and their associated errors.

In this work different experimental signatures of Feshbach resonances and
related features have been observed. In general inelastic losses scale with
the magnitude of the scattering length (for example three-body loss scales
as a4 [138]) so that the feature expected is that of atom loss at the pole of
the resonance and a peak in number where the scattering length is zero, for
example, figure 6.7 exhibits this profile. However, the peak in atom number
is sometimes not observed in the data, as is the case in figure 6.5. It is
also possible that the pole of a narrow resonance may occur in a similar
location to a broad resonance which may well modify the atom number in
the vicinity of the narrow resonance, for example this occurs in figure 7.8(d).
Additionally, due to high experimental densities, such as those achieved in
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the single species experiments in this work, the atom number can be modified
when ramping the magnetic field over a Feshbach resonance in a finite time.
Thus the atom number would have decreased before the final hold at the
measurement field has taken place leading to asymmetries in the lineshape.
This is the case for the measurement of the single species 87Rb Feshbach
resonance displayed in figure 6.2. Clearly, as the lineshape of each of these
resonances is different, a different model needs to be applied to each set of
data in order to determine the resonance centre. Note that in various cases
the temperature data is also fit, however the methods described below also
apply when this is the case.

For the experiments that are described in this thesis there are various pro-
cesses that take place in the dipole trap that complicate the analysis of data,
such as evaporative and sympathetic cooling, inelastic loss due to two- and
three- body mechanisms as well as background gas collisions, and the fact
that the there are not only single-species collisions occuring - the interspecies
scattering properties further complicate the situation. Since no accepted
mathematical model exists for the fitting of the experimental signatures of a
Feshbach resonance an ansatz is made for the model that will best fit the data
obtained. In this work Lorentzian and Gaussian lineshapes are used to fit the
data, in addition to double Lorentzian and Gaussian functions, whereby the
atom loss is fitted by a curve of negative amplitude and the peak associated
with the scattering length zero is fitted by a curve of positive amplitude. For
each set of data obtained in this work the text or figure captions report the
function used to fit the data.

Fitting becomes more complicated in the cases where the lineshape is mod-
ified, either by other features being in that region or by the density of the
atoms being so high that atoms are lost by ramping over the Feshbach reso-
nance. In this case it is necessary to fit a reduced portion of the data. The
entire data set is first fit using the chosen function and a note of the value of
χ2 is made. This is likely to be non-unity, especially where there is a large
deviation of the data from the model. We then use the same model to fit to
a smaller data set, usually removing the data in the outlying regions where
the comparison between the model and the data is poor. This process is
repeated until the value χ2 ≈ 1. For cases where not all the data is fit, the
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solid lines displayed on the graphs indicate the regions in which the data was
fit, for example this is the case in figure 6.2.

A larger complication arises from the fact that the data are being fit using
a model which is not physically expected to describe the data. In other
words, although the data look like the function being used to fit it, there is
no accepted reason for the data to display the same trends, hence the errors
obtained from statistical fits to the data are not accurate and a different
method of determining errors is required. Once a fit has been made to the
data the location of the centre of the feature is first determined, and the size
of the errors bar in the vicinity is calculated. It is accepted that for a value to
be in reasonable agreement with another value they must be separated by no
more than twice the value of the error bar on the data point. That being the
case the location where the number has increased (in the case of a resonance
pole) or decreased (in the case of a scattering length zero) by a value that
exceeds twice the error bars on the data points is located. The nearest data
point for which this corresponds is then recorded, and the difference between
this field and the resonance centre is reported as the error. This generally
results in the error on the locations being overestimated, however this is
deemed less misleading that quoting the errors on values reported via the
statistical fits, which drastically tends to underestimate the errors.
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[140] J. Söding et al., Three-body decay of a rubidium Bose-Einstein conden-
sate, App. Phys. B 69, 257 (1999).

[141] J. Stenger et al., Strongly Enhanced Inelastic Collisions in a Bose-
Einstein Condensate near Feshbach Resonances, Phys. Rev. Lett. 82,
2422 (1999).

[142] J. L. Roberts, N. R. Claussen, S. L. Cornish, and C. E. Wieman, Mag-
netic Field Dependence of Ultracold Inelastic Collisions near a Fesh-
bach Resonance, Phys. Rev. Lett. 85, 728 (2000).

[143] A. H. Thomas, Ultra-cold Collisions and Evaporative Cooling of Cae-
sium in a Magnetic Trap, PhD thesis, University of Oxford, UK, 2004.

[144] S. Inouye et al., Observation of Feshbach resonances in a Bose-Einstein
condensate, Nature 392, 151 (1998).

[145] A. J. Moerdijk, B. J. Verhaar, and A. Axelsson, Resonances in ultracold
collisions of 6Li, 7Li, and 23Na, Phys. Rev. A 51, 4852 (1995).

[146] J. M. Hutson and P. Soldán, Molecule formation in ultracold atomic
gases, Int. Rev. Phys. Chem. 25, 497 (2006).

[147] G. Thalhammer et al., Long-Lived Feshbach Molecules in a Three-
Dimensional Optical Lattice, Phys. Rev. Lett. 96, 050402 (2006).

[148] J. G. Danzl et al., Quantum Gas of Deeply Bound Ground State
Molecules, Science 321, 1062 (2008).

[149] K.-K. Ni, A Quantum Gas Of Polar Molecules, PhD thesis, University
of Colorado, USA, 2009.

http://dx.doi.org/10.1103/PhysRevLett.91.123201
http://dx.doi.org/10.1103/PhysRevLett.79.337
http://dx.doi.org/10.1103/PhysRevLett.79.337
http://dx.doi.org/10.1007/s003400050805
http://dx.doi.org/10.1103/PhysRevLett.82.2422
http://dx.doi.org/10.1103/PhysRevLett.85.728
http://dx.doi.org/10.1038/32354
http://dx.doi.org/10.1103/PhysRevA.51.4852
http://dx.doi.org/10.1080/01442350600921772
http://dx.doi.org/10.1103/PhysRevLett.96.050402
http://dx.doi.org/10.1126/science.1159909


Bibliography 238

[150] M. Gustavsson et al., Control of Interaction-Induced Dephasing of
Bloch Oscillations, Phys. Rev. Lett. 100, 080404 (2008).

[151] P. Julienne, Rb-Cs scattering length data, Private Communication
(2011).

[152] M. Berninger et al., Universality of the Three-Body Parameter for Efi-
mov States in Ultracold Cesium, Phys. Rev. Lett. 107, 120401 (2011).

[153] F. Ferlaino, Cs resonance measurements, Private Communication
(2011).

[154] T. Kraemer et al., Evidence for Efimov quantum states in an ultracold
gas of caesium atoms, Nature 440, 315 (2006).

[155] S. N. Bose, Plancks Gesetz und Lichtquantenhypothese, Z. Phys. 26,
178 (1924).

[156] A. Einstein, Quantentheorie des einatomigen idealen Gases. Zweite
Abhandlung, Sitzungber. Preuss. Akad. Wiss. 3, 3 (1925).

[157] J. F. Annett, Superconductivity, Superfluids and Condensates (Oxford
University Press, UK, 2004).

[158] B. D. Esry, C. H. Greene, J. J. P. Burke, and J. L. Bohn, Hartree-Fock
Theory for Double Condensates, Phys. Rev. Lett. 78, 3594 (1997).

[159] T. Kraemer et al., Optimized production of a cesium Bose-Einstein
Condensate, Appl. Phys. B 79, 1013 (2004).

[160] L. Pitaevski and S. Stringari, Bose-Einstein Condensation (Clarendon
Press, UK, 2003).

[161] Y. Castin and R. Dum, Bose-Einstein Condensates in Time Dependent
Traps, Phys. Rev. Lett. 77, 5315 (1996).

[162] D. L. Jenkin et al., Bose-Einstein condensation of 87Rb in a levitated
crossed dipole trap, Eur. Phys. J. D 65, 11 (2011).

[163] E. Majorana, Atomi orientati in campo magnetico variabile, Nuovo
Cimento 9, 43 (1932).

http://dx.doi.org/10.1103/PhysRevLett.100.080404
http://dx.doi.org/10.1103/PhysRevLett.107.120401
http://dx.doi.org/10.1038/nature04626
http://dx.doi.org/10.1007/BF01327326
http://dx.doi.org/10.1103/PhysRevLett.78.3594
http://dx.doi.org/10.1007/s00340-004-1657-5
http://dx.doi.org/10.1103/PhysRevLett.77.5315
http://dx.doi.org/10.1140/epjd/e2011-10720-5
http://dx.doi.org/10.1007/BF02960953
http://dx.doi.org/10.1007/BF02960953


Bibliography 239

[164] W. Petrich, M. Anderson, J. R. Ensher, and E. A. Cornell, Stable,
Tightly Confining Magnetic Trap for Evaporative Cooling of Neutral
Atoms, Phys. Rev. Lett. 74, 3352 (1995).

[165] Y.-J. Lin, A. R. Perry, R. L. Compton, I. B. Spielman, and J. V.
Porto, Rapid production of 87Rb Bose-Einstein condensates in a com-
bined magnetic and optical potential, Phys. Rev. A 79, 063631 (2009).

[166] M. D. Barrett, J. A. Sauer, and M. S. Chapman, All-Optical Formation
of an Atomic Bose-Einstein Condensate, Phys. Rev. Lett. 87, 010404
(2001).

[167] H. W. Cho, D. J. McCarron, D. L. Jenkin, M. P. Köppinger, and S. L.
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