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Abstract

Time-varying fields are widely used to extend the accessible range of trapping poten-
tials for ultracold atoms. This work explores two very different examples of such fields,
in the radiofrequency and optical regimes, whose interactions with trapped atoms can
both be described in terms of the dressed atom picture.

Forming the basis of this work are radiofrequency dressed adiabatic potentials
based on macroscopic trapping coils. Atoms are confined at the south pole of the
resultant oblate spheroidal trapping surfaces. This work describes the extension of
these potentials by two different methods: the application of multiple dressing ra-
diofrequencies, and addition of a rapidly-scanned optical dipole trap.

This is the first experimental demonstration of a multiple-radiofrequency dressed
adiabatic potential, explored using ultracold 87Rb atoms confined in a highly config-
urable double well. Due to the independent generation of each constituent dressing
frequency, the depth of each trapping well and the height of the barrier are easily
manipulated, enabling precise and reliable transfer of atoms between the available
trapping geometries. Experimental work includes an exploration of the potential-
shaping capabilities of the three-radiofrequency system, and characterisation of the
potential landscape using radiofrequency spectroscopy with good agreement to the
eigenvalues numerically calculated using Floquet theory. This initial exploration of
multiple-radiofrequency techniques lays the groundwork for applications in studying
double well physics in a two-dimensional system, and independent state or species
selective manipulation of trapped atoms. The potential shaping capabilities of this
method can also be extended by applying additional trapping frequencies.

In a supplementary line of experimental work, an optical dipole trapping system
has been constructed, and the trapping beam aligned to the lower surface of the ra-
diofrequency dressed trapping shell in order to sculpt the radial confinement. Beam
shaping is achieved using an acousto-optic deflector, which can be used to produce ei-
ther a composite array of static deflected beams, a rapidly-scanned painted potential,
or some combination of the two approaches.

The development and extension of the experimental apparatus required to imple-
ment these enhanced dressed state potentials is explored, and the challenges of their
experimental implementation considered.
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Chapter 1

Introduction

The initial experimental demostration of a Bose-Einstein condensate (BEC) in

1995 [1] was facilitated by the evolution of techniques in both laser cooling [2] and

radiofrequency (RF) evaporation [3], that allowed the confinement and cooling of a

dilute atomic vapour to quantum degeneracy. In the two decades that have followed

this early work, the development of increasingly sophisticated methods by which to

confine and manipulate ultracold atoms has allowed research into cold atom systems

to expand across a diverse range of experimental directions.

A system cooled to quantum degeneracy provides an ideal testing ground for quan-

tum simulation [4], in which a cold atom analogue of a complicated condensed matter

system can be tested at various levels of complexity, and the system observables probed

with single-site precision [5]. The configurability of cold atom systems, coupled with

the absence of thermal effects, have also made BECs ideal candidates for interfer-

ometry and precision measurements [6], while the emerging field of atomtronics [7–

9], in which atomic analogues of electronic systems are engineered, requires preci-

sion waveguiding of a trapped condensate and exploits features such as its long-range

phase coherence. One common theme of each of these emerging technologies is their

critical reliance on our ability to precisely engineer the potential landscape experi-
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enced by the trapped atom cloud.

One method of sculpting a confining potential for ultracold atoms is by the ap-

plication of a radiofrequency (RF) field to a static magnetic trap. This dramatically

changes the character of the magnetic potential, introducing features on small length

scales and providing additional parameters by which to tune the potential and manip-

ulate the confined atoms. This work concerns the augmentation of such an RF dressed

potential using two different methods: applying multiple RF fields to create concen-

tric trapping spheroids, and developing a rapidly-scanned optical dipole trap to sculpt

the radial confinement on these spheroidal shell surfaces. The experimental methods

developed and characterised in this thesis provide a strong foundation for the devel-

opment of highly configurable potentials with the benefits of macroscopic RF dressing

techniques, namely an intrinsic state- and species-selectivity, robust construction, and

the generation of smooth potentials with low heating rates.

This chapter begins with a discussion of the motivation for developing these ex-

perimental techniques and the history of the experiment apparatus in Sec. 1.1, and is

followed by an overview of the thesis material in Sec. 1.2.

1.1 Background and motivation

Static magnetic fields are used to create trapping potentials for ultracold atoms

and are crucial for the creation of Bose-Einstein condensates. However, these traps

are constrained by Maxwell’s equations: the number of field minima cannot exceed the

number of field-generating wires used [10], and no field maxima exist in a region with

no source. Creating a trapping field with the fine features required for a number of

applications including beamsplitting for precision measurements or atomtronics thus

requires multipole terms of the hexapole order or higher, with an associated reduction

in confinement strength associated with losses and non-adiabaticity [11].

The application of an oscillating field to couple the internal states of a trapped atom
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augments this static trap, introducing small-scale features to the potential landscape.

These fields can either be off-resonance, achieving dipole force trapping using either

optical [12] or microwave fields [13], or resonant, typically RF, radiation that couples

internal states to create a dressed-state adiabatic potential (AP) [14]. Both methods

can be intuitively described in terms of the dressed-atom picture of the interaction

between atoms and radiation [15].

This experiment was developed with two distinct applications in mind: work-

ing towards simulation of strongly correlated electrons, and developing methods to

non-destructively probe quantum systems. Although these applications diverge sig-

nificantly in the details of their implementation, they share a number of common

requirements and both draw strength from the various aspects of the experimental

apparatus developed during this work. The foundation for both experimental goals is

the RF-dressed quadrupole, which forms an oblate spheroidal trapping surface. For all

purposes considered in this work, the atoms are allowed to congregate on the lower

surface of the spheroid under the influence of gravity. Under standard experimental

conditions, this trap has a radial trapping frequency (along the direction tangential to

the trapping surface) of a few Hz, with an axial trapping frequency (perpendicular to

the trapping surface) of tens to hundreds of Hz.

1.1.1 Simulating strongly correlated electrons

The ability to use the RF-dressed AP surface to create a 2D gas motivates its use

in observing strongly correlated states analogous to the fractional quantum Hall effect

(FQHE) that arises in 2D electron systems with discrete energy levels. Examples of

these systems include Landau-quantised states such as those formed in graphene [16,

17], at the interface between a semiconductor and insulator under an applied mag-

netic field, or upon rapid rotation of an atomic BEC [18]. In the FQHE, the linear

relationship between Hall resistance and magnetic field is disrupted by quantisation
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of the Hall resistance, producing a stepwise increase with increasing magnetic field,

and corresponding magnetoresistance minima. One model for this effect is a uniform

sea of charge into which the magnetic field is incorporated by introducing vortices of

displaced charge, each carrying one flux quantum. A uniform vortex distribution cor-

responds to composite particles consisting of electrons associated with flux quanta. A

single flux quantum per electron results in the integer quantum Hall effect whereby

quantised Hall resistance values RH = h
ne2

arise at magnetic fields associated with fill-

ing of an integer number of Landau levels n. In the fractional case, multiple flux

quanta are associated with each electron and a rational fraction of energy levels, char-

acterised by filling factor ν, are filled. This implies particles with fractional charge and

quantum numbers, supported by a topological order [19, 20].

The idea of using atoms to simulate strongly correlated electron systems ex-

ploits the mathematical similarity between the Lorentz force on charged par-

ticles FLorentz = q~v ×B, and the Coriolis force on neutral rotating particles

FCoriolis = 2m~v × ~Ω. In both equations, ~v is the particle velocity; q and ~B are the par-

ticle charge and applied magnetic field, while m and ~Ω are the particle mass and an-

gular frequency of rotation. However, a critical difference lies in the centrifugal force

arising during rotation, without analogue in the effect of magnetic field experienced

by charged particles. This can destabilise the rotating system: the radial trapping fre-

quency defines the centrifugal deconfinement limit for the rotation rate, beyond which

atoms are ejected. However, irrespective of the value ω⊥ itself, the angular rotation

frequency necessary for the analogy to hold is on the order of 0.98ω⊥. This condition

allows the centripetal and radial trapping terms in the Hamiltonian to cancel, leaving

only the artificial magnetic field [18, 21].

Angular momentum can be imparted to a BEC by rotation of optical lattices [22] or

stirring with laser beams [23], or directly imprinting phase shifts [24] and exploiting

properties of systems such as optical flux lattices [25] in which transitions are reso-

nantly driven between atomic states. This is a challenging experimental problem to
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tackle, but one that is of great interest due to the insights it could hold into topological

states [26, 27].

Our approach to this problem is to supplement the shell trap with an optical dipole

trapping beam focussed on the lower surface to increase the radial trapping frequency

to a few kHz. This dipole trap will increase the radial trapping frequency, correspond-

ingly increasing the deconfinement limit and rotation rate necessary to access the

strongly correlated regime. The conditions for entering the FQH regime are [21]:

ω⊥ − Ω

ω⊥
<

8a

Nlz
(1.1)

µ ≈ ~ω⊥
a

lz
ν. (1.2)

Ω and ω⊥ indicate the rotation and radial trapping angular frequencies, with a the

scattering length, ν the Landau level filling factor, lz =
√

~/mωz the axial harmonic

oscillator length, and µ the chemical potential. An increase in Ω facilitated by an in-

creased ω⊥ allows access to FQH states with a higher atom number, chemical potential

and temperature. Relaxing the temperature criterion makes experimental implemen-

tation easier, while an increased atom number makes correlation detection feasible1.

To make the trap smooth enough for rotation, the dipole trap is scanned in a cir-

cular orbit using an acousto-optic deflector, to create a time-averaged potential. The

design and implementation of this hybrid dipole trap/RF-dressed potential is discussed

in Chapter 8. This system can be used more generally to sculpt the radial potential

on the canvas provided by the AP shell trap. This constitutes a first step towards

the infrastructure required for simulating strongly correlated states, but must be sup-

plemented with methods to control, rotate and image small numbers of atoms. In

preparation for imaging, a lock-in imaging lattice has been partially constructed [29];

1 A preprint submitted to ArXiv in 2010 describes the observation of strongly correlated atoms in the
FQH regime, though with a small number of atoms (N < 10) [28].
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based on the principle that correlated states are simply rotated and rescaled under

time of flight [30], this lattice can be turned on after some time of flight to preserve

the atom distribution for fluorescence imaging.

1.1.2 Manipulation of atoms in multiple potential wells

The second experimental goal for which this apparatus is well suited, and the

one on which we ultimately concentrated experimental effort, is that of developing

independently-manipulable species-selective wells by the application of an RF dress-

ing field with multiple frequency components. This multiple-RF (MRF) approach has

a variety of applications including developing methods for fully quantum probes that

would allow observation and probing methods for cold atom systems to keep pace

with the developments in quantum simulation experiments.

As discussed in Chapter 2, RF-dressed potentials hold a number of advantages over

conventional static macroscopic magnetic or optical traps: with low heating rates [31]

and greater resilience to field fluctuations [32], they introduce spatial features on

length scales far smaller than the trapping wire configuration, while maintaining the

benefits of magnetic trapping including smoothness, robustness, and state- or species-

selectivity depending on the value of the Landé gF factor. This latter feature arises due

to the dependence of the AP characteristics on the Zeeman splitting of the trapped

atomic species, and means that the same dressing RF traps atoms with different gF

values at different locations in space. A high level of dynamic control over these

potentials is also possible, with a large number of experimental handles including the

RF amplitude and polarisation, and the properties of the underlying static field. By

applying a carefully chosen selection of multiple independently-generated RF fields, it

would therefore be possible to achieve independent control and overlap of two atomic

states or species.

One example of a useful scheme exploiting the species-selective properties of the
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MRF AP is to create a single well for a bulk condensate of one species spatially over-

lapped with a double well for a second species [33], which contains only a small

number of atoms to act as an impurity used to probe the bulk system properties. By

observing the dynamics of an impurity acting as a quantum probe to infer the char-

acteristics of its environment, as previously demonstrated using a single atom [34],

a more detailed level of knowledge of both local and global system properties could

be obtained than with conventional classical probes. These methods could also be

adapted to perform nondestructive measurements of the bulk quantum system. In the

experiment towards which this work progresses, details of which can be found in [33,

35], the tunnelling dynamics of an impurity trapped in a double-well immersed in a

bulk condensate could, for example, be used to act as a thermometer of the surround-

ing quantum system or to investigate non-Markovianity and dissipation of quantum

information.

To this end, a multiple-frequency approach to the RF dressing method was de-

veloped, in the first experimental demonstration of this technique. This was used to

create a double well trapping potential for a single species cloud of 87Rb atoms. This

method can be extended to investigate 2D tunnelling dynamics and interferometry and

applied to the impurity probe scheme as outlined above. Additional frequencies can

also be added to create more dressing wells, and the independent tuneability of con-

stituent RF amplitudes and polarisations fully explored to create a range of trapping

geometries.

1.1.3 The combined experimental vision

This work therefore began with two experimental visions: quantum simulation of

correlated electron states, and developing methods to fully probe quantum simulation

experiments. The former focusses on augmenting a single-RF adiabatic potential with

a rapidly-scanned optical dipole trap, and the latter on extending the method of RF
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dressing by applying multiple dressing frequencies to create multiple concentric trap-

ping surfaces: in this case focussing on demonstrating and characterising a double

well potential created using three independent trapping frequencies.

However, these goals share a number of common elements. These include de-

veloping techniques to manipulate and image small numbers of atoms, and in work

tangential to this thesis, a lock-in imaging lattice has been constructed. A complemen-

tary high resolution imaging setup is discussed in Sec. 4.5.4.2. They can also be used

in conjunction to augment the properties of each other: the second RF shell would be

a useful phase reference or could be used to assist the rotation of small atom num-

bers; the addition of the dipole trap with an arbitrary intensity distribution to two

closely spaced MRF wells could shape the radial confinement or realise, for example,

a Josephson junction array.

Most importantly, at the heart of both routes of experimental work is the RF-dressed

quadrupole. Throughout this work, techniques have been developed to better under-

stand and work with this potential and its hardware. The rapidly-scanned optical

dipole trap is focussed onto the lower surface of this shell trap to sculpt the radial

potential, whereas the multiple-RF method creates a series of concentric shell traps

that can be used to shape the potential along the vertical axis. These two approaches

can also be combined to achieve potential shaping in both directions; their combina-

tion, together with other available techniques including time-averaging, thus grants a

detailed level of independent control over all aspects of the potential with scope for

expansion to additional trapping geometries. General applications of this hybrid trap-

ping potential include potential shaping for atomtronics, rotation and 2D interferom-

etry, in addition to the schemes discussed above. While the two experiments diverge

significantly in their later implementation, a robust, reliable and flexible apparatus has

been constructed that is capable of accommodating not only these investigations but

also retains the flexibility to be turned to a variety of alternative experiments.
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1.2 Thesis overview

This thesis concerns the development of an apparatus and the associated exper-

imental techniques to create a multiple-RF dressed double well trapping potential,

and the design and construction of a rapidly-scanned optical dipole trap. I begin by

describing the theory behind magnetic trapping and RF-dressed adiabatic potentials

in Chapter 2, introducing the dressed atom picture that intuitively describes both trap-

ping methods experimentally explored in this work. An introduction to optical dipole

trapping in the context of laser beam shaping methods is presented in Chapter 3. With

this experimental motivation in mind, I will then describe the experimental apparatus

used and developed to create a BEC of 87Rb atoms in a TOP trap in Chapter 4. The

main adaptation necessary to implement multiple-RF dressing, namely a wideband

impedance matching network, is discussed in detail in Chapter 5, where an introduc-

tion to RF impedance matching methods is also presented as this useful and straight-

forward technique is relatively little known in the atomic physics community. This

sets the stage for the introduction of experimental RF-dressing techniques in Chap-

ter 6, where I discuss the experimental methods by which cold atoms are cooled in a

time-averaged adiabatic potential and controllably loaded into the MRF double shell

configuration. In Chapter 7 I present the results of experimental investigations into the

potential shaping capabilities of the three-RF potential, and show an experimental ver-

ification of the calculated eigenenergies in the multiple-RF system. I then return to the

optical dipole trap, describing its design and preliminary results on beam shaping with

the AOD, before discussing the experimental implementation of the rapidly-deflected

beam and its alignment to a trapped atom cloud. To conclude, I assess the progress so

far, imminent experimental steps, and some new directions for which the experiment

is poised.
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Chapter 2

RF-dressed adiabatic potentials

Following laser cooling, the ability to magnetically confine a dense cloud of atoms

for extended periods of time in high vacuum enabled the development of evaporative

cooling techniques that reduce the temperature by many orders of magnitude to cre-

ate a BEC [1, 3]. Optical traps are now commonly used in conjunction with magnetic

potentials to give more opportunities for potential shaping [36, 37], with some all-

optical techniques now demonstrated [38]. However, a theme that has been followed

in the Oxford group is that of extending the range of magnetic trapping geometries

by the application of time-varying fields. Most relevant in the context of this work is

the application of radiofrequency (RF) radiation to introduce features to the potential

landscape on a far smaller scale than the field-producing components [39, 40]. These

potentials offer an alternative set of properties to optical traps, including an intrinsic

state- and species-selectivity based on the gF value of trapped atoms [33, 41, 42], an

inherently robust construction in comparison to optical traps, and smooth trapping

potentials with demonstrably low heating rates when created using macroscopic coils

located a few cm from the atoms [31]. The trap properties can be easily tuned using

the RF amplitude and polarisation, and properties of the underlying static field, allow-

ing dynamic control over a trapped atomic gas in one, two or three dimensions [31,
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43–45].

This chapter serves as a short introduction to RF-dressed magnetic traps, begin-

ning with a discussion of the basic concepts of magnetic trapping in Sec. 2.1. The

dressed atom formalism used to describe the interaction with the applied RF field is

introduced in Sec. 2.2, before a description of RF dressed magnetic traps and the as-

sociated experimental developments in Sections 2.3 and 2.4. Finally, the multiple-RF

dressed potentials that are the subject of this work are introduced in Sec. 2.5.2, laying

the groundwork for their first experimental implementation as described in Chapters 6

and 7.

2.1 Magnetic trapping

The interaction between a weak magnetic field B0 and a neutral atom with mag-

netic moment µ causes a Zeeman splitting with energy:

Vmag = −µ ·B0 = gFµBmF |B0| (2.1)

with µB the Bohr magneton and the atom in a hyperfine level denoted by total an-

gular momentum F with Landé g-factor gF and (2F + 1)-fold degeneracy in mF , the

projection of F onto the quantisation axis defined by the external field. For the weak

field limit to apply, the interaction with the external field must be much less than the

hyperfine interaction between total electronic and nuclear angular momenta J and I

respectively, such that we can consider only the projections of I and J onto F.

An atom in a magnetic field gradient experiences a spatial variation of its Zeeman

energy levels, resulting in a magnetic force

Fmag = −gFµBmF∇(|B0|). (2.2)
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States with mFgF > 0, or equivalently µ antiparallel to B, are attracted to a region of

lower field and can be confined at a local field minimum. Conversely, the high-field-

seeking states with mFgF < 0 are repelled from low-field regions and are therefore the

anti-trapped states1. For the low fields considered in this work, states with mFgF = 0

are unaffected by the linear variation of the field.

Magnetic trapping of neutral particles was first demonstrated in 1977 using a cold

neutron beam [47] in an experiment using a superconducting magnetic storage ring

with a 35 T field to compensate for the small magnetic moment of the neutron. Mag-

netic trapping of atoms was first achieved in 1985 [48] using laser-cooled sodium

atoms in a magnetic quadrupole potential. A simple trapping configuration formed us-

ing two coaxial coils carrying currents that flow in opposite directions, the quadrupole

field takes the form

B0(r) = B′q(xêx + yêy − 2zêz) (2.3)

with B′q the radial quadrupole gradient2. The resultant field takes a value of zero in

the centre of the coil configuration and increases linearly in amplitude with distance

from this point, and the iso-magnetic field surface takes the form of an oblate spheroid.

The trap strength and parameters depend on the coil dimensions, current, and

magnetic moment of the confined atomic state/species. However, prior to the ad-

vent of laser cooling techniques to sufficiently pre-cool atoms below the trap depth, it

was possible only to mildly deflect atoms rather than trap them with typical labora-

tory fields [49]. For the example of sodium described in [48], the trap depth was on

the order of 17 mK, requiring substantial pre-cooling of the trapped atoms. The trap

lifetime in this example was 8.3 s, limited by collisions with the background gas. How-

ever, the quadrupole trap has an intrinsic limitation from Majorana transitions which

occur when the magnetic moment of a trapped atom cannot adjust adiabatically to

1High-field-seeking states could in principle be trapped at a maximum in the magnetic field. How-
ever, given Maxwell’s equations∇ ·B = 0 and∇×B = µ0

(
J + ε0

∂E
∂t

)
= 0 for static fields in free space,

static magnetic field maxima are precluded by Wing’s theorem [46].
2The factor of 2 in the z field is necessary to satisfy ∇ ·B = 0.
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local variations in the orientation of the magnetic field, causing a transition into an

untrapped state. For an atom to follow the field adiabatically, the speed of its mo-

tion must be slow in comparison to the rate at which the magnetic moment precesses

about the field, i.e. ωL � ωtrap. The Larmor frequency ωL = gFµBB/~ determines the

rate of precession about the magnetic field with amplitude B = |B0|, describing the

timescales over which the atom can adapt to a changing field, and ωtrap is the orbital

angular frequency of the trapped atom. The likelihood of a non-adiabatic transition is

therefore greater the higher the frequency of atom motion, and the smaller the length

scale of magnetic field variation. This becomes a limitation in the sharply-varying re-

gion near the quadrupole field zero, forming an increasingly significant loss channel

as atoms are cooled towards quantum degeneracy due to the increased atomic density

and the increased sampling of regions close to the field zero.

The non-adiabatic region of the potential must therefore be modified to address

this issue. One approach is the application of a blue-detuned laser beam to repel

atoms from this region, as used in the second realisation of BEC (the first realisation in

sodium) [3]. Another is to modify the magnetic field itself, for example by applying a

time-varying bias field as employed in the first experimental demonstration of BEC [1].

This creates a time-orbiting potential (TOP) [50] of the form

BT (r) = B′q(BTOP cos(ωTOPt)xêx +BTOP sin(ωTOPt)yêy − 2zêz), (2.4)

where BTOP is the applied bias field amplitude. The angular frequency of rotation ωTOP

is chosen such that ωtrap � ωTOP � ωL and the atoms experience an effective harmonic

time-averaged potential, constrained spatially by Majorana losses at the zero-field-

crossing which is swept in a circular orbit with radius r0 = BTOP/B
′
q. This limitation to

the temperature of trapped atoms means that the TOP field is applied after an initial

stage of evaporative cooling in the quadrupole.

Another alternative is to remove the field zero altogether by implementing some
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variant on the Ioffe-Pritchard configuration [51], which uses a two-dimensional

quadrupole generated by four parallel wires and supplementary circular pinch coils

to provide confinement in the axial direction. This potential takes the form of an

anisotropic harmonic trap for atoms close to the trap centre with kBT � gFµBB0, and

varies on length scales sufficient to maintain adiabaticity as the atoms traverse the trap

centre. Many variants on this trapping scheme have been implemented, most notably

the cloverleaf [52] and baseball [53] configurations3, and QUIC trap [54].

Increasingly complex magnetic trap structures are possible using the trapping wire

geometry to shape the potential, with time-varying fields allowing the dynamic ma-

nipulation and waveguiding of trapped atom clouds. These techniques have been

employed on a scale of a few hundred µm by placing trapping wires on chips [55].

The length-scales of these traps lead to extremely high quadrupole gradients which

characterise the atom chip RF-dressing schemes discussed in Sec. 2.4. A significant

challenge of atom chips has been the fragmentation of trapped clouds due to imper-

fections in the current-carrying wires: any variation in current translates directly to

a variation in the potential due to the close proximity of the atoms to the trapping

wires [56]. Time-varying fields have been applied to time-average these corrugations

to zero [57].

Interesting magnetic trapping configurations have also been realised on a macro-

scopic scale, either by shaping the field-generating wires to create, for example, ring

traps for interferometry [58–60], or by applying time-averaging techniques to create

configurations including a magnetic double well [61]. However, dramatic changes to

the form of a magnetic potential are possible by the application of RF fields to a static

magnetic trap. Just as the quadrupole can be modified by both static and slowly vary-

ing magnetic fields to maintain the adiabaticity of atom motion near the trap centre,

RF fields can be used to couple the Zeeman-modified hyperfine states of a trapped

3 This baseball trap was used to demonstrate the state-selectivity of magnetic trapping, exploited for
sympathetic cooling.
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atom to similarly smooth the transition between mF states and allow adiabatic trans-

fer of atoms between them. Referred to more generally as ‘adiabatic potentials’ (APs)

or ‘RF-dressed adiabatic potentials’, these RF-modified magnetic traps are most easily

explored within the framework of the dressed atom picture of atom-radiation interac-

tion.

2.2 A primer on the dressed atom picture

Although now perhaps better known for its description of the optical dipole force,

the dressed atom picture was first developed in 1969 as an intuitive quantum mechani-

cal explanation of the resonances observed in light scattered by atoms interacting with

an RF field in optical pumping experiments [15]. Its application to the interaction of

atoms with intense laser beams was appreciated in 1977 [62], and it has since become

a standard description of the interaction between atoms and both RF and optical fields.

The formalism has been applied to describe statistical behaviour such as spontaneous

emission and even to describe the process of Sisyphus cooling [63]. While it is was de-

veloped as a descriptor of strong field interactions, the dressed atom picture can also

be applied to weak fields; in this case the system reduces effectively to a description

of the light shift [63, 64].

The central concept of the dressed atom formalism is that the atom and radia-

tion field, and the interaction between them, can be treated as a combined system

described by the dressed atom Hamiltonian

Htotal = HA +HL +HR + VAL + VAR (2.5)

where HA, HL and HR are, respectively, the Hamiltonians for the isolated atom, laser

field, and an initially-empty reservoir, and VAL, VAR describe the interaction between
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the atom and laser field4, and atom and reservoir. Strictly speaking, this models the

atom interacting with the laser mode inside a cavity, such that the only variation in

photon number can be caused by absorption or emission by the atom [64]. The ex-

tension of this to more general experimental situations depends on the assumptions

that the experimental laser field is locally the same as that experienced by an atom

in the cavity, and that the cavity is not small enough to modify the spontaneous emis-

sion. This corresponds to requiring that the energy density can be described by 〈N〉 /V

where 〈N〉 is the mean photon number and V the cavity volume, that this energy den-

sity is fixed, and both 〈N〉 and V tend to infinity [63, 64]. The laser intensity is

assumed constant throughout the interaction, with the number of photons lost from

the field negligible relative to the photon number distribution but this distribution nar-

row relative to the large mean photon number 〈N〉. The reservoir provides a means

of damping for the atom-light system, so in the case of negligible spontaneous emis-

sion as in the RF-dressed system, it is possible to consider just the atom, radiation

field, and interaction between them. The dressed atom picture for a three-level system

interacting with an RF field is illustrated in Fig. 2.1.

The 87Rb |F = 1〉 level comprises three states mF = ±1, 0, their degeneracy

lifted by an external magnetic field5. The atomic Hamiltonian is given by

HA = ~ω0 |+1〉 〈+1| − ~ω0 |−1〉 〈−1|. Here, ±~ω0 give the Zeeman splitting of the

mF = ±1 levels, with mF = 0 experiencing no magnetic interaction. These states

are illustrated in panel (a) of Fig. 2.1. The Hamiltonian of the photon field is

HL = ~ωL(a†a+ 1
2
) where a† and a indicate photon creation and annihilation oper-

ators and the ~ωL/2 term corresponds to the zero-point energy.

In the non-interacting system VAL = 0 the atom and light field are completely in-

dependent but described as a joint system by the dressed atom formalism. Illustrated

in Fig. 2.1 (b), these uncoupled, or ‘bare’ states are described by the Hamiltonian

4While the case of RF dressing does not involve a laser field, this terminology is applied in the more
conventional description of the dressed atom picture. This can be generalised to the case of RF dressing.

5Given that gF = −1/2 in this state, mF = −1 will lie highest in energy and mF = +1 lowest.
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Figure 2.1: Transforming Zeeman-separated atomic energy levels into dressed states interact-
ing with an optical or RF field. (a) Separation of the three mF components of the |F = 1〉 level
due to a static external magnetic field. (b) Bare states of the atom/photon-field system, ne-
glecting interactions. An infinite ladder of states are formed, labelled by the original mF state
and the photon number N . In the case shown here, the energy splitting ~ωL between identi-
cal mF states with consecutive photon numbers exceeds the Zeeman separation between mF

states by a small detuning ~δ. The original mF states are unchanged, but is now considered in
conjunction with the photon field. (c) Taking into account the interaction between atoms and
photon field, the bare states are separated by energy U according to the interaction strength,
and relabelled in terms of new quantum numbers m̃F and N ′. In the context of AP forma-
tion as described here, the interaction strength associated with a given field i is parameterised
on-resonance by the Rabi frequency Ωi, with U = ~Ωi.

Hbare = HA +HL and labelled by |mF , N〉 with N the photon number. The correspond-

ing eigenergies are then given by

Hbare |+1, N + 1〉 = ~(ωA + (N + 1)ωL) |+1, N + 1〉 (2.6)

Hbare |0, N〉 = ~(NωL) |0, N〉 (2.7)

Hbare |−1, N − 1〉 = ~(−ωA + (N − 1)ωL) |−1, N − 1〉 (2.8)

where the zero-point energy is neglected. The states are grouped in this manner, rather

than simply as |mF , N〉 due to the assumption of a small detuning |δL| = ωL − ω0 � ω0,

as is the case for RF dressing. This means that the photon energy ~ωL is close to reso-
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nance with the Zeeman splitting ~ωL such that, for example, the state |0, N + 1〉, lying

at ~ωL above |0, N〉, ends up much closer to |1, N〉 than |0, N〉 with a separation given

by ~δL. Applying this to arbitrary numbers of photons added and subtracted from the

system, this gives rise to the groupings of states illustrated in Fig. 2.1 (b)6. The com-

bined system can therefore be viewed as a grouping of the three states mF = −1, 0, 1

with corresponding photon numbers N − 1, N,N + 1, into manifolds separated by ~δ

and repeated at intervals of ~ωL. Each manifold has constant (sgn (gF ) ·mF +N) be-

tween its constituent states. Isolated states at the extremes of this ladder can be ne-

glected: its extent is determined by the number of photons available in the system

which can be considered effectively infinite for all applications in this work.

While the presence of the radiation field affects the way the atomic energy levels

are represented, no modification has yet been made to the levels themselves. The

interaction VAL is proportional to both the atomic dipole moment and the time-varying

magnetic field amplitude, and corresponds to the absorption of a photon resonant

with the spacing between mF states to mediate the transition between them at the

expense of a photon from the external field. The dipole moment provides the usual

selection rule ∆mF = ±1, subject to the polarisation of the applied field7, while the

nonzero matrix elements of the electric field component allow a change in photon

number ∆N = ±1. Where such a resonant transition occurs, the strongest coupling is

therefore between allowed states within each manifold, with a matrix element

〈0, N |VAL|1, N + 1〉 =
~ΩN+1

2
(2.9)

where the coupling strength is described by the Rabi frequency ΩN+1 = Ω0

√
N + 18.

The vacuum Rabi frequency Ω0 describes the transition in the presence of one

6Fig. 2.1 assumes δ > 0 such that upon addition of a photon, a state with a given mF will overshoot
the next state as dictated by ~ω0.

7While the general case is considered here, the specific cases of different RF polarisations are con-
sidered in Sec. 2.3.1.

8The Rabi frequency, denoted by Ω, describes an angular frequency whenever mentioned in this
work.
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photon. Likewise, the matrix element is proportional to N for the transition

|−1, N − 1〉 → |0, N〉. The new eigenstates are a linear combination of the bare states

that are coupled to create them, and are labelled as |m′F , N ′〉 with an energy splitting

~Ω̃N where Ω̃N =
√

Ω2
N + δ2. The Rabi frequency of the coupling determines the sepa-

ration between these dressed state levels, and is defined by the matrix element for the

interaction. These eigenstates are illustrated in Fig. 2.1(c).

Where permitted by the dipole moment selection rules, nonresonant couplings are

also possible between states in different manifolds. These can be neglected in an ini-

tial treatment in an approach equivalent to making the rotating wave approximation.

However, as discussed in Sec. 2.3.3, these effects cannot be neglected entirely.

2.3 Theory of rf-dressed adiabatic potentials

The extension of the dressed atom picture to rf-dressed trapping potentials relies

simply on the inclusion of a spatial dependence in the magnetic field, and thus also

a reliance on the polarisation of the applied RF. A spatially-varying field introduces

a spatial dependence to the Zeeman splitting of atomic hyperfine levels, and thus

to the detuning of the applied RF from resonance. The adiabatic potential forms at

the spatial location of this resonance, where the interaction between the atom and

RF field forces the energy levels apart to form an avoided crossing on which atoms

can be confined. The form of this trapping potential is modified by factors including

polarisation, gravity and nonresonant processes.
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2.3.1 AP formation

For the experiment discussed in this work, the static field is the magnetic

quadrupole described by Eq. 2.3. We apply a spatially homogeneous RF field

BRF(t) = B1[cos(ω1t)êx − sin(ω1t+ ϕ1)êy] (2.10)

where B1 denotes the RF field amplitude, ω1 its angular frequency, and ϕ1 controls the

phase difference between x and y components and thus the field polarisation.

Given the energy scales of RF radiation, the relevant Zeeman splitting is that be-

tween the atomic hyperfine levels, and described by Eq. 2.1. For the quadrupole field,

these levels vary linearly in space relative to the quadrupole centre. With typical

quadrupole gradients accessible in the lab of up to ∼ 300 G cm−1 and the 87Rb |F = 1〉

Zeeman splitting of 0.7 MHz G−1, the Zeeman splitting between hyperfine states is on

the order of up to a few MHz.

As in Fig. 2.1, the application of RF field in the absence of interactions results in

a repeated manifold of bare states gFµBmF |B0|+
∑

i ni~ωrf, each separated by the

photon angular frequency ~ωrf and effectively infinite in extent9. As the coupling is be-

tween Zeeman-separated components of the |F = 1〉 hyperfine level of the electronic

ground state, spontaneous emission and therefore the reservoir coupling term are ne-

glected. This ladder of bare eigenstates is illustrated in Fig. 2.2(a), this time plotted

against the spatially-varying magnetic field strength.

Taking, for simplicity, the two bare states |1, N〉 and |0, N + 1〉, applying the zero-

interaction Hamiltonian yields eigenvalues ~(ωA +NωRF ) and (N + 1)~ωRF . At the

point in space in which the hyperfine splitting is equal to the energy of the RF pho-

ton, these two states should cross, as illustrated in Fig. 2.2 (a), corresponding to a

detuning δ = 0 in Fig. 2.1(b). However, with the interaction taken into account as

9A semiclassical description would equally well apply to this system, and indeed a semiclassical cal-
culation is ultimately used to perform the final calculation of the RF-dressed states considered. However,
the dressed atom picture provides a clear intuitive picture of the RF dressing process.
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in Fig. 2.1(c), the states are forced apart by the interaction. Formerly, atoms travers-

ing the level crossing would have maintained the same mF state and experienced no

trapping potential. However, with an interaction mediating the avoided crossing, an

atom can instead experience this as a trapping potential, adiabatically following the

change in mF value. Associated with this adiabatic traversal of the avoided crossing is

a gradual evolution in the bare-state composition of the overall atomic state. Implied

by the colour change of the trapped state in Fig. 2.2(b), this variation is described by

the mixing angle ξ = arccos

(
δ√

δ2+Ω2
R

)
. This formulates the state composition as an

angle between 0° and 180°, with 0° a pure |−1, N − 1〉 state, 180° a pure |1, N + 1〉 state

|mF = −1〉

(a)

|mF = 0〉
|mF = 1〉

(b)
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Figure 2.2: Eigenstates of the rf-dressed quadrupole field in the absence of gravity. (a) The
ladder of bare states arising from considering the atom and RF field in the absence of interac-
tions: the three mF states separated by the Zeeman effect are repeated in an infinite ladder at
intervals of the RF photon energy ~ωrf. (b) Avoided crossings form at points in space where the
resonance condition ω0 = nωrf is fulfilled, forming a trapping potential for atoms in |m̃F = 1〉
and barrier for atoms in |m̃F = −1〉. The magnitude of these potential features are described
in terms of the Rabi frequency Ω1. With purple, blue and green lines indicating the bare states
mF = 1, 0,−1 respectively, the adiabatic transition between states is indicated by the colour
change in the avoided crossing.
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and 90° corresponding to the resonance and a maximal |0, N〉 component in the mixed

state. The translation of this state decomposition into space therefore depends on both

detuning and coupling strength.

If the interaction between the atoms and dressing RF is suffiently strong, and the

variation of the static field orientation sufficiently slow with position, an atom travers-

ing the avoided crossing will adiabatically follow the new eigenstate labelled by the

quantum number m̃F [65], with atoms in m̃F = 1 confined in the AP. The trapping

potential takes the form

UAP(r) = m̃F~
√
δ2(r) + Ω2

1(r) (2.11)

and as such depends on both the angular frequency detuning of the RF from reso-

nance, δ(r) = |gFµBB0(r)/~| − ω1, and the coupling strength as expressed by the Rabi

frequency Ω1. This coupling strength determines the extent to which the levels are

separated, with a stronger interaction corresponding to a greater energy level separa-

tion and flatter potential well, and also introduces the vectorial nature of the potential.

The Rabi frequency is determined by a combination of the RF field amplitude and its

polarisation according to

Ω1 =
gFµB

2~
B⊥1 (r) (2.12)

where B⊥1 (r) is the RF field component perpendicular to the local magnetic field.

To extend this picture to three dimensions, the coupling is considered over the iso-

magnetic surface of the underlying static field. For the quadrupole field this forms an

oblate spheroidal resonant shell. Atoms are confined on the shell surface with a cou-

pling strength that varies according to the dressing RF polarisation as parameterised

by B⊥1 . The interaction therefore falls from its maximum to zero as the RF varies

between perpendicular and parallel.

This variation in coupling strength can be quantified by first generalising 2.10 to a
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spatially inhomogeneous, three-dimensional field

BRF(r, t) = Bx cos(ω1t)êx +By cos(ω1t+ a)êy +Bz cos(ω1t+ b)êz (2.13)

where Bx,y,z are the RF field amplitude in the x, y and z dimensions respectively, and

a and b describe the phase of the y and z components with respect to the x component

of the RF field. Using spherical coordinates, the perpendicular component of the field

can be further decomposed [66, 67]:

(B⊥1 )2 =B2
x cos2(θ) cos2(φ) +B2

x sin2(φ) +B2
y cos2(φ)

+B2
y cos2(θ) sin2(φ) +B2

z sin2(θ) + 2BxBy cos2(θ) cos(a) sin(φ)

+ 2ByBz cos(θ) sin(φ) sin(θ) cos(a− b) + 2BxBz cos(θ)cos(φ) sin(θ) cos(b)

− 2BxBy sin(φ) cos(φ) cos(a) + 2BxBy sin2(φ) sin(a) cos(θ)

+ 2ByBz sin(θ) cos(φ) sin(a− b) + 2BxBy sin(a) cos(θ) cos2(φ)

+ 2BxBz sin(φ) sin(b) sin(θ).

(2.14)

Here, θ and φ are the angles in spherical polar coordinates that define the unit vector

of the quadrupole field:

êq =
1√

x2 + y2 + 4z2


x

y

−2z

 =


sin(θ) cos(φ)

sin(θ) sin(φ)

− cos(θ)

 . (2.15)

For the case of a circularly polarised RF field, the Rabi frequency is therefore given

by

Ω1 =
gFµBB1

2~

(
1± 2z√

x2 + y2 + 4z2

)
(2.16)

with B1 the magnetic field amplitude of the ω1 RF field and x, y, z Cartesian coordi-
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nates with an origin at the quadrupole centre. In this work the handedness is chosen

such that the coupling is maximised at the south pole of the resonant spheroid, and

zero at the north pole. The other case employed in this work is that of an RF field

linearly polarised in the xy plane, with a Rabi frequency:

Ω1 =
gFµBB1

2~

(
r2
⊥ + 4z2

r2
⊥ + r2

‖ + 4z2

)1/2

. (2.17)

Here, r‖ and r⊥ describe the coordinates parallel and perpendicular to the polarisation

direction in the xy plane. The resonant ellipsoid therefore has maximum coupling at

points for which the parallel component is zero, and zero coupling at those points on

the equator for which the perpendicular component is zero.

2.3.2 Adiabaticity and losses

As with the quadrupole-based trapping techniques discussed in Sec. 2.1, maintain-

ing adiabaticity is a key factor in minimising atom loss from RF-dressed APs. Non-

adiabatic traversal of the avoided crossing results in atom loss due to transitions into

untrapped states. This is by no means an isolated problem: the losses are known as

Landau-Zener transitions in analogy with Zener’s 1932 treatment of non-adiabatic fol-

lowing of molecular energy levels in response to finite-timescale variation of system

parameters [68]10. Following an extension of this to a three-level system [72], the

probability that the atoms follow the dressed state eigenenergy adiabatically is given

by [42, 73]

PLZ(r) = 1− exp

(
− hΩ(r)2

4gFµB∂t(Bq(vt))

)
(2.18)

where Ω(r) denotes the spatially-varying coupling strength as described by the Rabi

frequency. The quadrupole field amplitude Bq and atom velocity v define the relevant

quantity as the field gradient as experienced by the moving atom. The loss rate is there-

10This work was published separately in 1932 by Zener [68], Landau [69], Majorana [70] and Stueck-
elberg [71].
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fore largely determined by the coupling strength itself, with a strong coupling pushing

the states involved in the avoided crossing further apart to flatten the potential and

increase the deviation of energy levels from the bare states. The quadrupole gradient

determines the gradient of the resulting adiabatic potential, where a sharper change

in the gradient at the avoided crossing increases the probability of non-adiabatic tran-

sitions [73]. The higher the velocity of the confined atoms traversing the crossing, the

less likely they are to adiabatically follow the change in internal state.

2.3.3 Modifications to the potential

The exact form of the potential is modified by gravity, and a gravitational energy

mgh term incorporated into the Hamiltonian. This shifts the potential minimum down-

wards in space, corresponding here to a translation towards higher frequencies. As the

trapped atoms are supported against gravity by the quadrupole field, a high field gra-

dient reduces the effect of this shift.

Further considerations include non-resonant couplings and multiple-photon reso-

nances. In an effect known as the Bloch-Siegert shift [63, 74, 75], a spatial translation

of the location of the resonant avoided crossing can occur due to non-resonant cou-

pling between manifolds that acts to impose a small shift of the eigenvalues involved.

Avoided crossings can also occur at integer values of the dressing RF angular frequency

ω1 subject to conservation of angular momentum. These effects are exacerbated by

strong coupling.

2.4 RF dressed adiabatic potential experiments

The dressed atom formalism as applied to both atoms [15] and neutrons [76] has

been employed to describe dipole force trapping associated with both optical and mi-

crowave fields [77], and off-resonant microwave dressing in a magnetic trap [13]. This
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latter work underscores the relationship between adiabatic potentials created by radi-

ation in different time-varying regimes, and highlights the benefits of increased atom

density and lifetime over static magnetic traps, and the negligible effects of sponta-

neous emission heating and nonadiabatic transitions in contrast to optical dipole traps,

despite the cost of large microwave field amplitudes. Interest then turned to the RF

regime, and the dressed atom framework has been used to describe the effects of RF

radiation on the eigenenergies of magnetically confined atoms. The first proposal for

this as a means to confine ultracold atoms emphasised the application of this method

to accessing the 2D regime with a trapped quantum gas [14].

Experimental implementations of RF dressed adiabatic potentials has diverged

down two paths that share the underlying physics while each exploiting different fea-

tures of the method: RF-dressed potentials based on macroscopic coil arrays, in which

the first experimental implementation of RF-dressing was realised [78], and those cre-

ated using atom chips, in which a BEC was first produced [79]. These two methods

have very different characteristics, and correspondingly different applications.

2.4.1 Adiabatic potentials on atom chips

Atom chip experiments [80] are performed over length-scales of a few hundred

µm, with RF and static fields generated using wires tens of µm in width and separa-

tion. These often exploit the polarisation-dependence of the RF-dressed potential [79],

associating variations in coupling strength with the strong static field gradient to shape

the potential to create features on the order of a few µm.

It was in a chip-based adiabatic potential that the vectorial nature of the coupling

strength was first recognised [79], and this feature was central to subsequent work on

shaping the potential and manipulating trapped atoms. The exploitation of this vecto-

rial coupling, combined with the close proximity of the trap to the chip itself, to create

a potential with tuneable small-scale features was predominantly motivated by the de-
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sire to create a coherent, adiabatic matter-wave beamsplitter that could be applied to

interferometry and precision measurements [65, 79]. The difficulty in designing such

a process using static fields lies in constraints imposed by Maxwell’s equations, requir-

ing higher-order multipole terms to create the fine features required for beamsplitting

sequences. The associated reduction in confinement strength results in a non-adiabatic

beam splitting process [11]. However, the application of RF dressing techniques can

overcome this problem, allowing the introduction of small length-scale features with-

out loss of trap strength or adiabaticity during atom manipulations [11, 65, 81].

Experimental challenges include high loss rates at the atom densities required for pre-

cision measurements [82], and the creation of a sufficiently compact, low-power, and

high repetition rate apparatus for practical application in the field.

Atom chip construction comprises separate wires to generate the static and RF-

dressing fields, tens of microns in width and separation, producing highly asymmetric

trapping potentials that can operate within both the 1D [79] and 3D [32] regimes

depending on the combination of applied currents. Additional bias fields are also

employed to position the potential and assist with its shaping.

The fundamental element of these traps is a double well that can be used as either

a temporal [79] or spatial [32] beamsplitter. These double wells are variants on the

initial implementation [79], in which a DC magnetic trapping wire supplemented by

an external bias field traps atoms 80 µm below the RF wire. The high static field gra-

dient results in a corresponding rapid variation in the angle between the quantisation

axis and the polarisation axis of the dressing RF, leading to a spatial variation of the

coupling strength. This coupling strength, and the corresponding dressed state level

splitting, is maximised directly beneath the RF wire; over short distances the vectorial

coupling variation supercedes the static-field Zeeman splitting such that the dressed

level separation reduces outwards from this point to create a double well. Potential

shaping is achieved by changing the amplitude of the RF current, with the strong con-

finement aiding adiabaticity. The well separation is controlled using the dressing field
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frequency, with a range of 500 kHz to 4 MHz varying the well spacing between 3 and

80 µm and corresponding to both tunnelling and fully isolated regimes.

This first experiment demonstrated adiabatic, phase-coherent splitting of a trapped

condensate, and subsequent work using the same principles but based on a three-wire

RF-dressed Ioffe trap performed interference measurements to distinguish between a

split BEC and those formed separately in independent wells [43]. A full characteri-

sation of the effects of polarisation and angular dependence is also presented in this

later work. A variety of wire configurations based on these principles have so far been

both proposed and demonstrated, each associated with a particular class of poten-

tial landscape to produce cold atom analogues to various optical elements, ranging

between different schemes for double well configurations and rings for Sagnac inter-

ferometry [65]. With radial trap frequencies on the order of a few kHz, these traps are

suitable for interferometric characterisation of 1D systems [83].

In a significant step towards the application of these potentials to precision mea-

surements, subsequent work demonstrated that RF dressing allows splitting and inter-

ference of a trapped condensate to be performed at sufficiently high atomic densities

for interferometric or precision measurement applications [82]; the general suppres-

sion of field fluctuations in RF-dressed traps has also been highlighted [32]. The

compact nature of atom chips lends them to applications in portable interferometry

systems, and recent work has demonstrated the compact, high-repetition rate setups

that makes this scaling feasible [84]. While less flexible than optical dipole trapping

methods, the ability to create small-scale features without laser beams is a significant

advantage to applications in which simplicity and robustness are prized.

Theoretical studies of RF-dressed atom chip potentials, supported by experimen-

tal measurements, have studied the significant effect of violating the rotating wave

approximation on the eigenenergies and allowed transitions [85]. The effect of non-

linear Zeeman shifts on the trap strength and resulting spatial distribution of atoms

has also been theoretically considered [86]. State selective manipulations have been
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suggested as canditates for quantum information processing procedures [43], with an

initial experimental demonstration of this technique using a 87Rb-40K mixture on an

atom chip [41]. More recent theoretical work regarding atom chip adiabatic poten-

tials includes the proposals for RF-dressed lattices created by wire arrays [87], and

the application of these to quantum information processing [88]. Exotic connected

geometries for 1D waveguides have also been suggested by combining RF dressing

fields with an inductive magnetic trap [89], while an inductive ring trap design com-

bined with RF dressing has been proposed that would reduce the scale of ring traps to

those conventially only associated with diffraction-limited optical dipole traps [90].

2.4.2 RF dressing using macroscopic coils

In contrast, coils several cm in extent can be used to create both the static magnetic

and dressing RF fields, trapping atoms on an isomagnetic bubble- or shell-like surface

that echoes the static field structure. The properties of these shell traps depend on

the underlying static field strength, and the frequency and amplitude of the dressing

RF, but are typically hundreds of µm to a few mm in extent, with radial trapping

frequencies on the order of a few Hz and axial frequencies tens of Hz, with a static

field gradient of tens to hundreds of G cm−1. Depending on the combination of trap

parameters, atoms either coalesce on the lower surface of the shell under the influence

of gravity, or, for a higher coupling strength, can flow to fill the entire surface.

While atom chips produce highly anisotropic traps with high field gradients, well-

suited to potential shaping in the 1D regime, macroscopic coil APs are more naturally

oriented towards 2D physics on a surface smoothed by distance from the trapping

wires. The exact form of the resonant trapping surface depends on the underlying

static magnetic trap; APs have been generated using a QUIC [78], Ioffe-Pritchard [91],

and quadrupole [44] static field, with corresponding trapping surfaces manifesting as

asymmetric cigar-shaped bubbles, curved sheets, and, for the spherically symmetric
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quadrupole, spheroidal shells. The vectorial nature of the coupling manifests as a

variation in coupling strength over the shell surface, and this can be exploited to ma-

nipulate the trapping geometry. Using a low RF field amplitude, the first magnetically-

trapped 2D gas has been demonstrated and studied [31, 92]. These macroscopically-

generated APs are more generally characterised by their smoothness, robust construc-

tion, and low heating rates [31].

The potential landscape experienced by trapped atoms can be diversified further by

the application of additional fields, namely an optical dipole trap, or time-varying bias

field. In the former approach, an optical field is overlapped with the RF-dressed shell.

A stacked sequence of rings created by the application of a blue-detuned standing

wave was proposed [93] and a single ring sandwiched by two such sheets has been

demonstrated [66]. A local sculpted optical potential can also be applied to atoms

confined on a shell surface; progress towards combining the RF-dressed quadrupole

and a rapidly-scanned painted optical potential is explored in Chapter 8.

The application of a bias field varying at kHz frequencies creates a time-averaged

adiabatic potential (TAAP) [94]. This technique has been used to create a double

well [95], and variable-radius rings [96] with demonstrated applications in state-

selective manipulations that could be useful in Sagnac interferometry [45]. This has

also provided the means to flatten and shape the shell surface, with schemes devel-

oped for evaporation and rotation of trapped atoms [44]. The vertically-offset double

well is used in our shell trap loading scheme as described in Sec. 6.1.2.

2.4.3 Extending the RF dressing technique

A number of aspects of the RF dressing method have also begun to curve towards

more applied uses. A direct application is that of using an RF-dressed interferome-

try setup to probe non-equilibrium coherence dynamics in 1D systems [85]. In more

of a tangential step, RF dressing has also been proposed as a means of reducing the
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dephasing observed in magnetically confined microwave clocks [97]; The strong cou-

pling and precise features in the potential landscape have also lent the RF dressing

technique to the production of an atom laser [98].

However, one seemingly obvious extension of RF dressing has been little explored.

Multiple-RF dressing was first proposed in the early days of RF dressing experi-

ments [42], with the suggestion of a range of potentials from double wells to lattices

and combs using an appropriate combination of frequencies. The application of the

MRF method to independent state- or species-selective manipulation of trapped atoms

was also alluded to at this time. However, this method was not adopted in earnest

until nearly a decade later, when renewed interest inspired a series of more rigor-

ous theoretical treatments [99–102] and a recent proposal for creating multiple-RF

dressed lattices for artificial magnetic fields using Raman laser beams [103]. The first

experimental demonstration of MRF potentials is discussed in this thesis, where we

implement a three-RF double well as a demonstration and exploration of MRF tech-

niques, laying the groundwork for future applications [104].

2.5 Theory of multiple-RF dressed adiabatic potentials

The extension to a multiple-RF dressed system is conceptually straightforward:

each frequency is associated with a spatially distinct resonance that forms an avoided

crossing. The manifestation of the avoided crossing as either a well or barrier for a

given eigenstate is determined by the eigenenergy gradient, and since one avoided

crossing reverses this gradient at a given point in space, the application of multiple RF

components creates an alternating sequence of wells and barriers.

Experimental and technical considerations are discussed in Chapters 6 and 7, and

relevant aspects of the numerical solution in Sections 2.5.1 and 2.5.2. This work fo-

cusses on the simplest example of MRF dressing: three frequencies applied to generate

two trapping wells with an independently-tuneable barrier to separate them. While
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this configuration alone has scope for future work in 2D and species-selective double

well physics, these principles can be extended to any combination of RF signals sub-

ject to adiabaticity and technical constraints to create complex geometries including

lattices, asymmetric double wells and flat-bottomed potentials.

This description of the MRF theory follows that presented in our recent publica-

tion [104]; a more detailed discussion of the theoretical aspects of MRF dressing is

forthcoming in Ref. [102].

2.5.1 Atoms in a multi-component RF field

The homogeneous RF field of Eq. 2.10 extended to multiple RF frequency compo-

nents takes the form

BMRF(t) =
∑
i

1√
1 + κi

Bi[cos(ωit+ φi)êx − κi sin(ωit+ φi)êy] (2.19)

where Bi, ωi, and φi are the amplitude, angular frequency and relative phase of each

frequency component. The phase term φi is common to both x and y components of

each frequency to dictate the phase difference between each frequency component. In

keeping with our experimental implementation of either circular or linear RF fields,

the polarisation of each field component is reduced to a description by the parameter

κi, with κi = 1 denoting circularly polarised RF and κi = 0 linear.

For either a circularly or linearly polarised RF field, MRF dressing yields a system

again described by the dressed-atom Hamiltonian:

V =
∑
i

~ωia†iai + gFµBF · [B0(r) + BMRF(t)] (2.20)

where BMRF(t) is the second quantised operator for the MRF field in Eq. 2.19. The

first term accounts for the energy of the ith RF field component with angular frequency

ωi and corresponding photon creation and annihilation operators a†i and ai. The sec-
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ond term describes the interaction between the atomic spin operator F, and the total

magnetic field comprising static and RF components B0(r) and BMRF(t) respectively,

following the convention in Ref. [105].

In the absence of interactions with the RF field, the system eigenstates are the

tensor products of the Fock states of each RF field and the atomic Zeeman substates

|n1, n2, ...,mF 〉. These states are labelled by the magnetic quantum number mF and

the ni photons in the ith frequency component of the RF field. They form a ladder

of eigenenergies gFµBmF |B0|+
∑

i ni~ωi in which the three Zeeman substates are re-

peated with a spacing of ωf , the highest common factor of RF angular frequencies

ωi.

While the dressed-atom picture provides an intuitive visualisation of the RF dress-

ing process, the large mean photon number of the RF field allows it to be represented

classically by replacing a†i and ai by their mean field values n̄i. This is performed within

the context of the interaction picture, in which V → U †RFV URF and |ψ〉 → U †RF |ψ〉 with

URF = exp
(
i
∑

i a
†
iaiωit

)
. The RF field is decomposed into components parallel and

perpendicular to a unit vector ẑ′ defined in the direction of B0, where F ·B0 = B0Fz′.

The parallel component has amplitude

ζi(r) =
1√

1 + κi
(sin θ cosφ+ iκi sinφ), (2.21)

where cos θ = −2z(x2 + 4z2)−1/2 and cosφ = [(x2 + 4z2)/(x2 + y2 + 4z2)]1/2 from the

definition of the static quadrupole field. The anticlockwise and clockwise rotating

components of the perpendicular field have amplitudes

αi(r) =
1√

2 + 2κi
(cos θ − i sin θ sinφ− κi cosφ), (2.22)

βi(r) =
1√

2 + 2κi
(cos θ + i sin θ sinφ+ κi cosφ). (2.23)
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In this basis the semiclassical version of the Hamiltonian Eq. 2.20 becomes

V (t) = gFµBB0Fz +
gFµB

2

∑
i

[(
αi√

2
F− +

βi√
2
F+ + ζiFz

)
Bie

i(ωit+φi)

+

(
α∗i√

2
F+ +

β∗i√
2
F− + ζ∗i Fz

)
Bie

−i(ωit+φi)

] (2.24)

which is periodic in time with period T = 2π/ωf . The coefficients αi, βi and ζi give the

projection of the field operator in the local circular basis, with |αi|2 + |βi|2 + |ζi|2 = 1.

From Floquet theory, the eigenstates of this time-periodic Hamiltonian can be ex-

pressed in the form |ψ(t)〉 = exp(iE ′t/~) |Ψ(t)〉, a product of a phase term and the time-

periodic function |Ψ(t)〉. The time evolution operator U(t, t + T ) advances the system

between times t and t+T , such that U(0, T ) |ψ(0)〉 = |ψ(T )〉 = exp(iE ′T/~) |ψ(0)〉. The

phases E ′T/~ can be associated with the energy of the dressed eigenstates of Eq. 2.20

at time T [75, 102] such that the dressed state eigenenergies modulo ~ωf are given

by the 2F + 1 eigenvalues of (−i~/T ) logU(T ). We calculate U through numerical

integration of the Schrödinger equation.

2.5.2 The three-RF double well

The MRF field creates a first order avoided crossing at the location of the resonance

with each of the three dressing frequencies. For atoms in the |m̃F = 1〉 state, this

corresponds to trapping wells associated with ω1 and ω3, and a barrier at ω2 to form a

double well in which field amplitudes are varied to tune the well depths and barrier

height. The dressed state ladder now has a spacing of ~ωf , where ωf is the highest

common factor of the constituent dressing angular frequencies. In the experimental

work we use an MRF field with ωf = 2π × 0.6 MHz and angular frequency components

ω1,2,3 = (5, 6, 7)× ωf , i.e. ω1,2,3 = 2π × (3.0, 3.6, 4.2) MHz. This example is plotted with

experimentally realistic parameters in Fig. 2.3, alongside a plot of a single-RF well at

the central angular frequency ω2 = 2π × 3.6 MHz.
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Figure 2.3: Examples of single- and triple-freqency RF dressing, plotted in the absence of grav-
ity. (a) Dressed state eigenstates showing an avoided crossing formed by a single dressing RF
at ω1 = 2π × 3.6 MHz with field amplitude Ω1 = 2π × 200 kHz. The ladder of dressed sates is
repeated at an interval of the ~ω1. The trapped |m̃F = 1〉 state is emphasised. (b) Upon appli-
cation of three dressing angular frequencies ω1,2,3 = 2π × (3.0, 3.6, 4.2)MHz with amplitudes
Ω1,2,3 = 2π × 200 kHz, three avoided crossings form to create a double well trapping potential
for |m̃F = 1〉. The energies of the eigenstates at each resonance are shifted by the presence of
the other RF field components, translating the well minima in space. Weak avoided crossngs
are also formed by multi-photon couplings at integer values of ~ωf , indicated by asterisks.
The system periodicity is now defined by ωf = 0.6 MHz, the highest common factor of the RF
components11.
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The potential shaping capabilites of this trapping configuration are explored in

Chapter 6. Evident in Fig. 2.3(b) is the shift in the eigenenergy at each resonance due

to the other RF field components, which has the effect of squeezing the double well

minima closer together. The claim of independent tuneability of the trapping wells is

therefore not a statement of the independence of the wells themselves, as there exists

the influence of each field component at any given point in space. Rather it concerns

the ability to independently tune the signals that predominantly influence each feature

of the potential landscape, and use the MRF waveform itself to influence the cross-talk

effects. An additional influence is that of gravity, omitted from Fig. 2.3 but considered

in the context of potential shaping and atom manipulation in Chapter 6. For clarity,

the effect of gravity is excluded from the figures presented in this work unless relevant.

Weak higher order resonances, highlighted in Fig. 2.3, also form at intervals of ωf ,

creating a loss channel that influences the choice of dressing field parameters and the

temperature at which atoms are loaded into the trap. This is considered in the loading

scheme presented in Chapter 6, and explored in Ref. [102].

The experimental angular frequency separation ωf = 2π × 0.6 MHz was chosen for

two main reasons: at the standard12 quadrupole field gradient B′q = 62.45 G cm−1,

this corresponds to a shell separation of order 100 µm, easily imaged with the low-

resolution horizontal imaging system described in Sec. 4.5.4.1, and furthermore, this

separation is a good match to the few hundred kHz field amplitudes of early oper-

ation in terms of maintaining adiabaticity. These adiabaticity constraints motivate

the choice of experimental parameters including the frequency separation, RF ampli-

tudes and static field gradient: an atom with constant velocity v moving through the

spatially-varying potential is retained with a probability approximately given by the

Landau-Zener model of Eq. 2.18. With a view to reducing the well spacing in or-

11This and similar figures of AP eigenenergies are created using MATLAB code developed by Elliot
Bentine [35].

12 This is the AP quadrupole gradient at which most exploratory and diagnostic work was performed;
different values of the gradient have at various times been used.
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der to perform double well experiments, one aspect of experimental investigation has

therefore been to implement MRF potentials at reduced field amplitudes. This has

required systematic removal of RF noise, discussed in Ref. [35] and is an ongoing line

of work13. This condition also dictates our theoretical approach to the MRF problem:

as the piecewise approach presented in Ref. [42] is invalid in this limit [99], Floquet

theory is employed to calculate the MRF dressed state eigenenergies. Numerical arte-

facts are removed by appropriate meshing over the range of magnetic field values

considered. An intuitive depiction of MRF dressing that uses the resolvent formalism

to discard these artefacts is explored in Ref. [102], and another Floquet theory-based

approach to the MRF problem has also been recently been released on ArXiv [101].

Each trapping well in the MRF configuration corresponds to a distinct AP shell with

a coupling strength variation determined by the polarisation of the field component in

question. In this work, we consider either linear or circular polarisation with a hand-

edness that maximises coupling at the south pole, in both cases with a field amplitude

sufficiently low that atoms flow to the south pole under the influence of gravity. The

resonant surfaces therefore take the form of concentric spheroidal shells, and the re-

sultant potential for atoms in this experimental regime is a vertically offset double well

consisting of the lower surface of each shell, illustrated in Fig. 2.4.

In this work we consider a three dimensional atom cloud on each shell surface.

However, a reduction in the field amplitudes Ωi would allow the manipulation of a 2D

gas [31]. This will allow us to exploit the easy tuneability of these double well poten-

tials to investigate double well physics and interferometry in the 2D regime, analogous

to the studies of 1D interferometry performed using RF-dressed double wells on atom

chips. The three-RF double well is implemented and characterised in Chapters 6 and 7.

13 We have implemented single-RF APs with Rabi frequencies as low as Ω ∼ 50 kHz, which should
place us in the regime of a 2D gas, although this was not explicitly verified. Work is ongoing to reduce
the amplitudes Ωi and angular frequency spacing ωf in the MRF potential to access the 2D regime.

143D sketches of AP surfaces are based on a figure originally calculated by Kathrin Luksch for
Ref. [104].
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Figure 2.4: Cut-away sketch of the double shell trapping configuration, in which atoms (yel-
low) are trapped at the south pole of each trapping shell under the influence of gravity. These
shells are associated with the resonances at ω1 and ω3 with a circularly polarised RF field. The
separation between each shell is determined by the frequency separation between RF compo-
nents and the quadrupole field gradient. The variation in coupling strength associated with
the circularly-polarised RF field is indicated by shading, with purple (dark) indicating strong
coupling and green (light) weaker coupling14.
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Chapter 3

Optical dipole traps for

ultracold atoms

The term ‘adiabatic potential’ could as well be applied to optical dipole traps as

RF-dressed potentials. Like the RF-dressed traps, optical potentials are based on the

ability of an atom to adiabatically follow a perturbation to its energy levels upon the

application of a field, and this interaction can again be intuitively described in terms

of the dressed atom picture, though with a reservoir term that accounts for sponta-

neous emission. This short chapter introduces the interaction between an atom and

optical field, in the context of both laser cooling and the creation of optical potentials.

Rather than repeat a discussion of the dressed atom picture, focus here is on laser

beam shaping techniques, to motivate the choices behind the rapidly-scanned dipole

trapping setup discussed in Chapter 8.

3.1 Atom-light interactions

The interaction between an atom and laser field can be described in terms of the

spontaneous and stimulated emission processes that define, respectively, the scattering
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and dipole forces. Viewed in a simplified two-level picture, photon scattering is the

isotropic spontaneous emission process that can follow absorption of a resonant pho-

ton. Incoherent and dissipative, this is the irreversible process behind laser cooling,

with a force given by [106]

Fsp =
~kS0γ

2

(
1 + S0 +

(
2δ
γ

)2
) (3.1)

where ~k is the photon momenum and γ the spontaneous emission rate. The satura-

tion parameter S0 arises from the competition provided by the non-dissipative relax-

ation route provided by stimulated emission. Unlike the spontaneous emission rate

that depends only on the excited state lifetime, this is proportional to the laser in-

tensity. The scattering force therefore saturates at high intensities. As this force is

proportional to the light intensity, it cannot alone create a potential minimum1.

The dipole force is the conservative force associated with stimulated emission and

the coherent redistribution and lensing of the electric field by the atom [107, 108].

Changes to the internal energy structure of the atom arise due to the interaction of an

induced dipole d = α(ω)E0 cos(ωt) with α the atomic polarisability, and the oscillating

electric field E0 cos(ωt). This results in a coupled system described by the dressed-

atom Hamiltonian whereby the system eignenstates are equivalent to those of a bare

atom moving in an effective interaction potential. For the simplified case of a 2-level

atom, the resultant dipole trapping potential is given by

Udip(r) = −3πc2Γ

2ω3
0

I(r)

(
1

ω0 − ω
+

1

ω0 + ω

)
(3.2)

where ω is the angular frequency of the trapping light, ω0 the atomic transition angular

frequency, I(r) the trapping intensity and Γ the transition damping rate [109].

1A potential minimum implicitly requires∇2U > 0, such that a corresponding force F = −∇U would
require ∇ · F ∝ ∇ ·E < 0, implying an unphysical negative divergence of the electric field at the poten-
tial minimum.
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With small angular frequency detunings δ = ω − ω0, the rotating wave approxima-

tion is valid and the 1/(ω0 + ω) term can be neglected. This corresponds to neglecting

the rapidly rotating terms in the interaction Hamiltonian. In this approximation the

trapping potential reduces to:

Udip(r) =
3πc2

2ω3
0

I(r)
Γ

δ
(3.3)

This trapping potential varies with I/δ: for a red-detuned beam with δ < 0 the trap-

ping force acts towards high-intensity regions and for blue-detuned δ > 0 the force is

repulsive. Furthermore, the scattering force is proportional to I/δ2 such that detun-

ing the trapping beam far from resonance reduces heating associated with scattering

events.

3.2 Laser beam shaping: motivation and techniques

The simplest form of a dipole trap is a single tightly-focussed red-detuned laser

beam with trap depth determined by the beam intensity and tightness of confinement

by the intensity gradient, analogous to optical tweezers [110]. A crossed-beam geom-

etry provides good all-round confinement and is the standard approach to all-optical

evaporative cooling whereby the beam combination facilitates simultaneous compres-

sion and evaporation [38]. Enhanced complexity in the dipole trap geometry has

further improved control over this technique [111–114].

Optical lattices have allowed single-site control and imaging of a trapped conden-

sate [5, 115, 116]. With a BEC loaded in an optical lattice, the Bose-Hubbard Hamilto-

nian can be realised, providing a powerful experimental framework for simulating the

otherwise inaccessible electron gas in solids. For example, control of individual lattice

sites has allowed investigation into disorder, the Mott insulator transition, topological

states and quantum registers [117–120]. Lattices are formed from pairs of counter-
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propagating laser beams, the interference between which creates arrays of intensity

maxima. Intensity variations tune interactions between atoms [118] while dynamic

manipulation of lattice sites has been realised using acousto-optic techniques [22,

121]. However, the complexity of standing-wave lattices is inherently restricted. Fur-

thermore, a harmonic external trapping potential or the Gaussian envelope of the

lattice beams beams introduces a spatial dependence to the system density, blurring

phase transitions and reducing simulation accuracy [122–124].

To create a full range of arbitrary lattice structures and continuous potentials,

diffractive beam shaping techniques can be employed, incorporating the technolo-

gies of spatial light modulation and acousto-optic deflection. Whilst site resolution of

interfering-beam lattices is half the laser wavelength, maintaining inter-site coherence

in correlated systems [5, 121], that of diffractive techniques is the diffraction limit of

the focussing optics. However, the power of diffractive methods lies in the increased

range of accessible potentials, for atom confinement in both red- and blue-detuned

light patterns. Examples of accessible structures range between bowtie lattices, a

circular lattice corresponding to an infinite 1D array, and corral-type lattice poten-

tials [125–130]. Arbitrary dynamic control over individual lattice sites has also been

demonstrated [131] whereby a single input beam is manipulated to smoothly deform

a potential and a confined condensate.

Of continuous potentials, flat-topped beams are of particular interest as square

well potentials or box traps, uniform surfaces in structures such as quantum logic

gates [132], and a canvas on which to form other potentials. Box traps have also

been implemented using a series of blue-detuned potential barriers [133–135]. Power-

law potentials are also extremely useful, extending small-scale compensation of exter-

nal potential features [136] to broader compensation of an external trapping poten-

tial [124]. The ability to rapidly update the potential landscape would allow dynamic

control over these potentials.

A spatial light modulator (SLM) is an array of pixels to which a computer-generated
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hologram is applied. Each pixel imposes a programmable phase retardation or inten-

sity attenuation on an incident laser beam. In phase-modulation mode, the output

plane intensity profile is related to the Fourier transform of the input plane phase

profile. Binary SLMs such as ferroelectric liquid crystal, or the closely-related technol-

ogy of digital micromirror devices (DMDs), are computationally simple enough that a

direct search or simulated annealing algorithm can calculate the phase profile [131,

137]. DMDs have also been used to directly modify the amplitude of an incident

beam [138], and as such can be applied to create large flat-topped potentials with less

flexibility, but reduced computational cost than phase-modulation techniques. Able

to access a wider range of output intensities, a higher phase resolution SLM requires

more efficient techniques such as conjugate gradient minimisation [139, 140] or an it-

erative Fourier transform algorithm (IFTA) [141]. Maximising IFTA accuracy for large

or complicated intensity patterns requires restricted output plane amplitude freedom,

introducing noise close to the trapping region. IFTAs also suffer from optical vortices

introduced during the calculation process. Difficult to remove once established, these

correspond to a 2π phase winding and zero intensity [142]. Methods of limiting vor-

tex formation have been investigated [132, 139], but computational intensity is still

a limiting factor for large arbitrary continuous potentials. SLM technology has also

been employed to obtain simultaneous control over both the phase and amplitude of

the trapping plane optical field, using both a nematic liquid crystal SLM programmed

using a conjugate gradient minimisation calculation [140], and using a DMD with

superpixel technology [143].

Dynamic manipulation of a trapped condensate requires a sufficient update rate

between static frames. Binary SLMs are associated with the highest pixel switching

frequencies: the Texas Instruments digital micro-mirror device around 50 kHz and

the Boulder Nonlinear Systems (BNS) ferroelectric liquid crystal SLM approximately 1

kHz. However, the BNS nematic liquid crystal SLM offering the more versatile range of

accessible potentials is limited to a switching frequency of hundreds of Hz [131, 138,
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144]. The power of SLM technology in precisely sculpting many aspects of an optical

trapping field is therefore limited in situations where smooth dynamic manipulation

of trapped atoms is required.

Acousto-optic deflection is based on the Bragg diffraction of an incident beam by

an acoustic wave established in the acousto-optic deflector (AOD) crystal. The first

order deflection angle depends on the acoustic wave frequency. Beam shaping can be

performed either by rapid scanning of a single beam to paint a continuous potential or

series of lattice points [145], or by the superposition of multiple static beams [124].

The pattern quality depends on the input beam profile and AOD response to the pre-

programmed input frequency sequence. Although efficiency is reduced by diffraction

into other orders, these are sufficiently spatially separated from the trapping potential

that they need not disrupt the trapping potential. Furthermore, the output intensity

comprises beams diffracted by different AOD frequencies, such that the interference

effects outside the trapping plane associated with a single large coherent beam will not

arise. An AOD has an acoustic frequency update rate on the order of 10 MHz, although

the rate of change of deflection angle is limited by the finite time taken for the acoustic

wave to cross the incident beam to a few tens or hundreds of kHz2. Despite this

limitation, this approach can therefore combine the update rate necessary for smooth

dynamic variation of the trapping potential and ability to accurately reproduce a range

of target patterns.

Each beam shaping technique is associated with different strengths, and selecting

a method depends on the details of the experiment in question. Phase-only SLMs are

capable of precisely sculpting a variety of output plane features, including amplitude

and phase, in an almost arbitrary manner, although with moderate computational

intensity required to do so. They are, however, not ideally suited to creating large con-

tinuous intensity distributions or flat-topped features, and their update rate is limited

2With a sound speed an order of magnitude higher than in an AOD, an AOM could feasibly be used
to scan an incident beam with frequencies up to a few MHz.
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to a few tens of Hz, which is too slow for some dynamic manipulation applications

given the timescales of cold atom systems. DMDs have the benefits of a higher update

speed, and the capability to create accurate flat-topped beams by operation in direct

amplitude-modulation mode. This is, however, offset against a fairly low power ef-

ficiency due to the necessity of discarding portions of the input beam, and a limited

range of achievable intensity patterns. The range of painted potentials achieved by

scanning an AOM or AOD is somewhat limited in scope, their complexity ultimately

restricted by the timescales over which a scan must be completed in order to satisfy

the time-averaging criterion. However, the intensity shaping method is implicitly sim-

ple and direct, and individual points on the trapping plane can be easily addressed.

Painted potentials could be combined with signal multiplexing to increase the versatil-

ity of this technique. They are also capable of rapidly updating the effective potential

seen by trapped atoms, on timescales up to a few hundred kHz.

In this experiment, we require a smooth trapping beam, with the capability to de-

form a circular trap into an ellipse to induce rotation in the trapped atoms. Smoothness

can be achieved by time-averaging, requiring the beam to be scanned at a frequency

much faster than the timescales of motion of the atoms in the trap, in our case with a

target frequency on the order of 50 kHz. In light of this requirement on update rate,

and the relatively simple and cyclical nature of the potentials of interest, the AOD

painted potential method was chosen to create the trapping potential in the rotating

dipole trap setup. Methods associated with both time-averaging and signal multiplex-

ing using the AOD are discussed in Chapter 8.
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Chapter 4

Experimental apparatus

The core of the experimental apparatus used to produce a Bose-Einstein conden-

sate of 87Rb atoms was constructed as described in Refs. [67, 146, 147]. As well as

implementing the hardware necessary to create multiple-RF dressed adiabatic poten-

tials as explored in Sections 5 and 6, and the optical dipole trap described in Sec. 8,

substantial modifications and upgrades were made to this core apparatus in order to

ensure its continued reliable operation and suitability for future applications.

This chapter explores these modifications and describes the process by which a BEC

is produced. First, an overview of the experiment sequence is outlined in Sec. 4.1.

Aspects of the apparatus are then considered in turn in Sections 4.2 to 4.4 with a

focus on the recent changes. These are then considered in the context of a detailed

explanation of BEC production in Sec. 4.5.

4.1 Experiment overview

An overview schematic of the apparatus is shown in Fig. 4.1, and a typical experi-

mental sequence is illustrated in Fig. 4.2.
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Figure 4.1: Schematic of the experiment apparatus. Atoms are dispensed and laser cooled in the pyramid MOT chamber, before being
transported through a differential pumping tube to the glass cell by mechanical translation of the quadrupole MOT coils. A stage of magnetic
transport completes their transfer to a magnetic quadrupole potential in the glass cell. Forced RF evaporative cooling takes place in the
quadrupole, and continues in the time-orbiting potential (TOP) created by applying a bias field rotating at 7 kHz. Following evaporative
cooling, atoms can be transferred into the RF dressed shell trap created by applying a field oscillating at a few MHz. To characterise the
resultant distribution of atoms, absorption imaging can be performed in either the horizontal or vertical directions. The vertical imaging
system is coupled with a red-detuned beam that will in future be used to create a painted dipole potential on the lower surface of the
RF-dressed trapping shell.
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Figure 4.2: Flowchart summarising the stages of a typical experimental sequence. Atoms can
be released for time of flight imaging at any point after transport to the glass cell.

This procedure can be broken into several component stages: the MOT; hybrid me-

chanical/magnetic transport; evaporative cooling in the quadrupole and TOP traps,
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either to BEC, or to a thermal cloud that can be loaded into the RF-dressed shell po-

tential; and finally absorption imaging of the atomic cloud, generally following some

time-of-flight expansion. The computer system used to control these sequences is de-

scribed in Ref. [147].

The success of these sequences requires the backdrop of a reliably functioning ex-

perimental apparatus. This apparatus has several fundamental components: an ultra-

high vacuum with the capacity for transporting atoms between chambers; DC coils to

provide magnetic confinement; AC coils for evaporation from a laser-cooled cloud to

BEC, and to provide the RF fields needed to create the AP trapping surface; and finally

a laser system for both laser cooling and imaging. For a visual overview of the system,

a series of photographs of the apparatus (excluding the laser systems) is shown in

Fig. 4.3.

These system components will be described in detail in the following sections, cul-

minating in a discussion of how these are brought together to create a BEC according

to the first few steps of the experimental sequence shown in Fig. 4.2. This chapter

therefore lays the foundation for discussions of the RF-dressed potentials in Chapters 6

and 7, and the dipole trapping system addressed in Chapter 8.

4.2 The laser system

A healthy laser system is the bedrock of a cold atom experiment, and is imperative

to both the initial step of laser cooling and the final imaging of the atom cloud in

this apparatus. Discussion of the laser system has been split across two sections. This

first section focusses on the structural aspects of the system: the requirements on the

laser light, and how it is generated and stabilised in preparation for its application

to the atoms. The subsequent discussion in Sec. 4.5 will describe the experimental

implementation of this light to the relevant stages of BEC production, namely its role

in the MOT and the atom imaging systems. Description of the dipole trapping laser
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Gate valve

AC coil array

DC coil array surrounding glass cell
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Figure 4.3: Photograph of the experiment apparatus. (a) Overview of the vacuum system,
magnetic trapping coils, and imaging optics. Atoms are laser cooled in the MOT chamber (far
left) and transported to the glass cell using a combination of mechanical transport of the MOT
quadrupole trapping coils, and a final magnetic transfer stage. The pressure differential be-
tween MOT chamber and glass cell is maintained using a differential pumping tube. The glass
cell is surrounded by a DC coil array to facilitate magnetic transport and subsequent confine-
ment in a quadrupole trap, and an AC coil array that provides the 7 kHz TOP bias field, and
both dressing and evaporative RF fields. Both horizontal and vertical imaging, and imaging
lattice optics, populate the tiered optical breadboards surrounding the glass cell. (b) The pyra-
mid MOT chamber without the quadrupole/transport coils. The coils provide a controllable
bias field to tune the atom cloud position. Cooling optics are mounted vertically. (c) The pyra-
mid MOT mirrors inside the chamber. Rubidium dispensers are visible above the top left and
top right mirrors. Atom transport is conducted in the direction indicated by the gaps in the
mirrors on the right hand side. (d) The glass cell, surrounded by DC and AC coil arrays. The
AC coils fit snugly around the glass cell.
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setup is omitted from this section as it is difficult to disentangle the system from its

specific design requirements: this is discussed in Chapter 8.

4.2.1 87Rb transitions

The 87Rb D2 line (52S1/2 to 52P3/2) with wavelength 780 nm provides the atomic

structure exploited during the cooling and imaging processes. The hyperfine structure

associated with these levels is illustrated in Fig. 4.4, with the cooling and repumping

transitions indicated.

Laser cooling is based on the dissipative scattering force as discussed in Sec. 3,

whereby photon absorption and isotropic re-emission results in a net momentum trans-

fer that opposes the direction of atom motion [2, 149]. The necessary directional

momentum transfer requires an imbalance in absorption probability according to the

motion of the atom relative to the direction of beam propagation. This is achieved

using the Doppler shift: by detuning to the red of the cyclic cooling transition we en-

sure that the absorption probability is significant only for atoms moving counter to

the direction of beam propagation. Efficient cooling requires a cyclic transition, with

a minimal probability of decay to a level inaccessible to the cooling laser. The best

candidate for this is the |F = 2〉 → |F′ = 3〉 transition. We have empirically chosen to

detune the cooling beam from this transition by a value of 22 MHz, or approximately

4Γ, where Γ = 2π × 6.1 MHz is the natural linewidth of the transition [148].

However, a finite probability exists for the cooling beam to excite a transition into

|F′ = 2〉, from where it has a 50% chance of decay into the |F = 1〉 ground state, where

the atom is several GHz from resonance and thus blind to the cooling beam. Over sev-

eral cooling cycles, this optical pumping effect would result in the loss of a significant

number of atoms from the cycle, severely restricting the laser cooling process. A re-

pumping beam is therefore employed to retrieve atoms from the dark state, returning

them to the 52P3/2 |F = 2〉 excited state to give them a chance of de-excitation back
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Figure 4.4: Hyperfine structure of the 87Rb D2 line. The magnitude of the gF factors gF = 2/3
and gF = 1/2 correspond to Zeeman splittings between adjacent sublevels of 0.93 MHz/G and
0.7 MHz/G respectively. Energy level data was taken from Ref. [148].

into the |F = 2〉 ground and back into the cooling cycle.

4.2.2 Laser frequency stabilisation

Diode lasers are exclusively used on this experiment, due to a combination of fac-

tors including low cost, ease of use, straightforward tuneability of the output wave-

52



length and a narrow linewidth once locked to an appropriate signal. The free-running

linewidth of these laser diodes is typically on the order of a few tens of MHz. For

applications in both cooling and imaging, this must be narrowed to less than the natu-

ral linewidth of a typical 87Rb excited state transition, corresponding to approximately

2π × 6 MHz for the D2 line [148].

For each of the cooling and repumping lines, a ‘master’ laser, its frequency con-

trolled by an external cavity to form an external cavity diode laser (ECDL), is locked

to a signal derived from 87Rb spectroscopy. Meanwhile, injection-locked [150] ‘slave’

lasers provide a power boost for the cooling light. In our setup, acousto-optic modula-

tors (AOMs) are used to vary the input beam frequency to control the detuning from

atomic resonance.

4.2.2.1 Laser diode control

The broad linewidth of a free-running laser diode is artificially narrowed by the

injection of a narrow, stabilised beam derived either from some portion of the output

light stabilised to a cavity (the master ECDLs) or a separate stabilised laser source (the

injection-locked slave lasers). This externally-derived light then encourages single-

mode, narrow-linewidth operation by the process of gain saturation: amplification of

light by the gain medium over this small frequency range deprives alternative modes

of this gain, thus preventing them from lasing, and itself asserting control of the laser

output.

In the Littrow ECDL configuration used in this experiment, the feedback frequency

is set by a diffraction grating, aligned such that its first diffracted order is reflected

directly back into the diode, with the grating angle tuneable either by piezo or manu-

ally (for the initial coarse alignment stage). Since the grating acts to spatially sep-

arate wavelength components of a polychromatic source according to the relation

nλ = 2d sin(θ) with n the diffraction order, d the grating constant and θ the diffrac-
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tion angle, this determines which spectral component is aligned back into the diode

to force single-mode operation. The laser frequency also has a dependence on the

external cavity length L, still determined by the piezo controller, with the mth reso-

nant frequency of the cavity given by νm = mc/2L and arising from the condition for

standing wave formation in the cavity. The output facet of the diode is anti-reflection

coated to minimise competition between the mode associated with the internal cavity

established by reflections and that enforced by the wavelength-selective external cav-

ity. With careful grating alignment, an ECDL setup can produce linewidths of around

100 kHz [151], well below the MHz atomic transition linewidth, as averaged over the

tens of ms associated with the bandwidth of the laser control servo.

The injection-locked slave laser setup is far simpler: a low-power, carefully mode-

matched frequency-stabilised beam derived from the ECDL is aligned into the anti-

reflection coated output facet of a laser diode. This ‘seed’ beam saturates the gain

medium at its own operating frequency, encouraging single-mode operation of the

slave laser that follows any variation in the seed beam wavelength within the con-

straints of the diode output spectrum.

In both ECDL and injection-locked laser systems, the careful positioning of mode-

hops is necessary to ensure single-mode operation throughout the frequency sweeps

implemented during an experimental sequence. Various lasing modes can exist within

a cavity, all with some degree of spatial overlap and competition for the available gain.

The gain associated with each mode is determined by a combination of factors includ-

ing the intrinsic gain lineshape of the semiconductor gain medium, the properties of

the cavities formed between front and back facets of the diode and the grating, and

the frequency spectrum back-diffracted into the diode from an external cavity grating.

Competition between these effects gives rise to mode-hops: the net gain associated

with a number of modes can be very similar in value, such that a small perturbation

can diminish the gain of the original dominant mode and empower another, causing

a jump in the lasing mode exhibited. Once a given mode has won the competition for

54



gain, it is able to seize control of single-mode operation by the same gain saturation

process exploited to lock the laser. This effect can be diminished by an incomplete

spatial overlap of the modes, and even a well-designed system can be sensitive to dif-

ferential response of the various cavities to temperature drifts. It is therefore possible

that due to imperfect alignment or other drifts in the system a different mode becomes

able to dominate the gain profile, resulting in a mode-hop.

The location of mode-hops can be adjusted using the diode temperature and cur-

rent, in addition to realigning the external cavity or seed beam if necessary. The

temperature affects the length of both internal and external cavities due to thermal

expansion, affecting both the mode frequency and spacing, while the current affects

the refractive index of the semiconducting gain medium in the diode and thus its ef-

fective length and corresponding frequency [152]. The influence of the laser current

over the output frequency can be exploited for frequency stabilisation, by splitting the

current signal used to control the piezo and diverting some proportion of this to di-

rectly modulate the diode current in a feed-forward configuration for additional fast

control that reduces the resultant linewidth.

4.2.2.2 Laser locking to an atomic spectrum

Tuning the frequency of a laser diode is therefore fairly straightforward. However,

this frequency must also be stabilised for the duration of the experimental sequence.

Locking a laser to a given frequency requires a discriminator signal that is related

to the difference between the set-point and measured frequency. This discriminator

signal can be derived from a variety of sources, including spectroscopic measurements,

cavities and electronically via a frequency offset locking system [153].

To probe an atomic transition using spectrosocpy, the angular frequency ω of a

laser beam propagating through some atomic sample is scanned around the atomic

resonance ω0 to map the absorption. However, in this simplest configuration, the tran-
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sition linewidth is broadened by the Doppler effect associated with thermal motion of

atoms in a room temperature vapour cell, obscuring features smaller than the Doppler

width of around 1 GHz. The saturated absorption technique [154] is a popular ap-

proach to obtaining the few hundred kHz laser lock required. In this technique, the

probe beam that propagates through the vapour cell, and whose absorption profile

is detected on the photodiode, is joined by a counterpropagating pump beam strong

enough to saturate the atomic transition for those atoms in the velocity class it in-

teracts with. This saturation is still experienced by the atoms that are also resonant

with the weaker probe beam, i.e. those with a Doppler shift of zero within the nat-

ural linewidth Γ, such that their ability to interact with this beam is reduced. By

thus limiting the interaction to those atoms with close to zero velocity, the effects of

Doppler broadening are eliminated and narrow peaks of reduced absorption, width Γ,

are created on the broad Doppler intensity profile [63].

The Doppler-free absorption spectrum for the 85Rb and 87Rb D2 line is shown in

Fig. 4.5. The four broad dips in the spectrum correspond to the Doppler-broadened

transitions from the 52S1/2|F = 1〉 and |F = 2〉 states in each species, and the small

peaks superimposed on this profile the isolated transitions between these states and

specific components of 52P3/2.

However, more sub-Doppler peaks are evident than transitions exist. This is due

to the crossover peaks that fall midway between each pair of transitions. These peaks

arise due to the sensitivity of the probe resonant with atoms on one transition to

those same atoms’ saturation by the pump on another. If the pump is Doppler-shifted

into resonance with atoms with angular frequency ω1 = ω + kv, and the probe with

ω2 = ω − kv, then this crossover saturation will occur at ω = (ω1 + ω2)/2 where the

atoms in this velocity class are able to experience the effects of saturation, although

exhibiting them on the unintended transition when probed [63]. Crossover resonances

can be comparable to or larger than the transition peaks, and as such can either pro-

vide a useful alternative reference point, as in our repumping system, or a problematic
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Figure 4.5: Doppler-free absorption spectrum over a 9 GHz frequency scan, showing the D2
lines of 87Rb and 85Rb. The Doppler peaks for the 87Rb |F = 1〉 ↔ |F ′〉 and |F = 2〉 ↔ |F ′〉,
and the 85Rb |F = 2〉 ↔ |F ′〉 and |F = 3〉 ↔ |F ′〉 are visible. Sub-Doppler features are visible
within these broad peaks, including both real transitions and crossover peaks. The sub-Doppler
peaks for the cooling and repumping lines are circled in green.

source of background noise diminishing the stability of an attempted lock to a nearby

peak.

Modulation transfer spectroscopy (MTS) is a simple extension of the saturated ab-

sorption method that creates a low-noise, zero background discriminator signal on

which to lock the laser frequency. Already an established technique for high-resolution

spectroscopy [155, 156], this was first applied to laser locking using the caesium

D2 transition [157]. In addition to a broad application in many cold atom experi-

ments, MTS has since been characterised for rubidium [158], and the potassium D2

line [159]. As in saturated absorption, the MTS setup is based on a pump and probe

beam counterpropagating through a vapour cell. However, in this case both beams are

of approximately equal intensities, and the pump is modulated to produce sidebands

at some frequency comparable to Γ. This modulation is typically applied using an

electro-optic modulator (EOM), although acousto-optic modulation has also been suc-

cessfully demonstrated in Rb spectroscopy [160]. When both pump and probe beams
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interact sufficiently strongly with the atoms in the vapour cell, four-wave mixing can

occur, which transfers the modulation onto the probe beam. The conditions for this

nonlinear interaction include sufficient intensity in both beams, and a closed transition

that ensures sufficient efficiency of the modulation process [63].

The modulation transfer process occurs only at frequencies where the four-wave

mixing criterion is fulfilled, and a high-gradient discriminator signal can be generated

by detecting those frequencies at which the sidebands are present on the probe beam.

The creation of this discriminator signal is described in the context of this experimental

setup in Sec. 4.2.4. MTS signals for the Rb cooling transitions are plotted in Fig. 4.6.

0 0.5 1 1.5 2 2.5 3

Detuning (GHz)

-2

-1

0

1

2

M
T
S
er
ro
r
si
gn

a
l
(V

)

Figure 4.6: Modulation transfer spectroscopy on the 87Rb and 87Rb cooling lines. Purple
traces show the spectra and green the corresponding MTS discriminator signal. The key MTS
characteristics are apparent here: large-amplitude, high-gradient error peaks associated with
the closed transitions |F = 2〉 ↔ |F ′ = 3〉 (87Rb) and |F = 3〉 ↔ |F ′ = 4〉 (85Rb), set against a
uniform background and significantly lower-amplitude peaks for the other large spectroscopic
features. This peak provides a precise, stable lock point.

Unlike the Pound-Drever-Hall method [161] used with the saturated absorption

repumper signal, modulation is restricted to the spectroscopy beams and so the main

laser output remains free from these effects. This is particularly important for the

cooling light, where the beams are detuned from resonance by 22 MHz in the stan-

dard case, and up to 74 MHz during the CMOT stage; sidebands with tens of MHz

spacing would risk resonance with the atoms during these sweeps. Another prominent
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characteristic of MTS is the presence of error signal peaks only for closed transitions.

This reduces the likelihood that the lock will jump to a neighbouring transition, or that

a preferable nearby lock point exists. The drawback of this is that not all desirable

lock points possess a corresponding MTS peak. For example, too many de-excitation

routes inherently exist for the 87Rb repumping transition. However, a ground state

crossover can act as a suitable closed transition if the ground state energies are close

enough together to be thermally occupied. This ground state spacing determines

the velocity class that is dually selected in the crossover interaction: this velocity is

given by (ω1 − ω2)/2k, and for the 87Rb ground state is on the order of 2500 m s−1.

In contrast, with a smaller ground state splitting and corresponding crossover veloc-

ity of just 190 m s−1, an MTS signal has been observed on the potassium ground state

crossover [100].

4.2.3 Laser system overview

We have constructed parallel laser systems that are frequency-stabilised to the cool-

ing and repumping transitions, with variable detuning achieved by acousto-optic mod-

ulation. These systems were designed based on two paradigms: stability and modu-

larity.

In aid of stability, we favoured methods with minimal degrees of freedom. A note-

able example of this is the tapered amplifier (TA) outlined in Sec. 4.2.6, where, despite

the short-term alignment challenges, this approach has proved worthwhile in terms of

the significant decrease in ongoing realignment and maintenance1.

The modular approach is one in which each system is split into subsystems that

each perform a specific task. Each subsystem is contained within its own breadboard,

coupled using optical fibres, to minimise the impact of any upstream maintenance and

1A new TA chip housing style and robust alignment optics has reduced maintenance from 2-3 times
a week with the old design, to approximately once every 6 months.
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allow both offline system development and easy transport between locations2. In its

previous incarnation, the laser system had been constructed entirely on the same op-

tical table as the rest of the experiment apparatus. Aside from spatial constraints, this

caused stability issues such as frequent unlocking of the repumper during the mechan-

ical transport stage, and of the cooling MTS due to MHz noise during RF evaporation.

The flexibility of the modular approach outweighs the drawbacks of the losses and

polarisation drifts associated with fibre coupling. To combat the former, an additional

slave laser was added to the cooling system, granting the benefit of an extra injection-

locked laser to share the frequency shift during the CMOT stage. Polarisation drifts due

to imperfect matching of the polarisation axis of the fibre with linearly polarised inci-

dent light can be minimised by careful alignment, and their effect mitigated by careful

choice of the break points between subsystems. If necessary, active power stabilisation

could be introduced.

The layout of the laser systems are outlined in the following sections and series of

figures. This has recently been developed further to incorporate frequency offset locks

for both cooling and repumping light from a single ECDL locked to the 87Rb cooling

transition, and will be discussed in Ref. [35].

4.2.4 Cooling light

The cooling system is contained within boards C1-C5, illustrated in Fig. 4.7, with

amplification implemented by a tapered amplifier (TA) as shown in Fig. 4.9 and the

distribution into the imaging system shown in Fig. 4.16.

Cooling light is ultimately derived from a Toptica DL PRO 780, providing a maxi-

mum output power of 80 mW between 765 and 800 nm with current and temperature

control provided by the DCC 110 and DTC 110 modules respectively. Following a

stage of isolation and beam shaping (C1), this is immediately fibre coupled onto a dis-

2This flexibility has been a particularly useful defence against nearby building works.
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Figure 4.7: Schematic of the cooling laser setup. Laser light is derived from a DL PRO (C1),
and immediately transferred to a distribution board (C2). Fibres then transfer light to the
spectroscopy setup (C3) and onwards for amplification. Additional fibre outputs can provide
laser power for other experiments and for beat-note detection in an offset-locking scheme [35].
A first stage of amplification is performed using two injection-locked lasers (C4, C5). The
seed beam frequency in each case is controlled using an acousto-optic modulator (AOM), with
a frequency shift of order 100 MHz imparted in opposite directions on each board to give
a variable cooling beam detuning tens of MHz from the cooling transition. Outputs from
board C4 lead to the second injection-locked laser on C5, and directly to the imaging system
shown in Fig. 4.16 where another AOM allows independent detuning of cooling and imaging
light. The output from board C5 is amplified by the TA in Fig. 4.9. The component key
carries over to subsequent diagrams, and colour-coded boxes around the optical fibres match
in pairs to illustrate fibre destinations. This and subsequent optics diagrams are created using
components adapted from the Component Library [162].

tribution board (C2) which was constructed to allow for the extension of the system

to accommodate the frequency offset locking system and allow the DL PRO to act as

a stable, narrow-linewidth laser source for multiple experiments. The laser is locked

to the cycling transition using an error signal derived from modulation transfer spec-

troscopy (C3) as shown in Fig. 4.6, facilitated by the Digilock 110 in which PID values
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can be digitally set, controlling the cavity via the SC 110 piezo scan module.

To create the MTS discriminator signal, the modulated probe beam is incident on a

photodiode with a sufficiently fast response to detect the beat pattern between probe

and sidebands. This signal is then amplified (Mini-Circuits ZFL-500HLN) and mixed

with a phase reference derived from a second function generator to perform phase

sensitive demodulation. By low-pass filtering (Mini-Circuits BLP-1.9+) the mixer out-

put, the DC component is selected to form the PID input that determines the piezo

signal and thus cavity length and grating angle, locking the signal to the zero-point of

the sharp edge of the MTS error signal.

Stabilised resonant light is then taken from the low-noise laser lab and transported

by a 21 m fibre (PMJ-3AF3AF-850-5/125-3AS-21-1) to the main experiment3. Polari-

sation variations were minimised to within 5% by careful alignment and fibre insula-

tion.

From here, the light is split into cooling and imaging components, each with precise

frequency control granted by two complementary double-pass AOMs (Crystal Technol-

ogy 3110-140), acting to give a controllable frequency detuning of up to 90 MHz. The

first amplification stage affects both cooling and imaging branches, and consists of an

injection locked laser offset from resonance (C4). The original diodes used for the

injection-locked lasers were Sanyo DL7140-201S, housed in a home-built laser head

driven using an in-house current control unit and a temperature controller (Newport

325). With seed light of a few hundred µW and good input alignment and mode-

matching, these diodes could output around 60 mW with a mode-hop free tuning

range of around 2 GHz. After the discontinuation of this line, we have used the

200 mW Panasonic LNC728PS01WW4, outputting 50 mW with a seed power around

3 A dedicated laser lab protects the laser system from both traffic and environmental variations, and
also systematic experimental perturbations. When the ECDLs were set up on the same table as the main
apparatus, evaporative RF at a few discrete frequencies around 30 MHz would couple into the MTS
locking electronics and intermittently kick the cooling laser out of lock; until the new system was built
we developed modified ramps that jumped over the problematic frequencies. Vibrations caused by the
mechanical transport would routinely destroy the lock of the repumping ECDL.
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1.5 mW.

One branch of the light is diverted into the imaging system (IM), and the second,

cooling, branch provides the seed beam for a second injection-locked slave laser, hav-

ing been shifted back to ∼ 4Γ below resonance (C5). This light is combined with the

repumper and directly provides the seed for the TA discussed in Sec. 4.2.6.

4.2.5 Repumping light

As illustrated in Fig. 4.8, the repumping light for both MOT and imaging is derived

from a single ECDL (R1), using an Eagleyard EYP-RWE-0790 diode in a Toptica DL100

housing5. Current and temperature control are provided by the DCC 110 and DTC

110 systems respectively, and the piezo scan controlled using the PID 110 The laser

frequency is locked to a vapour cell spectroscopy signal (R2).

Figure 4.8: Schematic of the repumping laser setup. The DL 100 laser source (R1) is stabilised
by a Pound-Drever-Hall lock using saturated absorption spectroscopy (R2), placing 20 MHz
sidebands on the beam. This light is transmitted to the TA board for amplification.

An error signal is derived from saturated absorption spectroscopy using the Pound-

Drever-Hall technique implemented using the Toptica PDD 110 module to modulate

the laser driving current at 20 MHz. As the Doppler-free peak associated with the

4This followed an extended period of trialling a range of alternatives, none of which offered the
performance of the original Sanyo diodes.

5We have also used EYP-RWE-0780 diodes in the DL100 housing. Anecdotally, while initiating laser
feedback using these diodes seemed easier, it was more difficult to subsequently lower the lasing thresh-
old to the same extent as the RWE-0790 diodes. Furthermore, the emission plane is closer to the front
surface of the diode. A spacer was therefore required to make these compatible with our housing and
collimating optics.
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repumping transition is the smallest of the |F = 1〉 ↔ |F ′〉 transtions, with a corre-

spondingly small error signal, this does not provide an ideal lock point. To max-

imise lock stability and prevent it jumping to a larger signal, we instead lock on the

|F = 1〉 ↔ |F ′ = 1/2〉 crossover, using the AOM on board R1 to detune the 78.45 MHz

back to resonance. The trimpots that set the PID parameters lack the precision and

repeatability of digital control, and eventually required replacement after becoming

increasingly unreliable. This rempumping system has recently been modified to derive

its locking signal from a frequency offset lock [35].

4.2.6 The tapered amplifier

The tapered amplifier (TA) amplifies both the cooling and repumping beams to

provide sufficient power for the large-diameter MOT beam. The associated breadboard

is illustrated in Fig. 4.9. The TA chip contains a tapered region of gain medium, anti-

Figure 4.9: Schematic of the tapered amplifier optics. Cooling and repumping beams are
combined to seed the TA, and a few mW of repumping light diverted to the imaging system
(cooling light is independently shuttered). Additional outputs are used for diagnostic purposes
including monitoring with a Fabry-Pérot Etalon. The TA output mode is shaped using a cylin-
drical lens and free-space propagation to maximise fibre coupling efficiency. This provides the
∼ 400 mW of light required for the pyramid MOT.

reflection coated at both ends, seeded at the narrow input to filter the spatial mode.

The tapered structure of the gain medium allows significant amplification of the seed
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light without endangering the diode output facet, although this results in a strongly

astigmatic output beam.

We use an Eagleyard TPA-0780-01000-3006-CMT03-0000 chip with a maximum

1 W output, in a home-built monolithic housing. While the previous housing design

contained adjustable mounts for the aspheric lenses used to collimate the output beam

and back-ejected spontaneous emission to ensure correct focussing of the collimated

seed beam onto the TA chip, the new housing approaches a monolithic design in which

the lens positions are fixed within the cylindrical aperture around the chip. Initial

alignment was painstaking, since the lenses had to be adjusted within a small aperture

without risking back-reflections that would damage the TA chip. However, this system

has since been completely stable, in contrast to the previous design which required

realignment of both input and output beams on a regular basis due to drifts in the lens

positions. A Peltier cooler (RS 490-1424 with maximum 36.3 W of cooling power)

and temperature control unit (Thorlabs PRO 8000-4) are used to stabilise the TA diode

temperature, while current is regulated at 1.9 A using this same control module.

Cooling and repumping light are combined as shown in Fig. 4.9 and aligned to

the TA chip using the reverse-emitted spontaneous emission as a guide. The output

beam is both highly astigmatic and non-Gaussian; alignment into an optical fibre re-

quires collimation of the horizontal profile using a cylindrical lens, and a ∼ 1.5 m

propagation path to allow for a degree of ‘self-cleaning’ of the transverse mode. Even

with careful mode-matching the coupling efficiency peaked at 67% using a standard

polarisation-maintaining fibre. Additional outputs on this board collect stray light for

use in diagnostics, and to provide the repumping light used in imaging. Photodiodes

are used to monitor any power variations and could be used in active power stabilisa-

tion if necessary.
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4.3 The vacuum

The vacuum consists of three main sections: the MOT chamber, differential pump-

ing tube and glass science cell. Details of its dimensions and construction are discussed

in [67, 146, 147] and a schematic is shown in Fig. 4.10.

The MOT chamber is the starting point for any given experimental sequence, and,

housing the rubidium dispensers, is the highest-pressure and most variable region

of the vacuum system, with a typical pressure around 10−9 mbar. Meanwhile, with

good optical access, the glass science cell is maintained at a vacuum of approximately

10−11 mbar, protected from the higher pressure in the MOT chamber by the differential

pumping tube. Vacuum is maintained on both sides of the vacuum apparatus by the

two ion pumps, one attached to the MOT chamber and one located between the gate

valve and glass cell, and a non-evaporable getter (NEG) pump located between gate

valve and glass cell that removes atoms by adsorption to the getting surface. A gate

valve protects the glass cell against changes to the MOT chamber.

4.3.1 The rubidium dispensers

Rubidium is dispensed into the experiment by means of a pair of dispensers (SAES

Rb/NF/3.4/12 FT10+10) driven in series by a constant current source. These Rb

dispensers are located in the MOT chamber, behind the pyramid mirrors, with two

such pairs installed in 2008. Until November 2014, the original dispenser pair was

driven by a constant current of 2.9 A throughout a full day of experiment operation.

Within 30 minutes to an hour, the vapour pressure in the MOT chamber, as monitored

by the MOT size itself, would stabilise to give a loading time of approximately 20 s

with a final atom number of 3.9× 109.

The optimal vapour pressure is a compromise between loading a sufficiently large

MOT in a reasonable time, and the transport efficiency allowed due to collisions

with background atoms. Assuming no contamination in the chamber, a good work-
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Figure 4.10: Principal components of the vacuum system: the MOT chamber, differential
pumping tube, and glass science cell. Image reproduced from [146].

ing vapour pressure range has been found empirically to correspond to loading rates

between 15 and 30 s to a maximum MOT size of around 4×109 atoms. The transported

cloud is prohibitively small with loading less than 10 s.

However, by 2014 there was a serious unreliability in experiment operation that

was, in part, traced back to these dispensers. The atom transport efficiency was un-

reliable, and would degrade significantly throughout the day. Furthermore, the MOT

size itself would fluctuate in a surprising manner: within the 30 minutes of turning on

the dispensers, the MOT number would gradually rise as the rubidium pressure in the

chamber increased, but would then fall off to approximately 80% of this maximum

value over the course of a few minutes. A reasonable hypothesis is that this fall in

atom number was due to the emission of contaminant atoms or molecules, raising the

background pressure in the MOT chamber and causing heating. As there was no as-
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sociated fall in loading rate, and due to the short timescales of the response, this was

not attributed to a reduction in Rb release as the dispensers heated. Different modes

of operation were trialled, including application of ultraviolet light in a light-induced

atomic desorption scheme [163, 164], and pulsed operation of the dispensers with

various currents and pulse periods. However, the fundamental unreliability remained,

and we switched to the pre-installed secondary dispenser pair in November 2014.

These were initialised by running at 8 A for 10 s to remove the oxidised layer that

would have been a remnant of the manufacturing process as well as any contaminant

residue. To prevent an accumulation of atoms in the differential pumping tube or high-

vacuum glass cell during this period of significant rubidium emission and correspond-

ing rise in vapour pressure, the gate valve was closed and a partial bake performed

following the method described in Sec. 4.3.2. This bake was maintained for several

days until the vapour pressure had reduced to a reasonable level6.

The mode of operation used for the previous dispensers was untenable for the

new ones; even a current of less than 1 A drives the vapour pressure too high if run

continuously throughout experiment operation, and these low currents are associated

with a higher contaminant fraction in the emitted vapour. After experimenting with

a few different methods of running the dispensers, the optimum for stable operation

was found to be to run them at 3.8 A for approximately 10 minutes each evening,

adjusting on a daily basis to any observable build-up or decline in pressure. This

causes an initial spike in the vapour pressure, which settles overnight to provide a

stable loading pressure from which to work throughout the day. Responding to the

observable pressure on a daily basis, this has been gradually changed over time, such

that by November 2016 the run time had been increased to 14 minutes each evening

to prevent a decline in pressure over the afternoon. Towards the end of November

2016, this was changed to the empirically equivalent approach of running at 4.2 A for

6The rate of vapour pressure falloff in the MOT chamber was so slow that this provided perfect
experimental conditions for a little over a week following the initial firing.
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5 minutes.

4.3.2 System maintenance: a partial bake

As a precaution when firing the new dispensers, a selective bake of the differential

pumping tube was performed to prevent the high vapour pressure extending into the

tube and posing a heating risk to atoms during transport. This baking method has

been repeated on several other occasions, as both a maintenance and precautionary

procedure, and is illustrated in Fig. 4.11. To minimise disruption to the experiment,

the bake was localised to the region of the pumping tube between the gate valve

and MOT chamber. The gate valve was closed to avoid atoms being driven into the

glass cell, and a temperature gradient established outwards from this point, with the

pumping tube to the MOT side of this point being heated to at least 75°C. Care was

taken to ensure that there was no significant temperature gradient across the MOT

chamber viewport, and that the pumping tube was no higher than 30°C prior to its

connection to the glass cell.

Spatial control over the baking process was achieved using two rolls of heater tape,

powered by separate variacs and wrapped in foil to control the regions heated. The

first tape was used exclusively to wrap the gate valve, which was heated separately for

2 hours to ensure that the interior was completely heated through and establish the

temperature gradient, preventing atom accumulation in this region. The second roll

of heater tape was used to cover the remainder of the differential pumping tube, with

multiple layers necessary to sufficiently heat the connection to the MOT chamber. This

region was heated over the course of several hours, with the temperature gradient

maintained by careful layering of the tape and occasional adjustments to the variac

output current. During dispenser firing, the bake was maintained for the 3 days it took

for the MOT chamber vapour pressure to approach our standard operating pressure,

while for general maintenance purposes it was implemented for just 36 hours at higher
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Figure 4.11: The differential pumping tube baking method. (a) Thermocouple positions:
close to the junction between MOT chamber and differential pumping tube; 5 cm to the left
of the gate valve, in the centre of the bellows section of the tube; at the gate valve itself;
and 5 cm to the right of the gate valve, just before the differential pumping tube widens at
the position of the ion pump. (b) The coverage of the gate valve using the first roll of heater
tape. (c) Full coverage of the differential pumping tube in the second roll of tape. This was
subsequently completely covered in foil. (d) Temperature variation at each monitored location
during the bake performed for the dispenser change, with key stages of this heating process
highlighted. In (i), only the gate valve is actively heated for a period of 2 hours, allowing this
to completely heat through and ensure that the necessary temperature gradient is established.
In (ii), the second variac is switched on and temperatures allowed to stabilise, and in (iii)
the variacs are altered in tandem, and insulation of the system adjusted to ensure adequate
heating of the junction with the MOT chamber. The temperatures are unilaterally increased
for the final period of the bake in (iv) before both variacs are switched off in (v) and the
system allowed to gradually cool with the insulation still in place. Short-timescale variations
in temperature are due to adjustment of the foil or tape positions during heating. Subsequent
bakes were identical in character, but shorter in duration (up to about 36 hours) and with a
higher maximum temperature of around 120 ◦C.

temperatures of up to 120 ◦C. The heater tape and foil were left in place to maintain

the correct temperature gradient during cooling.

4.4 Magnetic trapping

The magnetic trapping system comprises both static and AC fields. DC fields are

used for the MOT, magnetic transport, and quadrupole trap. Once confined in the
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magnetic quadrupole, an AC coil array is employed to generate the TOP field, evapo-

rative RF, and dressing RF fields.

4.4.1 MOT/transport coils

The MOT field is created using a coil pair connected in a quadrupole configuration,

i.e. with current flowing in opposite directions in each coil. These are driven in series

by a constant-current power supply (Xantrex XFR 20V- 60A) and their operation is

described in previous work [67, 146, 147]. Supplementary bias fields are applied to

tune the position of the MOT and compensate for gravity and stray magnetic fields.

A short-circuited coil is also used to balance the effects of eddy-currents generated in

the MOT chamber. These coils are described in more detail in [67, 146, 147].

The MOT/Transport coils are mounted on a mechanical translation stage to confine

the atoms during transport to the glass cell in a process described in Sec. 4.5.2. These

are illustrated alongside the other DC coils in Fig. 4.12. As they do not require water

cooling, they are constructed from solid wire with a 1.8× 3.6 mm cross-section.

A supplementary lateral steering bias coil (TPush) is mounted in the same array

and applied during transport to steer the cloud through the differential pumping tube.

This coil is constructed from the same wire as the MOT coils, and consists of 3×3 turns

with inner dimensions 25 × 100 mm2. The coil is fan-cooled, but would benefit from

water cooling if a higher repetition rate is sought for the experiment.

4.4.2 DC coils

Three pairs of water-cooled coils surround the science cell to generate magnetic

fields acting in the z (vertical) direction, with a single coil mounted perpendicular to

the direction of atom transport to provide a bias field in y. These coils are constructed

from hollow copper wire with a square profile, and are water cooled at a flow rate of
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approximately 0.05 L s−1 with water temperature between 10 and 12 ◦C7. A sketch of

this array is shown in Fig. 4.12. These coils are nominally the same as those described

in [67, 146, 147]8.

The Quadrupole coil pair, closest to the glass cell and connected in a nominally

anti-Helmholtz configuration with current flowing in opposite directions in each coil,

generates the quadrupole potential used to confine the atoms throughout evapora-

tion and subsequent loading into the adiabatic potential. Push and Auxiliary coils

are used during transport: Push to translate atoms in y to aid the transfer between

the longitudinally-offset centres of transport and quadrupole trapping fields, and the

counter-flowing Auxiliary pair to supplement the quadrupole field during magnetic

transport. The Helmholtz coils are connected such that the current in each coil flows

in the same direction. This creates a vertical bias field to displace the trap centre. This

is a useful tool for high-resolution imaging given the restricted depth of focus of the

objective, and aids the objective alignment process as described in Sec. 4.5.4.2. This

bias field is also used to ensure the overlap of atoms confined on the AP shell surface

with the location of the lock-in imaging lattice and dipole trap.

These coils are powered by a high-current power supply (Magna-Power Electron-

ics SQA50-330) capable of outputting a maximum current of 330 A at a voltage of

50 V. This current is controllably divided between the coils using the MOSFET bank

described in [147, 166]. Gate voltages are controlled by a driver box and set by the

computer control system.

7As discovered during separate incidents involving limescale buildup inside the DC coil array and
algae growth in the water filter, a reduction in water pressure significantly reduces the cooling power
available: with a ‘good’ flow rate of around 0.05 L s−1 though the coils, the Quadrupole coils reach
around 53 ◦C during a standard BEC sequence, measured using a thermocouple attached to the outside
of the output wire, while a constricted flow rate of even 0.04 L s−1 resulted in a peak coil temperature
of up to 70 ◦C. With these reduced flow rates, any variation in cooling water temperature can regularly
push this temperature above the 70 ◦C interlock point set to protect the coils from damage due to
excessive heat, requiring a reduction in the quadrupole current during evaporation. Regular descaling
of the coils helps to mitigate these problems, although an independent water supply would allow us to
regulate our own water use.

8The quadrupole coils were replaced by Edward Owen in 2012 to the same design [29].
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Figure 4.12: The DC coil array properties (TPush omitted for clarity). Atoms are transported
along y, and the Transport, Auxiliary, Helmholtz and Quadrupole coils are arranged in vertically
symmetric pairs about the atom transport plane The listed quantities are: T = wire turns
(horizontal by vertical); W = wire dimensions; D = inner diameter of coil; S = vertical offset
between coil pair centres. The AC coil array and glass cell sit between the planes formed by the
Quadrupole and Helmholtz coils. The vertical axis of the experiment is defined by the centre of
these coils. Coil properties obtained from Refs. [67, 146]. Figure created using Radia [165].

4.4.3 AC coils

The AC coil array is used to generate the fields associated with RF dressing and

evaporation, and the 7 kHz rotating bias field that transforms the quadrupole potential

into a TOP trap. This array comprises the TOP coils in the x and y directions, a

separate zTOP (unused in the present work), RF dressing coils in x and y, and a single

evaporative RF coil.

The TOP coils, connected in pairs along x and y respectively, are used to apply a

7 kHz rotating bias field to the quadrupole or RF dressed potential. Constructed from

copper wire with diameter 1.5 mm, these coils have a rectangular profile, with outer

dimensions 26 × 48.7 mm, and a depth 11.1 mm corresponding to a single layer of

7 turns, slightly separated by the glue used to set them. Their internal separation is
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44.3 mm in y (parallel to the transport direction) and 46.7 mm in x. The 7 kHz sig-

nal is generated using an Agilent 33220A function generator operated in burst mode,

outputting a signal of amplitude 460 mV. This signal is split in two, and the resulting

components passed through a series of circuitry [167] designed to independently and

controllably attenuate each signal and impose a π/2 phase shift between the two re-

sultant TOP components. The attenuated signals are then amplified using a Crown XLS

5000 audio amplifier. A transformer is used to impedance match the Crown output to

the coils at 7 kHz, ensuring sufficient transmission of the signal [67]. The attenuation

settings are coarsely set by balancing the currents in each TOP coil pair, and fine-tuned

to allow for differences between the pairs by RF spectroscopy measurements of atoms

in the TOP field, measuring the effect of varying the amplitude of signal emitted by

each pair until they match. The TOP field calibration measurements are detailed in

Appendix A.1.

The evaporative RF coil is a single 3.3 cm diameter wire loop. The evaporation

signal is procured using direct digital synthesis (DDS) with maximum output voltage

0.4 V peak-to-peak, as described in Ref. [147], and amplified by a 1 W amplifier. The

RF powers required for evaporation are so low that no impedance matching of this

antenna to the amplifier output is necessary, and it is testament to the resilience of the

evaporation process that the variation in the transmitted power during the frequency

ramp does not adversely affect cooling.

The dressing RF coils are nested inside the TOP array with rectangular cross-section

24 × 29.2 mm. They are constructed from 1.3 mm diameter wire and assembled as a

3-layer coil with (5, 4, 5) windings in each layer to give an outer-layer depth of 6.9 mm.

Dressing RF signals are generated using DDS and implemented as described in Chap-

ters 5 and 6.
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4.5 BEC production

A streamlined BEC production process is derived from these constituent systems,

from which the shell loading procedure described in Chapter 6 can be initiated. This

process begins in the MOT (Sec. 4.5.1), followed by mechanical and magnetic trans-

port to the glass cell (Sec. 4.5.2) and then magnetic confinement and RF evaporation.

At whichever stage the process is terminated, be it thermal cloud, BEC or atoms con-

fined to the RF-dressed shell, destructive absorption imaging is the final diagnostic

step (Sec. 4.5.4).

4.5.1 The MOT

The first stage of laser cooling takes place in a pyramid MOT [168]. In this con-

figuration, sketched in Fig. 4.13 and discussed in detail in Ref. [146],the six beams

required to provide three-dimensional cooling are generated by the reflection of a sin-

gle large incident beam from the four faces of an inverted pyramidal mirror array.

This geometry therefore requires cooling and repumping beams with a diameter ap-

proaching the size of the pyramid structure, and correspondingly a high beam power.

Both cooling and repumping light are incident from a common optical fibre derived

from the TA output. This beam is collimated to a 1/e2 diameter of 80 mm when inci-

dent on the MOT mirrors. This is constrained by the inner diameter of the transport

coils through which it must pass, but ideally fills the effective diameter presented by

the MOT mirrors. Beam powers typically take the values 350 mW for cooling, and

40 mW for repumping light. Two monitoring schemes are in place: a small amount

of light is picked off from the main beam using a prism and incident on a photodiode

to track any variation of incident power, while the MOT fluorescence as detected by a

Foculus FO442B camera is used to monitor the size and shape of the MOT cloud. Sen-

sitive to slightly different factors, these methods in conjunction are generally sufficient
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Figure 4.13: Schematic of the pyramid MOT optics, with transport and bias coils. Vertical
optics are secured to a vertical support mounted on a translation stage. The atom location is
offset from the intersection of the pyramid mirrors, due to gaps in reflection.

to diagnose any problems with the MOT, including drifts in laser power or frequency,

and any misalignment of the MOT optics or fields. However, the photodiode is itself

sensitive to the MOT fluorescence to an extent, which can slightly obscure the diag-

nostic procedure.

The quadrupole field that provides the imbalance in scattering rates necessary for

atom confinement is generated using the MOT/Transport coils located above and be-

low the MOT chamber. An additional set of three coils provides a bias field to offset

the cloud from the centre of the mirror array, where the mirrors intersect and there is
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a gap in reflection. These also provide compensation against gravity and stray fields.

Transport to the glass science cell directly follows Doppler cooling in the MOT.

A compressed MOT (CMOT) stage acts to increase the density of the MOT prior to

loading into the transport quadrupole. There are two main mechanisms limiting the

density of atoms confined in a MOT: for small clouds, collisions associated with the

thermal motion of individual atoms, and for the larger clouds dealt with as the precur-

sor to this experimental work, the re-radiation of resonant photons causing internal

heating and expansion [169, 170]. Reducing the density to optimise the quadrupole

loading must therefore address not only the gradient of the quadrupole field itself but

also these rescattering processes. Several different compression methods exist, includ-

ing the reduction in the outward pressure of rescattered radiation and losses from

excited-state collisions by pumping the atoms into a dark state, either over a small

spatial region in the centre of the trap as in the dark SPOT trap by witholding the

repumping light [170], or by varying the laser detuning and intensity parameters in

time, accompanied by an increase in quadrupole field gradient to create the temporal

dark SPOT [169, 171]. The approach employed in this work, discussed in [67, 146],

is to similarly increase detuning to reduce the effects of photon rescattering and in-

crease the cloud density, while decreasing the MOT quadrupole field to increase the

volume over which sub-Doppler cooling mechanisms apply and yield an overall colder

transported cloud. Over 50 ms the MOT quadrupole field is ramped between 13.9

and 5 G cm−1, while the cooling beam detuning is increased from 22 MHz to 34 MHz

over 40 ms, and further to 74 MHz over the next 10 ms. The repumping light is also

blocked for 1.5 ms to pump atoms into the |F = 1〉 state. The cooling light is turned

off and the cloud loaded into the transport quadrupole potential with a field gradi-

ent of 76 G cm−1 for transport. A rapid current ramp in this coil is facilitated by the

quick-start circuitry discussed in Ref. [146].
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4.5.2 Atom transport

As discussed in Sec. 4.3, the MOT chamber and glass science cell are separated by

a differential pumping tube, along which the atoms must be transported. This trans-

port is conducted in two stages: mechanical and magnetic, and follows the method

developed in Ref. [146].

The transport coils are mounted on a Parker Hannifin 404 XR translation stage,

with a translation profile programmable using the ViX 250ie drive unit. The motor

(Parker SMB60 30 1,4 892VB64 0) gives a translation precision of a few tens of µm.

Following a period of unreliable operation during which the end-point of the trans-

lation stage would vary by up to 2 mm9, the final position of the translation stage is

monitored using a light gate created using a razor blade attached to the translation

stage, positioned such that it blocks approximately half of a laser beam incident on a

photodiode. Following maintenance, a precsion of a few µm was restored.

The lateral steering (TPush) coil mounted perpendicular to the transport and is

powered by a Lambda ESS current source. To create the necessary smoothly controlled

current ramp profile, the current through this coil is controlled by a MOSFET bank

driven by a control voltage, with unwanted current diverted through a similar coil

mounted on water cooling plates.

This translation stage carries the MOT/transport coils and TPUSH coils, and there-

fore the confined atoms, a distance of 430 mm along the differential pumping tube

over 2.3 s, ending in line with the perpendicular Push coil as illustrated in Fig. 4.12.

The vertical imaging optics prevent mechanical transport to the glass cell quadrupole

centre. Instead, the translation is terminated with the atoms 90 mm from their ul-

timate destination and the remainder of the transport carried out by a purely mag-

netic transport sequence. This sequence is instigated using the dc coil array shown in

9This was remedied by two maintenance procedures: cleaning and re-lubricating the ballscrew,
which fixed an audible scraping of the translation stage during transport, and tightening the coupler
screw connecting the motor block and ballscrew. Following the initial period of unreliability in Spring
2015, this maintenance has been performed approximately once a year.
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Fig. 4.12, and the corresponding current ramps plotted in Fig. 4.14.

The first field to be established is that of the Push coil, which provides a bias field to

push the atoms the last few cm into the glass cell. While it does so, the Auxiliary cur-

rent rises to catch the atoms in a quadrupole potential. The interplay between Auxil-

iary and Quadrupole coils then mediates the transfer of atoms into the smaller-volume,

tighter quadrupole potential. These ramps are based on those presented in [146].

Following this transport sequence, approximately 5 × 108 atoms are deposited in

the glass cell quadrupole trap10. With some heating unavoidable during the extended

transport sequence, these atoms have a temperature of a few hundred µK and are

ready to begin evaporative cooling.

4.5.3 Evaporative cooling

Forced RF evaporation in the glass cell is carried out in two sequential magnetic

potentials: a quadrupole potential and subsequent TOP formed by applying a rotating

bias field. During this process a weak ‘RF knife’ resonant with the Zeeman splitting

between trapped and untrapped states is applied in a sweep from high to low fre-

quencies. Since trapped atoms with higher energies oscillate with larger amplitudes,

removal of atoms by transitions to untrapped states is performed for atoms with suc-

cessively lower energies.

The initial quadrupole evaporation stage is performed at a quadrupole gradient of

330 G cm−1, with an evaporative RF sweep between 120 MHz and 20 MHz over 12 s

to give a cloud of approximately 8× 107 atoms at a temperature of around 20 µK.

The TOP bias field is then ramped to 19.4 G over 1 s to begin TOP evaporation to

BEC. The TOP trap evaporation ramps are illustrated in Fig. 4.15, which shows the

change in TOP field as the driving current is varied, and the RF ramps applied. The

corresponding progression in the phase-space density of the atoms is plotted alongside

10This value is inferred from a fit to an absorption image of the transported cloud, which forms an
image too large to be seen on the CCD in its entirety.
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Figure 4.14: Magnetic transport current ramps through the DC coil array. Asterisks indicate
locations where current spikes most often appear if there are imperfections in the MOSFET
bank circuitry; depending on the severity these can significantly affect the characteristics of
the transported atom cloud. A minimal effect has been observed on the temperature and
number of atoms transferred to the quadrupole with a variation in peak amplitude of the Push
coil.

this. The phase-space density plot can be used to guide and optimise the evaporation

process, aiming to maximise the atom number and phase space density at each step.

The TOP itself introduces an additional mechanism for selective atom loss: the

circle of death, or circling field zero that can eject atoms on contact. The circle of death

radius is given by r0 = 2BT/B
′
q, where BT is the TOP field amplitude and B′q the radial

quadrupole gradient. The amplitude of the TOP field therefore sets an upper limit to

the spatial extent, thus temperature, of the trapped atoms, in addition to affecting the

trap frequency. A lower TOP amplitude BT corresponds to a higher trap frequency and

rethermalisation rate, with radial and axial trapping frequencies given by

ωx = ωy = B′q

√
gFmFµB
2mRbBT

, (4.1)

ωz = B′q

√
4gFmFµB
mRbBT

. (4.2)
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Figure 4.15: (a) TOP field (solid line) and evaporative RF (dotted line) ramps throughout
the evaporative cooling process. For the first 4 s in the TOP trap, no evaporative RF is ap-
plied. Coloured points indicate times at which the atom number and phase-space density were
measured. (b) The corresponding change in atom number and phase-space density during
evaporation, charting the formation of BEC. The colour of the points indicate the correspond-
ing stage in the TOP and RF field ramps.

The interplay between RF and TOP ramps take this into account. The quadrupole gra-

dient climbs to 235 G cm−1 over the first three seconds of TOP confinement, following

a drop to 20 G cm−1 over ∼ 500 ms at the end of quadrupole evaporation.

Implicit from Fig. 4.2, TOP evaporation need not always carry the cloud to BEC;

heating during adiabatic potential loading means that we choose to load a thermal

cloud at around 1.7 µK to avoid unnecessary atom loss, completing the forced evap-

oration process in the time-averaged adiabatic potential as described in Chapter 6.

Whether a BEC or thermal cloud, in the TOP or shell trap, the imaging process is a

necessary final step that allows us to measure the atomic distribution, inferring trap

properties and atom behaviour.
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4.5.4 Imaging systems

The atom cloud is characterised by absorption imaging: a resonant probe beam

illuminates the atoms and the shadow cast by absorption is imaged to infer the atom

cloud properties. Three pictures are taken at an interval of 1 s and exposure time

of 15 µs: C1 describes the measured counts for the probe beam with its absorption

shadow; C2, the probe beam alone after the irradiated atoms have fallen from the

trap; and C3, a dark image taken with all probe beam shutters closed to give the

intrinsic camera dark counts for removal. By subtracting the dark image from each of

the others to give ‘atom’ and ‘light’ images CA = C1−C3 and CL = C2−C3 respectively,

the atom distribution can be reconstructed.

Experimentally, absorption imaging is performed in three separate directions: ver-

tical (z), transverse horizontal (x) and longitudinal horizontal (approximately along

y). The following discussion relates to imaging along x, which forms our primary

horizontal imaging direction, but can be easily extended to the other imaging axes by

substituting the appropriate variables. The intensity I(y, z) of the probe beam profile

following absorption is described in terms of the undisturbed beam intensity I0(y, z)

by the Beer-Lambert law:

I(y, z) = I0(y, z)e−D(y,z). (4.3)

This depends on the optical column density D(y, z) of the atom cloud, calculated by

integrating the effective atom number visible to the beam along the imaging direction,

in this case x:

D(y, z) =

∫
σ(I, δ)n(x, y, z) dx (4.4)

where n(x, y, z) is the atom number at a given point in space, and the effective atom
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number is calculated by taking into account the absorption cross-section

σ(I, δ) =
Γ

2

2 I(y,z)
Isat

1 + 2 I(y,z)
Isat

+ 4 δ
2

Γ2

~ω
I(y, z)

(4.5)

=
σ0

1 + I(y,z)
Isat

+ 4 δ
2

Γ2

(4.6)

where I(y, z) is the spatially-varying probe beam intensity and δ the variable detun-

ing of the probe beam from resonance. Isat = 1.67mW is the saturation intensity

for σ-polarised light, Γ = 2π × 6 MHz the natural linewidth of the excited state and

σ0 = 2.9× 10−9cm2 the resonant absorption cross section for σ-polarised light [148].

To calculate the atom number associated with the absorption imaged by each pixel

(i, j), the atom number in the associated column n(x, y, z) can be integrated along the

imaging direction. Using Eq. 4.4, this can be rearranged in terms of column density

D, and via Eq. 4.3 the measurable quantities I(y, z) and I0(y, z) described by CA and

CL respectively:

N(i, j) =

∫
x

∫
A

n(x, y, z) dA dx (4.7)

= − A

σ(I, δ)
ln

(
CA(i, j)

CL(i, j)

)
(4.8)

From this pixel-by-pixel atom number reconstruction, the spatial distribution of the

trapped cloud can therefore be extracted, characterised by fitting an appropriate func-

tion, and total atom number calculated by summing over all pixels on the CCD.

However, the Beer-Lambert law is only valid for an optically thin cloud: one for

which the column density D < 1. This is untrue of most of the cold atom clouds con-

sidered in this work. In accordance with Eq. 4.4 increasing the probe beam detuning

is one option to decrease this column density. However, the associated increase in

dispersion also causes lensing effects and distortion of the image if taken to too great

an extreme, which is itself exploited in non-destructive imaging techniques [172].
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Instead, atoms are released from the trap and imaged after free expansion. More cru-

cially than just reducing the column density, this time of flight expansion exposes the

energy distribution of the atom cloud: upon abruptly removing the trapping potential,

the interaction energy is converted into kinetic energy and the cloud expands as it

enters freefall [173]. During the ballistic expansion period, atoms with more kinetic

energy travel further, resulting in a spatial separation of the atoms according to their

energy in-trap and a resulting image of the momentum distribution. Three distinct

distributions can be fitted during image analysis: a Gaussian fit to a thermal cloud,

Thomas-Fermi distribution (inverted parabola) for a BEC, and bimodal function to

chart the emergence of the BEC peak from a background thermal cloud.

Our imaging procedure begins with repumping light applied for 160 ms to repump

the atoms from the |F = 1〉 to |F = 2〉 hyperfine level. Resonant light is derived from

the cooling laser as shown in Fig. 4.7 after the first AOM detuning stage on board

C4. This light is shifted back towards resonance by a second AOM, to give a detuning

from the cooling transition by 6 MHz to bring the light into resonance with atoms

confined in the TOP. This probe beam is applied to the atoms for a pulse of 15 µs

duration, and is σ−-polarised to maximise the absorption cross-section [148], with the

atoms aligned to a quantisation axis provided by the TOP field. This is applied with

an amplitude of 3.2 G and timed such that the field is aligned with the probe beam

during the 15 µs probe duration. Atom, light and dark images are taken as described

above. These are spaced as closely as possible to minimise the emergence of fringes

during the processing stage, due to slight differences between the beam appearance in

each image resulting from slight drifts in the position of imaging optics.

The optical breadboard that controls the probe light distribution between horizon-

tal and vertical imaging systems is illustrated in Fig. 4.16. The AOM is used to control

the detuning and act as a fast shutter, with a response time on the order of ns, while

mechanical relay shutters provide a slower secondary stage of shuttering. These pre-

vent any disruption to the cloud from residual light and allow the AOM to be operated
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in its ‘on’ state throughout the duration of the experiment, allowing temperature sta-

bilisation.

Figure 4.16: Imaging light distribution board. A λ/2 waveplate controls the proportion of
light between the vertical and horizontal directions. Each beam path contains independent
mechanical shutters, while the AOM acts as a fast shutter and controls the beam detuning.

4.5.4.1 Horizontal imaging

Absorption imaging is carried out in the horizontal plane in both the lateral di-

rection and an approximation to the longitudinal directions (x and y respectively). A

schematic of the optical setup is shown in Fig. 4.17.

The imaging repumper light is salvaged from the TA setup shown in Fig. 4.9, with

shuttering controlled prior to this by the mechanical Uniblitz shutter on the repumping

breadboard shown in Fig. 4.8. The polarising beamsplitter cube ensures a fixed po-

larisation of repumping light, and allows continuous monitoring of the beam power.

The repumping beam is expanded to a beam with diameter 1 cm to ensure uniform

illumination of atoms prior to imaging. Efficient repumping requires beam powers

above 0.8 mW after the beamsplitter; a uniform response in atom number is observed

for beam powers up to 2 mW.

The lateral imaging direction is the one in primary use, for day-to-day cloud diag-

nostics and the production of high-quality images. This setup has a measured mag-

nification of 1.028 (calibration methods discussed in Appendix A.3), and is a simple
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Figure 4.17: Horizontal imaging optics layout, showing both transverse (primary imaging,
H1) and longitudinal (diagnostic only, H2) imaging arrangements. Beams are illustrated as
solid red lines, and the image propagation as blue dotted lines. The optics for horizontal
imaging are contained within two separate breadboards raised from the optical table. Optical
lattice optics (not pictured) are also contained on the camera breadboard on this plane. The
probe beam (optical fibre on the left) is controllably split into two mechanically-shuttered in-
dependent imaging paths, both consisting of a 1:1 telescope. Optical access for the diagnostic
beam is highly constrained due to lattice optics and the AC coil array; the beam enters through
the curved region of the glass cell, introducing severe distortions to the beam. The photodi-
ode on the repumping beam (optical fibre on the right) is used to monitor any amplitude or
polarisation fluctuations.

1:1 imaging system consisting of two f = 10 cm lenses placed a focal length from the

atom position and CCD respectively. The Prosilica EC1380 camera has pixel side length

6.45 µm. With freedom in the spacing between these lenses, they are simply placed as

close together as is practical, with a 1 cm spacing11.

The longitudinal imaging system was implemented for purely diagnostic purposes,

facilitating comparable alignment of the dipole trapping beam in both x and y direc-

11The inter-lens spacing is not truly arbitrary due to the finite Gaussian beam divergence. However,
flexibility in lens position is reasonable for the beams and length-scales considered here.
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tions. This is again a 1:1 imaging system, consisting of two f = 20 cm lenses due to

space constraints imposed by the lattice optics. This system has a measured magnifica-

tion o 0.997, imaged onto a Unibrain Fire-i 521b CCD camera, with pixel side length

9.9 µm. As can be seen in Fig. 4.17 this imaging beam is not perfectly perpendicular to

the primary horizontal imaging direction, as dictated by optical access constraints, and

is for the same reason directed through the curved region of the glass cell where the

rectangular profile is moulded into a cylinder to match the vacuum chamber fittings.

This causes visible distortion to the image. Instabilities also arise due to the mirror

mounted on a small breadboard attached to a vacuum system support. As such, the

images are far from publication quality, and the coupling between horizontal imaging

directions must be taken into account in analysing the resultant images. A further

important note regarding this setup is that the camera is mounted upside down. How-

ever, this system is extremely useful for diagnostic purposes. The alignment procedure

for these and the vertical imaging system is described in Appendix B.

4.5.4.2 Vertical imaging

The vertical imaging system was designed to accommodate three different goals,

with sometimes conflicting requirements: vertical absorption imaging, fluorescence

imaging, and the optical dipole trap. The common feature between these is the four-

lens objective designed to capture fluorescence from the imaging lattice described in

Ref. [29], which therefore necessarily forms part of the high-magnification vertical

absorption imaging setup and is used in reverse to focus the dipole trapping beam to

a 1.6 µm diffraction-limited focus at the TOP centre. The imaging system must also

allow for the 830 nm dipole trapping light to be coupled in at a location in keeping

with the design for trap rotation discussed in Chapter 8.

This four-lens objective illustrated in Fig. 4.18 was constructed for the work on

rotating optical lattices described in Refs. [174, 175], characterised in Ref. [176]
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and based on the design in Ref. [177]. Constructed from standard catalogue anti-

reflection-coated lenses, this four-lens system was designed to account for the 2 mm

glass cell thickness, compensate for the spherical aberration associated with the con-

stituent lenses, and provide a numerical aperture of 0.27.

830 nm 
(dipole trapping)

780 nm 
(imaging)

30 mm

3.08 mm 4.97 mm 5.12 mm 5.07 mm 2.00 mm

7.24 mm 0.4 mm 0.4 mm 21.0 mm 17.23 mm

R1R2 R3 R4 R5 R6 R7 R8

Figure 4.18: Schematic of the four-lens objective, with ray propagation shown in purple.
This consists of catalogue lenses mounted in a brass tube, and was designed to compensate
for the 2 mm glass cell thickness also shown. The constituent surface radii of curvature are:
R1 =∞, R2 = 39.08 mm, R3 = 103.29 mm, R4 = −103.29 mm, R5 = 39.08 mm, R6 =∞ mm,
R7 = 26.00 mm, R8 = 78.16 mm.

The compound focal length of this system is 3.76 cm, with a front focal plane

1.04 cm and back focal plane 0.34 cm within the lens system. The corresponding

diffraction-limited resolution of this lens system is given by Rayleigh’s criterion

∆l = 1.22
fλ

D
. (4.9)

With a lens diameter D = 24.5 mm and considering a wavelength λ = 780 nm, this

resolution is given by ∆l = 1.5 µm. Its depth of field as parameterised by the Rayleigh

length of the beam zR = πω2
0/λ is therefore 9 µm, with the focal tolerance of the objec-

tive ∆z =
(
f
r

)2
λ = 8 µm with r the lens radius [178].

Illustrated in Fig. 4.19, the imaging system itself is conceptually identical to the
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horizontal systems discussed above, its main challenges arising from the rapidly di-

verging beam following the objective and the difficulty in optical access to the vertical

arrangement.

Figure 4.19: Vertical imaging optics layout, showing the vertical propagation of probe light
through the glass cell. The probe beam is shown in red, with illustrative beam width variation,
and the atom image as the blue dotted lines. The probe light is derived from an upper-tier
optical bread board and held within a cage-mount construction mounted on an x-y translation
stage to steer the imaging beam. Telescope lens separations are constrained by the vertical
construction and necessity for the beamsplitter at which the 830 nm dipole trapping light is
applied. The imaging telescopes incorporate the four-lens objective, which is held in a vertical
cage-mount construction with three-dimensional translation. The glass cell and y AC coils are
shown for orientation purposes.

The imaging system comprises two separate telescopes, the first including the four-

lens objective and a f = 40 cm lens, and the second lenses with focal lengths f =

20 cm and f = 25 cm, to give a magnification of approximately 14. As with the
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horizontal telescopes, the four-lens objective is placed at its focal length from the

atoms and the final imaging lens at its focal length from the CCD, with confocal spacing

between telescopes. The spacing within each telescope is again flexible, and is kept

to a minimum to maximise the amount of light captured by the imaging system. To

the same end, the focal lengths of the constituent lenses were carefully chosen, and

lenses with a 50.8 mm diameter used. Precluded for now by the surrounding system

and requirements placed by the dipole trapping optics, the signal-to-noise ratio of the

imaging system could be improved by using a shorter first telescope to capture a larger

fraction of the rapidly-diverging imaging beam. This could in future be incorporated

into the design of both vertical imaging and dipole trapping systems, though would

require a substantial redesign of both.

The input beam is launched from a cage-mount construction clamped securely in

place on a breadboard at a height of several cm above the glass cell. The imaging beam

propagates vertically downwards through the centre of the glass cell. The four-lens

objective acting to collect this signal is housed in a cage-mount construction whereby

the objective is supported by cage-mount rods attached to an x-y translation stage,

offset along x for optical access. A z translation stage holding the cage-mount system

provides additional fine axial adjustment. This is an extension of a previous design that

suffered from stability problems due to large-amplitude vibrations of the objective as a

result of its mounting on a springboard construction. Due to constraints of space and

optical access the new construction followed the same principles but minimised the

longitudinal distance between the cage mount and base, and maximised the thickness

of all supporting components.

Vertical imaging alignment is more challenging than in the horizontal direction,

due to the short depth of field of the four-lens objective and spatial constraints around

it. However, it is also more critical, since impeccable objective alignment is neces-

sary for both fluorescence imaging and the dipole trap The alignment process for this

system is described in detail in Appendix B.
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Chapter 5

Impedance matching for

multiple-RF dressing

Significant amongst the challenges of adapting the experimental apparatus to in-

corporate multiple dressing frequencies is that of generating sufficiently strong RF

fields at each frequency of interest. This is achieved by impedance matching the RF

coils. This chapter introduces the principles of impedance matching in Sec. 5.1 and

the necessary tools for matching network calculations in Sec. 5.2. The characteristics

and requirements of the dressing RF network are discussed in Sections 5.3 and 5.4

and the details of narrow and wideband impedance matches in Sections 5.5 and 5.6.

Improvements to the matching networks are considered in Sec. 5.7.

5.1 Impedance matching

A change in the impedance experienced by an AC signal as it travels along a trans-

mission line causes reflection of some fraction of the signal power. Not only do these

reflections restrict the total power transmission to the load and inflict damage on the

outputs of upstream components, but multiple reflections can result in the formation
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of standing waves, degrading the signal quality [179]. The impedance must therefore

be matched at the end of transmission lines and between components. To account for

the frequency dependence of both the load and any matching circuitry, circuit analysis

is performed across the full range of frequencies of interest, and a compromise made

between the precision and bandwidth of the resulting match.

Commercial RF components and devices are typically manufactured with an input

impedance at the 50 Ω industry standard and can therefore be connected without ad-

ditional matching required1. The circuit elements of concern are therefore the home-

built AC coils. The following discussion focusses on the dressing RF coils matched at a

few MHz, but the TOP coils are also matched to the 7 kHz signal using a transformer.

The evaporative RF coil is unmatched, and so the 100 MHz range of evaporation fre-

quencies applied would be difficult to accommodate without significant variation in

transmission. While there is some variation in the frequency response of the evap-

orative RF amplitude, the evaporation process is sufficiently resilient to amplitude

variations that this is not problematic; neither has any signal distortion or damage to

the amplifier been observed.

While the principles remain the same, the details of the matching process vary sig-

nificantly according to the frequency range in question, such as between microwave

and long-wavelength RF regimes. The dressing fields of interest in this experiment

have angular frequencies in the range 1MHz < ω/2π < 5MHz, a band officially des-

ignated for amateur communications and some maritime/aeronautical mobile [180].

The impedance matching techniques are therefore quite different to the standard mi-

crowave methods often presented. However, this frequency regime has a good re-

sponse to standard laboratory components, allowing precision impedance matching

using just ceramic capacitors and transmission lines of reasonable length.

1 Custom matching may be desirable for certain components or applications. For example, it could
be beneficial to apply a narrow-band match to AOMs used as single input frequency optical shutters,
reducing or eliminating the signal amplification required. The measured impedance characteristics of
the AOD used in the dipole trapping setup described in Chapter 8 could also be improved.
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Mathematically, reflections are treated in an identical way to those that occur for

any electromagnetic wave at the interface between two media [181], by considering

the total voltage U(l) at distance l along a transmission line as the sum of forward-

propagating and reflected waves:

U(l) = Ufe
iβl + Ure

−iβl (5.1)

where Uf and Ur are the forward-propagating and reflected wave amplitudes

Uf,r = 1
2
(U0 ± I0Z0) with phase constant β. Z0 describes the chosen reference

impedance, taken to be 50 Ω for subsequent discussions.

The reflection coefficient Γ(l) is simply the ratio of these reflected and forward-

propagating wave components and, at the position of the load with l = 0, is given by

Γ = Γ(l = 0) =
U0/I0 − Z0

U0/I0 + Z0

=
ZL − Z0

ZL + Z0

=
z − 1

z + 1
(5.2)

with ZL the load impedance and z = ZL/Z0 the normalised impedance2. It is this

reflection coefficient that the impedance matching process seeks to minimise. Some

definitions useful in the discussion of impedance matching are as follows:

Impedance: Z = R+ iX is a measure of the opposition to the flow of current in

an AC circuit.

Resistance: The real part R of the complex impedance, associated with an ideal

resistor.

Reactance: The imaginary part X of the complex impedance, associated with

an ideal capacitor or inductor.

Admittance: The reciprocal of complex impedance, Y = 1/Z = G+ iB, measur-

ing the tolerance of a circuit to the flow of AC current.
2 In subsequent discussions, the subscript L refers to the property of the load, and subscript 0 the

reference value.
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Conductance: The real part G of the complex admittance.

Susceptance: The imaginary part B of the complex admittance.

5.2 Impedance matching toolbox

Working out an impedance match requires the analysis of the reflection character-

istics of the system over a range of frequencies. A vector network analyser (VNA) is a

reflectometer that measures both the magnitude and phase of the reflection coefficient

over a frequency sweep [182]. We use the Omicron Bode 100 VNA, with a frequency

range of 10 Hz to 40 MHz.

To calculate a match, the (angular) frequency-dependent impedance Z(ω) of each

dressing RF coil pair was measured and used as an input to an RF circuit simulation

created using a MATLAB toolbox [183]. A matching network with the correct charac-

teristics was constructed using this simulation, using known values of accessible com-

ponents. These simulations provide a good starting point to the experimental match

with final adjustments made using live analysis of the circuit impedance due to imper-

fections in real components, and the stray capacitance and inductance associated with

circuit construction The following sections detail the main tools and concepts used to

perform RF circuit analysis.

5.2.1 The Smith Chart

The Smith chart is a logarithmically-scaled polar plot of the normalised complex

impedance plane, that simultaneously represents the complex impedance and associ-

ated complex reflection coefficient of a network via the relation given by Eq. 5.2 [179,

181]. A sketch of the transformation of the complex impedance plane into a Smith

chart is shown in Fig. 5.1. This starts with the complex impedance plane, running

from 0 to ∞ on the real (resistance) axis and between ±∞ on the imaginary (reac-
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tance) axis. The reactance axis is deformed to form a polar plot, creating circles of

constant resistance anchored at Z = ∞ + 0i. Logarithmic scaling is applied such that

the entire infinite half-plane is enclosed within this plot, with a real axis bounded by 0

and∞ and the reference impedance located at the origin.
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Figure 5.1: The Smith chart as a transformation of the complex impedance plane. (a) The
complex impedance plane, with vertical (purple) lines of constant resistance, and horizontal
(blue) lines of constant reactance. (b) Logarithmic scaling is applied, orienting the reference
impedance (in this case 50 Ω) at the centre of the plot. (c) The imaginary (reactance) axis is
deformed to create a polar plot. (d) The Smith chart: the real (resistance) axis runs from 0
to ∞, with circles of constant resistance (purple) and arcs of constant reactance (blue). The
logarithmic scaling means that the entire impedance plane, between ±∞ in the imaginary axis
and 0 to∞ in the real axis, is enclosed within the outer circle.

The mapping of this impedance plot to the complex reflection coefficient is most

clear from considering Eq. 5.2. In terms of the normalised impedance z = r + ix, this

can be rearranged to give normalised resistance and reactance values

r =
−(Γ2

R + Γ2
I − 1)

(ΓR − 1)2 + Γ2
I

(5.3)

and

x =
2ΓI

(ΓR − 1)2 + Γ2
I

(5.4)

where ΓR and ΓI are the real and imaginary parts of the reflection coefficient respec-
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tively. Rearranged, Eq. 5.3 gives

(
ΓR −

r

1 + r

)2

+ Γ2
I =

(
1

1 + r

)2

. (5.5)

This describes a circle centred at
(

r
1+r

, 0
)

with radius 1
1+r

: the circles of constant resis-

tance shown in the Smith chart. Likewise, Eq. 5.4 can be rearranged to give

(ΓR − 1)2 +

(
ΓI −

1

x

)2

=

(
1

x

)2

(5.6)

which describes a circle centred at
(
1, 1

x

)
with radius 1

x
. These circles correspond to

the arcs of constant reactance.

The complex Γ plane can therefore be visualised as having its origin at the centre of

the real axis, corresponding to zero reflection at Z0. This point therefore becomes an

easily-identifiable target for the matching process: the closer the network impedance

to the origin, the closer it is to the reference impedance, and a reflection coefficient of

zero. Γ increases isotropically from this point, reaching its maximum value of 1 at the

normalised bounding circle corresponding to Z = 0 + iX. Circles of constant Γ have

been added to the Smith chart illustrated in Fig. 5.2a.

The Smith chart can also be plotted in the admittance form, by a rotation of 180°

about the origin, allowing a direct visual mapping between impedance, admittance

and reflection properties of the network. The circles of constant conductance thus

emanate from the point of Z = 0, Y =∞, with arcs of constant susceptance perpen-

dicular to them. This full plot is shown in Fig. 5.2b where, in the impedance frame,

the upper half of the plot represents the capacitive region and the lower half the in-

ductance region. In the admittance frame the reverse is true.

The reflection coefficient associated with a frequency sweep can also be repre-

sented on the Smith chart, producing a line on which each point represents the net-

work impedance or reflection coefficient at a given frequency. The length of this line
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(a) Reflection coefficient
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(b) Complex impedance

Figure 5.2: Representing physical quantities on the Smith chart. (a) Circles of constant Γ, at
intervals of 0.2 between 0 and 1 extending from the centre of the plot (green to yellow). (b)
Representing the complex impedance. Three values of impedance are plotted on the Smith
chart, each point associated with a reflection determined by its proximity to the 50 Ω reference
impedance.

represents the variation of the frequency response of the network over the range of

interest, such that a short line corresponds to a wideband response clustered around

a particular impedance or reflection coefficient, and a longer line a narrow-band re-

sponse. The Smith chart can also be used to provide an intuitive representation of

the effect of various circuit components on the network impedance, and is therefore

extremely useful in guiding the modelling process and assessing the final match.

5.2.2 Circuit components

The components that we use are either dissipative (resistors), reactive (capacitors

and inductors) or some combination of the two (transmission lines). Each such com-

ponent corresponds to a particular mapping on the Smith chart, and an associated

change in the complex impedance. An ideal capacitor with capacitance C is purely

97



reactive, with a complex impedance

ZC(ω) =
1

iωC
. (5.7)

Adding a capacitor in series, at a fixed value of ω, therefore corresponds to subtracting

a reactance of 1/ωC from the initial impedance, and thus a transformation anticlock-

wise along the iso-resistance circle. However, the frequency-dependence means that

the reflectance measured over a frequency range forms an arc in which the lowest

frequencies have been transformed by the greatest amount. To add a capacitor in

parallel, the impedances of the load and capacitor are added in reciprocal and it is

therefore easiest to consider a transformation in the admittance chart. In this case, a

capacitor added in parallel corresponds to adding an admittance of ωC, and a trans-

formation clockwise along the iso-conductance curve, in which a higher value of C or

ω is transformed with a greater magnitude.

Likewise, an ideal inductor with inductance L has complex impedance

ZL(ω) = iωL. (5.8)

An inductor in series maps the impedance clockwise along the iso-resistance curve,

with a greater magnitude for large values of L or ω, and an inductor in parallel corre-

spondingly maps the impedance anti-clockwise along the iso-conductance curve, with

a reduced magnitude for larger values of L or ω. The effect of these reactive compo-

nents on an arbitrary initial load ZL is illustrated in Fig. 5.3.

Propagation through a transmission line imposes a phase shift on the signal, cor-

responding to a rotation of the complex impedance about the Smith chart origin3.

This means that the effect of a transmission line on the reflection characteristics of the
3 This effect makes it extremely important to calibrate the VNA reflectance with any diagnostic con-

nections or transmission lines in place, so that their impact on the measured reflectance characteristics
of the network can be removed.
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(a) Capacitative networks
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Figure 5.3: Transformation of a single impedance point due to reactive circuit components
over a frequency sweep between 2 MHz (purple dot) and 4 MHz (yellow dot). || indicates
a component added in parallel, and – in series. (a) Response to capacitive networks. (b)
Response to inductive networks. The frequency dependence of each type of component acts
to spread the impedance response over the Γ plane, with a change in the trace curvature in a
concatenated network.

network at a given frequency will be diminished for a frequency that more closely cor-

responds to perfect impedance matching at the centre of the Smith chart. Thus nomi-

nally, a sharply well-matched system can be connected to an upstream standardised RF

element, such as an amplifier that expects an output at 50 Ω, by a transmission line of

arbitrary length with minimal disruption to the matching characteristics. However, the

wideband match ultimately used for the multiple-RF dressed potentials possesses an

inherently less localised impedance response and is therefore more sensitive to post-

match transmission lines. A short transmission line was therefore incorporated into

the experimental matching network tested by the VNA and thus accounted for in the

experimental fine-tuning stage. Transmission lines can also be connected in parallel to

create a stub tuning network [181].

99



5.3 Characteristics of an impedance match

A number of metrics can be used to quantify an impedance matching network, and

the choice of metric depends on the chosen application.

5.3.1 Quality factor

The loaded quality factor (Q, or Q-factor) of a circuit4 is a measure of the band-

width of the impedance match, and is described by the usual definition [182]:

Q =
ωR
∆ω

(5.9)

with ωR the angular frequency at which reflections are minimised and ∆ω the band-

width as defined by -3 dB transmission. This can be equivalently defined according to

Q =
|X|
R

=
|B|
G
. (5.10)

The appropriate Q-factor depends on the desired frequency response. In this experi-

mental work, a large bandwidth, and associated high tolerance to variations in com-

ponent values, were desirable, and as such the Q-factor kept deliberately low.

Again, the Smith chart provides an intuitive visualisation of the Q-factor to help

guide the matching procedure, by relating Q to the reflection coefficient Γ [179].

Given the definition of Q in 5.10 and the definition of Γ in Eq. 5.2, the real and imag-

inary parts of the reflection coefficient can be expressed in terms of Q and normalised

resistance r = RL/R0:

ΓR =
1
r2
− 1−Q2(

1
r

+ 1
)2

+Q2
(5.11)

4 The loaded Q-factor is distinct from the unloaded Q-factor: the latter relates only to the Q-factor
of individual components. This quantifies losses in components and is given by the ratio of reactance to
resistance [182].
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and

ΓI =
∓2Q1

r(
1
r

+ 1
)2

+Q2
. (5.12)

These expressions describe the response of the reflection coefficient to a variation in

the real part of the complex impedance for a given value of Q, and thus form of

lines of constant Q as displayed on the Smith chart. Equations 5.11 and 5.12 can be

rearranged to give:

Γ2
R + Γ2

I ∓
2

Q
ΓI − 1 = 0. (5.13)

Equation 5.13 describes two circles, both with radius rQ =
√

1 + 1
Q2 , centred at

(0,±i/Q). As can be seen from eqs. 5.11 and 5.12, and the definition of Q in Eq. 5.10,

the iso-Q lines are symmetric both with respect to reflection in the real axis, and the

180° rotation that maps to the admittance chart. These lines therefore take the form

illustrated in Fig. 5.4, where the real axis corresponds to Q = 0, and the bounding

circle of unity gain to Q =∞.
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Figure 5.4: Arcs of constant Q-factor represented on the Smith chart.

The Q-factor of the final match is determined by the largest value of Q within

which the Γ(ω) trace of the network lies. A high-Q match therefore requires a trace

that traverses the outer regions of the Smith chart, and conversely a low-Q match
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needs a path constrained to the region close to its centre. This informs the choice

of matching network components. For example, to keep Q as low as possible it can

be preferable to create a matching network from a larger number of components that

each correspond to a small translation on the Smith chart.

5.3.2 Voltage standing wave ratio

Interference between the forward-propagating and reflected waves establishes a

standing wave in the transmission line, with the imbalance in the amplitude of the

two signals manifesting as a remnant travelling wave. The voltage standing wave

ratio (VSWR) [181, 182] is defined as the ratio of the maximum to minimum voltage

on this line:

VSWR =
|Vmax|
|Vmin|

=
|Vf |+ |Vr|
|Vf | − |Vr|

(5.14)

where |Vf | and |Vr| are the amplitudes of the forward-propagating and reflected volt-

ages. Using the definition of Γ as the fraction of an incident wave reflected at a bound-

ary, this can also be expressed in terms of the reflection coefficient:

VSWR =
1 + |Γ|
1− |Γ|

. (5.15)

This connection to the reflection coefficient thus allows the VSWR to be used to de-

scribe the quality of a match at a given frequency. VSWR = 1 for Γ = 0 and thus a

perfect impedance match, which tends to∞ for Γ = 1 where the forward and reflected

waves have amplitudes that exactly cancel.
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5.3.3 Return loss

The return loss is a description of the power lost due to reflections at a boundary.

This is simply given by the reflection coefficient Γ expressed in dB according to

RL(ω) = −20 ln(Γ(ω)) (5.16)

where |Γ|2 gives the fraction of the incident power reflected at the boundary. A low

value of the return loss thus corresponds to a small reflection coefficient and greater

power transfer. This can be plotted as a function of frequency to complement the Smith

chart analysis and easily visualise the depth and width of the matching resonances. In

the analysis of the experimental system that follows, both the Smith chart and a plot

of the return loss are plotted to characterise the impedance match.

5.4 The experimental network

The dressing RF is applied to the atoms using the orthogonal pairs of racetrack

coils described in Sec. 4.4.3. The x and y components are generated independently

by direct digital synthesis (DDS), to form independent but analogous networks that

differ only in the details of component choices to compensate for slightly different

coil characteristics. A schematic of the RF network is illustrated in Fig. 5.5. The

RF source takes the form of a series of DDS boards (Analog Devices AD9854), each

generating one frequency component and sharing a common clock5. The maximum

peak-to-peak output voltage of each channel is 0.4 V. These independently-generated

frequency components are combined at a bank of two-way splitters (Mini-Circuits ZSC-

2-2), before being passed through a 1.2 MHz high-pass filter (Mini-Circuits ZFHP-1R2-

S+) to remove any stray low-frequency components, and into a 25 W amplifier (Mini-
5 The details of the clocking procedure for the different measurements presented in this work are

discussed in Sec. 6.1.1.
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Industry standard (50 Ω)
Impedance match RF coil

Splitter High-pass 

filter

Amplifier

(25 W)

Figure 5.5: Schematic of the RF network. The x and y networks differ only in small differences
in coil construction and cable lengths, with correspondingly tuned impedance matching param-
eters. The splitter is used here to combine the three RF signals used to form the multiple-RF
field, each of which are created by independent DDS channels with a maximum signal ampli-
tude of 0.4 V peak-to-peak. Industry standard components are impedance matched to 50 Ω,
and so a custom match is required to match this output to the home-wound RF coils.

Circuits ZLY-22+). These components all comply with the 50 Ω industry standard, and

as such can be connected without additional impedance matching. However, a match

is required to mediate between the amplifier output and the home-wound RF coil pair.

This match is calculated based on the coil impedance characteristics as described in

the following sections.

Matches were developed according to both their reflection characteristics and the

current that flows through the RF coils, that in turn determines the RF field strength.

The precise current required has varied substantially over time and between different

applications. However, as an initial estimate that would allow a sufficient margin for

early investigations, a target current of 150 mA amplitude was chosen, corresponding

to an RF field amplitude around 0.5 G.

A Smith chart and return loss plot characterising the bare dressing RF coils are

shown in Fig. 5.5. In these and subsequent analyses, the measured frequency sweep

covers the range 100 kHz to 10 MHz.

The frequency range of the VNA sweeps out a significant variation in both

impedance and the corresponding reflection coefficient, although at no point does

it naturally offer a good match with low reflection. The self-resonance (SR) is the

frequency at which the reflection coefficient trace crosses the real axis, its nature
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(b) Unmatched x coil return loss
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(c) Unmatched y coil Smith chart
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(d) Unmatched y coil return loss

Figure 5.6: Unmatched RF coil impedance characteristics. (a) The reflection coefficient of
the x coils as measured using a VNA, plotted on the Smith chart. The network impedance
is labelled at a series of frequencies to illustrate the velocity of the trace as the frequency
is varied. (b) The corresponding return loss over the measured frequency range. The rapid
variations on the return loss response can also be distinguished in the variation in the Smith
chart trace in the spiralling region towards the end of the trace. (c) and (d) present the same
information for the y coil, which is superficially similar, though with differences that become
important during the matching process. The impedance is poorly matched over this full range
and reflections are prohibitively large without impedance matching.

105



transforming from capacitive to inductive at this point; this provides an upper limit

to the range of useable frequencies. The self-resonances of the two RF coils ex-

tracted from these VNA measurements are given by SRx = (5.77± 0.06) MHz and

SRy = (6.51± 0.06) MHz. The uncertainty in each measurement reflects the noise in

the measured impedance trace, and was estimated by considering the range of fre-

quencies that lie within the ±75 Ω reactance arcs that converge at the open-circuit side

of the Smith chart.

The two traces are superficially similar, but their differences make a surprisingly

substantial difference in the details of implementing the impedance match. The fol-

lowing sections discuss the experimental approaches to impedance matching these RF

coils for both narrow-band and wideband operation, and some additional approaches

are shown in Appendix C. These matches were calculated and implemented by a com-

bination of logic and intuition, based on an understanding on the impedance trans-

formations associated with different components. As such, they are almost certainly

not a uniquely perfect match in each case, but I will discuss some of the benefits and

drawbacks of each method used in relation to our experimental requirements.

5.5 Narrow-band impedance matching

To create a single-RF shell with dressing angular frequency ω = 2π × 2 MHz, a

narrow-band impedance match was centred on this frequency, with the goal of max-

imising the quality factor and narrowing the match to minimise the power require-

ments and exclude spurious signals. A purely capacitive network was used because of

the availability of a wide range of commercial component values.
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5.5.1 Simulated matching network

The matching circuits designed, and their simulated reflection characteristics, are

shown in Fig. 5.7. The circuits are extremely similar in design, each consisting of a

shunt capacitance to transform the 2 MHz point Γ(ω) along the constant reactance

circle to reach the circle of constant conductance Y = 1/(50 Ω). A series capacitance

is then employed to traverse this iso-conductance circle to reach the 50 Ω origin. By

ensuring that the Γ(ω) trace lies predominantly on the outer edge of the Smith chart,

making only a brief diversion to the central region, a high Q and small bandwidth is

maintained.

5.5.2 Experimental matching network

The simulated matching circuit provides a good starting point to the experimental

match. However, discrepancies arise between the simulated and experimental sys-

tems due to a number of factors including imperfections or inaccuracies in compo-

nent values, and stray impedances arising from construction and soldering. Following

construction of the modelled matching network, the impedance match is therefore

fine-tuned using a VNA to provide live diagnostics. The final matching networks and

associated reflection characteristics for the 2 MHz narrowband match are shown in

Fig. 5.8.

The impedance matches are built in shielded boxes, using ceramic through-hole

capacitors soldered together in free space. Adjustments can therefore be made easily,

although since even small stray impedances can make a significant difference to the

resultant match, particularly in a frequency range with a sharp response, the accu-

racy of the final match is limited by the tolerance to slight changes in soldering or

the orientation of components. While the match is sensitive to these effects during

construction, the effect of this is predominantly limited to the details of the resonance

peak, and furthermore the match is stable once the box is sealed and undisturbed.
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(d) Modelled return loss plot x
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(f) Modelled return loss plot y

Figure 5.7: Modelled 2 MHz narrowband match. (a),(b) A sketch of the 2 MHz narrowband
matching networks for the x and y coils respectively. These both consist of a shunt and series
capacitor. (c) Smith chart showing the reflectance trace Γ(ω) after the addition of each com-
ponent in the matching network. A narrow match is ensured by the high Q-factor and smooth
sweep. The impedance values at 1, 2 and 3 MHz have been labelled to illustrate the scaling of
the sweep in the vicinity of the matching frequency. Markers have been placed at the 2 MHz
point on each trace to track the impedance transformation associated with each component
added (impedance value is only listed for the final trace). (d) Return loss as a function of
the frequency sweep plotted on the Smith chart, after the addition of each component in the
matching network. (e), (f) show the same information for the y network.
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(d) Measured return loss plot x

i200

-i200

i100

-i100

i75

-i75

i50

-i50

i35

-i35

i25

-i25

i12.5

-i12.5

2001007550352512.5

Z
1MHz

 = (1.8 - 40.4i) Ω

Z
2MHz

 = (44.0 - 0.7i) Ω

Z
3MHz

 = (1.2 - 16.5i) Ω

(e) Measured Smith chart y

0 1 2 3 4 5

Frequency (MHz)

-30

-25

-20

-15

-10

-5

0

R
et

u
rn

 L
o
ss

 (
d
B

)

(f) Measured return loss plot y

Figure 5.8: Experimental 2 MHz narrowband match. (a),(b) A sketch of the 2 MHz nar-
rowband match for the x and y coils respectively. The stated capacitor values indicate the
combined capacitance of several components and do not take into account component varia-
tions, or stray resistance or capacitance arising from circuit construction. These both consist
of a shunt followed by a series capacitor. (c) Smith chart showing the measured reflectance
trace Γ(ω) after matching. The impedance values at 1, 2 and 3 MHz have been labelled for
comparison of the sweep scaling with the simulated circuit. (d) Return loss as a function of
the frequency sweep plotted on the Smith chart. (e), (f) show the same information for the y
network. Live adjustments were made during circuit construction, based on both Smith chart
and return loss plots, but experimental influences made the sharp resonance difficult to match
perfectly.
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Stability is therefore not a concern as long as there is no significant disturbance to the

matching circuit. Both reflection and current response has been stable when tested at

intervals ranging between hours and weeks, and within temperature variations of a

few degrees as would be typical of standard operation in the lab. However, the sensi-

tivity of the match, translating directly to the stability of the dressing RF field, while

not problematic in standard operation, is a potential weakness of the current design.

Methods necessary to stabilise the wideband match are discussed in Sec. 5.6, and an

alternative approach to circuit construction in Sec. 5.7. The capacitances quoted are

obtained from the component values and as such do not account for stray effects.

Taking into account dissipation in the circuit, the reflectance does not map precisely

to the current transmitted through the coils, as measured using AC current probes (Tek-

tronix 6019 and 6021 with adaptors 011-0089-00 and 011-0155-00) and illustrated
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Figure 5.9: Measured current I(ω) through the narrowband-matched coils with the maximum
DDS output of 0.4 V peak-to-peak. The vertical dotted line indicates the target frequency at
2 MHz. The resonance peak is slightly offset from this point since the sharpness of the match
made precise tuning about this point very challenging. The sensitivity of the network to minor
construction adjustments limited the precision of placing the peak at around 100 kHz. The
shaded region indicates the 147 mA target current amplitude.
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in Fig. 5.96. The slight offset in the current peak from the 2 MHz target dressing fre-

quency reflects the difficulty in precisely tuning the match beyond the response of the

network to slight variations in circuit construction. The discrepancy between the fre-

quency response of the transmitted current and measured reflection can be accounted

for by the effects of power dissipation. However, this network is sufficient: current

transmission remains above the estimated diagnostic requirements over a range of ap-

proximately 1.5 MHz. A narrower match was not sought as a higher gradient has the

potential to transform between acoustic and phase noise, and the match is narrow

enough to suppress the majority of noise in the system.

The lifetime of thermal atoms with temperature approximately 10 µK in the

ω1 = 2π × 2 MHz shell with Ω1 ≈ 300 kHz was on the order of several minutes, mea-

sured as the time at which the atom number falls to 1/e of its original value7.

5.6 Wideband impedance matching

In order to implement the MRF dressed potential, an impedance match was re-

quired that would allow sufficient current to flow in the dressing RF coils to pro-

duce the desired Rabi frequency for atoms confined in shells at each dressing fre-

quency of interest. These parameters are not fixed, but were chosen for the ex-

ploratory work to be a current of 147 mA as above, and dressing angular frequencies

ω1,2,3 = 2π × (3, 3.6, 4.2) MHz. An angular frequency separation of 2π × 0.6 MHz was

initially chosen in part because the resultant shell separation at a quadrupole current

6 These current probe readings were sufficiently accurate for diagnostic purposes but experienced a
variation on the order of a few percent when the BNC connection to the oscilloscope was adjusted. As a
result, these current measurements are used for guidance rather than calibration. Subsequent detailed
work with the MRF potentials is monitored using calibrated pickup coils co-wound with the dressing
RF coils, with details of RF monitoring and calibration discussed in Sec. 6.2.2.

7 A more precise value of the lifetime was difficult to obtain as we were limited by the maximum
length of the experiment sequence. This data was obtained in early 2015, at a time of experiment
upheaval and prior to the systematic noise source elimination process. As focus had moved towards
multiple field components by this time, the ω1 = 2π × 2 MHz lifetime was not measured again. How-
ever, we would expect this to increase slightly as damaging noise sources were removed.
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of 20 A is on the order of 100 µm and thus easily resolvable with our low-resolution

horizontal imaging system. Another compelling reason for this combination of pa-

rameters was that Rabi frequencies of a few hundred kHz were the most familiar and

easiest to work with in our single-shell experiments. With this combination of parame-

ters, the MRF double well has distinct wells with a good tuning range and higher-order

effects that are not too intrusive8. The match was required to extend to as high a fre-

quency as possible to facilitate easier access to the 2D regime. Furthermore, we aimed

to retain as much flexibility as possible to vary trapping parameters during the dianos-

tic and exploratory process. A variety of strategies could be employed here, including

no matching, a wideband match, or a multiple-band match.

A simple solution to this could be to just leave the coils unmatched and work in the

fairly uniform high-reflection regime, using robust RF amplifiers. However, this strat-

egy requires the flexibility to waste large amounts of RF power. The typical dressing

RF amplitude used for investigative and diagnostic work on the MRF potential was on

the order of Ωi = 2π × 300 kHz. In order to access these field amplitudes with suffi-

cient clearance to probe the parameter space and without additional preamplification,

a current with approximate amplitude 120 mA was required. However, reflections

from the unmatched coils would limit this current to the region of 8 mA. The use of

preamplifiers to boost this signal is constrained by the 20 dBm (3.17 V amplitude)

input limit.

A wideband match could instead be used to reduce the reflections around the fre-

quency range of interest; for flexibility this would span approximately a 2 MHz range

centred at 3.6 MHz. However, this match would ideally not span too wide a frequency

range to minimise transmission of unwanted noise arising from mixing processes in

the amplifiers, or low-frequency noise from external sources such as ground loops.

The challenge of this method is in maintaining a sufficiently low Q, which is made

more difficult by the extended frequency response of the reflection trace Γ(ω) of the

8 The form of the MRF potentials is discussed in detail in Sec. 6.3.
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load. A multiple-stage network is generally better suited to low-Q networks, while

careful component selection could also compress the frequency response. A compli-

cated capacitor network is, however, challenging to implement and tune in practice.

A narrow multiple-band match eliminates the problem of noise transmission, and

one example of this is shown in Appendix C.3. The general multiple-band method

tested here was to use a long transmission line to extend the frequency response of

the Γ(ω) trace such that it repeatedly crosses the real axis in the vicinity of the 50 Ω

origin. Each such crossing corresponds to a transmission resonance. However, these

multiple narrow peaks are even more difficult to tune in coordination than the single

narrow match described above. A wide match also allows more flexibility during the

diagnostic stages in which a variety of frequency combinations were tested. A mul-

tiple narrowband match might therefore be an appropriate method only once a final

collection of frequencies has been chosen for subsequent investigations.

The final wideband matching network is outlined below, and was used to obtain

all the MRF results in the following chapters. For completeness, some other illustra-

tive approaches to this problem are discussed in Appendix C. This includes an early

approach to wideband matching that was unsuccessful due to high transmission at

low frequencies, severely limiting the atom lifetime. The final method presented here

is a combination of the multiple-band and wideband approaches: multiple resonance

peaks are used to widen the match, but the accessible frequency range is not con-

strained to these resonant values.

5.6.1 Simulated wideband matching network

The fundamental components of the wideband impedance match include a series

capacitor to block low frequencies, possibly some shunt capacitance to retrospectively

adjust the frequency response, a long transmission line to extend the frequency re-

sponse and induce multiple real-axis crossings, and a shunt capacitance to tune the
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crossing points. As it is easier to experimentally adjust capacitor values than transmis-

sion line lengths, the tuning of the match is performed using the two sets of capac-

itances, and the transmission line held fixed at an appropriate value based on mea-

sured cable lengths. This is slightly restrictive, but reasonable within the flexibility of

the wideband match, and could be remedied simply by trimming cables if necessary.

Given the width of the match, the 0.5 m BNC cable used to connect the amplifier out-

put to matching boxes was also incorporated into the model. The modelled matching

networks for each of the x and y coils is shown in Fig. 5.10 alongside the modelled

reflection characteristics.

A network with multiple stages could decrease the Q-factor of the match, but cal-

culations during the design stage suggested that the gains from this do not offset the

increase in experimental complexity. Furthermore, the broad frequency response of

the load makes a low Q difficult to achieve. Instead, the response is extended using

the long transmission line to create multiple real-axis crossings, the details of which

can be tuned by the surrounding capacitive stages. The two transmission bands cor-

respond to the real-axis crossings near the 50 Ω Smith chart origin. The frequency

separation of these bands is small enough, and the bands themselves sufficiently wide,

that the reflection coefficient is also reduced in the intermediate regime. As is apparent

from both the Smith chart traces and return loss plots, the two bands are significantly

more closely matched for the y network than x. However, the simulated networks

were not fully optimised in anticipation of the experimental fine-tuning necessary due

to discrepancies in component values.

5.6.2 Experimental wideband matching network

The increased complexity of the wideband matching network relative to the nar-

rowband match means that there are more soldered connections and uncertainty in

component values, all of which affect the impedance of the network. The long trans-
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(d) Modelled return loss plot x
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(f) Modelled return loss plot y

Figure 5.10: Modelled 4 MHz wideband match. (a),(b) A sketch of the wideband matching
networks for the x and y coils respectively. A series capacitor next to the load blocks low-
frequency signals, followed by a combination of long transmission lines and shunt capacitors
to tune the match. (c) Smith chart showing Γ(ω) after the addition of each component. Each
real-axis crossing in the vicinity of 50 Ω corresponds to a transmission peak. The Q-factor is as
low as possible while minimising the number of network components. The impedance values
at 3, 4 and 5 MHz have been labelled to illustrate the scaling of the sweep. Markers have
been placed at 4 MHz on each trace to track the impedance transformation as each component
is added (impedance value is only listed for the final trace). (d) Return loss as a function of
the frequency sweep plotted on the Smith chart, after the addition of each component in the
matching network. Two distinct peaks are apparent, corresponding to the real axis crossings
near the origin. (e), (f) show the same information for the y network. Dual-band matching
has been more successful in y than x.
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mission lines are constructed from lengths of BNC cable and have an uncertainty of

approximately±10 cm, although the effect of this can be mitigated using the capacitive

stages. Experimental live adjustment was therefore more significant for the wideband

than narrow networks. The final experimental networks, where capacitors are labelled

by the sum of constituent component values and do not take stray construction effects

into account, are shown in Fig. 5.11 alongside the corresponding measured Smith and

reflectance plots.

The peaks of greatest transmission are centred around 3.4 MHz in both cases, with

a secondary peak at 4.5 MHz (x) and 4.3 MHz (y). The x network also experiences a

small peak in transmission at 1.3 MHz. By positioning a peak at the highest end of the

frequency range of interest rather than relying on the falloff in transmission of a peak

closer to the centre of this range, the current suppression associated with increasing

proximity to the self-resonance is compensated. As can be seen in both the Smith and

return loss plots, balanced 50 Ω dual-band matching has been more successful in the

y network than x. This is not important for the application considered here, but is

a useful demonstration that this method is possible and could be applied to a true

multiple-band match in future. The close spacing of the transmission peaks means

that a region of reduced reflection also exists in the intermediate frequencies. The

sharp features in the reflection plot are smoothed further in the measurement of the

transmitted current I(ω), shown in Fig. 5.12.

The current response is noticeably smoothed in comparison to the return loss plots,

forming a single broad peak with a 2.5 MHz range above the target current, comfort-

ably encompassing the three target dressing frequencies. This could arise due to a

combination of the proximity to the self-resonant frequency of the RF dressing coils

and dissipation in the network. The absence of a second distinct peak above 4 MHz

can be attributed to the current suppression associated with proximity to the self-

resonance, although the reduction in reflections at these higher frequencies works to
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(d) Measured return loss plot x
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(f) Measured return loss plot y

Figure 5.11: Experimental 4 MHz wideband match. (a),(b) The wideband matching networks
for the x and y coils. The stated capacitor values indicate the combined capacitance of several
components and does not take into account variation or the effects of circuit construction. The
capacitive stages before and after the transmission line are coordinated to tune the match. (c)
Smith chart showing the measured reflectance trace Γ(ω). The impedance values at 500 kHz
intervals between 3 MHz and 5 MHz are labelled to indicate the scaling of Γ(ω) and allow com-
parison with the return loss plot. (d) Return loss, with transmission peaks corresponding to the
Smith chart real-axis crossings. The series capacitance next to the load blocks low-frequency
transmission. (e), (f) show the same information for the y network. Live adjustments were
made during circuit construction, based on both Smith chart and return loss plots.
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Figure 5.12: Measured I(ω) through the wideband-matched coils with the maximum DDS
output of 0.4 V peak-to-peak. The vertical dotted lines indicates the target RF dressing angular
frequencies ω1,2,3 = 2π × (3, 3.6, 4.2)MHz. The shaded region indicates the 147 mA target
current amplitude. The effects of current dissipation have caused a significant discrepancy
compared to the reflection plots, smoothing the current in the intermediate frequency regime
to create a wideband response. The 1.3 MHz transmission peak in the x network is evident.
The effects of current suppression due to the coil self-resonances are apparent at the higher
frequencies, despite the transmission peaks above 4 MHz.

broaden the current response9. The transmission peak in the x network at 1.3 MHz is

apparent in the measured current, but is neither exploited for, nor damaging to, the

work considered here. This demonstrates the potential for multiple-band matching at

frequencies that are sufficiently separated relative to the individual match bandwidths.

Within the input power limits of the amplifiers, the accessible frequency range

can be increased to approximately 5 MHz in each coil. Even for a low input power,

distortion of the signal is apparent in the y coil above 5 MHz, and in the range 500 kHz

to 1.6 MHz. Distortion was seen in the x coils around 1.8 MHz.

To ensure the stability of the match, the long BNC cables were coiled and set in

glue, and capacitor network boxes secured in place. Prior to being set, the impedance

of the network varied slightly (the current response at the transmission peak changing

9 A slight bump in the right hand edge of the x current plot could be attributed to the higher-
frequency resonance.
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on the order of a few percent) according to the orientation of the coiled transmission

line, and separation between turns. While the dielectric properties of the setting glue

affected the matching characteristics, the cable layout was subtly adjusted while it set

to recover the original network properties. Relative to the previous current response,

the amplitude of the primary current peaks differ by 0.1% for the x network and 2.2%

for y but the overall shape of the peak underwent a negligible change. The only signif-

icant difference was in the x network 1.3 MHz peak, as a result of the associated small

loop in the reflection coefficient as seen on the Smith chart. Current and reflection

measurements have both been repeated at various intervals ranging between hours

and weeks, with varying ambient temperatures and with artificially long applied RF

durations, with a negligible difference detected. This match is therefore sufficiently

stable for standard operation, and coarse calibration of experimental field amplitudes.

For later work and measurements in which an accurate knowledge of field amplitude

is necessary, calibrated co-wound pickup coils are employed.

The lifetime of thermal atoms confined in a single-frequency shell created using

this matching network is on the order of a few seconds. This places no restrictions

on the experiments considered in this work, in contrast to the earlier version of the

match discussed in Appendix C.1, but is significantly shorter than the corresponding

lifetime in the narrowband match discussed in Sec. 5.5. This can be attributed to the

suppression of noise by the narrowband matching network. Since these observations

were made, a large number of RF noise sources have been eliminated, and it is likely

from observations of the evaporation process, for example, that the trap lifetime has

increased as a result. However, lifetime measurements have not been formally re-

peated since lifetime is not a significant concern in the current work. A longer lifetime

could be obtained for future experimental work by reducing the width of the match to

the minimum range necessary to block extraneous frequencies, especially in the case

of a reduced MRF frequency separation.
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5.7 Developing the impedance match

The wideband impedance match is adequate for current experimental require-

ments, and was particularly well suited to the exploratory and diagnostic stages. How-

ever, improvements could be made to both the characteristics of the match and sta-

bility of the design. Firstly, the disparity in lifetimes between atoms confined in shells

created using the narrowband and wideband matches indicates that it could be useful

to tailor an individual matching network to each experiment. Examples of this in-

clude narrow multiple-band matches for the well-separated frequencies used in state-

or species-selective manipulation, or simply matches that are tuned more sharply to

the frequency range under consideration. The precision of the network design could

be improved by actively trimming the transmission lines to a specified length rather

than using capacitors to tune the match. Tuneable matching would also be possi-

ble, for example by incorporating a tuneable element such as an air-spaced capacitor,

which would be useful to improve the flexibility of a narrow match but might result in

instabilities problematic for a narrow bandwidth.

A tailored approach to matching would require an improved design stability: the

existing setup is robust against day-to-day disturbances and moderate adjustments

to the positions of the matching boxes, but would be unlikely to withstand regular

adjustments. An alternative approach trialled was to construct the match on PCBs

housed within shielded boxes. Unfortunately, the match properties deviated substan-

tially from expectations, most likely because standard PCBs were used, for example

with no ground plane. Although this method was laid aside, it remains an option for

the future. An RF PCB could also offer a more stable approach to transmission lines,

which could also be easier to manage if created using smaller-radius cables.

Despite the potential for improvements, the methods used to create the impedance

matches discussed in this chapter have the benefits of convenience, flexibility, and ease

of adjustment. The matching networks created have proved stable over the lifetime of
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the experimental work on MRF dressing, producing shell traps with atom lifetime and

heating rates more than adequate for the experiments of interest. Crucially, these have

also provided us with the experimental flexibility to extensively explore the dressing

RF parameter space, and develop methods to load, manipulate, and characterise the

resultant potentials.
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Chapter 6

Experimental implementation

of multiple-RF dressed adiabatic

potentials

This work describes the first experimental implementation of multiple-RF dressed

adiabatic potentials. We have explored and characterised this method using the exam-

ple of three independently-controlled dressing frequencies to create a highly config-

urable double well potential. With the experimental parameters used here, the reso-

nant trapping surfaces take the form of two concentric spheroidal shells as introduced

in Sec. 2.5.2, and atoms fall to the lowest points on each surface under the influence

of gravity to create the double well. A high level of intuitive control is afforded over

the potential landscape by independent variation of the relative RF amplitudes and

polarisations. Here, a double well with large well spacing is created as a proof-of-

principle testing ground to explore and characterise the MRF potential. Following on

from this work, the well spacing can be reduced to investigate double well physics

and interferometry in the 2D regime afforded by the AP shell structure, switching be-

122



tween different regimes using the RF amplitudes to vary the coupling strength. Other

immediate extensions of the method include independent control of trapped species

with different values of gF , and the creation of further trapping wells and potential

landscape structures using additional RF components.

This chapter explores the key experimental methods underpinning the creation of

these potentials: methods to create and load the single-RF AP are explored in Sec. 6.1,

characterisation of the dressing RF using atoms confined in these single-frequency

traps presented in Sec. 6.2, and finally schemes for controlled atom loading into the

double well presented in Sec. 6.3. The development of these techniques has taken

place concurrently with significant improvements to the experimental apparatus. As

such the methods presented here represent particular snaphots in time, but are still

representative of the techniques currently implemented and used to obtain the results

in Chapter 7.

6.1 Trapping atoms in the single well AP

While not our final objective, a single shell provides the means of characterising

the dressing RF properties and resultant potentials, and is a necessary stage in loading

the multiple-RF dressed traps. Atoms are loaded and cooled using the single-RF TAAP,

and a BEC is subsequently loaded into the single-RF shell. This is used to explore

experimental parameters and the atom response, and more formally to characterise the

RF field amplitude and polarisation for every dressing frequency of interest. Finally,

this potential can be deformed by the additional dressing fields to load atoms into the

combined MRF potential.
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6.1.1 Creating the AP

The RF signals are derived from independent DDS sources, and then combined and

filtered as discussed in Chapter 5. Each field is associated with two DDS sources: one

for each of the x and y components of each dressing frequency. The eight available

DDS channels (one reserved for evaporative RF) are divided between two crates, each

with its own back-plane and system clock; the DDS sources and the adaptations re-

quired to ensure stable MRF operation are discussed in forthcoming work [35]. The

DDS channels associated with each frequency component share a common clock to

maintain precise control of each field polarisation, and a single clock extended to all

dressing RF channels for measurements in which the relative phase between each field

component is important for experiment stability. The importance of this clocking pro-

cess on the resulting MRF potential is addressed briefly in [104] and will be described

in more detail in [35]1. MRF dressing experiments commenced without a common

clock for the two separate DDS crates. However, a shared clock for all dressing RF

channels was subsequently enforced; the clock configuration is specified alongside ex-

perimental results where relevant.

We originally developed our understanding of AP loading and confinement using

a dressing angular frequency of ω = 2π × 2 MHz and a narrow-band match, in or-

der to work with a set of parameters fairly similar to the ω = 2π × 1.4 MHz APs in

previous experiments on this apparatus [67, 147]. With a coupling strength of or-

der Ω = 2π × 400 kHz, the lifetime of thermal atoms loaded at ∼ 10 µK was of order

several minutes as described in Chapter 5. Loading techniques were developed using

this AP, and subsequently transferred to those created at dressing angular frequencies

1 For some diagnostic applications, including double shell loading, a common reference clock be-
tween the different field components is not imperative, although the changing relative phase between
these components causes some experimental unreliability. However, for any application where precise
knowledge of the energy level structure is important, these channels must share a common clock. The
data in figures 6.6 and 7.1 were obtained using a common clock for the ω1,2 = 2π × (3.0, 3.6) MHz dress-
ing fields, and a separate clock for the ω3 = 2π × 4.2 MHz signals; the RF spectroscopy measurements
in Fig. 7.3 use a common clock for all RF field components.
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between ω = 2π × 3 MHz and ω = 2π × 4.5 MHz, implemented using the wideband

impedance match and with a comparable thermal atom cloud lifetime of a few sec-

onds.

We predominantly used field amplitudes corresponding to coupling strengths of a

few hundred kHz which give a three-dimensional gas of trapped atoms in a regime

largely clear of RF noise. This is also a good match for the predominant angular

frequency spacing of ∆ω = 2π × 600 kHz. After careful reduction of RF noise, single-

RF APs with a coupling strength of Ω ≈ 2π × 50 kHz have also been realised, paving the

way for MRF potentials with a reduced coupling strength and frequency separation,

and for operation in the 2D regime [31]. We typically load the AP with a quadrupole

gradient of 60 G cm−1, and operate shell manipulations with quadrupole gradients

between this value and 151 G cm−1.

6.1.2 Loading atoms from the TOP

The atom cloud, whether thermal or condensate, is loaded from the TOP onto the

AP shell surface via the vertically-offset double well TAAP [44, 95, 96] as illustrated

in Fig. 6.1. The 7 kHz rotating TOP bias field serves a dual purpose here, in providing

the bias field to time-average both the quadrupole and the position of the resonant

spheroid, sweeping the quadrupole field in a horizontal, circular orbit with a rotation

radius given by BT/B
′
q where BT is the amplitude of the TOP field. Possible difficulties

with the method and an alternative approach attempted are mentioned at the end of

this section.

We begin with a thermal cloud of ∼ 1.2× 107 atoms cooled to ∼ 1.7 µK in the TOP,

using the standard BEC TOP sequence terminated at a value BT = 9.4 G, 4.5 s before

the end of the ramps shown in Fig. 4.15. This value is optimised for a combination of

atom number and temperature upon loading the shell, taking account of finite heat-

ing upon the initial point of TAAP loading. The dressing RF is switched on while the
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Figure 6.1: Single-shell AP loading scheme for circularly polarised RF. The two resonant
spheroids are separated in time under the influence of the bias field rotating with a frequency
of 7 kHz about the vertical axis. Shading indicates the relative coupling strength, with darker
(purple) shading representing strong coupling at the south pole, and lighter (green) shading
the weaker coupling towards the north pole. (a) Before AP loading, the atoms are confined
in the TOP. Upon applying the dressing RF, the rotating bias field of amplitude BT moves the
resonant spheroid in a circular orbit. For BT > ~ω1/µBgF the shell orbits outside the thermal
atom cloud (yellow). (b) Lowering BT causes an intersection of spheroid and rotation axis,
creating the vertically-offset TAAP double well. The atom cloud is loaded into the lower well.
(c) BT and the corresponding rotation radius are reduced further. Forced RF evaporation to
BEC is performed at an intermediate stage of the TAAP. (d) BT → 0, loading the BEC onto the
static shell surface.

TOP field satisfies 2~ω1/gFµB > BT > ~ω1/gFµB such that the resonant spheroid is

swept in an orbit outside the location of the atom cloud with minimal perturbation

to it. The upper bound to the TOP amplitude BT accounts for the first harmonic of

the resonant spheroid. For example, for the three angular frequencies used in the

prototype MRF scheme, ω1,2,3 = 2π × (3.0, 3.6, 4.2) MHz, the respective TOP loading

values are BT = (6.5, 7.8, 9.1) G following a 50 ms TOP field ramp from BT = 9.4 G at

the termination of the truncated TOP evaporation sequence, at a quadrupole gradient

B′q = 154.1 G cm−1. The RF field is circularly polarised in the laboratory frame, with

a handedness that maximises the interaction strength at the south pole of the reso-

nant spheroid, and has an amplitude such that the coupling strength is on the order of

Ωi = gFµBBi = 2π × 400 kHz at this point. Decreasing BT such that the intersection of
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the resonant spheroid and rotation axis separates into a double well along the vertical

axis, we load the atoms into the TAAP formed at the lower of these intersections under

the influence of gravity. This is associated with an atom number of ∼ 1.1× 107, corre-

sponding to a transfer efficiency of approximately 92%, and a small amount of heating

to a temperature of ∼ 3 µK. An optional stage of forced RF evaporation, described

in Sec. 6.1.3, can be implemented at this stage to cool atoms to BEC. This is imple-

mented at BT = 1.9 G, after 700 ms hold in this TAAP well. A BEC of atom number

N & 1× 105 with no discernible thermal component and negligible atom loss is loaded

onto the lower surface of the shell by reducing BT to zero over 150 ms. Once shell

loading has been performed using circularly polarised dressing RF, the polarisation

can be altered to suit the subsequent work, for example by ramping one component

to zero to achieve linear polarisation for amplitude calibration measurements. Such

ramps are typically performed over 50 ms.

As a comment on issues of which to be aware, early implementations of this load-

ing method were unsuccessful due to system noise that became resonant with the

atoms during the TAAP ramp; this sweeps the resonance of trapped atoms through a

range of values, making them particularly susceptible to noise sources at inopportune

frequencies. However, once the noise spectrum had been cleaned, there were no prob-

lems with this method. As an intermediate stage, an alternative loading scheme was

devised, inspired by the notion of the ‘shortcut to adiabaticity’ [184]. In this method,

the thermal atom cloud was dropped from the TOP by turning off the trapping fields

for the duration required for the atoms to fall under gravity to the location of the

resonant spheroid surface. The fields and dressing RF were then applied to catch the

atoms. This method was tolerably successful, although there was significant heating

and motion of the atoms confined in the shell. This informed our early work on the

trapping shells, and is a method that could most likely be improved with further work;

the TAAP ramp, however, was a far more promising route to pursue. Additional factors

that influence the success of the AP loading process include the RF field amplitude and
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polarisation; the means of characterising and correcting these are discussed in Sec. 6.2.

6.1.3 Cooling atoms in the TAAP

Forced RF evaporation is performed over 2 s in a TAAP formed at a quadrupole field

of B′q = 154.1 G cm−1, circularly polarised RF with amplitude Ω1 = 2π × 400 kHz, and

a constant TOP field of BT = 1.9 G. For an example plotted in Fig. 6.2, this transforms

a cloud of 2.6× 106 atoms at 3 µK to a condensate of 1× 105 atoms with no discernible

thermal component. The RF ramp and a corresponding progression of phase-space

density are plotted for the example of a ω1 = 2π × 4.2 MHz dressing angular frequency.

The evaporative RF corresponds to a coupling between dressed states with |∆m̃F | = 1,

and we have chosen a ramp corresponding to the transition ω1 + Ω1 + ∆(t), namely

the sum of the dressing frequency, its amplitude as defined by the Rabi frequency,

and such a detuning ∆ as to facilitate the appropriate cut from high- to low-energy

atoms. Accounting for the differences in dressing frequency, this same ramp can be
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Figure 6.2: Evaporative cooling in the TAAP. (a) Dressed state eigenenergies for the 2π ×
4.2 MHz AP. We evaporate in the TAAP trap by applying an RF knife ω1 + Ω1 + ∆(t), illustrated
by the coloured arrows, sweeping downwards in energy towards the trap bottom over time.
(b) The evaporative RF sweep in the TAAP; the same sweep can be applied to a TAAP with
any dressing frequency, by adding the appropriate ω. Coloured dots indicate intervals of 0.2 s,
and map to the points shown on the PSD plot. (c) Phase-space density plotted against atom
number at 0.2 s intervals along the evaporative RF sweep. Atom number and temperature are
obtained for each point by analysis of absorption images obtained after 15 ms time of flight
expansion. The final data point here is fitted as a pure BEC (Thomas-Fermi distribution) and
the preceding points as thermal Gaussian clouds.
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applied to any of the shells so far trialled, with dressing angular frequencies in the

range 2.0 MHz ≤ ω/2π ≤ 4.5 MHz.

6.2 Refining and characterising the potential

6.2.1 RF spectroscopy

RF spectroscopy is a technique employed to characterise trapping potentials, in-

cluding RF-dressed APs, by probing the energy of atomic transitions [85, 185]. In this

method, a weak probe RF at a fixed frequency is applied to atoms held in the AP, ex-

pelling atoms from the trap when the probe RF is resonant with a transition between

trapped and untrapped states. As the probe RF is varied, these resonances appear as

dips in the measured atom number. This is similar to the process of RF evaporation,

but with the probe RF detuning varied between experimental runs, held constant dur-

ing each, rather than applied as a time-dependent ramp. The probe RF is applied using

the evaporation coil and its same preceding electronics, and we likewise again choose

to probe the ω1 + Ω1 + ∆ transition.

The structure of the transition lineshape is exposed over several experimental runs,

its exact non-analytical form dependent on both the details of the potential and the

energy distribution of the trapped atoms. To minimise this latter effect, we perform

spectroscopy with a BEC such that the resonance has a width on the order of the

chemical potential (typically kHz) and we can precisely pinpoint the energy of each

transition. The resultant lineshape is markedly asymmetric, with a steeper gradient

on the low frequency approach to the resonance than from the high frequency side.

This can be explained by considering the energy structure: efficient coupling of the RF

probe ensures that all atoms with energy greater than that of the coupling point are

expelled from the trap [185], and so with reference to Fig. 6.2(a) it is expected that

cutting from below will be associated with abrupt atom loss as the probe RF varies
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from no resonance at all to resonance with the trap bottom, and from above with a

more gradual decline in atom number as the probe cuts through the residual energy

distribution of the atom cloud. We extract the resonance peak by fitting an appropriate

approximate function; the fitting process is discussed in the MRF context in Sec. 7.2.

The probe RF field must be sufficiently weak that it does not itself shift the transition.

For the APs used here the Rabi frequencies of the dressing RFs are hundreds of kHz

while that of the probe is below 100 Hz. Selected RF spectroscopy measurements were

repeated with probe amplitudes spanning one third to three times its standard value,

with no measurable shift of the resonance.

RF spectroscopy has been applied in this manner to characterise both single- and

multiple-RF dressed potential eigenenergy structure, and the fields critical to the im-

plementation of these traps as discussed below. This method was also implemented to

characterise the TOP and quadrupole traps as described in Appendix A.

Resonant RF pulses can also be used to release atoms for time of flight imaging,

elminating any effects on the cloud of the magnetic trapping fields switching off. With

the quadrupole field remaining on, this has the additional benefit of separating the mF

components for further analysis. This method can also be used in pulsed operation,

where short pulses of resonant probe RF are applied to the potential, releasing the

atoms in periodic bursts of time of flight. A close spacing between each pulse ensured

that several such bursts can be imaged simultaneously to reconstruct the in-trap radial

motion perpendicular to the imaging direction. This method of ‘RF time of flight’,

implemented using a signal generator in burst mode, has been used to detect lateral

movement of the atoms on the shell surface and to image atoms where the action of

the static quadrupole field on different mF components is important. An example of

this is in the imaging magnification calibration discussed in Appendix A.3.
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6.2.2 RF amplitude calibration

The amplitudes of the applied RF signals are monitored by pickup coils co-wound

with the TOP coils2. For each dressing RF used, these measured voltages are calibrated

using RF spectroscopy to associate with each measured pickup amplitude the corre-

sponding transition frequency. Linearly polarised RF is used to measure the x and

y directions independently and eliminate the effects of cross-coupling between the

pickup directions. These measurements are then associated with the corresponding

Rabi frequencies Ωi using Floquet theory, in a calculation that incorporates the effect

of gravity and Bloch-Siegert shifts, to give the RF field amplitudes. RF amplitudes are

therefore expressed in terms of these single-RF Rabi frequencies Ωi.

The linearity of the pickup coil response was verified by repeating the single-RF

spectroscopy measurements for a variation in RF amplitude of up to 50 %. In another

experimental concern, the combined MRF input amplitude for the initial tests pre-

sented here approaches a value close to the saturation of the amplifier, which results

in up to 4 % compression of the amplitudes of each RF component for the highest RF

powers applied. This saturation is accounted for by the RF pickup measurement in

all comparisons between experimental and theoretical work. The field amplitudes are

monitored for each experimental run, giving us the means of not only monitoring any

drifts over time, but also of accurately correcting for any small amplitude variations in

calculations of predicted results. Amplitude drifts on the order of a few kHz have been

observed over a period of several weeks, though with variation in short-term severity

and the associated experimental impact.

The RF source stability can also be monitored by mixing a small proportion of it

with a reference oscillator and extracting the DC component, although this scheme be-

comes more challenging in the multiple frequency implementation. Using this method,

active PID stabilisation of the dressing RF amplitudes was also trialled in the early

2 Early measurements of RF current were made directly with Tektronix AC current probes as ad-
dressed in Sec. 5.5.2
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stages of this work [35]. However, more significant improvements were made to RF

stability by tackling the root causes in terms of the DDS source and peripheral noise,

and the feedback scheme was laid aside until such a time as experimental stability

requirements become more stringent.

6.2.3 Tuning the RF polarisation

The dressing RF polarisation is determined by the phase offset between the x and

y RF components. This in turn dictates the variation in coupling strength over the

shell surface. For atoms confined at the south pole of the resonant spheroid by gravity,

the trap lifetime is in principle maximised for perfectly circular polarisation where the

coupling strength is strongest at the position of the atoms.

It seems a reasonable assumption that the polarisation could be calibrated by vary-

ing the phase difference between RF components to maximise the lifetime. However,

local maxima exist, caused by noise sources that have at various times plagued the ex-

perimental system3. As the RF polarisation is varied, the energy of trapped atoms was

swept through resonance with certain of these noise sources, causing atom loss in ei-

ther narrow or broad dips according to the source. This was to become a rare instance

in which the system noise could become an asset, and was exploited to improve the

accuracy of the polarisation calibration. Since the energy response of trapped atoms

is symmetric about the point of circular polarisation with respect to ellipticity in ei-

ther x or y directions, there exists reflection symmetry in the noise response to phase

variation. Finding the central point in this distribution with reference to the narrow-

est noise peaks is therefore a more accurate means of identifying the balanced phase

corresponding to perfect circular polarisation4.

An example of this method as applied to the 2π × 4.2 MHz shell is illustrated in

3 A full discussion of the RF noise is presented in [35].
4 This is not to say that the clearance of RF noise need hinder such measurements; a controllable

low-power RF probe could instead be applied to create the necessary features.
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Fig. 6.3. Atoms at ∼ 3 µK are held in the shell for 8 s, sufficient for significant atom

loss, and the atom number measured for a range of values of the phase offset. This

allowed a determination of the correct polarisation to within a phase resolution of

±0.01π radians. The relative phase between the pickup signals in x and y can then be

calibrated to provide a polarisation reference.
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Figure 6.3: RF polarisation calibration in the ω1 = 2π × 4.2 MHz shell: measured atom num-
ber after 8 s hold as the phase between x and y RF components is varied (purple circles), the
identified symmetry point (grey dashed line) and the reflected points used to match features
(green dots). With a perfectly clean RF noise spectrum, the longest trap lifetime corresponds
to perfect circular polarisation; with noise at a frequency resonant with the trapped atoms,
atoms are lost and local minima arise. In this case, the symmetry of the variation in resonance
frequency with respect to deviation from circular polarisation is a useful reference for locating
this point. By observing the overlap between the measured points on one half of the phase
sweep with the reflection of those in the other half, the symmetry point can be determined to
within ±0.01π radians. Note: this measurement was chosen to illustrate the method due to the
exaggerated peaks. The noise sources were subsequently eliminated to give a single symmetric
peak with the same reflection point as above and the longest lifetime corresponding to circular
polarisation as expected.

6.3 Loading atoms into the MRF double well

As described in Sec. 2.5.2, the MRF double well is created by three dressing RFs,

each corresponding to a separately-controlled single first-order avoided crossing. This

results in two trapping wells separated by an anti-trapping barrier for m̃F = 1, where
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trapping is realised on two concentric spheroids. In the present work we consider a

parameter regime in which atoms pool on the lower surface of each spheroid under the

influence of gravity, to create a configuration akin to two vertically-offset sheets. By a

change of parameters to operate the shell trap in the 2D regime, this would correspond

to a 2D double well.

The relative heights of the barrier and both wells are controlled by the three sep-

arate input RFs, although multi-photon interactions lead to cross-talk between these

features and an associated shift in the details of the overall potential landscape with

a variation in amplitude of any of the dressing RF components. The main features

of the MRF double well are sketched in Fig. 6.4. The primary manipulations of the

potential in this work are performed by increasing and decreasing the amplitude Ω2 of

the barrier RF to respectively lower and raise the barrier. This includes a consideration

of the effect of gravity on the overall potential landscape.

Within the constraints of the coil array self-resonance and the wideband impedance

match, we can confine atoms in APs with dressing angular frequencies in the range

2.7 MHz < ω/2π < 4.4 MHz without additional amplification. Mixing processes in the

amplifiers constrain us to use only combinations of dressing angular frequencies with

a common fundamental ωf & Ωi, which ensures that the resulting intermodulation

products are far detuned from transitions between dressed states such that we avoid

losses. For this proof-of-principle implementation, we confine atoms in the double well

created by dressing RF components ω1,2,3 = 2π × (3.0, 3.6, 4.2) MHz. In our apparatus

the ωf = 2π × 0.6 MHz angular frequency difference between RF components maps to

a spatial well separation of 140µm at a quadrupole gradient B′
q = 62.45 G/cm, allow-

ing the trapping wells to be clearly resolved with our low-resolution imaging system.

A smaller angular frequency separation and quadrupole gradient would reduce the

spatial separation between the wells. With the existing power supply and water cool-

ing system, we can access quadrupole field gradients of up to 468 G cm−1. A smaller

frequency separation would require operation at lower field amplitudes. We have suc-
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Figure 6.4: Tuning the three-RF double well by varying the relative amplitudes of the con-
stituent dressing RFs ω1,2,3 = 2π × (3.0, 3.6, 4.2) MHz. (a) The three-RF double well plotted
in the absence of gravity with equal amplitudes Ω1,2,3 = 200 kHz to create a balanced double
well. Asterisks indicate the weak multi-photon avoided crossings. (b) The barrier amplitude is
adjusted to transform the potential between a double well (solid line), flat-bottomed potential
(dashed line) and broad single well (dotted line). With amplitudes Ω1,3 = 200 kHz fixed for
each plot, the barrier amplitudes are Ω2 = 2π × (200, 520, 570) for the solid, dashed and dotted
lines respectively. (c) The relative well depths can also be varied to shape the potential. With
the Ω1,2,3 = 200 kHz reference plotted as a solid line, the dashed and dotted lines show ampli-
tudes Ω1,2,3 = (270, 200, 120) kHz and Ω1,2,3 = (80, 200, 370) kHz. (d) Incorporating the effects
of gravity dramatically alters the appearance of the double well, depending on the quadrupole
field gradient. The eigenenergies of the double well with amplitudes Ω1,2,3 = 200 kHz are
again plotted here as the solid lines with gravity incorporated and a quadrupole field gra-
dient 60.4 G/cm. To balance the energy of each well, the field amplitudes are adjusted to
Ω1,2,3 = (80, 200, 360) kHz (dotted line). This act of balancing the potential reduces the depth
of the well corresponding to trapping angular frequency ω3, limiting the temperature of con-
fined atoms.
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cessfully confined atoms on single-frequency shells with field amplitudes in the region

of Ω = 2π × 50 kHz, indicating that this will not be a constraint in the MRF case. The

frequency constraints and variation in RF transmission as a function of frequency mean

that frequency ramps would be challenging to implement. However, sufficient control

over the potential is granted over more easily tuneable parameters that this need not

be inhibitive.

The MRF potential takes as its starting point a single shell; whether this is the

shell with dressing angular frequency ω1 or ω3, each corresponding to the trapping

components of the MRF configuration, is a matter of choice, and the principles remain

the same. A typical procedure by which to load a BEC from a single shell at ω3 into

the double well is shown in Fig. 6.5. To begin, we ramp up Ω1, which has a minimally

perturbative effect on the potential near the atoms but establishes this resonance in

preparation for the subsequent barrier manipulations. This is accompanied by a slight

increase in the field amplitude Ω3, acting to raise the corresponding trapping well in

anticipation of ultimately balancing the energy of the two wells. The avoided crossing

formed by ω2 takes the form of an anti-trapping barrier, and as Ω2 increases, this

barrier is lowered and the combined three-frequency potential is flattened, rounded

out, or tilted slightly according to the relative values of Ω1, Ω2 and Ω3. For balanced

shell loading, we increase Ω2 to round out the combined potential, with Ω1 held at an

artificially high value to minimise any sudden changes in the width of the potential

well as the barrier is lowered. Only once the barrier has been ramped down fully is

Ω1 lowered to the value at which atoms can be transferred. Once atoms equilibrate

within this new three-RF single well, we raise the barrier to separate the wells and

complete the loading process. Placing limits on this process, and marked with asterisks

in the panels of Fig. 6.5 are the second-order resonances that can act as loss channels.

The combination of RF amplitudes and frequency separation are therefore chosen to

complement the atom temperature.

Figure 6.5 also shows the calculated shape of the potential at key stages of the
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Figure 6.5: A typical time sequence of the dressing RF amplitudes used to load a BEC
into a double well from a single shell with dressing angular frequency ω3 = 2π × 4.2 MHz.
Ωi = gFµBBi/~ denote the constituent field amplitudes of the three dressing fields. The lower
panels show the three-frequency potential (incorporating the effects of gravity) at key times
during this loading sequence, with dotted lines indicating the locations associated with the
first-order resonances of the dressing angular frequencies ω1, ω2 and ω3. As this sequence pro-
gresses, a single-frequency single well is transformed into a three-frequency single well with
a flattened barrier, associated with high Ω2, and an artificially high value of Ω1 to restrict the
width of the MRF single well. Ω1 is then reduced to establish the associated trapping well, and
the barrier raised to separate the wells and split the cloud between them. The experimental
parameters chosen avoid losses due to the second-order resonances, indicated by asterisks in
the panels. The relative amplitudes of the RF components determine the final distribution of
the atomic population between each well. The offset of each avoided crossing from the guiding
lines at each dressing RF results from a combination of the effects of multi-photon interactions
and the associated cross-talk between potential features, and the effect of gravity in shifting
the potential minimum downwards in space.

loading process. These plots incorporate the effects of gravity, which acts along the

central vertical axis of the resonant surface and thus increases the potential depth

towards higher resonant frequencies. This effect must be compensated to balance the

two trapping wells, explaining the discrepancy between the field amplitudes Ω1 and

Ω3.

An alternative approach to loading is an extremely similar scheme to that presented

above, but with Ω1 ramped to its final value straight away, so skipping the interme-

diate high value; this method was used to obtain the data presented in Fig. 6.6 and

in a slightly variant form that of Fig. 7.1 in Sec. 7. As a method this was almost
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equal to that presented above, but with a slightly higher tendancy towards sloshing

of the atom cloud during transfer, caused by the sudden exposure of the atoms to

a broad well once the barrier was lowered sufficiently that they could flow across.

Another loading method trialled was that of loading and evaporating directly in the

three-frequency single-well TAAP, eliminating the need for the initial transfer from

the single-RF well. However, the restricted lifetime of atoms in this potential at that

time prevented this. While it may be a direction explored in future, the success of the

method shown above in loading a BEC into the MRF double well without appreciable

heating, and more recent work with a smaller well spacing yielding preliminary results

suggesting that coherent splitting of a condensate is possible with this method5, mean

that small variants upon the loading scheme explored in Fig. 6.5 will be sufficient for

future work.

This loading method allows stable, repeatable loading into the three-RF double

well, with precise control over the distribution of the atomic population between the

wells granted by the relative amplitudes of each RF component during the ramp. The

effect of barrier height is illustrated in Fig. 6.6, where we vary the maximum value

of Ω2 to load a controllable proportion of atoms between the lower and upper wells

formed by ω3 and ω1 respectively. Starting from a cloud of thermal atoms in the spa-

tially lowest shell at ω3, the RF components ω1 and ω2 are turned on adiabatically

following a similar procedure to that described in Fig. 6.5 in which Ω1 is ramped di-

rectly to its final value. Initially, few atoms possess sufficient energy to cross the high

barrier that results from a small Ω2, and minimal population redistribution between

the wells occurs. However, upon increasing Ω2, the barrier is lowered and more atoms

are able to populate the second well. Around ω2 = 2π × 400 kHz the avoided cross-

ing at ω2 no longer presents a barrier and the atoms distribute themselves across the

broad single well formed by the three RF dressing fields. Finally, ω2 is decreased to

5 The work on coherent splitting has been performed during the preparation of this thesis and so
results will be presented in future work [35].
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Figure 6.6: Controlled double well loading. (a) The percentage of atoms loaded from the
well formed by ω3 to that corresponding to ω1 for a given maximum amplitude of the ω2

field, expressed in terms of Ω2 = gFµBB2/~. The RF amplitude ramps are similar to those
plotted in Fig. 6.5, with Ω1 = 2π × 192 kHz and Ω3 = 2π × 442 kHz. This amplitude disparity
compensates the effects of gravity, with a quadrupole gradient of 154 G cm−1. The barrier was
ramped to its maximum value over 400 ms, then reduced to 2π × 90 kHz over 100 ms. The blue
line shows the effective well depth (right hand scale) seen by atoms in the well at ω3 for each
final value of Ω2, and the dashed vertical line indicates the barrier height for which a separate
well at ω1 can no longer be resolved. (b), (c) Absorption images of thermal atoms confined
on the double shell surfaces at a quadrupole gradient of 60 G cm−1 after 1 ms time of flight,
with (b) an approximately balanced configuration with 52 % of atoms in the upper shell and
(c) 75 % of the population in the lower shell. The absorption images are separately normalised
to their maximum value and shown in false colour.

raise the barrier and split the population distribution into two distinct wells, with the

final proportion reflecting any imbalance between the lowest energy of each well. Fig-

ure 6.6(a) illustrates a loading process that transfers 52% of the atoms into the well

defined by ω1. This could be corrected, or exacerbated, by adjusting either Ω1 or Ω3

to raise or lower the potential energy minimum of each well to preferentially tip or

retain the atoms in a particular direction.

The following chapter presents a further example of precise population control in

the context of potential shaping, and characterisation of the energy eigenvalues as the

barrier amplitude is changed to shape the potential.
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Chapter 7

Ultracold atoms in multiple-RF

potentials

Three separate RF dressing fields are used to create two trapping wells separated by

a potential barrier, each independently controlled by a separate DDS channel. While

each dressing field influences the potential landscape more broadly than just at its

own specific resonance, this still provides a high level of control over the potential

landscape and interplay between the wells. This chapter begins by exploring the po-

tential shaping capabilities of the MRF double well in Sec. 7.1. RF spectroscopy is then

used to probe the potential landscape in Sec. 7.2, to both verify the theoretical model

and quantify the cross-talk between RF field components. Finally, the experimental

outlook of the multiple-RF technique is discussed in Sec. 7.3.

7.1 Potential shaping and the double well

We have explored the range of potential landscapes accessible with the three-RF

prototype dressing field, and have demonstrated the ease of transferring atoms be-

tween these potential configurations. Within this system, the landscape can take var-
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ious forms: a single well corresponding to resonance with the dressing fields at ω1 or

ω3, a double well with controllable barrier height, or a broad three-frequency well that

can approach a square-well potential.

Figure 7.1 shows some different potential configurations accessible by varying the

relative amplitudes of the constituent RF fields, illustrating the atom density that arises

from two possible transport sequences from the ω3 = 2π × 4.2 MHz single-frequency

shell. These potentials were loaded using a sequence in which Ω1 is ramped imme-

diately to its final value. As in the scheme presented in Fig. 6.5, Ω2 is gradually in-

creased to lower the barrier and load atoms into a broadened MRF well; here, however,

we show the trapped atom density as a strip along the vertical axis of the resonant

spheroid for several steps in this process. From the broad MRF well, two transport

sequences are shown: Ω1 can be increased to tip atoms into the trapping well formed

by ω1 as the barrier is raised by decreasing Ω2, or the two trapping wells can be kept

at approximately equal energies to load a balanced double shell. Any intermediate

population mismatch is also possible and determined by the relative well depths, and

a single well comprising features of all three dressing field components can also be

created. This also demonstrates the effect of the barrier amplitude on the positions of

the two trapping wells that is shown in the calculated energy levels in Fig. 6.4: the

potential minima for ω1 and ω3 become closer together as the barrier is lowered to

form the broad single well. This is illustrated here using in-trap images of thermal

atoms at a few µK, but MRF loading has also been demonstrated using a condensate.

7.2 Probing the potential landscape

RF spectroscopy was performed to verify our theoretical model of the MRF poten-

tial. For this purpose, we used a BEC confined in the well near resonance with the

ω1 = 2π × 3.0 MHz dressing field and observed the variation in transition energy with

a change in barrier amplitude. After loading into the circularly polarised single-RF
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Figure 7.1: Atom density in the 3-RF potential with varying barrier height. (a)-(c) Vertical
slices through in-trap absorption images of the MRF potential plotted against barrier amplitude
ω2 and averaged over several experimental runs. Displacement is measured from the centre
of the quadrupole trap, and each slice scaled to the same total atom number. (a) All atoms
begin in the shell at ω3. With Ω1 = 192 kHz and Ω3 = 446 kHz, Ω2 is ramped up (lowering the
barrier) to flatten the potential and load the atoms into a broad single well. This is the starting
point for the sequences shown in either (b) or (c) depending on subsequent parameter choice.
(b) A transport sequence with Ω1 = 2π × 192 kHz and Ω3 = 2π × 511 kHz. This tips atoms
across the flattened 3-RF potential to load atoms into the upper shell upon reducing Ω2 to raise
the barrier. (c) Loading a double-shell configuration from the flattened 3-RF potential, with
Ω1 = 2π × 192 kHz and Ω3 = 2π × 446 kHz to maintain approximately equal atom populations
in each well. The highest values of Ω2 correspond to a single well, with the two distinct
wells forming and separating as Ω2 is reduced to raise the barrier. The apparent transfer of
atoms into the shell at ω1 around Ω2 = 2π × 400 kHz is a normalisation artefact, resulting from
atom loss from the lower well due to technical noise in the apparatus (this noise source has
since been eliminated). All absorption images are shown in false colour, normalised to their
maximum value; the colorbar displayed scales linearly from 0 to 1. (d)-(g) show the line
plots of atom density for the snapshots in the double shell load sequence at barrier amplitudes
marked in (c) and corresponding to Ω2 = 2π × 660, 622, 577, 266 kHz for (d)-(g) respectively.
This shows the progression from 3RF single well (d) and (e) to flat-bottomed ‘box trap’ (f) and
double-shell potential (g).

shell, the polarisation was ramped to linear over 500 ms for the application of the

MRF potential. Linear polarisation minimised the number of experimental variables

to control, eliminating three RF field sources and the polarisation of each field com-

ponent, and thus the uncertainty of the measurement. The single component of each

of the ω2 and ω3 fields are ramped directly to their final amplitudes with a fixed rela-

tive phase on each experimental run. RF spectroscopy is then performed to probe the

transitions available to the trapped BEC.
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As in the single-RF case, a resonant probe RF field can drive transitions between

different Floquet manifolds, although the reduced spacing ~ωf of the ladder of dressed

eigenenergies means that a large number of transitions can be driven within a given

probe RF range. However, many of these transitions correspond to higher-order

multiple-photon processes with low transition rates, and so do not have a significant

effect in practice. Theoretical transition frequencies are obtained by calculating the

the AP eigenenergies using Floquet theory as introduced in Sec. 2.5 [35], from which

a double-well trapping level is selected. From the range of available transitions to

untrapped states, the energy separation between the atoms at their location in the

well and a chosen untrapped state is then selected. As for a single dressing RF, the

probed transition is the one that would, in the absence of the additional dressing fields,

correspond to ω1 + Ω1; this is illustrated in Fig. 7.2.

The experimental variation in this transition energy with barrier amplitude is

shown in Fig. 7.3. The constituent linear RF fields take amplitudes Ω1 = 2π × 187 kHz

and Ω3 = 2π × 248 kHz, while ω2 takes values between 0 and 2π × 332 kHz with a

quadrupole gradient B′q = 82.5 G cm−1. Over the course of the Ω2 amplitude ramp,

Ω1 falls by 5% and Ω3 rises by 1% due to amplifier saturation and nonlinearities. This

is reproducible and is accounted for in the calculated transition frequencies. The field

amplitudes are set such that the condensate remains confined to the initial well for

the spectroscopy measurements, during which the weak RF probe is applied for a du-

ration of 40 ms. The potential is deformed slowly to avoid sloshing of the condensate;

ramps occur over an 800 ms duration that is slow compared to the inverse of the 200 to

400 Hz axial trap frequencies. The probe duration is sufficiently long that any resid-

ual sloshing in the wells would only manifest as a broadening of the measured RF

spectroscopy resonances.

The resonance point is extracted from the asymmetric spectroscopy profile [185]

by fitting a function of the form a(x− b) + c/
√
x− d. This function provides a good

approximation to the asymmetric lineshape of the resonance profile from which the
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Figure 7.2: Spectroscopy transitions in the MRF potential. Dressed state eigenenergies are
shown at two different barrier heights, plotted in the absence of gravity. A BEC is confined in
the well near ω1, its location illustrated here with the effects of gravity incorporated. We apply
a probe RF resonant with the transition that would be labelled ω1 + Ω1 in the limit ω2, ω3 → 0,
to track the variation in the MRF eigenenergies at the location of the atoms as the barrier
amplitude Ω2 is varied while keeping Ω1 and Ω3 constant.

resonant probe frequency that minimises the atom number can be extracted. Only

the data points lying within the range of the resonance were included in the fit, such

that the asymmetric parabola captures the centre of the resonance with minimal free

parameters. The uncertainty in the fitted resonance location for both single-RF cali-

bration and MRF potentials is estimated from the 99 % confidence interval of the fitted

minimum, and is of order 1 to 3 kHz, although with a statistical accuracy limited by

the sample size. This forms the dominant source of uncertainty in the measured tran-

sition frequencies, with a smaller influence from uncertainty in measuring dressing RF

amplitudes with the pickup coils.

An alternative method based on asymmetric Gaussian fitting to incorporate the

background data points was also implemented for comparison; while this incorpo-

rates the full atom number distribution, successful fitting requires severe parameter
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Figure 7.3: Measured variation in the MRF eigenenergies with barrier amplitude. Atoms are
confined in the well corresponding to ω1 = 2π × 3.0 MHz and the ω1 + Ω1 transition measured
using a probe RF field. (a) Measured spectroscopy resonances at Ω2 = 2π × 0, 244, 332 kHz.
Data points shown in bold are included in the fit used to extract the minimum of the reso-
nance (solid lines, see text), with grey sections indicating the 99% confidence interval for each
minimum. (b) Change in measured (points) and theoretical (line) resonances in the MRF po-
tential for a range of values of Ω2. Error bars are calculated using the 99% confidence interval
in the spectroscopy resonance fit in combination with uncertainty in the RF amplitude and its
calibration. The theory line was obtained with no free parameters by calculating the transi-
tion energy for each value of Ω2 probed experimentally, with an interpolation between these
values. Its finite width corresponds to the experimental uncertainty in the three measured RF
amplitudes Ωi at each value of Ω2.

constraints in certain cases and it is unclear which method is more accurate. However,

for the majority of data points, the agreement between the two fitting methods was

within 0.8 kHz; for the measurement at barrier amplitude Ω2 = 2π × 332 kHz the val-

ues differ by 1.1 kHz. Given this close agreement, within the quoted fit uncertainty,

either fitting method seems reasonable.

The actual lineshape can be simulated numerically [185], and is influenced by the

amplitudes of both dressing and probe RF fields, and the chemical potential of the

trapped condensate. With these factors, a separate fit for each spectroscopy data set is

impractical and at risk of overfitting. Qualitative comparisons between the simulated

lineshape and chosen fit function suggest that the systematic uncertainty arising from

a discrepancy between these models would be smaller than a kHz [35].
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As shown in Fig. 7.3, increasing Ω2 to lower the barrier reduces the energy separa-

tion between trapped and untrapped states for the measured transition. A shift in the

measured RF spectroscopy resonance on the order of tens of kHz is observed as Ω2 is

varied, in good agreement with the theory.

7.3 Outlook

We have demonstrated controllable loading of the three-RF double well, and used

this example to explore the capability for potential shaping by varying the dressing RF

amplitudes. Trapped atoms have been transferred between a variety of potential con-

figurations. We have also verified our theoretical understanding of the MRF potential

by RF spectroscopy of a BEC confined in a single well as the barrier amplitude was

changed. In doing so, we have both characterised the three-RF system and developed

robust and reliable methods by which to load and manipulate trapped atoms.

This lays the groundwork for a variety of extensions and applications of the MRF

dressing technique. These include reducing the well separation sufficiently to study

double well physics, including in the 2D regime [35], exploiting the gF -dependence

of the resonant surface to perform independent species-selective manipulations [33,

35, 41], arbitrary potential shaping by the application of additional frequency com-

ponents, and extension of the accessible trapping geometries by applying techniques

such as time averaging, the addition of an optical dipole trap, or the exploitation of

other trap parameters such as RF polarisation.

Progress towards the addition of an optical dipole trap to the shell surface is de-

tailed in Chapter 8, but the main topics of current experimental work are those of

species-selectivity and well separation. In progress towards the scheme outlined in

Ref. [33] in which a single well containing a 87Rb condensate is overlapped with a

double well containing 85Rb impurity atoms to act as a probe of the bulk conden-

sate properties, both atomic species have been simultaneously confined at their re-
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spective resonance locations by the application of a single-frequency RF field [35].

The well spacing has also been significantly reduced, by a combination of increased

quadrupole gradient and reduced frequency spacing. During the preparation of this

thesis, a double well with spacing 7.5 µm was achieved in the lab, with the MRF field

ω1,2,3 = 2π × (3.6, 3.8, 4.0) MHz and Ω1,2,3 = 2π × (102, 128, 120) kHz at a quadrupole

gradient of 211 G cm−1. There have also been preliminary indications of coherent

splitting of a BEC between the MRF wells. Having separately achieved a single-RF

with field amplitude Ω1 ∼ 2π × 50 kHz, it should be possible to operate this double

well in the regime of a 2D gas.

The application of additional dressing fields will allow the creation of lattice struc-

tures, sculpted single wells, and asymmetric connected wells. The current experiment

setup, with seven DDS channels available to generate dressing RF signals, would allow

up to six separate frequencies to be applied, with circular polarisation used to load the

initial well and subsequently transformed to linear polarisation for the MRF poten-

tial. A new set of DDS sources or use of an arbitrary waveform generator would allow

this to be extended, subject to the 20 dBm input power limit of the amplifiers. To load

these potentials, an extension of the three-RF loading scheme could be employed, with

the atoms initially loaded into an AP in the middle of the frequency range and succes-

sive trapping wells added in turn using the similar amplitude ramps to those shown

in Fig. 6.5. Experimental challenges will include the sensitivity of the MRF system to

external noise sources, and choosing parameters that both maintain adiabaticity and

minimise higher-order loss channels.

Time averaging techniques can be employed as in the single-RF AP [94, 95] to

create trapping geometries including multiple wells and multiple ring structures. More

speculatively, additional tuning of the potential could also be explored by working in a

regime where the atoms fill a larger fraction of the shell surface, and manipulating the

polarisation of each RF field component independently to make full use of the vectorial

coupling properties and work with interesting surface geometries. An example of this
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could be to lower the barrier between the shells at points on the equator to create

localised connections between the trapping surfaces.

The understanding of MRF potentials, their challenges, and the associated experi-

mental methods that were developed in this work therefore provide a framework upon

which this method can be extended in a variety of directions. The straightforward

tuneability of these potentials using the RF field structure means that the trapping ge-

ometry can be significantly altered without changing the underlying structure of the

trapping coils. In combination with the existing benefits of macroscopically gener-

ated adiabatic potentials, these features offer a range of new opportunities beyond the

existing single-RF adiabatic potential experiments.
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Chapter 8

The hybrid optical-magnetic

trap

The optical dipole trap was designed and installed to sculpt the radial confinement

on the adiabatic potential shell surface. The 830 nm red-detuned trapping beam is

shaped using an acousto-optic deflector (AOD). While the dipole trap was originally

designed to create a time-averaged Gaussian to increase the radial trapping frequency

and improve the conditions for accessing strongly correlated states in rotation ex-

periments, this configuration is also capable of almost arbitrary potential shaping,

using the shell surface as a two-dimensional canvas. This can also be extended to

the double-shell configuration to achieve three-dimensional potential shaping as illus-

trated schematically in Fig. 8.1. Beam shaping techniques using acousto-optic deflec-

tion have therefore been explored more broadly to incorporate both time-averaging

and the superposition of multiple static beams.

This chapter covers the experimental methods underpinning both time-averaged

and composite beam approaches in the context of the system designed for time-

averaged potential painting on the AP surface. An overview of the theory of acousto-

optic deflection and its influence over experimental choices is presented first in
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Figure 8.1: Dipole trap schematic, illustrating the intersection of the dipole trap focus with
atoms confined on the shell surface to sculpt the radial potential. This can be used either
independently from or in conjunction with the MRF axial potential shaping technique. The
potentials sketched in the vertical and horizontal directions are representative of the type of
shapes produced. Blue lines represent the shell trap surfaces, and the dotted line the MRF
barrier; red curves show the dipole trap focus.

Sec. 8.1.1, followed by the results of the composite beam shaping method in Sec. 8.1.2.

Section 8.1.3 then presents the rapidly-rotated dipole trap: its design requirements,

experimental setup and details of the AOD programming. Progress towards a fully

hybrid trapping potential is described in Sections 8.2.1 and 8.2.2, while the next steps

and some longer-term applications are mentioned in Sec. 8.2.3.

8.1 Acousto-Optic Deflection: Experimental methods

An acousto-optic deflector is a diffractive optical element that uses an acoustic

wave driven by an RF control signal to establish a diffraction grating for an incident

laser beam. The resulting beam deflection can be used as a means of shaping the

effective potential experienced by atoms confined in an optical dipole trap. Two such

approaches to beam shaping are presented here: the superposition of multiple static

beams, and a setup for rapidly-scanned potential painting.
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8.1.1 Acousto-optic deflection

The acoustic wave in the AOD crystal is generated by radiofrequency modulation of

a piezoelectric transducer, producing a diffraction grating acting in the Bragg regime.

The AOD is analogous in action to that of an AOM; the differences lie in the larger,

more circular, aperture (9.3 mm compared to ∼ 2.5mm× 1mm), the slightly slower

speed of sound in the AOD crystal (∼ 600 m s−1 as opposed to ∼ 4000 m s−1 for devices

in the 780-850 nm range with a central frequency of a few tens of MHz [186–188]),

and the correspondingly wider range of deflection angles (a deflection bandwidth of

∼ 1.9° in contrast to ∼ 0.23°). As a result, AOMs predominantly act as switches or for

frequency modulation of a laser beam, and AODs to steer beams over large deflection

angles1.

The angular deviation of the incident laser beam about the central frequency to

which the AOD is aligned is given by

∆θ =
∆f · λ
us

(8.1)

where us is the speed of sound in the AOD crystal, ∆f the frequency deviation and

λ = 830 nm the incident laser wavelength. To achieve beam deflection in both x and y

radial directions on the AP shell surface, we use an Isomet LSA110A-830XY dual-axis

AOD with a 50 MHz central frequency, about which the intensity varies by approxi-

mately 10% in a 10 MHz interval. The AOD is optimised to an 830 nm incident laser

beam and its TeO2 crystal has a sound speed us = 610 m s−1, inferred from measure-

ments of angular separations for known driving frequencies. This AOD has already

been successfully implemented in a pair creating a dynamic and variable standing-

wave optical lattice [22, 121, 192]. As the grating is a travelling wave, each deflected

beam component acquires a frequency shift at the value of the driving frequency. This

1 Having said this, AOMs have also been successfully applied to optical trapping and potential shap-
ing techniques involving both scanning and signal multiplexing [189–191].
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reduces out-of-plane interference effects between components with different deflec-

tion frequencies.

An AOD was chosen over SLM or DMD techniques for this hybrid trap due to the

faster associated update rate: a scan frequency on the order of 50 kHz is necessary

to achieve time-averaging for atoms confined with a trap frequency of a few kHz.

This AOD is limited by its sound speed of 610 m s−1, which corresponds to an effective

rate of change of deflection angle of 140 kHz accounting for the time taken for the

acoustic wave to traverse an incident beam with width 2.2 mm (experimental details

are discussed in Sec. 8.1.3.1). If necessary, a higher scanning frequency could be

achieved by reducing the beam diameter, but this is easily sufficient to satisfy our

experimental requirements.

8.1.2 Applying composite beams

A multiplexed input RF signal can be generated using DDS or an arbitrary wave-

form synthesiser (AWS) to create an array of static beams. These can create distinct

dipole trapping sites, applied, for example, to create an array of Josephson junctions

with tunnelling across the MRF double well, or be spaced more closely to create a large

continuous trapping pattern on the shell surface. The relative amplitudes within the

multiplexed input determine the proportion of the total light diverted into each first

diffracted order, such that the overall intensity pattern is the sum of the constituent

diffracted beams. We thereby achieve precise control over both the position and am-

plitude of each diffracted beam, and the overall trapping pattern. This work has been

published in Ref. [124].

This approach was tested independently from the main hybrid trapping setup, us-

ing a 1.3 mm radius laser beam aligned to the AOD at a driving frequency of 45 MHz,

the resultant deflection pattern captured by a single-lens imaging system comprising

a lens (f = 50 cm) placed at its focal length from the AOD, and separated by another
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focal length from the Unibrain fire-i 521b CCD camera (pixel size 9.9 µm). The beam

is focussed to a 0.104 mm waist at the camera, and the separation between deflected

components fixed by the lens. The AOD was driven using a Hewlett Packard 8770A

AWS, the 1 dBm AWS output amplified by a 1.6 W amplifier.

8.1.2.1 Controlling deflection using the arbitrary waveform synthesiser

For this proof-of-principle system, the calculation process for the required RF sig-

nals works backwards from the known target distribution at the CCD. The deflection

frequencies are then transmitted to the AWS internal memory using a LabView GPIB

interface. The AWS input parameter n is calculated for each frequency according to

ni = fiN/fc where fc = 125 MHz is the internal clock frequency and N the number

of points per waveform period. This is ideally a multiple of both 8 and the time pe-

riod associated with the lowest beating frequency in the signal as a fraction of the

internal clock period, to minimise flicker during the looping of the wave segment.

Furthermore, the packet length L must be less than 5320, the number of periods per

waveform segment multiplied by the number of points in each period. After choosing

an appropriate ni and number of elements to satisfy these conditions and produce the

correct output beam separations, the multiplexed GPIB signal for frequency compo-

nents i transmitted to the AWS is of the Fourier form

Sin =
∑
i

ai sin

(
2πni
L

)
. (8.2)

The values ai indicate the amplitude associated with each frequency component fi.

The AWS then produces a multiplexed output signal fout allowing independent control

of frequency components and their amplitudes:

fout =
N∑
i=1

aifi (8.3)
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8.1.2.2 Creating an asymmetric double well

The multiplexed beam shaping example presented here is an asymmetric dou-

ble well consisting of a single lattice point connected to a larger flat-topped reser-

voir [193], of interest for investigating decoherence processes. A smooth flat-topped

intensity profile is difficult to obtain by laser beam shaping, as large continuous pat-

terns are challenging for spatial light modulators to create due to optical vortex for-

mation during calculation. However, with the AOD a scalable series of independently-

deflected beams can be superimposed to directly construct the target distribution. The

AOD frequencies required to generate a flat-topped potential, whether composite or

time-averaged, are calculated using the Sparrow resolution criterion [194, 195]. This

refinement of the Rayleigh criterion states that the composite intensity distribution

of a sequence of beams is perfectly flat, and the constituent beams indistinguishable,

if the second derivative is 0. The resultant separation a between adjacent beams is

calculated by

d

dx

{
f(x) + f(x+ a)

}
= 0 and

d2

dx2

{
f(x) + f(x+ a)

}
= 0 (8.4)

The resulting two-dimensional intensity distribution f(x, y) is the sum ofN constituent

Gaussian beams with 1/e2 waist w and relative amplitudes An and positions (xn, yn):

f(x, y) =
N∑
n

Ane
−2((x−xn)2+(y−yn)2)/w2

. (8.5)

Given the optical system and number of beams in the desired distribution, the nec-

essary deflection angles can easily be calculated. For example, the Sparrow spacing

for a 9-beam reservoir is 0.552w, corresponding in the case of the test setup described

above to deflection angles differing by 115 µrad between adjacent beams and fre-

quency separations of 84 kHz. Following this criterion does not guarantee a perfect

flat-top since the accuracy diminishes as more beams are added. However, it provides
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a good starting point for iterative optimisation.

The asymmetric double well shown in Fig. 8.2 has a root-mean-square relative er-

ror of 2.1% over the entire pattern region. To generate this pattern, the reservoir

region was first optimised, and then two additional points added: the single well and

a smaller spot controlling the barrier height. Gaussian fitting was used to calculate

the initial relative intensities for this prior to an iterative optimisation procedure in-

spired by Ref. [196] in which a fraction of the difference between original target and

measured intensities is added to the previous target on each iteration2. A sequence

of frames would allow dynamic variation of the trapping potential to optimise load-

ing, vary the relative widths of the wells and investigate the effects of the changing

barrier height, making the most of the high AOD update rate. This method has also

been applied to various other beam profiles including simple flat-topped beams, and a

power-law profile designed to compensate external potentials to improve the accuracy

of quantum simulation experiments [124]. These were associated respectively with

RMS errors of 1.4% over the flat trapping region and 1.8% over the entire pattern.

Although this example demonstrates a single line of beams, the extension in size or

dimension simply requires additional deflection frequencies up to the limits imposed

by the maximum deflection angle and the 1 W maximum AOD input power. This

method can also realise sharper edges to flat-topped beams than SLM methods, which

struggle to attain a sharp edge due to the high Fourier-space frequencies required.

A super-Lorentzian target profile can be used instead, with an order that compro-

mises between flatness and calculation accuracy, but this contrasts unfavourably with

the falloff gradient from the peak intensity in the composite beam approach which

is limited only by the beam waist w. For example, a composite flat-top of 10 beams

has an intensity drop from 95% of its maximum value to 5% over 1.6w whereas the

eighth-order super-Lorentzian used to generate the highest accuracy SLM flat-topped

2 Iterative improvement of this intensity profile was carried out manually, but the procedure has
since been automated during the MPhys project of Dawei Fu.

155



0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

Spatial extent /mm

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)
Sp

at
ia

l e
xt

en
t /

m
m

0.2

0.4

0.6

Figure 8.2: Intensity distribution of the asymmetric double well composite beam potential
measured using a CCD camera (top) and corresponding line profile (bottom, solid line). The
target intensity (dashed line) is the sum of the dash-dot Gaussians.

beam [197] has the same intensity falloff over 2.0w.

One possible difficulty with using the composite beam method as a trapping po-

tential for cold atoms is beating between adjacent spots that can cause intensity fluc-

tuations. This is exacerbated for two dimensional deflection. A further consideration

is interference that between beams deflected in x- and y-directions that acquire the

same frequency shift, i.e. those that lie diagonally adjacent. This can be avoided using

different frequency spacings in each direction and exploiting the naturally elliptical

foci of linearly polarised beams in a high numerical aperture system [198] to maintain

Sparrow spacings. Alternatively, an elliptical beam could be used or each constituent

spot time-averaged to create a more exaggerated elliptical shape. The range of two-

dimensional intensity patterns is also constrained by the deflection mechanism: ap-

plying an arbitrary set of deflection frequencies in the second direction reproduces the

initial pattern at these intervals, but cannot create, for example, a gap within a square

distribution. There are routes around this, such as creating a pattern in two or more
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spatially-separated segments and combining these in the trapping region using a bire-

fringent material or separately controlled input laser beams, but this is still restricted

to fairly simple patterns.

The composite beam method is a valid alternative to SLM methods of creating large

continuous trapping patterns, albeit restricted to the deflection symmetry discussed

above. Dynamic manipulation of these trapping potentials is straightforward given

the hundreds of kHz update rate of the AOD. This method could also trivially create

arrays of isolated trapping points. Furthermore, the multiplexed method combined

with time-averaging would provide the means to overcome any disruption to trapped

particles caused by beating of neighbouring points, by time-averaging fully separated

beams to create a continuous potential.

8.1.3 The time-averaged dipole trap

The 830 nm dipole focussed on the lower AP shell surface has been designed to

increase the radial trapping frequency. This increase in radial confinement will allow

fast rotation of small numbers of atoms and access to strongly correlated states. The

target trapping frequency is on the order of 5 kHz with a rotation frequency of trapped

atoms approaching this value. To allow unhindered rotation the trapping potential

must be extremely smooth, and so the trapping beam is scanned in a circular orbit to

smooth out beam imperfections. Scanning must be performed at a sufficiently faster

rate than the trapping frequency that determines the atom’s motion [145], e.g. with a

target rotation rate of 50 kHz. Again, the Sparrow criterion described in Sec. 8.1.2.2 is

employed to determine the spacing between time-averaged rotation components. For

a two-beam configuration this corresponds to a rotation diameter of half the focussed

beam waist.

The dipole trap is implemented through the four-lens objective of the vertical imag-

ing system described in Sec. 4.5.4.2. At 830 nm, the diffraction-limited focus has ra-
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dius 1.62 µm; time-averaging as described extends the effective radius to 2.08 µm and

reduces the effective power by a factor of 0.6.

8.1.3.1 Experimental implementation

The optical system was designed such that the beam forms a focus on the lower

surface of the shell, but also that the time-separated rotation components are as close

as possible to parallel at this point3. As the four-lens objective that focusses the beam

is aligned vertically to the reference point provided by the TOP centre, the shell surface

is shifted to this point using a vertical bias field. The chromatic shift associated with

830 nm light is 77.5 µm beyond the 780 nm focus, and so the capability to correct

for this, and make any other live adjustments of the focus location, was incorporated

into the optical system design. The laser beam should almost fill the objective to

achieve a diffraction-limited focus, and a large beam also improves the AOD diffraction

efficiency. Critically, lens focal lengths must also be such that they fit in around the

existing vertical imaging system.

A dual-telescope system was constructed after the AOD. A schematic of this optical

setup is shown in Fig. 8.3, indicating the calculated position and width of the deflected

beam. The constituent lenses have focal lengths f1 = 15 cm, f2 = 20 cm, f3 = 25 cm,

and f4 = 50 cm. These lenses, labelled L1 to L4, are placed with confocal spacing, the

first lens its focal length from the AOD, and the last confocal with the back focal plane

of the objective. This ensures that wherever the beam forms a focus (after the first,

third, and objective lenses), a deflected component propagates parallel to the optical

axis, and that it is collimated in the intervening regions in which it crosses the axis. The

position of the third lens is adjusted to correct for the chromatic shift; the necessary

77.5 µm backward shift can be achieved with a translation of 1.373 mm. The deflection

angle required for half beam waist rotation in this system is 0.001 65°, corresponding

3 Time-averaging would be ineffective if the post-objective focus coincides with the optical axis as
this would only produce rotation about a point.
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Figure 8.3: Rotating dipole trap beam propagation. (a) Calculated propagation of the de-
flected beam, showing deflection in the x-y plane plotted against the optical axis, without
chromatic shift compensation. The dual telescope sequence enlarges the beam to a 5.8 mm ra-
dius to obtain a diffraction-limited trap focus while maintaining freedom of construction. The
axis of rotation of the focus is as close as possible to the optical axis, at an angle of −2.14° fol-
lowing the 13.73 mm translation of L3. To aid visualisation, the displacement of the beam from
the optical axis is magnified by a factor of 104; beam widths have not been magnified. Lenses
are not to scale. (b) Sketch of the key characteristics of the beam focus following the objective,
showing the z-axis along which the focus can be translated by moving L3, and the correspond-
ing change in orientation of the propagation axis. (c) Calculated changes in the location of the
focus and angle of beam propagation, with a translation of L3 by ±5 cm. Translation of this
lens gives a level of control over the location of the focus well-suited to the translation stage
precision of±500 µm, with a full extent of travel of several cm. (d) Scanned trajectory required
to create a time-averaged rotating ellipse to induce rotation in trapped atoms, as calculated
in Sec. 8.1.3.2. The colour change along the trajectory indicates the evolution in time, from
purple (dark) to yellow (light).

to a 21.0976 kHz frequency shift. Chromatic shift correction results in a deviation of

−2.14° of the post-objective beam from parallel propagation, which should correspond

to corrected deflection frequency of 21.0964 kHz to ensure the correct rotation radius.

This is so small as to be within alignment uncertainty and so will be accounted for in

the last stages of alignment.

The full optical system is shown in Fig. 8.4. The 830 nm source is a free-running

50 mW laser diode (Thorlabs HL8338MG), controlled using a home-built current

driver, and temperature-stabilised (Newport 325)4. A filter at 830 nm (Semrock FF01-
4 This temperature controller was later found to produce noise between 3.4 and 3.6 MHz in pulses
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Figure 8.4: The optics layout for the rotating dipole trap. This is constructed over two bread-
boards for ease of alignment to the shell trap, as discussed in detail in Sec. 8.2.1. The later
stages of the rotating beam alignment move from breadboard D2 to the optical table in order to
fit in with the existing system. Final alignment to the shell trap is performed using the last pair
of steering mirrors before the polarising beamsplitter cube that combines the vertical imaging
and dipole trapping systems. Following this cube, a mirror diverts the beam onto a vertical
path through the four-lens objective. The rotating beam power is stabilised using the AOM on
board D1, with PID control taking as an input the beam power measured by the photodiode
after the first deflection-shaping telescope.

830/2-25) narrows the linewidth. Control of the source light is performed on a sepa-

rate optical breadboard from the deflection, both to maintain independence and pre-

serve beam quality. This source control board, labelled D1 in Fig. 8.4, contains a

double-pass AOM that is used to stabilise the beam intensity during its subsequent

rotation via PID control (SRS SIM960)5.

Once transported to the deflection breadboard, labelled D2, the beam is expanded

to a 2.2 mm beam width to maximise AOD efficiency while maintaining beam quality,

of a few second duration (presumably when active temperature control was occurring). This caused
significant atom loss from the ω = 2π × 3 MHz shell and so was removed.

5 This setup could also allow for multiple input laser frequencies for a Raman dressing scheme [103].
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circularly polarised, and then aligned to the AOD such that the 1-1 order emerges hor-

izontal to the board at the central deflection frequency of 50 MHz. The AOD control

frequencies are provided by two DDS channels. Prior to this, the beam polarisation

is cleaned using a polarising beamsplitter cube (PBS) directly before the AOD input.

The leakage beam from the PBS is aligned through two irises to provide an alignment

reference to aid recovery in case of AOD misalignment. Following the AOD, the beam

path severely constrained by the available space, is the dual telescope discussed above.

These telescopes are aligned along the optical axis by ensuring that off-axis beams de-

flected at different frequencies are parallel in the required regions directly after L1 and

L3, and that they are collimated after L2 and L4; final alignment to the objective is

described in Sec. 8.2.1. Uncertainty in lens position on the order of ±0.5 cm is intro-

duced by the separation between the AOD crystals, which prevents perfect alignment

to the beams deflected in both x and y. Lens alignment was therefore performed to the

centre point between these. Care was taken to align the translation axis of L3 to the

optical axis. Due to a height disparity between the breadboard-mounted AOD and the

vertical imaging mirror to which the beam must be aligned, a gradual beam altitude

decline totalling 2 cm is mediated at each uninterrupted mirror pair. The telescopes

transform the beam to a collimated measured width of 5.8 mm prior to the four-lens

objective (with L3 in its neutral position without chromatic shift correction), sufficient

to achieve a diffraction-limited focus. An iris blocks unwanted diffraction orders.

The dipole trapping beam is combined with the vertical imaging system at a po-

larising beamsplitter cube with favourable dichroic properties. This cube is associated

with a loss of ∼ 20% as opposed to ∼ 5% using a dichroic filter (Semrock FF801-Di02-

25x36). However, the Semrock filter introduced astigmatism to the reflected vertical

imaging beam, with the specified curvature tolerance associated with the coating pro-

cess sufficient to explain the astigmatic difference observed (the distance between the

meridional and sagital foci). Another attempt using a dichroic mirror caused ghost-

ing in the imaging system due to reflections from both mirror surfaces, and so the
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beamsplitter was used.

A few µW are split from the main beam between L2 and L3. A lens with f = 25 cm

placed at the sum of focal lengths from L2 causes beam propagation parallel to the

optical axis; a 4 cm focal length lens placed 8 cm from this then focusses the beam to

coincide with the point of intersection with the optical axis. A photodiode at this point

provides the input to the PID system that controls the AOM transmission and acts to

stabilise the beam power during AOD rotation.

Initial testing of this system was performed using a 50 cm focal length imaging lens,

and later using a replica objective6 and the focus imaged with a microscope objective

(Nikon Plan Fluor 100x). Beam deflection and scanning worked as expected; minimal

corrections should therefore be necessary to the final system, including adjustments to

the focus using L3, and beam deflection frequencies.

8.1.3.2 A rotating dipole trap for atoms

To induce rotation of small numbers of atoms confined in the time-averaged dipole

trap, the beam can be scanned to create an elliptical potential, and the symmetry axis

of the painted ellipse then itself rotated. This can then be smoothly deformed back

into a circular potential once rotation has been initiated. This can be achieved in a

straightforward manner using the DDS.

The following parameters define the properties of the ‘static’ circular and elliptical

time-averaged beams, and the subsequent rotating ellipse:

• ωC: Central (offset) AOD driving angular frequency (2π × 50 MHz) - defines the

static location of the deflected beam

• ωM : Driving angular frequency modulation (2π× ∼ 20 kHz) - deviation from the

central frequency that determines the amplitude of the beam position modula-

6 We have two objectives with nominally the same optical components and properties. One was
assembled in the lab, and the other by the lens manufacturer.
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tion

• ωTA: Time-averaging angular frequency (2π × 50 to 2π × 100 kHz) - rate of mod-

ulation of the central beam position

• ωR: Rotation angular frequency (< 2π × 6 kHz) - angular frequency of rotation

for the time-averaged ellipse

• ωoff: Offset angular frequency (∼ 2π × 5 MHz) - angular frequency temporarily

appearing prior to the mixing stage to offset the sidebands

• E: Ellipticity of the modulation (E = 1 denotes circular, E = 0 a 1D line)

The AOD input required to produce a static deflected beam is given by

X
Y

 =

cos(ωCt)

cos(ωCt)

 . (8.6)

Modulation of this central frequency oscillates the deflected beam with angular fre-

quency ωTA. If the x and y axes are modulated with a π/2 phase shift then the resul-

tant motion is circular, with an amplitude determined by ωM . An ellipse is generated

by introducing an ellipticity factor E into the modulation amplitude of one axis:

X
Y

 =

cos([ωC + EωM cos(ωTAt)]t)

cos([ωC + ωM sin(ωTAt)]t)

 (8.7)

where the actual modulation is determined by the signal:

Xmod

Ymod

 =

EωM cos(ωTAt)

ωM sin(ωTAt)

 (8.8)
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To rotate this ellipse at an angular frequency ωR, a rotation matrix is applied to give

Xmod

Ymod

 =

 cos(ωRt) sin(ωRt)

− sin(ωRt) cos(ωCt)


EωM cos(ωTAt)

ωM sin(ωTAt)

 (8.9)

=
ωM
2

(1 + E) cos([ωTA − ωR]t)− (1− E) cos([ωTA + ωR]t)

(1 + E) sin([ωTA − ωR]t) + (1− E) sin([ωTA + ωR]t)

 . (8.10)

With this modulation the AOD input becomes

X
Y

 =

cos
(
ωC + ωM

2
((1 + E) cos([ωTA − ωR]t)− (1− E) cos([ωTA + ωR]t))

)
cos
(
ωC + ωM

2
((1 + E) sin([ωTA − ωR]t) + (1− E) sin([ωTA + ωR]t))

)
 .

(8.11)

By programming the DDS to produce the cosine of an arbitrary function, this can

be directly implemented using two DDS channels. However, while the DDS can out-

put single frequencies indefinitely by looping, frequency ramps require a sequence of

updates, and stored sequences are limited to 2.1 MHz-seconds by the 64 MB memory.

The ramp update frequency is determined by ωTA. For example, at the maximum fre-

quency of 100 kHz, an update rate of at least 500 kHz is necessary. With two channels,

this restricts us to 2.1 s of rotation.

To produce multiple identical rotating dipole traps, multiple constant frequencies

can be mixed into both channels. The effect of sidebands can be avoided by substi-

tuting (ωC − ωoff) for ωC in Eq. 8.11, with ωoff & 5 MHz. This would mean that the

frequencies mixed into the signal are sufficiently large that the deflection efficiency

at the unwanted sideband frequency would be low enough, and the deflected beam

sufficiently separated from the trapping beam that it could be blocked, that this would

not adversely affect the trapping potential. Single-sideband mixing was considered,

but the complexity this would introduce to the system due to the requirement for

additional mixers and phase shifters was not considered worthwhile. Alternatively,
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the additional mixing frequencies could be carefully chosen such that the sidebands

themselves can be used as components of the trapping array.

The parameters E, ωC , ωR and ωM can be functions of time without imposing

further restrictions on rotation time, except in the unlikely case that their required

update frequency exceeds that of the time-averaging. The overall signal amplitude

that determines the beam intensity can also be a function of time. Some amplitude

ramps will be necessary to run concurrently with the frequency modulation to stabilise

the output amplitude, though a lower update rate than for the frequency would be

sufficient. However, intensity ramps over a large range such as during dipole trap

loading would probably be best performed externally using a VCA so as not to limit

the rotation time. This sequence has been used to demonstrate rotation of a time-

averaged ellipse in a test system, and imaged on a CCD. The path associated with

Eq. 8.11 is plotted in Fig. 8.3(d) for realistic parameters ωm = 20 kHz, ωTA = 100 kHz,

ωR = 6 kHz, and E = 0.5.

8.2 Creating the hybrid potential

The most challenging stage of setting up the dipole trap is the alignment of the

beam to the atoms themselves, due to a combination of the necessary precision and a

lack of access to the surrounding area. The following section gives details of the best

procedure found for this, and covers the alignmnent process, some initial characteri-

sation of the setup, and the next steps to develop the dipole trap.

8.2.1 Alignment

As shown in Fig. 8.3, the dipole beam control optics were predominantly con-

structed on a breadboard for modularity. However, the final integration of this setup

with the vertical imaging system through which it is algined is necessarily performed
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on the experiment optical table and therefore takes into account the considerable ap-

paratus and optics already present.

This process follows the accurate alignment of the vertical imaging system as de-

scribed in Appendix B, which ensures that the 4-lens objective is aligned to the TOP

centre, and provides a reference point on the CCD. The dipole trap location is set by

the lattice alignment to be the centre of the TOP trap, and the relevant shell surface

can be shifted to this point using a bias field. The 830 nm dipole trapping beam is

therefore also aligned laterally through the four-lens objective and focussed at this

reference point. The integration with the vertical imaging system is illustrated in

Fig. 8.5. This is experimentally challenging due to the difficulty in making precise dis-

tance measurements in the vertical region, obstructed access, and challeges of making

measurements above the objective which has a short focal length and is close to the

glass cell. Set against this, it is necessary to place the freestanding lens L4 at the sum

of focal lengths from the objective, and the preceding breadboard such that lenses L3

and L4 are separated by their sum of focal lengths. Fine corrections are possible by

translating L3. This problem is tackled from both directions, and a step-by-step guide

to the alignment procedure is as follows:

1. Identify the centre of the TOP trap This is the target for dipole trap alignment,

both as a general reference point and as defined by the lattice alignment. The

corresponding pixel location on each horizontal imaging camera can be identi-

fied by in-trap imaging of a TOP BEC.

2. Align the 4-lens objective to the TOP centre This was achieved as part of the

vertical imaging alignment, described in Sec. 4.5.4.2 and Appendix B.

3. Install supporting optics Align the PBS (part of vertical imaging setup) and

steering mirrors to the beam. To allow scope for subsequent adjustments to lens

positions, these must be as close to the objective as possible.
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Figure 8.5: Photographs showing the integration between vertical imaging and dipole trap.
(a) Vertical beam propagation through the four-lens objective (the brass tube above the copper
magnetic trapping coils). (b) The objective is supported and adjusted using a translatable
composite mount. This was constructed to be as stable as possible given the spatial constraints
imposed by the mirror beneath. (c) The reverse side of the apparatus, showing the final
telescope of the dipole trap optics. The dipole trapping beam is introduced to the vertical
imaging system at the dichroic beam-splitting cube (PBS) pictured.

4. Align L4 to the vertical imaging beam (both radial and axial positions) The

vertical imaging beam rapidly diverges following the objective and so overfills

the lens after propagating the sum of their focal lengths7. Nonetheless, align the

lens as usual, collimating the beam (assume that the incident imaging beam is

collimated as established during vertical imaging alignment).

5. Install supporting optics Align the steering lenses between L4 and the bread-

board.
7 As mentioned in Sec. 4.5.4.2, a redesign of the system could be implemented in which L4 has

as short a focal length as possible and sits after the PBS to form the first telescope in the vertical
imaging system. This could be used to improve the signal-to-noise ratio of the vertical imaging, but
would complicate the dipole trapping system due to space constraints and the requirement for beam
size incident at the objective.
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6. Align dipole trapping beam to L4 and imaging system The next step is to

ensure that the breadboard is positioned such that L3 and L4 are separated by

the sum of their focal lengths, and that the dipole trapping beam is correctly

aligned through the objective. Ensure that L3 is at its neutral position, i.e. the

sum of focal lengths from L2, and that the 830 nm beam undergoes 50 MHz

deflection through the AOD.

(a) Approximate alignment of dipole trapping beam Perform extremely

coarse (to nearest few cm) breadboard and beam positioning to align the

dipole trapping beam through L4 and the objective.

(b) Place guiding rails around breadboard Achieving the correct separation

between L3 and L4 requires translating the entire breadboard by several

cm; this is easiest if not accompanied by lateral motion. Intercept the beam

between L3 and L4 (after the breadboard) and collimate it; allow the beam

to propagate several m. Clamp guiding rails either side of the breadboard

such that its translation over tens of cm precisely matches the optical axis

and the beam path is undeviated. Ensure that the same is true for movement

of the L3 translation stage over its full range of motion; iterate between

translation stage and breadboard translation until neither affects the beam

path8.

(c) Collimate dipole beam after L4 Translate the breadboard with L3 in its

neutral position to collimate the dipole trapping beam after L4.

(d) Overlap trapping and imaging beams Use the steering mirror pair imme-

diately before f4 to overlap the dipole trapping and vertical imaging beams.

Iterate between this and step 6c to ensure that both collimation and accu-

rate alignment have been achieved.
8 This was tested after aligning to the atom cloud as described in step 7, and moving the breadboard

over approximately 10 cm made no noticeable difference to the beam alignment to the atoms.
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7. Selectively repump to identify beam location Steps 4 to 6d constitute coarse

alignment of the dipole trapping beam. Finer alignment can be achieved by

passing repumping light through the dipole trapping optics, to selectively re-

pump only the narrow slice of the atom cloud illuminated by the dipole beam

prior to absorption imaging in both horizontal directions. To compensate for the

change in wavelength, the AOD driving frequency is changed from 50 MHz to

53.2 MHz; the location of the focus is adjusted with L3 in its neutral position,

allowing for chromatic shift correction using the translation stage. The process

outlined in steps 7b to 7d is iterated with progressively lower repumping powers

and smaller clouds. In each of these steps, compare the response of the beam in

each imaging direction to monitor any possible astigmatism. Absorption images

illustrating this process are shown in Fig. 8.6.

(a) Define axes on the horizontal imaging CCDs Absorption imaging in each

horizontal direction is used to ensure that the beam is centred and perfectly

vertical. Take a series of images of a BEC falling under different times of

flight to define the vertical axis.

(b) Locate the beam Use absorption imaging to locate the beam. As a general

guide, a repumper power of 0.1 mW after the AOD applied to a thermal

cloud directly after transport for a duration of 40 µs, is useful as a starting

point, brightly illuminating a broad swathe of atoms such that the beam

can be detected even if slightly outside the imaging field of view. Towards

the final alignment stages, a cold thermal cloud in the quadrupole or TOP

traps with a repumping power of around 12 µW allows a precise image of

the beam focus. The beam might be slightly out of shot in one direction but

visible, fainter than expected, in the other: use this to steer it until clearly

visible in both. Any strong gradient in apparent atom density, particularly if

a high density is seen above the focus, can also be used to infer a tilt along
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the viewing axis.

(c) Ensure that the dipole beam is both vertical and transversely aligned to

the TOP centre. Use the final steering mirror pair to walk the beam to the

trap centre. Once approximately centred, continue adjusting the mirrors

until it is both centred and vertical.

(d) Translate the beam focus Adjust the spacing between L3 and L4 to move

the focus to the TOP centre. As far as possible, translate the entire bread-

board to achieve this; only once the precision of this motion limits the align-

ment accuracy, employ the L3 translation stage. Try to restrict independent

L3 translation to ∼ 2 mm so as not to unduly disrupt beam rotation once

implemented; save this for chromatic shift correction.

As it stands, the absorption images resulting from both the aligned vertical imaging

setup and selective repumper dipole alignment provide a useful reference point that

can be used to recover any drifts in the two optical systems, but most crucially in the

alignment of the four-lens objective. This method also provides an early illustration

of the effects of the additional diffracted orders, one of which appeared as a blurring

shadow around the main repumping beam, motivating the iris placement after the

AOD.

Selective repumping is therefore an efficient method to assess dipole beam align-

ment. However, the response of the optical system to 780 nm differs to 830 nm in

both angular deflection by the AOD, and the axial location of the focus; while these

effects have been calculated to mitigate their effects it is necessary to verify this ex-

perimentally and to implement a fine alignment stage using the 830 nm beam. Due to

the pursuit of other experimental directions, this last alignment step has not yet been

performed. This would consist of trapping atoms in the 830 nm dipole trap to verify

its transverse position, and performing trap frequency measurements as the position

of L3 is scanned to locate the 830 nm focus.
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Figure 8.6: Absorption images showing the selective repumping alignment method as imaged
with a thermal atom cloud directly after transport. Repumping light is diverted through the
dipole trapping optics prior to imaging, illuminating only those atoms in its path. This allows
efficient and intuitive alignment of the beam through the four-lens objective. (a-c) were taken
using the standard horizontal absorption imaging setup, and (d) the auxiliary system in which
distortion due to the curved surface of the glass cell are apparent. Dashed lines guide the
eye to the measured TOP centre. The axes of each image indicate the in-trap location relative
to the edge of the field of view of each CCD; the colormap has been scaled to take values
between 0 and the maximum atom density for each image (except for (d), see below) and does
not indicate relative atom numbers between each subfigure. (a) Initial repumping alignment
absorption image, showing the first stages of coarse alignment (step 6 in the alignment guide
above). This results in the correct alignment within a few hundred µm in each direction. (b)
Repumping beam during alignment, as the beam is walked closer to lateral alignment with
the TOP centre. (c) Final repumping dipole beam alignment after correction to beam angle
and lateral position, and the axial position of the beam focus. Alignment is within ±10 µm
of the TOP centre, the precision limited by the imaging system resolution and identification
of the focus and TOP centre. (d) Final repumping dipole beam alignment as imaged in the
auxiliary horizontal imaging system; imaging iterates between the two horizontal directions
during the alignment process. This image has been rescaled to reduce the effects of fringes
on beam visibility, with the highest-intensity regions set artifically to zero. The focus in this
direction is aligned to within ±20 µm of the TOP centre.
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8.2.2 Characterising the optical setup

Selective repumping can also be used to verify that the beam reacts in the antici-

pated manner to any changes in the optical system; this is useful both to characterise

the setup and to inform subsequent experimental decisions. As an example of this,

Fig. 8.7 shows the shift in the measured location of the beam focus with translation of

L3, in comparison with the calculated effect. This measurement can be used to both

assess the alignment of the dipole trapping system, and later to inform the ultimate

translation of L3 to compensate for the 830 nm chromatic shift.

The measurements displayed in Fig. 8.7 provide a preliminary characterisation of

the system response. As the position of L3 was varied, the focus position was extracted

from each absorption image by compressing the image and fitting a 1D Gaussian, and

a linear relationship between focus and L3 positions obtained by fitting to this data.

This was compared to the results of a beam propagation calculation, with an error

calculated from the recognised uncertainty of ±5 mm in the location of each telescope

lens due to the separation between AOD crystals and limits on the precision of man-

ual alignment. The variation in measured position for each value of L3 translation

warrants further investigation prior to the final alignment stages due to the spread

in focus positions measured for a given L3 location; any backlash or variation in the

translation stage response should be fully characterised before this step. However,

these results are promising, suggesting that the response of the focus to L3 translation

is within the combined uncertainty of the measurement, and known alignment limita-

tions. The general alignment therefore has reasonable agreement with the modelled

optical system, and will require only slight adjustments in the final fine-tuning stages.

The selective repumping images can also be used to characterise the objective

alignment. For example, the position of the focus in each imaging direction, and its

response to motion of either the breadboard or L3, can be used to determine any astig-

matism present. Based on these measurements at the end of the repumping alignment
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Figure 8.7: Dipole trapping optics characterisation using selective repumping: measured shift
in the 780 nm selective repumping dipole beam focus with translation of L3 (data points with a
linear fit, purple), plotted alongside the calculated response (green, dashed). The uncertainty
in the gradient of the measured response is extracted from the 95% confidence interval of the
fit, and that of the model from the estimated ±5 mm uncertainty in the alignment of each
lens following the AOD resulting from the finite spacing between the two crystals. The mea-
sured and calculated responses agree within these uncertainties, suggesting that the alignment
procedure was accurate within the recognised constraints.

process, an upper bound to the astigmatic difference was deduced to be 9 µm. This is

within the uncertainty of the position measurements in terms of both the resolution

limits imposed by pixel size, and the uncertainty of the gaussian fit to the focus profile,

and it is therefore reasonable to conclude that no significant astigmatism is apparent

in the trapping beam.

8.2.3 Outlook

Due to conflicting experimental pressures, work on the dipole trap was unfortu-

nately halted at this point: the laser beam focus is aligned to the TOP trap centre, and

the preceding system set up to scan the dipole trap amplitude and lateral position.

173



Manual adjustments to the axial location of the focus are possible using the translat-

able lens, with a system response in reasonable agreement with the beam propagation

calculation, while the modular setup allows for interchangeable laser sources. The

selective repumping method provides a straightforward means of aligning and charac-

terising the beam profile, and also a useful reference point for alignment, particularly

in combination with the vertical imaging system. In light of this, the next step is to

develop a beam power amplitude ramp to allow atom loading from either the TOP or

shell into a hybrid trap using the 830 nm beam. Rotation experiments can then be

performed with trapped atoms in both the single- and multiple-RF wells.

A tangential application of the established apparatus would be to extend the

method of selective repumping used for alignment to a full imaging technique for

atoms in the magnetic potentials: the beam could be scanned across the distribution,

repumping only the narrow slice illuminated by the beam focus, to build up a tomo-

graphic image.
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Chapter 9

Conclusion

This thesis has primarily concerned the development of an experimental apparatus

to manipulate ultracold atoms confined in multiple-RF-dressed adiabatic potentials

and the experimental progress towards a rapidly-scanned optical dipole trap to en-

hance the radial confinement on the adiabatic potential surface. Modifications to the

experimental apparatus necessary to ensure its reliable operation and extension to

MRF dressing have also been detailed, with particular focus on the implementation of

the wideband RF impedance matching networks required to investigate the frequency

regime of interest. Relevant aspects of the theory of atom confinement have also been

discussed.

In this final chapter, some aspects of the current experimental work and future

directions are considered, before a final reflection on the experimental achievements

made so far.

9.1 Experimental outlook

This work has demonstrated a proof-of-principle experimental implementation of

the MRF dressing method, using a three-component dressing field to create a double
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well potential. Future work can build upon this stable, highly-configurable double

well implementation either by modifying the double well properties to enter a regime

in which interesting phenomena can be studied, or extending the method to access a

range of different trapping potentials. Some examples of immediate future work are

outlined below.

9.1.1 Species-selective confinement

From Eq. 2.1 we can see that the response of an atom to a given magnetic field

varies according to the gF value of an atomic state or species confined. This change

in the Zeeman splitting for a given external field strength translates into a change

in the location of the resonance upon application of a dressing frequency, to create

spatially distinct trapping potentials for the respective components of a mixture of

atomic species. With multiple dressing frequencies applied, each produces a distinct

potential for each trapped species, and with careful selection of the frequencies used

we can produce a system where we consider just one potential for each species, each

independently controlled by a different frequency. In a scheme described in Refs. [33]

and [35], we will combine this inherent species-selectivity of the RF-dressed APs with

the MRF double shell developed in this work by applying four dressing frequencies

such that a double well containing 85Rb impurity atoms is overlapped with a single

well containing a 87Rb condensate. The tunnelling properties of the 85Rb impurities

can then be monitored to probe the bulk condensate.

In work completed during my experimental tenure, we separately confined thermal

atoms of 87Rb and 85Rb in a ω1 = 2π × 4.2 MHz AP. During the preparation of this

thesis, both species were simultaneously confined in a single-RF AP and work begun

on studying the properties of both trapped species [35]. The final implementation

of the impurity probe scheme requires the well spacing to be reduced to a few µm in

order to access the tunnelling regime for the double well. An experimental exploration
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of the lifetime and properties of both species must also be performed.

In addition to the 85Rb-87Rb implementation, the gF difference between |F = 1〉

and |F = 2〉 states of 87Rb offer these as independently manipulable species within

our current experimental setup. The method could also be extended to two or more

completely different atomic species using a different apparatus.

9.1.2 Tunnelling between wells

Double well physics can be explored if the well spacing is reduced to a few µm.

This can be achieved by a combination of increasing the quadrupole field gradient

(currently limited by the water-cooled quadrupole coils) and reducing the frequency

spacing between RF components. This requires a corresponding reduction in the field

amplitudes applied to create the adiabatic potentials. The main experimental chal-

lenges in achieving this have been in eliminating all RF noise sources that can cause

atom loss at any stage during the necessary amplitude ramps of the RF field and

quadrupole gradient. This is an ongoing line of experimental work, with extremely

positive results so far.

9.1.3 A 2D gas in the MRF potential

Using the precise tuning properties of the three-RF double well, interferometry

experiments could be performed using a 2D gas confined on the AP shell surfaces

in analogy with the 1D interferometry experiments carried out on atom chips. In

addition to the reduced well separation necessary to achieve this, a 2D condensate

must first be achieved in the MRF potential. Given that single-RF field amplitudes

of order Ω1 ∼ 50 kHz have been previously demonstrated, the extension of this to

multiple RF fields should be possible.
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9.1.4 Extended potential shaping

Subject to maintaining adiabaticity, additional dressing RF components can be em-

ployed to sculpt the MRF potential, creating both lattices and continuous structures.

Within the example of the three-RF double well, the ability to shape the potential us-

ing the RF field amplitudes was studied, but future work could include an exploration

of additional tuning parameters such as the RF polarisation. While truly arbitrary po-

tential shaping would not be possible in the manner of optical dipole traps, a diverse

range of potentials could be explored for systems in which the properties of magnetic

trapping techniques are desirable.

9.1.5 Evolution of the RF dressing hardware

While the existing RF coil array has been adequate for our needs, a subsequent

evolution of the experiment could benefit from a PCB-based antenna design. These

are compact, potentially improving optical access to the glass cell, and are associated

with a self-resonant frequency on the order of tens of MHz which would significantly

extend the range of accessible dressing frequencies. However, the associated RF field

amplitude would be significantly lower than the existing dressing coils for a given

input power. The existing dressing coils are sufficient for the current experiment goals.

A move towards a specialised RF PCB construction for the impedance matching net-

works could provide a neater alternative to the existing free-space approach, though

contained in similar shielded boxes, and could be more repeatable and robust against

variation in network characteristics during circuit construction. Once final experi-

mental parameters have been chosen for MRF investigations, the match could also be

narrowed around the frequency range of interest to minimise the transmission of RF

noise. Again, however, the match implemented as described in Chapter 5 has been

shown to provide stable operation over a frequency range wide enough to explore the

full frequency range of interest for exploratory and diagnostic work without unduly
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limiting the lifetime of trapped atoms.

9.1.6 The hybrid optical-magnetic trap

The rapidly-scanned laser beam has been focussed onto the glass cell reference

point provided by the centre of the TOP trap, to which the fluorescence imaging lattice

has also been aligned [29]. A vertical bias field can be employed to translate the AP

trapping surface to this point to provide axial confinement. Trapping of atoms in the

830 nm beam must be demonstrated, and the dipole trap characterised. Beam scan-

ning to create a time-averaged rotating ellipse has been verified using a test setup, and

the necessary deflection parameters for the experimental implementation calculated.

This time-averaged trap must be implemented, any necessary adjustments made, and

the resulting potential characterised.

This system could then be used to study the rotation of trapped atoms, ultimately

working towards rapid rotation of small atom numbers. The MRF potential could also

be useful here, for example by using one shell surface to impart momentum to trapped

atoms [44] and the other to act as a phase reference.

The multiplexed static beam deflection can also be used to create a lattice structure

on the surface of either the single-RF shell or MRF potential. Implemented with, for

example, the MRF double well in a tunnelling regime, this could be used to create an

array of Josephson junctions.

9.2 Conclusion

The first experimental implementation of a multiple-RF-dressed adiabatic poten-

tial has been presented, demonstrating their application to shaping the potential land-

scape, characterising their energy levels and showing good agreement with theoretical

predications. Most importantly, techniques have been developed by which to load and
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manipulate these potentials. Important experimental considerations have been iden-

tified, including the effect of higher order resonances and the influence of technical

features such as RF mixing and noise. As a result of this work, we can make use of

the high level of configurability to confidently pursue a variety of more intricate trap-

ping configurations. These potentials retain the traditional benefits of macroscopic

RF dressing including the creation of smooth, robust trapping surfaces with an inher-

ent state- or species-selectivity and the ability to transform between the 2D and 3D

regimes of a trapped atomic gas. MRF techniques could also be employed to extend

the potential shaping capabilities of any RF dressing experiment, including on atom

chips.

Extensive modifications and upgrades have also been performed to an existing ap-

paratus, ensuring the reliable and stable operation that will allow the pursuit of the

experimental work identified above. As part of this work, the optical system for a

rapidly-scanned optical dipole trap has been designed and constructed, and the trap-

ping beam aligned to the atoms. The combination of dipole trap and multiple-RF

dressed adiabatic potential will allow precise sculpting of the trapping potential in

both axial and radial directions, and access to a vast range of trapping geometries.

The imminent application of this work to species-selective double well potentials

makes use of the precise and intuitive tuning that characterises the multiple-RF dressed

potential. This work lays the foundation for an extremely versatile extension of the RF

dressing technique that could, in light of the increased understanding provided by this

experimental characterisation, be implemented in a straightforward manner on any

existing RF dressing experiment.
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Appendix A

Calibrations

A.1 TOP field

TOP calibration takes two stages: converting between the computer control output

voltage and resultant current through the coils, and between this current and the

field experienced by the atoms. These steps are both illustrated in Fig. A.1. This first

step is a simple measurement of current over a range of control voltage values using

an AC current probe (Tektronix 6019 and 6021). A linear fit to these data points

gives a current calibration of Ix = (3.95± 0.02) A/V and Iy = (3.93± 0.02) A/V with

uncertainty obtained from the 95% confidence interval in each fit. These values were

tuned using the attenuation stage prior to the Crown amplifier to produce a balanced

TOP current in each direction for a given control voltage. These calibration values also

serve as a target current response after any adjustments to the control electronics. A

prefactor of 1.04 is subsequently applied to the y-TOP control voltage to balance the

fields produced by the coils in each direction. This prefactor value is verified using

two different methods: varying the amplitude of each field component in turn during

the evaporative RF sweep to produce an equal effect on condensate production, and

minimising the width of the RF spectroscopy resonance.
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Figure A.1: Calibrating the TOP field. (a) Current response to the control voltage for x (blue)
and y (green) TOP coils, balanced using the variable attenuation stage of the TOP control elec-
tronics. A linear fit to each data set yields Ix = (3.95± 0.02) A/V and Iy = (3.93± 0.02) A/V
with uncertainty obtained from the 95% confidence interval in each fit. (b) An example of RF
spectroscopy in the TOP trap at a measured y current of (10.23± 0.05) A. The fitted Gaussian
has a minimum at (5.86± 0.01) MHz.

RF spectroscopy also provides the means of calibrating the TOP field for a given

measured current; an example of this is shown in Fig. A.1(b). This particular measure-

ment was made at a current Iy = (10.23± 0.05) A, with the uncertainty obtained from

the variation in measured current values over several experimental runs. Spectroscopy

revealed a resonance at (5.86± 0.01) MHz with uncertainty representing the 95% con-

fidence interval in the Gaussian fit. With the 52S1/2 Zeeman splitting of 0.7 MHz/G,

this corresponds to a field calibration BTOP = (0.820± 0.004) G/A for the y coils, and x

values differing from this by the factor 1/1.04. For any measurements for which precise

knowledge of the TOP field amplitude is required, the co-wound pickup coils are used

to reliably monitor the field amplitude, calibrated using RF spectroscopy immediately

prior to the measurement in question.
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A.2 Quadrupole gradient

The quadrupole field gradient is a critical parameter in characterising RF-dressed

potentials, and is controlled by the current flowing through the quadrupole coil. This

is determined by a combination of the Magna Power output current and the MOSFET

bank control voltages, and is continuously monitored using a DC current probe (Fluke

i1010). The calibration between this current and the resulting field gradient can be

obtained by measuring the radial trapping angular frequency ωx of an atom cloud

confined in the TOP according to [199]

B′q =

(
2BTmω

2
x

gFmFµB

)
(A.1)

where BT is a known TOP field amplitude and m = 1.443 × 10−25 the atomic

mass [148].

The TOP field is measured using RF spectroscopy as described above and the reso-

nance plotted in Fig. A.2(a) with a parabolic fit of the resonance minimum. This reso-

nance is converted into a field amplitude using the known Zeeman shift of 0.7 MHz/G

in the 52S1/2 state. TOP trap frequency measurements for this known TOP field of

(8.17± 0.02) G, at a measured current of (224.4± 0.2) A are shown in Fig. A.2(b), with

radial motion of the atom cloud perpendicular to the imaging direction instigated us-

ing a kick from the Push coil.

This yields a quadrupole calibration of B′q = (1.173± 0.001) G/cm/A. The uncer-

tainty is calculated by a propagation of the errors in fitting the TOP resonance and

trap frequencies, both obtained from the 99% confidence interval of the fit, and the

0.2 A uncertainty estimated from observation of the DC probe variation.
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Figure A.2: Calibrating the TOP and quadrupole fields. (a) RF spectroscopy on a BEC confined
in the TOP, with a minimum (5.72± 0.01) MHz extracted from a parabolic fit of the minimum.
(b) TOP trap frequency measurement following a kick in the y direction using the Push coil.
A sinusoid is fitted to this data and a trap angular frequency of ωx = 2π × (58.73± 0.03) Hz
extracted from the fit. These values are used to calculate the quadrupole gradient in G/cm at
this current.

A.3 Imaging system magnification

Precise knowledge of the imaging system magnification is imperative to our re-

liance on atom imaging as a source of system diagnostics. The magnification was

calibrated using the separation of mF components under RF time of flight. Upon ap-

plication of a resonant RF pulse to a condensate confined in the AP, the three mF

components are separated, with mF = 0 undergoing standard freefall under the influ-

ence of gravity g, mF = −1 travelling towards the quadrupole centre with acceleration

aq − g, and mF = +1 accelerating away from the quadrupole centre with aq + g.

The acceleration due to the quadrupole field in the vertical direction is described by

aq = gFµBmFB
′
z/m = 2gFµBmFB

′
q/m. The separation of the mF = 0 and mF = −1

components with time is therefore given by

∆d =
gFµBB

′
q

m
t2. (A.2)
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By comparing this with the measured acceleration between the mF components,

the system magnification is obtained as 1.028. The component separation is plotted in

Fig. A.3.

Figure A.3: Calibrating the horizontal imaging magnification by measuring the distance be-
tween mF components at varying times of flight. (a),(b) Absorption images after 2.8 ms and
4.3 ms time of flight respectively, showing |mF = 0,−1〉 components. These are shown in
false colour, and each image normalised to its maximum value. The colourbar indicates linear
scaling between zero and maximum absorption. (c) Variation in mF component separation
with time of flight. We fit the function ∆d = at2 + bt+ c to the data, comparing the coefficient
a = 20.010 to the calculated value of 19.467 to obtain a magnification of 1.028.

Alternative means of calibrating the horizontal imaging includes simple measure-

ments of atoms in time of flight and comparison between the measured acceleration

and gravity; this method was used to calibrate the secondary horizontal imaging di-

rection.

A.4 Vertical bias field

The vertical bias field is applied using the Helmholtz DC coils. Its calibration con-

sists simply of varying the MOSFET gate voltages that control the current through the

DC coils and observing the variation in the position of a BEC confined in the TOP. The

condensate is released in 15 ms time of flight to allow imaging over the full range

185



of translation. The results are shown in Fig. A.4. As this illustrates, the relationship
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Figure A.4: Calibrating the vertical bias field: mean displacement from the zero-bias position
of a TOP BEC after 15 ms time of flight for a varying bias field gate voltage.

between gate voltage and current, hence atom displacement, is highly nonlinear; in-

terpolation between data points provides a good approximation to a desired cloud

displacement, which can then be fine-tuned.
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Appendix B

Guide to aligning an imaging

system

This chapter briefly outlines methods used to align the imaging systems in this

experiment. Commencing with the simple setup of the horizontal imaging, the bulk

of the discussion focusses on the vertical imaging system, the multipurpose nature of

which introduces a number of additional constraints and whose narrow depth of field

makes accurate alignment more critical.

B.1 Horizontal imaging

Horizontal imaging, illustrated in Fig. 4.17, consists of two independent 1:1 tele-

scopes in almost perpendicular configurations. For the purposes of the following de-

scription, the two lenses will be referred to as imaging and focussing, respectively re-

ferring to the lens directly following the atoms and that focussing the image onto the

CCD. In terms of alignment procedure, these systems are equivalent. A step-by-step

approach is outlined below:

1. Align probe beam to atoms. This step can be carried out simply by careful
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measurement of the system geometry, ensuring that the collimated beam passes

through the coil array centre, propagating parallel to the table (this is trickier

than it sounds in the longitudinal configuration).

2. Align the final lens to the probe beam. The two-lens telescope configuration

grants a reasonable amount of freedom in the space between the two lenses:

the image itself is collimated in this region and the only concern is therefore

in having an appropriate probe beam profile on the CCD. We make the most

of this freedom in the longitudinal imaging setup (and vertical imaging system

described below) to circumvent constraints imposed by a crowded optical table.

Whether this is exploited or not (as in the lateral horizontal direction where

the two lenses are placed as close together as possible) aligning the second lens

first allows the collimated probe beam to mimic the image of the atoms in the

completed setup.

3. Align the camera to the probe beam focus. Using the probe beam now as a

reproduction of the final image behaviour, we can place the CCD at the focus of

the beam with confidence that this will ultimately be the focus of the completed

imaging system. This will remove any uncertainty when focussing the final image

using the first lens. Make a note of the location of the beam focus.

4. Align the first lens to the probe beam and atom location. Align the first lens

to the probe beam at approximately its focal length from the centre of the coil

array. Depending on the alignment precision of the beam to the trap centre, this

should be approximately aligned to the atoms also. Image the atoms.

5. Adjust lateral alignments. This is a good point at which to iterate the process

to whatever degree is necessary to optimise alignment. Start by adjusting beam

orientation such that the atom image falls in the centre, and repeat steps 1 to 4.

Minimal changes should be necessary, with no adjustment to the spacing between
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the second lens and CCD. By the end of this process, the image of the atoms

should fall at the same position on the CCD as the beam focus in step 3.

6. Adjust imaging lens focussing. Align the imaging lens along the optical axis,

adjusting its position until the image of the atoms is in focus.

B.2 Vertical imaging

In terms of basic procedure, the same steps apply to the vertical imaging system as

to horizontal. However, this is complicated by a number of factors: lack of access for

components, short depth of focus of the four-lens objective, and the rapidly diverging

beam that emerges from this objective. The precision of the objective alignment is

imperative not only for accurate high-resolution imaging of the atom cloud, but also

to ensure that the dipole trapping beam, when perfectly aligned through the objective

to minimise distortion of the trapping potential, will form its focus at the centre of the

adiabatic potential shell surface.

As a result, the initial alignment procedure used a ‘dummy’ objective, namely a lens

with focal length 10 cm, mounted in the same cage-mount arrangement as the real

four-lens objective. A single pass through the alignment procedure with this dummy

lens thus fixed the optical axis, and the real objective was inserted for the final stages

of alignment.

1. Align probe beam to the atoms. Carefully measure the system geometry and

align the beam vertically through the centre of the coil array, with the array

centre defining the vertical axis. A good way to ensure this is to lay lens tissue

on each accessible layer of the coil array former, marking the centre on each

layer and viewing the propagating beam with an IR viewer. Accurate completion

of this step is imperative for the objective alignment in step 4b.

2. Align supporting optics. As before, use the collimated probe beam to simulate
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the image of the atoms after collimation by the objective. This setup contains

two separate telescopes. As with the horizontal telescope, the inter-lens spac-

ing is unconstrained within each telescope, while the separation between atoms

and objective, and focussing lens and CCD must again be their respective focal

lengths. Likewise the spacing between the two telescopes is the sum of their fo-

cal lengths. Due to the high magnification of this system and strong divergence

of the beam following to the objective, the unconstrained spacings should be as

small as possible to minimise the size of the imaging beam falling on the CCD,

to maintain the signal-to-noise ratio in the absorption image. Ensuring that the

beam is collimated after the first lens of the second telescope, the three support-

ing lenses, excluding the objective, can be aligned to the probe beam.

3. Define optical axis. Place irises along the beam path to aid subsequent objective

alignment.

4. Insert (dummy) objective. Align the objective to the imaging beam, placing it

approximately its focal length from the trap centre. This process is complicated

by the vertical system:

(a) Insert lens into cage mount and ensure that the cage mount rods are raised

to an equal height above the base. With the lens approximately horizontal,

align it to the imaging beam, using the axis defined by the irises. Perform

this coarse alignment by moving the entire mounting block.

(b) Place a mirror either on the upper surface of the objective mount or in an

additional cage-mount lens holder. Adjust the tilt of the the reflected beam

back through the fibre to ensure that the lens is normal to the imaging

beam. Remove the mirror and double-check that the back-reflections from

the lens surfaces follow the same path (this will be difficult with the true

objective).
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(c) Place lens at approximately its focal length from the atom position and im-

age the atoms, starting with a large cloud and adjusting the alignment until

a BEC can be seen .

5. Adjust lateral alignment. As in the horizontal system, iterate over steps 1 to 4 to

centre the probe beam on the atoms and correspondingly adjust the supporting

optics. This process is easiest with the dummy objective for which the beam size

is reasonably constrained. Ensure that the (dummy) objective is centred on the

atoms by the end of this process. Use the fine alignment of the translation stage

for this step.

6. Adjust imaging lens focussing. The (dummy) objective must be aligned to a

reference point in the glass cell. Defined by the position of the fluorescence

imaging lattice, this is the centre of the unbiased TOP trap. Therefore, bias the

location of the trap centre vertically upwards such that the atoms will fall to this

position over a given time of flight. Align the vertical position of the objective,

making sure that in doing so the image of the atoms on the CCD does not change.

If it does then repeat steps 1 to 4 again (sorry!). Make sure that the image forms

a clear focus - it is far easier to adjust the supporting optics with the dummy lens

than the real thing.

7. Insert four-lens objective. Remove the dummy objective. Maintaining the cage

mount position and tilt, insert the four-lens objective and place it approximately

at its focal length from the TOP centre. Use the translation stages to compensate

for any change to the position of the atom cloud image on the CCD; if any such

changes are more than a few pixels then check that the objective angle is correct

by looking again at back-reflections, and adjust the lateral alignment. If any of

these changes seem significant then return to the dummy objective and ensure

that this alignment is as accurate as possible.
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8. Adjust objective focussing. Once satisfied that the alignment is as accurate as

possible, adjust the vertical position of the objective, first by hand and then fine-

tuning using the z translation stage adjustment. In the last stages this, it is easier

and more reliable to vary the time of flight than move the objective position.
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Appendix C

Alternative approaches to

wideband impedance matching

Numerous options for different approaches to wideband or multiple-band

impedance matching arose from the initial calculations performed. Those discussed

here are of particular interest, raising issues of expeirmental subtlety or concepts pos-

sibly worth pursuing in future. In each of these examples, only the x networks and

results are shown; as in Sec. 5.6 the corresponding networks for the y coils differ only

in the details, and as such do not provide any additional insight.

C.1 Original wideband impedance match

The wideband impedance match that was originally experimentally implemented

is extremely similar in design to the final match discussed in Sec. 5.6, and is illustrated

in Fig. C.1. As in the final network, a long transmission line is used to create a ripple

on the frequency response and spread this response in a full loop around the Smith

chart with multiple real-axis crossings. A shunt capacitance then transforms the region

around 4 MHz to the 50 Ω chart origin. The corresponding reflection coefficient and
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VIN VOUT
14.83 m

3.13 nF

Figure C.1: Sketch of the initial wideband impedance matching network, consisting of a 14.83
m transmission line and 3.13 nF shunt capacitance separating the amplifier output and RF coil.
The original calculation consisted of a 14.74 m transmission line and 3.2 nF shunt capacitor.

return loss are plotted for both the model and experimental systems in Fig. C.2.

As can be seen in the return loss plots in both cases, a small transmission peak

exists in the region of 400 kHz. In practice, this opened a large window to the trans-

mission of current at low frequencies, as shown in the RF coil current plots in Fig. C.3.

Noise at a few hundred kHz is particularly problematic due to its proximity to the Rabi

frequencies used in the early tests and characterisation of the single and multiple-RF

dressed potentials; in the early stages of this work, noise sources ranging from hun-

dreds of Hz to a few hundred kHz were also particularly prevalent. The transmitted

noise therefore severely inhibited atom loading and the trap lifetime in the shell (on

the order of hundreds of ms for thermal atoms, rather than seconds as in the final

match implemented). Furthermore, the restricted power transmission around the fre-

quencies of interest did not leave much room for varying the trap parameters during

the exploratory stages. In order to increase the barrier RF amplitude Ω2 sufficiently

to flatten the barrier, preamps (Mini-Circuits ZFL-500HLN) were used. These did not

noticeably add noise to the system and as such pose no experimental problems in prin-

ciple, save for issues of scalability regarding the maximum combined input power of

the amplifiers, and an additional stage of system complexity.

Due to the lifetime problems arising from noise transmission, this design was mod-

ified to incorporate the series capacitor next to the load, acting as a high-pass filter in

the matching circuit, that was experimentally successful and discussed in Sec. 5.6.
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(b) Modelled return loss plot
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(c) Experimental matching network Smith chart
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(d) Experimental return loss plot

Figure C.2: Smith charts and return loss plots for the initial experimental wideband match.
(a) and (b) show the modelled results after adding each component to the matching network;
(c) and (d) show the corresponding experimental measurements. Markers have been placed
on both Smith charts to illustrate the value of the impedance at certain frequencies. The 4
MHz impedance has been marked on each trace in the modelled Smith chart (a) to illustrate
the effect of each successive component on the impedance transformation.

C.2 Resistive matching

Resistive matches use series or parallel resistors to traverse the lines of constant

reactance and susceptance. The frequency-independence of the resistance means that

series resistors, corresponding to a transformation anticlockwise along an arc of con-
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Figure C.3: Transmitted current in both x and y coils with the initial impedance matching
network. Vertical dotted lines indicate the angular frequencies of the three dressing fields
ω1,2,3 = 3, 3.6, 4.2 MHz used to create and characterise the original MRF double well. The
shaded region denotes the 147 mA target current amplitude. This network offers no suppres-
sion of low-frequency noise arising either from nonlinear mixing processes in the amplifiers or
external sources such as ground loops.

stant reactance, effectively compress the frequency response of the network, thus re-

ducing the Q-factor and widening the match. Benefits of the resistive approach also

include the reliability of high-power commercial resistors and the relative resilience

of the resulting network to stray capacitances and inductances in their experimental

implementation. One example of a wideband resistive network experimentally trialled

is illustrated in Fig. C.4, alongside the corresponding Smith chart and return loss of

the modelled system.

The width of the match is related to its low Q, corresponding to the compression

of the frequency response upon adding the final resistor. The small circle of the Γ(ω)

trace in the stage immediately after adding the 100 Ω resistor, prior to the addition of

the second transmission line and 25 Ω resistor, can also be clearly seen to lie within

a low-Q arc and corresponds to a far wider transmission peak, albeit far shallower

and further from resonance. The two stages of resistor and transmission line result

in a lower Q than would be achieved with a single stage, due to the distortion of the

circular trace by the second transmission line.
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(c) Modelled return loss plot

Figure C.4: Example of a resistive wideband impedance match. (a) The matching network,
consisting of a shunt capacitance, and two stages of transmission line and series resistance.
(b) Smith chart showing the frequency-dependent reflection coefficient Γ(ω) after the addition
of each component in the network. By transforming along the arcs of constant reactance, the
series resistors act to compress the frequency response, reducing the value of Q for the final
match. (c) This low Q is apparent in the calculated return loss from this network. Traces are
shown for each component added to the network.

The experimental challenges of this approach relate to the dissipation of power

in the series resistors; in the circuits tested, this did not outweigh the gains of re-

duced reflectance. Furthermore, the high-power resistors used experienced significant

heating, and would be challenging to adequately heat-sink in the shielded impedance

matching boxes used. Having been used to create a shell trap, this particular network

would also have suffered from the low-current transmission problems of the match

described in Sec. C.1, although this could have been remedied in a similar manner. Al-

though promising in terms of the match width, this method was abandoned; however,

it may be possible that a slightly different network could be found that would offset

dissipation and work reliably with careful heatsinking.
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C.3 Butterfly stub tuning

An example of a triple-band modelled stub matching circuit inspired by a butterfly

network [181] is illustrated in Fig. C.5. This example illustrates the creation of a
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(a) Butterfly stub matching network
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(c) Modelled return loss plot

Figure C.5: Example of a butterfly stub-tuned impedance match. (a) The matching network,
consisting of a series and a butterfly stub transmission line. (b) Smith chart illustrating Γ(ω)
after the addition of each component in the network. The penultimate trace corresponds to a
single 3.5 m open stub, and the final trace a double stub. (c) Return loss plot following the
addition of each network component. The three real axis crossings correspond to the three
resonances; additional resonances could be introduced by lengthening the frequency response
of the reflection trace.

multiple-band match by enforcing multiple real-axis crossings. The tuning here is far

from perfect: the axis crossings could be more closely clustered around the 50 Ω orgin

to maximise the depth of each resonance, and for most applications would benefit
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from having an approximately equal width. Fine-tuning would be possible by different

combinations of transmission line stages, possibly in combination with a capacitative

stage.

This method was neither optimised nor implemented due in part to the impractical-

ity of the cable lengths, in addition to the relative ease of live adjustment of capacitor

networks in contrast to fine adjustment of cable lengths. Furthermore, for the reasons

discussed in Sec. 5.6, a wide-band match was favoured over multiple bands. However,

this example demonstrates the use of the dispersion of the reflection response by a

transmission line to create multiple real-axis crossings and a multiple-band match if

desired. This method, in conjunction with fine-tuning using capacitors, could feasibly

be employed to create multiple narrow resonances close to the 50 Ω point should such

a match be required, for example to suppress noise outside a specified set of dress-

ing fields. However, achieving a narrow match at each of a specific set of frequencies

would be challenging to achieve.
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