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Abstract

In this thesis the fast and efficient transport of Caesium and Rubidium atoms using
an optical conveyor-belt is presented. Up to 7 × 107 atoms of either species can
be transported in under 25ms across the 37.2cm gap between the MOT Chamber,
where they are initially cooled, and the Science Cell, where future experiments will
be performed. Once in the Science Cell, either species can be evaporatively cooled
to form a Bose-Einstein condensate. Simultaneously loading both species into the
optical-conveyor belt did not lead to a reduction in the transport efficiency of either
species.

Our transport scheme was able to avoid the use of more complicated Bessel
beams or variable-focus lenses by carefully choosing the waists and focus positions.
To that end detailed calculations of the trapping potential were performed to find
the optimum beam parameters. It was found that separating the focus positions of
the two transport beams can lead to dramatic increases in the minimum trap depth.
The use of magnetic coils at the start and end of the transport path, to compensate
for the effect of gravity, was also found to be highly beneficial. Beam waists of
195µm and focus positions 6.6cm from each end of the transport paths were found
to be optimum for both species.

The setup and implementation of the two transport beams is presented and the
performance of the transport characterised. The equations of motions of several
different transport trajectories are derived and compared both theoretically and ex-
perimentally. The performance of the Minimum Jerk Trajectory was found to be
the best, with that of the Minimum Snap Trajectory a close second. The characteri-
sation measurements allow insight to be gained into different loss mechanism during
transport.
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CHAPTER 1

Introduction

Techniques to cool and trap atoms have enabled many fascinating and varied ex-

periments including quantum simulation [1–4], quantum computing [5], quantum

sensing [6] and high-precision measurements [7, 8]. These techniques include Zee-

man slowers, magneto-optical traps, Sisyphus cooling, optical molasses, degener-

ate Raman sideband cooling and evaporative cooling in either optical or magnetic

traps [9–17]. While these techniques are routinely implemented, they often carry

specific requirements to implement successfully. For example, some techniques rely

on multiple orthogonal laser beams to ensure cooling in all three spatial dimen-

sions. Other techniques are based on carefully engineered combinations of optical

and magnetic fields. Many experiments require multiple cooling techniques to reach

cold or even ultracold temperatures and vacuum systems must be tailored to the

requirements of the various cooling techniques.

Ultracold polar molecules are a natural extension to experiments with cold atoms

as they open up new possibilities for quantum simulation [18–27], as well as quan-

tum computing [28–34] and high-precision measurements [35–38]. This is due to

their long-ranged dipole-dipole interactions [39, 40], long coherence times [41–46]

and complex internal energy levels with electronic, vibrational, rotational and hy-
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perfine structure. An important recent development is the realisation of the first

quantum gas microscope of molecules [47, 48]. Alternative platforms for quantum

simulation include trapped ions [49–51], superconducting circuits [52, 53], magnetic

atoms [54–57] and Rydberg atoms [4, 58,59].

1.1 The Need for Transport

As a result of the many different required cooling techniques, transport is necessary

to increase the optical access to the experiment. Transport schemes that quickly

and efficiently transfer atoms from one region of a vacuum system to another enable

experiments of ever increasing complexity. Transport also enables atoms to be in-

terfaced with other experimental components such as microwave cavities for studies

of quantum electro-dynamics [60,61], hollow-core fibres [62,63], nanofibres [64] and

mixtures of ions and atoms [65]. Transport has also enabled the investigation of

quantum gas microscopy [66–73]. In these experiments atoms are loaded into an

optical lattice and a high numerical aperture objective lens is used to collect flo-

rescence light, allowing for site-resolved imaging. This allows quantum simulation

to be performed [1–3], where many-body systems that are impossible to simulate

on a classical computer are mapped onto a quantum system in which the dynamics

can be measured directly. For single-site imaging to be realised, the microscope

objective lens must be placed close to the atoms. Hence, nearly all quantum gas

microscopes require a vacuum system with two distinct regions and transport to be

performed between them.

Another type of experiment that benefits greatly from atomic transport are ex-

periments using multiple atomic species. Experiments utilising ultracold mixtures of

different atomic species are of great interest due to the rich interplay between intra-

and inter-species interactions. These enable studies of quantum-degenerate mix-

tures [74–80], Effimov physics [81–84] and impurity physics [85, 86]. Experiments

with two different atomic species also enable the formation of ultracold hetero-

nuclear molecular gases [47, 87–100]. While ultracold molecules formed from the

association of cold atoms are currently capable of producing the coldest and densest
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sample, direct cooling of molecules shows much promise [101–109].

However, including a second or even a third species invariably increases the ex-

perimental complexity. The number of beams or even cooling techniques required

increases considerably, enhancing the need for optical transport. Hence, the devel-

opment of transport techniques that are compatible with the different properties

and requirements of multiple atomic species are important for the continued de-

velopment of ultracold mixture and molecule experiments. Additionally, increased

experimental complexity often leads to longer duty cycles, driving the the need for

fast and efficient transport.

1.2 Transport Methods

A variety of atomic transport schemes have been developed and implemented, each

with their advantages and limitations. They can be broadly categorised into schemes

based on either magnetic or optical traps.

Magnetic transport schemes are either based on a single coil that is moved me-

chanically [110–113] or a series of overlapping coils with time-varying currents [114–

116]. These schemes have been demonstrated to work over long distances with

minimal heating [114] and over short distances for precise positional control [115].

Magnetic traps have the advantage of a larger trap depth and volume, however they

can take up a significant amount of optical access and often require transport times

of several seconds. Additionally they are only viable for species with magnetically

trappable states that are stable against inelastic collisions.

Optical transport schemes can be used for all atomic species, independent of

internal ground state. They require significantly less space than magnetic transport

schemes, making them usable for a much greater range of experiments. The most

straightforward method uses a translation stage to move the focus position of a single

Gaussian beam optical dipole trap [117–119]. However the translation stage can be

a significant source of mechanical vibrations and this scheme suffers from weak axial

confinement along the propagation direction, and hence transport direction, which

leads to elongated atomic clouds. The technical limits on the moving parts typically
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lead to long transport times. Variations of the scheme have also been demonstrated,

including passing two beams through the translated lens to form a shallow-angle

crossed optical dipole trap [120] or a pair of translation stages to shift the position of

a lattice [121]. Using a variable-focus lens: either an electrically tunable liquid-based

lens [122] or a phase-pattern Moiré lens [123], eliminates noise due to mechanically

moving components but still suffers from weak axial confinement. Novel hybrid

optical and magnetic transport schemes have also been developed [124,125].

A different approach is to use an optical conveyor-belt scheme, where a moving

lattice is used to transport the atoms [126–130]. Here, the use of an optical lattice

eliminates the problem of weak axial confinement. By introducing a frequency dif-

ference ∆f the lattice is translated at speed v = λ∆f/2, where λ is the wavelength,

along the propagation direction of the beam with the greater frequency. Dynami-

cally changing the detuning between the lattice beams allows the translation of the

lattice sites to transport the ultracold sample. Typically transport over 30cm can

be achieved in less than 50ms, and the initial axial extent of the cloud is preserved

by the lattice.

1.3 A Quantum Gas Microscope of Molecules

Our apparatus is designed to create a quantum gas microscope for RbCs molecules.

In our case, the objective lens required for single-site imaging sits below a glass

“Science Cell”. As we are working with multiple species as well as a utilising a

quantum gas microscope, ensuring sufficient optical access in the Science Cell is

crucial. To that end, atoms are initially prepared in a “MOT chamber” region

of the vacuum apparatus, a 12-port stainless steel vacuum chamber. Atoms must

therefore be transported 37.2cm to the Science Cell.

The primary focus of this thesis is on 133Cs and 87Rb. However, the MOT

Chamber is designed to additionally produce samples of Potassium, with the aim of

studying K-Cs mixtures. These have the advantage of more favourable scattering

properties as well as the choice of either bosonic isotopes in 39K and 41K and a

fermionic isotope in 40K [86,131,132].
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As fast duty cycles are desirable, we employ degenerate Raman sideband cooling

in the MOT chamber to produce samples of 133Cs and 87Rb atoms with temperatures

of a few µK. Degenerate Raman sideband cooling spin-polarises the atoms into the

lowest Zeeman state, |F = 3,mF = 3⟩ for 133Cs and |F = 1,mF = 1⟩ for 87Rb. These

states are not magnetically trappable and hence an optical transport scheme must

be employed. Once the atoms are transported to the Science Cell, they are to be

loaded into a 3D optical lattice used in the quantum gas microscope.

Optical conveyor-belt transport is thus ideal for our needs, with short transport

times and comparatively easy spatial mode-matching to the 3D lattice. In this thesis,

efficient transport of Cs and Rb over 37.2cm, both separately and simultaneously is

demonstrated. It is shown that transport over such a distance is possible using an

optical conveyor-belt formed by two Gaussian beams with displaced focuses, aided

by magnetic levitation at the start and end of the transport path.

1.4 Thesis Overview

The remainder of this thesis is structured as follows:

� Chapter 2 details calculations of the optical conveyor-belt trapping potential.

The lattice beam parameters are optimised under several different circum-

stances and the results compared.

� Chapter 3 describes our experimental setup. The techniques used to prepare

samples of cold atoms are discussed briefly before the setup of the transport

beams is then discussed in detail.

� Chapter 4 presents characterisation measurements. Different transport tra-

jectories are considered and compared both theoretically and experimentally.

Simultaneous dual-species transport is demonstrated, as is the production of

a Bose-Einstein condensate of either Cs or Rb.

� Chapter 5 summarises the key results of the thesis and discusses possible

improvements to the transport scheme.
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CHAPTER 2

Transport Calculations

In this chapter detailed calculations of the trapping potential are presented. These

are used to find the optimum parameters for the beams that form our optical

conveyor-belt. Section 2.1 outlines the trap depth challenge for optical conveyor-

belts as well as different approaches taken in previous experiments. In Section 2.2

the transport problem in our experiment is described briefly. Section 2.3 gives an

overview of the theoretical basis for the calculations, including optical trapping, 1D

optical lattices, the effect of gravity and magnetic levitation. The simplest solu-

tion to the transport problem is given in Section 2.4, forming the basis of complete

optimisation presented in Section 2.5. Section 2.6 summarises the results of the op-

timisation and the trap depths achieved. Finally, calculations of the trap frequencies

are presented in Section 2.7.

2.1 The Background

The main challenge for optical conveyor-belt transport is maintaining sufficient trap

depth throughout the whole of the transport path. This is challenging due to the

radial divergence of Gaussian beams, leading to reduced trap depth away from the
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foci of the beams. Unlike optical transport schemes based on a translation stage

or a variable-focus lens, the transport beams in an optical conveyor-belt are static

and hence the atoms need to be trapped away from their focus. The problem is

exacerbated by gravity which “tilts” the trapping potential and thereby reduces the

effective trap depth in the vertical direction. It is especially severe for heavy atoms,

such as Cs and Rb considered in this work. The trap depth reduction from the

gravitation tilt is amplified due to the radial divergence, as the larger the trapping

beams are, the greater the trap depth reduction is. Due to the combination of radial

divergence and gravitational tilt, the transport distances achievable are typically

limited to about one Rayleigh range when using Gaussian beams [126]. The Rayleigh

range can be increased by increasing the beam waists, however this comes at the cost

of decreased trap depth at the focus. This again is exacerbated by the gravitational

tilt.

One solution to the problem of providing sufficient trap depth is to use a Bessel

beam [127,128]. Bessel beams, like Gaussian beams, are a solution to the Helmholtz

equation with an electric field described by a Bessel function of the first kind [134].

These beams have the key feature of a central spot whose size is independent of

position along the beam’s propagation. This makes Bessel beams very attractive for

optical conveyor-belt transport as they eliminate the problem of radial divergence.

If a Bessel beam is used that has a sufficiently high intensity to trap atoms against

gravity, the challenge of having a sufficient trap depth would be overcome

However, a good quality Bessel beam can be hard to create. They are most

readily made using a refractive axicon (a conical lens). When illuminated with a

Gaussian beam, an axicon creates a Bessel-like beam over a finite region along the

beam’s propagation whose size is determined by the size of the incident beam and

the apex angle of the tip. An optical conveyor-belt using such a Bessel beam was

first successfully implemented by a group in Innsbruck (that later moved to Ulm)

for 87Rb over a transport distance of 20cm in 2006 [127], albeit with some difficulty

finding an axicon with a sufficiently high tip quality [134]. More recently, in 2022,

a very similar scheme was implemented by a group in Munich to transport 133Cs

over a distance of 43cm [128]. Both experiments make use of a Bessel beam for
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one of the lattice beams and a Gaussian beam for the other, with the Bessel beam

providing the majority of the radial confinement. The size of the central spots of the

Bessel beams were 36µm and ∼ 80µm for the Innsbruck and Munich experiments

respectively. These small beams would, in principle, mean relatively modest power

requirements. However only a small fraction of the power incident onto the axicon

is carried by the desired central order, ∼ 5% in Innsbruck [134] and ∼ 10% in the

Munich experiment. In both experiments, the power in the central order decreased

with distance from the axicon. Hence, 200mW of near-resonant light needed to be

used in Innsbruck and 35W of 1064nm light needed to be used in Munich for the

Bessel beams to support the atoms against gravity.

Another solution is using both a moving lattice and a variable-focus lens. This

solution combines the high axial confinement of the conveyor-belt’s lattice with the

high radial trap depth achievable for a single beam dipole trap with a moving focus

position. Recently, in 2022, this combined method was implemented by a group in

Harvard/MIT working with Calcium Monofluoride (CaF) molecules over a transport

distance of 46cm [129]. They employ a liquid-based tunable lens to translate the

focus position of a narrow 57µm beam, while keeping the other larger 320µm waist

beam static. In a similar fashion to the Bessel beams described above, the translated

beam provides the majority of the radial confinement. The final position of the

molecules is set by the frequency ramp applied to the lattice beams, rather than

focus shift due to the tunable lens. Therefore, this scheme retains the ability of a

conveyor-belt to precisely select the final molecule position. However, the variable-

focus lens’ response time places a lower limit on the transport duration. By using a

specially designed pulse profile, the group were able to reduce their transport time

to 50ms, but observed heavy losses at shorter duration, attributed to non-linear

effects in the lens’ response. While still fast compared to other transport schemes,

it is nonetheless a factor of two slower than the Bessel beam implementation over a

similar distance [128].

A third option to solve the trap depth problem is to construct the experimental

apparatus such that the transport occurs vertically, turning the conveyor-belt into

an “elevator”. This essentially eliminates the problem of the gravitational tilt, due
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to the large axial trap frequencies, typically of order 100kHz. Note that this is true

regardless of whether the atoms are transported up or down. Elevator transport was

successfully implemented by a group in Ulm (formerly of Innsbruck, the same group

that pioneered Bessel beam based transport) to transport Rb atoms over 30cm [65,

135]. Making the transport direction vertical allowed large beams of 500µm waist to

be used, which have the benefit of a long Rayleigh range, without incurring large trap

depth reductions due to gravity. However due to the many other constrains placed

on cold atom experiments vertical transport is often unfeasible, as is unfortunately

the case for our experiment.

The final and simplest approach was taken in a recent paper from a group in

Chicago [130]: use enough laser power. They transport Cs atoms over 28cm using

a 40W laser. The optical conveyor-belt is formed by retro-reflecting beam which

increases the amount of power on the atoms, compared to splitting the light as done

in [126]. However, the transport efficiencies are comparatively low, at 20−30%, and

transport times are comparatively long, at 400ms. This may be due to the more

complex frequency control setup required to implement the retro-reflected lattice.

2.2 The Problem

The transport problem for our experiment is illustrated in Figure 2.1. Atoms are

initially cooled in the MOT Chamber and need to be transported to the Science

Cell for future experiments, which is situated 37.2cm from the centre of the MOT

Chamber.

We are able to avoid using either a Bessel beam or a variable-focus lens and

instead implement optical conveyor-belt transport using two Gaussian beams. It

is possible to provide sufficient trap depth throughout the transport path with two

Gaussian beams by offsetting the two focus positions and carefully selecting the

beam waists and focus offsets. Additionally, the atoms are magnetically levitated

at either end of the transport path. In the remainder of this chapter, in-depth

calculations of the trap depth are presented. These calculations enabled an optical

conveyor-belt transport to be implemented for 133Cs and 87Rb, hereafter referred
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Figure 2.1: Schematic of the vacuum apparatus and overview of the transport

problem. Transport is performed between the “MOT Chamber” where the atoms are

initially cooled and the “Science Cell” where future experiments will be performed.

The transport problem is transferring atoms across the 37.2cm gap between these

two regions of the vacuum system.

to as Cs and Rb respectively. Calculations are also presented for 41K (hereafter

referred to as K), in order to ensure the transport scheme will enable K-Cs mixture

experiments to be performed in the future.

2.3 The Ingredients

2.3.1 Optical dipole traps

Optical dipole traps, as their name suggests, are based on the dipole force exerted on

atoms by laser light. In a semi-classical model, the electric field of the light induces

an atomic dipole moment in the atoms. This induced dipole then interacts with the

same electric field, giving an interaction potential [136]

Udip = − αλ

2ϵ0c
I (2.1)

where Udip is the dipole potential, I is the intensity of the applied field and αλ

is the real part of the atomic polarisability. The subscript λ indicates that the

polarisability is dependent on the wavelength of the laser field. For convenience, we
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define A

Udip = −AI (2.2)

such that it is the proportionality constant between the optical potential and the

intensity of the laser field.

The general form of the polarisability contains scalar, vector and tensor compo-

nents. For linearly polarised light the vector component is zero. For a ground-state

alkali atom the tensor component is less than one part per million, and not relevant

for these calculations. The tensor component is relevant for high precision measure-

ments, e.g. of the tune-out wavelength [133, 137], but for the purpose of transport

calculations it is negligible. Thus the polarisability can be simplified to just the

scalar component. Complete treatments of the atomic polarisability can be found

in e.g. [138,139].

In a simplified semi-classical model of a two level atom interacting with a classical

field, the polarisability can be given by [136]

αλ =
3πc3ϵ0
ω0

3

(
Γ

ω0 − ω
− Γ

ω0 + ω

)
, (2.3)

where ω0 is the (angular) transition frequency, ω is the angular frequency of the laser

field and Γ is the spontaneous decay rate of the excited state. For alkali atoms in the

ground state, the dominant contributions to the scalar polarisability are from the D1

and D2 lines. As an approximation, the weighted average of the D-line contributions

can be used.

For this work however the polarisability values calculated in [140] are used. For

an alkali atom in the ground state ns, where n is the principle quantum number,

the polarisability, in atomic units, is given by

αns = αcore + αvc +
1

3

∑
n′

(
δEn′p1/2⟨n′p1/2||D||ns⟩2

δE2
n′p1/2

− ω2

+
δEn′p3/2⟨n′p3/2||D||ns⟩2

δE2
n′p3/2

− ω2

)
.

(2.4)

Here αcore and αvc are constants due to the core electrons and a core modification

13



Species αns (4πϵ0a0
3) [140] A (m2s)

K 597.5(1.2) 1.856(4)× 10−36

Rb 686.9(9) 2.132(3)× 10−36

Cs 1162.1(1.9) 3.609(6)× 10−36

Table 2.1: Table of polarizabilities for K, Rb and Cs at 1064nm. The polarizabilities

are given in terms of atomic units and A is given in SI units such that it converts

an intensity in Watts per meter squared (Wm−2) into a potential in Joules (J).

due to the valence electron respectively, the sum is over contributions from excited

states p1/2 and p3/2 with principle quantum numbers n′, ⟨n′p||D||ns⟩ is the reduced

electric-dipole matrix element between excited state |n′p⟩ and ground state |ns⟩ and

δEn′p is the energy difference between the states δEn′p = En′p−Ens. Table 2.1 gives

the polarisability values for K, Rb and Cs used for the transport calculations, as

given in [140] at 1064nm. The corresponding values of A are also given in units of

m2s, which are convenient for the calculations as they convert an intensity in Watts

per meter squared (Wm−2) into a potential in Joules (J). Data for the transitions

can be found in [141] for K, in [142] for Rb and in [143] for Cs.

2.3.2 Gaussian Beams

A Gaussian beam propagating along the x axis has an electric field given by

EGauß(ρ, x) = E0
w0

w(x)
exp

[
− ρ2

w(x)2

]
exp

[
ikx− iωt+ ik

ρ2

2R(x)
− iφ(x)

]
(2.5)

where ρ is the radial coordinate, E0 is the field amplitude, k is the wavevector, ω is

the angular frequency and w(x) is the beam size, R(x) gives the of curvature of the

wavefronts and φ(x) is the Gouy phase.

The beam size, at position x, is defined as the 1/e2 radius of the Gaussian profile

at that position. At the focus position the beam size is equal to the beam waist

w0, w(xf) = w0. The wavefront curvature and Gouy phase have been omitted for
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Figure 2.2: Contour plot of the intensity of a Gaussian beam with axial and

radial position. White dashed lines show the beam size w(x). The radial and axial

length scales are given by the beam waist w0 and Rayleigh range xR respectively.

For transport calculations, the beam waist of interest are of order 100µm, giving

Rayleigh ranges of order 10cm.
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simplicity. The beam size w(x) varies with the axial position according to

w(x) = w0

√
1 +

(
x− xf

xR

)2

, (2.6)

where xf is the focus position and xR is the Rayleigh range which in turn is given

by

xR =
πw0

2

λ
, (2.7)

where λ is the wavelength. The curvature of the Gaussian beam’s wavefronts is

given by R(x) which varies as

R(x) =
(x− xf)

2 + xR
2

x− xf

. (2.8)

At the focus the curvature diverges and the wavefronts become planar. Downstream

of the waist (along the direction of propagation) the curvature is positive, meaning

the wavefront is furthest advanced on the beam’s axis. In other words, the curvature

points along the direction of propagation. The reverse is true before the focus

position. In analogy with spherical waves in the paraxial approximation, R(x) is

frequently referred to as a radius of curvature.

Finally, the Gouy phase is given by

φ = arctan

(
x− xf

xR

)
. (2.9)

As the name suggests, this is constitutes a phase shift of pi which Gaussian beams

acquire relative to a plane wave of the same frequency when moving from one side

of the focus to the other. Heuristically this can be understood as arising from the

finite size of the beam at the focus [144,145].

For optical trapping we are interested in the intensity of the Gaussian beam. For

a single beam the intensity can be found using

IGauß(ρ, x) =
cϵ0
2

|EGauß(ρ, x)|2 . (2.10)
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The intensity is thus given by

IGauß(ρ, x) = I0

(
w0

w(x)

)2

exp

[
− 2ρ2

w(x)2

]
. (2.11)

where I0 is a constant related to the amplitude of the electric field. Figure 2.2 shows

a contour plot of the intensity of a Gaussian beam against axial and radial position.

A more practically useful expression for IGauß can be found by relating I0 to the total

power in the beam, which can be measured much more readily. The total power

is given by the integral of Equation 2.11 over its cross-sectional area. Working in

cylindrical polar coordinates

P =

∫ ∞

ρ=0

dρ

∫ 2π

ϕ=0

ρdϕ · IGauß. (2.12)

P = 2πI0w0
2

∫ ∞

ρ=0

dρ
ρ

w(x)2
exp

(
− 2ρ2

w(x)2

)
(2.13)

P = 2πI0w0
2 · 1

4

[
− exp

(
− 2ρ2

w(x)2

)]∞
0

(2.14)

P = πI0w0
2 · 1

2
[1] . (2.15)

Hence

I0 =
2P

πw0
2
, (2.16)

and Equation 2.11 can be re-written

IGauß(ρ, x) =
2P

π

1

w(x)2
exp

[
− 2ρ2

w(x)2

]
. (2.17)

For convenience, I(x) is defined to be the peak intensity of the beam at a point x

along the beam axis, such that

I(x) = 2P

π

1

w(x)2
. (2.18)

Noting that the intensity of a Gaussian does not depend on the travelling wave

term, wavefront curvature or Gouy phase, the position dependent amplitude of the
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electric field can be defined as

E(ρ, x) = E0
w0

w(x)
exp

[
− ρ2

w(x)2

]
, (2.19)

such that

EGauß(ρ, x) = E(ρ, x) exp
[
ikx− iωt+ ik

ρ2

2R(x)
− iφ(x)

]
, (2.20)

and

IGauß(ρ, x) =
cϵ0
2
E(ρ, x)2 (2.21)

2.3.3 1D Optical Lattices

In this section we will derive a general equation for the intensity of the optical

conveyor-belt’s 1D lattice, formed from two counter-propagating beams. In general,

these two beams may have different beam waists, focus positions and powers. In

order to implement transport, a frequency difference needs to be introduced to the

beams. Hence the frequency and wavevectors of the two beams are different in

general. Initially, the wavefront curvature and Gouy phase terms will be dropped

from the derivation, before being considered in more detail at the end of this section.

These terms do not cancel, as they do for a single beam trap and do affect the

trapping potential. However, as will be shown, they leave all trap depths unchanged

and are thus not included in later calculations.

The total intensity is given by

I(ρ, x) =
cϵ0
2
|E1(ρ, x) + E2(ρ, x)|2, (2.22)

where, as before, ρ is the radial coordinate (perpendicular to the beams’ propaga-

tion), x is the axial coordinate (along the beams’ propagation) and E1 and E2 are

the electric fields from Beam 1 and Beam 2 respectively. These electric fields are

given by

E1(ρ, x) = E1(ρ, x)eik1x−iω1t, (2.23)
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E2(ρ, x) = E2(ρ, x)e−ik2x−iω2t (2.24)

where Ei are the real electric field amplitudes (defined in Equation 2.19), ki are the

wavevectors and ωi are the the angular frequencies. The wavevectors have opposite

signs as the beams are propagating in opposite directions. Here we have taken

Beam 1 (Beam 2) to be propagating towards x = +∞ (x = −∞). For the sake of

brevity we will drop the coordinate dependence of the amplitudes. Substituting into

Equation 2.22 thus gives

I =
cϵ0
2

(
E1eik1x−iω1t + E2e−ik2x−iω2t

) (
E1e−ik1x+iω1t + E2eik2x+iω2t

)
, (2.25)

I =
cϵ0
2

[
E12 + E22 + E1E2

(
e−i(k1+k2)x+i(ω1−ω2)t + ei(k1+k2)x−i(ω1−ω2)t

)]
, (2.26)

I =
cϵ0
2

[
E12 + E22 + 2E1E2 cos (2kx−∆ωt)

]
. (2.27)

Here we define ∆ω to be the frequency difference

∆ω = ω1 − ω2, (2.28)

and k to be the average wavevector

k =
k1 + k2

2
. (2.29)

For optical conveyor-belt transport the frequency differences are of order 10MHz,

compared to the laser frequency of order 100THz. Thus we can alternatively take

the approximation:

k1 + k2 ∼ 2k1 = 2k. (2.30)

Substituting the equation for a single beam’s intensity,

Ii =
cϵ0
2
|Ei|2 =

cϵ0
2
Ei2, (2.31)

gives

I = I1 + I2 + 2
√

I1I2 cos (2kx−∆ωt) (2.32)
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Figure 2.3: Plot of the intensity a 1D lattice along its axial and radial directions.

The lattice is formed from two beam of equal powers and focus positions but different

waists. Note the difference in the scales between the the axial and radial positions.

which is the general equation for the intensity of a 1D lattice formed by two counter-

propagating beams.

Lattice Velocity

From Equation 2.32 we find the velocity of the lattice to be given by

vlattice =
∆ω

2k
=

λ∆f

2
, (2.33)

where λ is the wavelength and ∆f is the frequency difference. For positive ∆f ,

where f1 > f2, the lattice moves in the same direction as Beam 1, towards x = +∞.

We can arrive at the same equation using a more heuristic argument. Consider

the two counter-propagating beams to have frequencies given by

f1 and f2 = f1 −∆f. (2.34)

For any frequency difference ∆f there exists a reference frame, moving at a con-

stant velocity v relative to the lab frame, where the Doppler effect cancels out the
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frequency difference between the two beams. In that frame a stationary 1D lattice

is formed, which is equivalent to a moving lattice of velocity v in the lab frame. This

condition is met when

∆fDoppler =
∆f

2
. (2.35)

The frequency shift from the Doppler effect is given by

∆fDoppler =
∆v

c
fs, (2.36)

where fs is the frequency emitted by the “source” and ∆v is the velocity difference

between the “source” and “receiver”. In our case ∆v = vlattice and hence, as before,

vlattice = λ∆fDoppler =
λ∆f

2
. (2.37)

The direction the lattice moves in can also be obtained by recalling that moving

towards (away from) a source “blue-shifts” (“red-shifts”) the received frequency. If

f2 is less than f1, the frame in which the two beam’s frequencies are equal must be

moving towards the source of Beam 2, which is equivalent to moving in the same

direction as Beam 1.

Lattice Potential

For the remaining considerations of the lattice potential, we will omit the time

component of Equation 2.32 and work in the moving frame in which the frequency

difference between the beams is zero. This is equivalent to the instantaneous rest

frame of the transported atoms. In this frame k1 = k2 = k and ω1 = ω2.

Axially, the potential varies sinusoidally between the a minimum and maximum

intensity given by

Imin = I1 + I2 − 2
√

I1I2 (2.38)

and

Imax = I1 + I2 + 2
√

I1I2. (2.39)
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We can thus define the amplitude of the sinusoid to be

Ilattice = Imax − Imin = 4
√
I1I2. (2.40)

Using

cos(2θ) = 2 cos2(θ)− 1, (2.41)

the lattice potential can then be written as

I = Imin + Ilattice cos
2(kx). (2.42)

In the limiting case of equal beams I1 = I2 = I0, this reduces to the familiar

I = 4 I0 cos
2(kx). (2.43)

A contour plot of the lattice intensity is shown in Figure 2.3 for two Gaussian

beams. Axially, the sinusoidal variation between Imin and Imax is evident. Radially,

the potential follows the familiar Gaussian profile with a peak intensity of Imax.

Potential Depths

From the equations for the 1D lattice potential, we can determine the trap depths.

As already suggested by Figure 2.3, the trap depths can be split into an axial depth

along the beams’ propagation direction and a radial depth from the Gaussian beam

profile. Plots of the trap potential along the axial and radial directions are shown

in Figure 2.4, with the radial direction split into the horizontal direction without

gravity and the vertical direction with gravity.

Axially the trap depth is taken to be the sinusoidal part of the potential. At a

given point along the transport path it is given by

Uaxial(x) = AIlattice(ρ = 0, x) = 4A
√

I1(x)I2(x). (2.44)

Here we use U to denote a trap depth to distinguish it from U , the trap potential. As

before in Equation 2.18, Ii(x) is the maximum intensity of Beam i at axial position
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Figure 2.4: Origin of 1D lattice trap depths. (i) Axially, along the axis of the

beams’ propagation, the potential varies sinusoidally and trap depth is taken to be

the amplitude. (ii) Radially, the trap follows the typical Gaussian shape and the

trap depth is given by the peak intensity. (iii) Gravity adds an additional potential

term and “tilts” the potential thereby reducing trap depth by ∆Ug as shown.
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Figure 2.5: Components contributing to the radial trap depth (excluding gravity)

for Cs in a 1D lattice. In this example beam 1 (2) has a waist of 175µm (200µm) and

a focus position of 5cm (30cm) along the transport path. Both beams have 18W of

power. The contribution from Beam 1 (Beam 2) is shown by the dashed light green

(blue-grey) line and the interference cross term by the dash-dotted blue line. The

sum of those three components give the radial trap depth, shown by the black solid

line. The non-interfering case is shown for comparison by the dotted green line.
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x. The axial depth is given only by the sinusoidal part and not the additional Imin

term. Any atoms trapped only by this term and not by the lattice can not be

accelerated or decelerated by the lattice and hence are considered lost.

Radially, perpendicular to the direction of beam propagation, the optical poten-

tial has the typical Gaussian shape. As the lattice uses far red-detuned light, the

optical potential is attractive and the atoms are trapped at the anti-nodes of the

lattice. In the limit of large radial distances ρ → ±∞, the optical potential goes to

zero. Hence the trap depth at a given point along the transport path is given by

the value of Imax at that point1

Uradial(x) = AImax(ρ = 0, x) = A
(
I1(x) + I2(x) + 2

√
I1(x)I2(x)

)
. (2.45)

However, due to the effect of gravity the radial trap depths are separated into the

horizontal and vertical directions. Horizontally, the trap is purely Gaussian with a

depth given by Eq. 2.45. Vertically there is an additional gravitational term mgz

which “tilts” the potential, lowering the trap depth. There is no straightforward

analytic expression for the reduction in trap depth so the vertical trap depth is

found by calculating the potential along the z axis at each point along the trans-

port path and numerically finding the difference between the local maximum and

local minimum in the trap potential. The effect of gravity is considered further in

Section 2.3.4.

For any position x along the transport path, the beam size can be calculated

for each beam using Equation 2.6. Then, using Equation 2.18, the beams’ peak

intensity can be calculated and hence the axial and radial trap depths found using

Equation 2.44 and Equation 2.45 respectively. A plot of the radial depth through-

out the transport paths is shown in Figure 2.5, for two 18W beams of waists 175µm

and 200µm and focus positions 5cm and 30cm along the transport path. The fig-

ure also shows the contribution to the trap depth from each of the three terms in

1Strictly speaking the radial trap depth is only a meaningful quantity at x values where there
exists an anti-node. However we can treat the radial depth as a continuous quantity that gives the
trap depth at any point x at the instantaneous point in time, during a transport ramp, at which
an anti-node is located at that point.
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Equation 2.45: I1 by the green dashed line, I2 in the blue-grey dashed line and the

interference cross term in the blue dash-dotted line. The non-interfering case is also

shown for comparison in the light green dotted line. The efficacy of separating the

focus positions of the two beams can clearly be seen in the figure. The majority of

the radial trap depth is provided by the I1 at the start of the transport path, by I2

at the end of the transport path and by the cross term in the middle. As will be

shown in later sections, this separation of beams enables much greater trap depths

to be achieved.

Effect of Wavefront Curvature and Gouy Phase

Relaxing the previous simplification and including both the wavefront curvature and

Gouy phase terms into the electric field equations gives

E1(ρ, x) = E1(ρ, x) exp
[
+ik1x− iω1t+ ik1

ρ2

2R1(x)
− iφ1(x)

]
, (2.46)

and

E2(ρ, x) = E2(ρ, x) exp
[
−ik2x− iω2t− ik2

ρ2

2R2(x)
− iφ2(x)

]
, (2.47)

for the electric field of the two beams. The wavefront curvature of the two beams

are given by

R1(x) =
(x− xf,1)

2 + xR,1
2

x− xf,1

, (2.48)

R2(x) =
(x− xf,2)

2 + xR,2
2

x− xf,2

, (2.49)

and the Gouy phase terms given by

φ1(x) = arctan

(
x− xf,1

xR,1

)
. (2.50)

φ2(x) = − arctan

(
x− xf,2

xR,2

)
, (2.51)

where xf,i and xR,i are the focus position and Rayleigh range of Beam i respectively.

The curvature terms are defined such that a positive curvature means that the
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wavefronts point along the x-axis for both beams. Hence the equations for R1(x) and

R2(x) have the same sign. Beam 1 has a positive curvature downstream (after) of its

focus, while Beam 2 has a positive focus upstream (before) its focus. This difference

is reflected in the opposite sign in the exponent in the equations for E1(ρ, x) and

E2(ρ, x). The variation of the radius of curvature of the two beams is shown in

Figure 2.7(a) for beams of waist 195µm that are focussed 7.2cm from each end of

the transport path.

The Gouy phase terms are defined such that the phase shift in negative upstream

(before) of each beam’s focus and positive downstream (after) the beams focus. The

equations for φ1(x) and φ2(x) thus differ by a minus sign. Figure 2.6(a) shows the

variation of the Gouy phase for both beams along the transport path. As before,

beam waist of 195µm and focus positions 7.2cm from the transport path ends are

used.

Following the derivation in Section 2.3.3, the lattice intensity is then given by

I = I1 + I2 + 2
√

I1I2 cos

[
2kx−∆ωt+

k1ρ
2

2R1(x)
+

k2ρ
2

2R2(x)
+ ∆φ

]
, (2.52)

where ∆φ = φ1 − φ2 is the Gouy phase difference and other terms are defined as

before. In the rest frame of the lattice, where ω1 = ω2 and k1 = k2 = k, this

simplifies to

I = I1 + I2 + 2
√

I1I2 cos

[
2kx+

kρ2

2

(
1

R1(x)
+

1

R2(x)

)
+∆φ

]
. (2.53)

As can be expected, the wavefront curvature and Gouy phase terms cancel out in

intensity terms from each beam individually and only appear in the interference

term.

The Gouy phase term is shifts the location of the intensity maxima and minima

equal to the difference in the two phase terms. The size of the shift varies along

the transport path as shown in Figure 2.6, with panels (b) showing the unshifted

potential and panels (c) showing the contours with the Gouy phase included. As

the beams are symmetric around the centre of the transport path, both beams have

an equal Gouy phase shift at the centre and therefore the potential is unaffected.
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(b)

(a)

(c)

Figure 2.6: Effect of the Gouy phase term of Gaussian beam on the trapping

potential of a 1D lattice. (a) Shows how the Gouy phase of the transport beams

varies along the transport path. The beams have a waist of 195µm and are focussed

7.2cm from each end of the transport path, see Section 2.5.3. Contour plots of the

lattice potential at three different points along the transport path are shown in (b)

and (c), their positions are indicated by black dots in (a). All contours share the

same scale. (b) Shows the potential for Gaussian beams, without the Gouy phase.

(c) Shows the potential at the same points, including the Gouy phase which shifts

the location of the intensity maxima and minima according the the difference of the

two phase terms.
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(b)

(a)

(c)

Figure 2.7: Effect of the wavefront curvature term of Gaussian beam on the trapping

potential of a 1D lattice. (a) Shows how the radius of curvature of the transport

beams varies along the transport path. The beams have a waist of 195µm and are

focussed 7.2cm from each end of the transport path, see Section 2.5.3. Contour

plots of the lattice potential at three different points along the transport path are

shown in (b) and (c), their positions are indicated by black dots in (a). All contours

share the same scale. (b) Shows the potential for Gaussian beams, neglecting the

Wavefront curvature term. (c) Shows the potential at the same points, including

the wavefront curvature which curves the potential according to the sum of the two

curvature terms.
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The largest shifts occur the edges of the transport path, where the phase difference

is just over π/2 for the beam shapes used. The shift increases smoothly going from

the centre of the transport path to either edge. As the cloud of atoms that are being

transported have an axial extent of the order of 100µm, the shift in lattice position

is negligible for conveyor-belt transport. There is also, in principle, a small effect

on the axial trap frequency. This is due to a “missing” lattice maxima and minima

from the accumulated phase throughout the transport path. However, as there are

just under 7× 105 of each intensity extrema in the transport path, this difference is

also negligible.

The effect of the wavefront curvature terms is somewhat more subtle. They

are proportional to ρ2, hence the leave the potential on the axis of the transport

path unchanged, which is defined by ρ = 0. This means that the axial trap depth

is entirely unaffected. It also means that the wavefront curvature does not affect

the maximum intensity of the lattice Imax(ρ = 0, x) , which always occurs on the

axis of the transport beams. The wavefront curvature terms do however change the

radial shape of the traps, with the size of the distortion given by the sum of the

wavefront curvature terms. This change is shown in Figure 2.7 for three different

points along the transport path. The panels in (b) show the potential when the

wavefront terms are neglected, whereas panels in (c) include them. At the centre

of the transport path, x = 18.6cm, the wavefront curvatures of the two beams have

an equal magnitude but an opposite sign. The contributions thus cancel and the

potential remains unaffected. Meanwhile, at x = 2.6cm (and at x = 34.6cm) the

wavefront curvature terms have the same magnitude and sign and the potentials

noticeably affected.

The fact that the wavefront curvature does not affect the potential at the centre

of the transport axis may seem counter-intuitive at first but can be understood

with a simplistic model. Consider two wavefronts of equal and opposite curvature

travelling towards each other. Each point (or more precisely pair of points) along

the wavefront will intersect with the other wavefront at a different time, but the

location of that intersection will be a straight line orthogonal to the direction of the

wavefronts’ propagation. On the other hand, consider two wavefronts of curvature
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of equal size and direction. Each point will intersect the other wavefront at the same

point in time, but the line describing the intersection will now be a curve. These

intersection lines in the simplified picture are equivalent to lines of constant phase

for the real lattice.

Despite the curvature of the potential, the radial trap depths remain unaffected.

The horizontal trap depth is given only by the maximum intensity of the lattice

and hence is unchanged by the addition of the wavefront curvature. The vertical

trap depth is dependent on the shape of the trap due to the gravitational tilt, as

discussed in Section 2.3.4. If the vertical trap depth were to be found by taking

a vertical slice of the potential, the wavefront curvature would appear to lead to a

tighter trap and hence larger trap depth due to the gravitational tilt2. However, this

is only an artefact. Rather than a straight line, the potential needs to be considered

along the curved line of constant phase of the lattice as this represents the easiest

escape path for the atoms. Along these lines the trap shape and hence the trap

depth are unaffected when plotted against radial position.

Alternatively the effect of the wavefront curvature can be seen as a distortion of

the axial shape of the trap, with the distortion dependent on the radial coordinate).

However, as gravity and the Gaussian intensity drop-off depend only on the radial

coordinate, the trap depth is unaffected by this distortion.

Therefore, as both the Gouy phase and the wavefront curvature do not affect the

trap depths, they are neglected in future calculations in the interest of simplicity.

2.3.4 Gravitational Tilt

Gravity contributes a linear term mgz to the trap potential, giving a different radial

trap depth in the horizontal and radial directions. As already seen in Figure 2.4,

this has the effect of reducing the trap depth. The vertical trap depth is defined

as the difference between the local minimum at the centre of the trap and the local

maximum formed due to the gravitational potential term.

Vertical trapping potentials for K, Rb and Cs are shown in Figure 2.8. The

2It is worth noting that even taking this more, let’s say, “optimistic” definition of the vertical
trap depth, the trap depth would only be increased by a maximum of around 2%.
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Figure 2.8: Effect of gravity on the trapping potential. (a) Trap potential along

the vertical direction with gravity. Cs is shown with the solid red line, Rb with the

dashed blue line and K with the dash-dotted green line. The gravitational potential

terms are shown with the grey dashed lines. (b) Variation in vertical trap depth

drop with beam size. (i) The percentage drop in trap depth due to gravity is plotted

against the beam waist for different powers for Cs. The black dots indicate the beam

waist for each value of power that gives the same trap depth. (ii) effect of varying the

beam waist for the three different species is shown at a power of 20W. (c) Simplified

model to explain the dependence on beam waist. The optical trap uses a triangular

beam shape. See main text for details.
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optical potential is calculated for a single 1064nm beam with a waist of 150µm and

10W of power. The larger polarisability of Cs as compared to K and Rb is evident

from the deeper trap minimum, and the same is true for Rb compared to K. As is

obvious from the equation for the gravitational term, the gravitational tilt is more

severe for heavy atoms such as Cs and Rb.

The severity of the gravitational tilt is strongly dependent on the size of the trap

vertically, as shown in Figure 2.8(b). The plots show the percentage drop in vertical

trap depth as a function of the beam waist. The left plot shows the trap depth drop

for different beam powers for Cs with a sharp drop-off evident for all powers. The

right plot shows the decrease in trap depth at 20W for the three different species

over the same beam waist range.

The reason for the increased trap depth decrease can be understood by con-

sidering the simplified model shown in Figure 2.8(c). The model uses a triangular

beam shape for the optical trap with a vertical extent of 2a and depth U0, shown

in the dotted green line. As for the Gaussian trap, the gravitational term (light

green dashed line) tilts the trap as shown by the solid black line. In this case how-

ever the drop in trap depth due to gravity is easily described analytically, namely

∆Ug = mga. Thus the dependence of the trap depth drop on the size of the trap

becomes clear. In triangular beam shape model this is valid provided

a <
U0

mg
, (2.54)

above which the local maximum and minimum no longer exist and no trap is formed.

The same argument also applies to Gaussian beams. The local maximum in the

trap potential occurs at some distance aGauß from the central local minimum and

the decrease in trap depth due to gravity is equal to ∆Ug = mgaGauß. The larger the

beam size, the further away the local maximum occurs and hence the larger aGauß

and the decrease in trap depth are. For Gaussian beams, the relationship between

the beam waist and the location of the local maximum in the potential is more

complicated. This leads to the shape of the curves in Figure 2.8(b).

This dependence of the gravitational trap depth drop on the beam size exac-

33



erbates the challenge of providing sufficient trap depth to the atoms posed by the

beam divergence and by gravity. It also demonstrates why vertical optical “eleva-

tors” eliminate the issue of gravitational tilting. For an elevator, the size of the trap

is given by the wavelength of the light λ/2 = 532nm and thus the trap depth drop

due to gravity is negligible.

2.3.5 Magnetic Levitation

The effect of the gravitational tilt can be reduced using a magnetic gradient field.

Due to the Zeeman effect, a magnetic field will add a further term to the potential

given by

UB = −µ ·B (2.55)

where B is the magnetic field and µ is the atom’s magnetic moment. For Cs and

Rb, we work in the weak field limit, where the Zeeman shift is small compared to

the hyperfine splitting, wherein the potential term can be written [15]

UB = gFµBmFB (2.56)

where gF is the Landé g-factor, µB is the Bohr Magneton, mF is the projection of the

total angular momentum onto the quantisation axis and B = |B| is the magnitude

of the magnetic field. The magnitude of the magnetic field is used as the magnetic

moment of the atoms aligns to the direction of the magnetic field [15]. This is due

to magnetic field providing the quantisation axis for the atoms.

By engineering a field that varies linearly in the vertical direction

B =
dB

dz
z = B′z (2.57)

the effect of gravity can be counteracted, thereby “magnetically levitating” the

atoms. The magnitude of the gradient field required to fully levitate the atoms

is given by

B′
lev =

mg

|gf |µBmF

. (2.58)

34



Magnetic Coils

Quadrupole coils are well suited for magnetic levitation and consist of a pair of coils

of equal radius R and separation s that have an equal current I flowing through

them in opposite directions. This is known as the anti-Helmholtz configuration.

This produces a magnetic field zero at the centre of the coils, which we will take to

be at z = 0. For small distances around the centre of the coils, the gradient is linear

and hence the coil are able to levitate the atoms.

However there is some subtly due to field zero at the centre of the coils. Above

the zero, the field points in the positive z-direction and increases in magnitude.

Below the zero the field similarly increases in magnitude but points in the negative

z-direction. As the direction of magnetic field sets the quantisation axis of the

atoms, the quantisation axis will similarly undergo a sign change. To understand

why this is an issue, consider a cloud of atoms in a high-field seeking state at the

centre of a quadrupole coil pair. Any atoms situated above the field zero would

have their quantisation axis aligned with the z-axis and see an increasing (positive)

field with z. They would thus experience an “upwards” force to counteract gravity,

as desired. Any atoms situated below the field zero would have their quantisation

axis anti-aligned with z-axis. Hence they too would see an increasing (positive)

magnetic field along their quantisation axis and experience a force in that direction.

However, this force is now in the same direction as gravity due to change in the

quantisation axis’ direction. Instead of counteracting gravity for these atoms, it

is instead enhanced by a factor of two. Additionally the field zero would create a

point at which there is no quantisation axis to ensure that the atoms remain in the

Zeeman state they were prepared in.

To remedy this issue, an offset or “bias” field can be used to shift the position

of the field zero away from the atomic cloud. This field can be provided by an

addition set of coils in the Helmholtz configuration, with the currents through the

two coils flowing in the same direction. For high-field seeking atomic states, this

bias field must be positive such that the magnetic field zero is at lower z than the

atomic cloud and hence the atoms see a gradient field that is continually increasing

with increasing z. The atoms would then always experience a force that counteracts
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gravity.

In our setup we have a pair of bias coils and a pair of quadrupole around the

MOT Chamber and Science Cell, see Table 2.2. Their centre sets the position of the

start and end points of the transport path respectively. However due to the limited

size of the quadrupole coils, with a radius of about 4 cm, they only cover the edges of

the transport. Moving away from their axis, the magnitude of the magnetic gradient

field produced by the quadrupole coils diminishes and the direction of the field will

become increasingly horizontal until, on the far side of the coils’ radii, the field once

again becomes increasingly vertical, this time with opposite sign. The reason for

this behaviour becomes clear when recalling that magnetic field lines must form

complete loops. This also means that when moving away from the axis of the coils

the magnitude of the gradient field also decreases before it too changes sign before

asymptotically approaching zero for distances much greater than the coil radius.

The drop-off in magnetic gradient field is purely a geometric effect, and cannot be

eliminated by adjusting the current, and hence central gradient field of the coils.

This implies a diminished ability to counteract gravity when the atoms are trans-

ported out of the MOT chamber (and before they arrive in Science Cell) and even

a slight enhancement in the trap tilting at some distances along the transport path.

This is only the case if the offset field applied to atoms were to be uniform across

the transport path. The bias coils too have have a finite extent, with a radii of

6.6cm and 5.2cm for the MOT Chamber and Science Cell coils respectively. The

offset field they produce is therefore also not homogenous along the transport path

and its direction will also vary. This spatial variation must be taken into account

in combination with the spatial variation of the field produced by the quadrupole

coils.

Application to Cs, Rb and K

We work with atoms in their ground state: Cs in |F = 3,mF = 3⟩, Rb in |F =

1,mF = 1⟩ and K in |F = 1,mF = 1⟩ which are all high-field seeking. This means

their energy is reduced at larger fields as gF is negative. Hence to counteract gravity,

the magnetic gradient must be positive B′ > 0 such that B increases with increasing

36



0

10

20

30

G
ra

di
en

t F
ie

ld
 (G

/c
m

)
(i) Cs Gradient Bias Coils

Global Field

0

5

10

G
ra

di
en

t F
ie

ld
 (G

/c
m

)

(ii) K Gradient Bias Coils
Global Field

0 5 10

60

80

100

C
s 

Tr
ap

 D
ep

th
 (

K) (iii)

25 30 35

Bias Coils
Global Field
No Levitation

Position Along Transport Path (cm)

Figure 2.9: Magnetic gradient field produced for levitation as a function of the

position along the transport path. The central gradient is set to the levitation

gradient for Cs in (i) and for K in (ii). The gradient fields are calculated both using

the bias coils centred on the MOT Chamber and Science Cell, set to give a 22G field

at their centre, shown by the solid lines. The gradient field are also calculated using

a global, global offset field of 22G, shown in the dashed lines. (iii) Shows the vertical

trap depth for Cs in both levitation configurations and in the unlevitated case. The

beam parameters used are x0 = 7.2cm and w0 = 195µm, see Section 2.5.3.
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Coil Radius R (cm) Separation s (cm) Turns N

MC Bias 6.6(2) 6.83(8) 8

MC Quad 4.0(1) 6.89(4) 6

SC Bias 5.156(1) 5.88(1) 12

SC Quad 3.917(2) 5.2(4) 6

Table 2.2: Table of measured coil parameters. Values are based on equivalent-coil

fits to calibration measurements of the magnetic field along the axis of each coil

pair.

z. A negative gradient field B′ < 0 would “anti-levitate” the atoms, enhancing the

gravitational tilt. In these states, the values for gF can be taken as −1/4 for Cs [146]

and −1/2 for Rb [147] to a good approximation3.

For all subsequent calculations, the current through the bias coils is set to give a

22 G offset field, which corresponds to the Cs three-body loss minimum [148]. Due

to a fortunate near-equivalence in the mass-magnetic moment ratio for Cs and Rb,

the gradient fields required to levitate those species are 31.1G/cm and 30.6G/cm

respectively. For simplicity a gradient field of 31G/cm is used for both Cs and Rb

in all subsequent calculations.

However for K, the ground state hyperfine splitting is much smaller at 0.254GHz

[149], compared to 6.83GHz for Rb [147] and 9.19GHz for Cs [146], such that the

weak field approximation is no longer valid. Hence the potential is no longer linear

with magnetic field. For the purposes of magnetic levitation this means that B′
lev

depends on the magnitude of the offset field used. For the offset field of 22G used

(discussed in the next section) K requires a gradient field of 11G/cm, which is the

value used for later calculations. The challenges arising from the different gradient

field required for K are discussed in Section 2.5.4.

The variation in magnetic gradient field along the transport path is shown in

Figure 2.9 for both the Cs and K levitation gradients. The gradient field is plotted

in the case where there is uniform, global offset field (dashed lines) and when taking

3This assumes that the contribution to gF from the nuclear spin is zero and that gJ = 2 for
the ground state. Both of these are reasonable assumptions, with gF = −0.2508 for Cs and
gF = −0.5018 for Rb when these assumptions are relaxed. Data is taken from the same references.
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the finite extent of the bias coils into account (solid lines). In the case of a global

offset field, the gradient field becomes negative approximately 4cm from the centres

of the gradient coils before decreasing back to zero, as discussed above. In this

region, the atoms would be anti-levitated by the magnetic gradient. Fortunately,

when the real bias coil pairs are considered instead, the gradient field diminishes to

zero without ever becoming negative for both the MOT Chamber and Science Cell

coils. Hence the magnetic levitation in our experiment will only ever be beneficial

for the radial trap depth.

Also shown are the vertical trap depths for Cs in both levitation scenarios (solid

lines and dashed lines respectively) and in the case without levitation. The difference

in trap depth between the levitated an unlevitated cases is stark which highlights

the usefulness of magnetic levitation, which will be fully explored in Section 2.5.3.

The beam shapes used are those which will be found optimum in that section.

Calculating the Magnetic Field

Finding the magnetic field produced by the quadrupole and bias coils for transport

is complicated as the field away from the coils’ axis must be calculated. Due to the

cylindrical symmetry of the coils, we work in cylindrical polar coordinates (ρ, ϕ, z)

where ρ is the radial distance, where ϕ is the azimuthal angle, and z is the axial

position. Note that ρcoils used here is not the same as the ρbeam used in Section 2.3.2,

with ρcoils =
√

x2 + y2 and ρbeam =
√

y2 + z2, as the axes of symmetry for the

beams and the coils are orthogonal. For the calculations we use an “equivalent”

coil wherein a real coil is treated as a thin coil with one turn with a radius R. The

current through the equivalent coil is given by I = NIreal where N is the number of

turns in the real coil and Ireal is the current through the real coil. An equivalent coil

pair is made of two coils of the same radius and current which have a separation s.

The origin is taken to be at the centre of the coil pair such that the individual coils

are centred on z = +s/2 and z = −s/2. The B-field contribution from a single coil
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is given by [17]

Bρ =
µ0I

2π

z̃

ρ
√
(R + ρ)2 + z̃2

[
R2 + ρ2 + z̃2

(R− ρ)2 + z̃2
E(κ)−K(κ)

]
,

Bϕ = 0,

Bz =
µ0I

2π

1√
(R + ρ)2 + z̃2

[
R2 − ρ2 − z̃2

(R− ρ)2 + z̃2
E(κ) +K(κ)

]
,

(2.59)

where z̃ = z ∓ s/2 for a coil centred at z = ±s/2. K(κ) and E(κ) are complete

elliptic integrals of the first and second kind given by

K(κ) =

∫ π/2

0

dθ
1√

1− κ sin2 θ
, (2.60)

and

E(κ) =

∫ π/2

0

dθ
√

1− κ sin2 θ, (2.61)

with the argument κ given by

κ =
4Rρ

(R + ρ)2 + z̃2
. (2.62)

These equations are derived using the Biot-Savart law to find the vector potential

A from the coil loop, which has only a Aϕ component equal to

Aϕ =
µ0I

π

1

κ

√
R

ρ

[(
1− 1

2
κ2

)
K(κ)− E(κ)

]
. (2.63)

From there the B-field components are found by taking the curl B = ∇×A. Full

derivations can be found in [150] and [151].

For the transport calculations, the Bρ and Bz contributions from each individual

coil are calculated and summed to find the magnitude |B|. For the bias coils in

the Helmholtz configuration both coils have current flowing in the same direction,

whereas for the quadrupole coils in the anti-Helmholtz configuration the coils have

current flowing in opposite directions. The upper quadrupole coil, centred at z =

+s/2, has a negative current while all other coils have a positive current.
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Figure 2.10: Magnetic bias field on the transport axis, z = 0 and y = 0, along

the transport path (solid lines). Contributions from the bias coils (dashed lines)

and quadrupole coils (dash-dotted lines) are shown with the bias coil currents set to

give a 22G offset field at both ends of the transport path and the quadrupole coil

currents set to fully levitate Cs in panel (i) and K in panel (ii).

Magnetic Anti-Trapping

As well as the beneficial gradient field vertically, the quadrupole coils also produce

anti-trapping potential terms in the directions orthogonal to the coils’ axis [152,153].

This can significantly reduce the trap depths in some circumstance, and must be

compensated for with a sufficiently large bias field. For our transport scheme, the

trap depths affected are in the axial and horizontal radial directions. Fortunately

in our case this effect is negligible, causing a reduction no greater than 1%. This is

due to the size of the beam relative to the coils as well as the 22G bias field used.

Additionally, the horizontal trap depth is the one most significantly affected but it is

not limiting in any of the following optimisations. Hence this small effect is omitted

in the subsequent calculations.
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Quantisation Axis

Due to degenerate Raman sideband cooling used to prepare atoms in the Main

Chamber, Cs and Rb atoms are prepared in their lowest hyperfine states, |F =

3,mF = 3⟩ and |F = 1,mF = 1⟩ respectively. To ensure the atoms remain in these

states, a quantisation axis in the form of a bias magnetic field must be provided to

the atoms throughout the transport path.

Fortunately, the bias and quadrupole coils around the Main Chamber and Science

Cell provide a sufficient bias field throughout the transport path, even with currents

set to those required for magnetic levitation. Figure 2.10 shows the variation of the

bias field along the entire transport path, for both the Cs and K levitation gradient

fields. The bias field on the transport axis is considered y = z = 0 (or equivalently

ρ = 0). The contributions of the bias (quadrupole) coils is shown in the dashed

(dash-dotted) lines. For both gradient fields, the minimum offset field is 1G which

is sufficient to provide a quantisation axis.

To confirm that the atoms do remain in the same hyperfine state, we perform

Stern-Gerlach separation. Optical traps are turned off but the magnetic field is kept

at the levitation gradient for the lowest hyperfine states. Any atoms not in that

state would then be spacially separated. We do not observe any atoms in other

hyperfine states.

2.4 The Simplest Beam Configuration

As a starting point in optimising the beam parameters, we will consider the simplest

case: two beams of equal power and beam size focused at the centre of the transport

path, x = 18.6cm. The optical conveyor-belt is formed from two transport beams,

derived from separate 30W 1064nm fibre amplifiers. Details of the amplifier setup

are presented in Chapter 3. For the purpose of these calculations a conservative

estimate of 18W of power for each beam is taken. Note that while the power dictates

the trap depth, it does not affect the optimisation.

Initially, the vertical trap depth is considered without any magnetic levitation.

The effect of adding magnetic levitation is considered in Section 2.4.1. In Sec-
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Figure 2.11: Varying the beam waist for the simplest case of two beam of equal

power both focused at the centre of the transport path, x = 18.6cm. (a) Shows the

dependence on beam waist of the beam size at the edges of the transport path where

(x− xf) = 18.6cm. (b) Shows the Cs vertical radial trap depth variation along the

transport path for different beam waists. (c) Shows a zoom-in of the same trap

depths for the MOT Chamber end of the transport path.

tion 2.4.2, the assumption that both beams are focused at the centre of the transport

path is relaxed.

With these assumptions, the only parameter left to optimise is the beam waist

w0, common to both beams. With both beams focussed at the centre of the transport

path, the trap depth at the edges of the transport path will be the lowest. Hence we

only need to consider the trap depth at the start of the transport path, x = 0cm, or

equivalently at the end of the transport path, x = 37.2cm. The optimum waist will

therefore be the one that minimise the beam size 18.6cm from the beam’s focus.

This optimum can be found analytically and for the general case of minimising

the beam size at some distance s from the focus. For Gaussian beams, the beam

size w varies with axial position x and beam waist w0 according to:

w(x,w0) = w0

√
1 +

(x− xf)
2

xR
2

= w0

√
1 +

(x− xf)
2λ2

π2w0
4

(2.64)
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where λ is the wavelength and xf is the focus position. As we want to find the

minimum beam size at a given position away from the beam focus, we can set x = s

and treat is as a constant. Then taking the derivative of w with respect to w0 and

setting it to zero:

dw

dw0

=

√
1 +

(s− xf)
2λ2

π2w0
4

+ w0

(
1

2

)(
1 +

(s− xf)
2λ2

π2w0
4

)− 1
2
(
−4

(s− xf)
2λ2

π2
w0

−5

)
,

(2.65)
dw

dw0

= 0 ⇒ 1− (s− xf)
2λ2

π2w0
4

= 0, (2.66)

∴ (s− xf)
2 =

π2w0
4

λ2
= xR

2. (2.67)

Hence, the optimum waist is that for which s is exactly one Rayleigh range from

the focus. Rearranging gives:

w0 =

√
λ

π
|s− xf |, (2.68)

where the absolute value ensures a real w0 is taken for all s. In our case we have

1064nm light and distance away from the focus position equal to half the transport

distance (s− xf) = 18.6cm, giving an optimum waist of w0 = 251µm.

Figure 2.11 shows the effect of varying the beam waist on the trap depth. The

variation of the beam size a distance of 18.6cm away from the focus is shown in

2.11(a), with the minimum around 250µm clearly visible. The variation in vertical

trap depth along the transport path for a range of beam waists is shown in 2.11(b)

and a more detailed plot of the depth close to the edge of the transport path shown

in 2.11(c). The trap depths for Cs are shown, but in this case all species share the

same optimum.

The significance of the beam size on the gravitational tilt can again be seen in

this figure. Looking at the trap depth for the 250µm waist beams, the trap depth at

the edges is a factor of 4.5 smaller at the edges than at the centre. As the edge and

the centre are exactly a Rayleigh range apart, the radial trap depth in the horizontal

direction drops by only a factor of 2.

The optimum waist of 250µm, shown by the solid green line, gives a minimum
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Figure 2.12: Adding magnetic levitation to the simplest case. The Cs vertical radial

trap depth is shown with (without) levitation by the solid green (dashed grey) lines,

with previously optimum waist of w0 = 250µm. The levitated trap depth for a

reduced beam size of w0 = 225µm is shown by the blue dash-dotted line which

yields a further increase in minimum trap depth compared to a waist of 250µm.

trap depth of 30.5µK for Cs, 15.2µK for Rb and 26.3µK for K. Beams of smaller

waists, 200µm is shown in the dashed red line, give a greater trap depth at the

beams’ focus but suffer from a sharper drop-off towards the edge of the transport.

On the other hand larger waists, 300µm shown in the blue dotted line and 350µm

shown in the purple dash-dotted line, give a smaller variation in trap depth along

the trap depth but again with a lower trap depth at the edges of the transport path.

2.4.1 Adding in Levitation

Now we will consider the effect of adding in magnetic levitation. In our setup we

have two pairs of quadrupole coils of radius ∼ 4cm, centred on the MOT Chamber

and Science Cell respectively. These, combined with a bias field, can compensate

the gravitational tilt and thereby increase the minimum trap depth.

Figure 2.12 shows the effect of including the quadrupole coils and the bias coils,

with the previous unlevitated case shown in the grey dashed line and the levitated

case shown in green. At the edges of the transport path the gravitational tilt is

compensated fully and the vertical radial trap depth becomes equal to the horizontal

45



0 10 20 30 37.2
Position Along Transport Path (cm)

0

50

100

150

Ve
rti

ca
l C

s 
Tr

ap
 D

ep
th

 (
K)

0cm
5cm
10cm
15cm
18.6cm0.0 0.5

30

40

Figure 2.13: Adding an offset to the beams’ focus positions in the simplest case.

The beams are displaced in opposite directions along the transport axis by the

amount indicated. In the case of 0cm displacement (solid red line) the two beams

are positioned as before, whereas for 18.6cm displacement, Beam 1 and Beam 2 are

focussed in the MOT Chamber and Science Cell respectively.

radial trap depth at 94µK for Cs. However, as the drop off in gradient field moving

away from the centre of the coils outcompetes the decrease in beam size moving

close to the focus, the minimum trap no longer occurs at the edge of the transport

path. Instead the minima are now at x = 4.1cm and x = 33.2cm with depth of

62.6µK and 64.7µK respectively for Cs. The differences between the two trap depth

minima is due to the slightly different sizes of the MOT Chamber and Science Cell

quadrupole and bias coils.

With the position of the trap depth minimum now closer to the centre of trans-

port path, and hence also the focus positions of the beams, further improvements

in the trap depth can be gained by reducing the beam waist. An example is shown

by the blue dash-dotted line, which the shows the levitated trap depth for a the

beam waist of 225µm. This waist yields trap depth minima of 65.8µK and 67.9µK,

situated at x = 3.6cm and x = 33.4cm respectively.
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2.4.2 Separating the beams

Returning back to the calculations without magnetic levitation, we will now consider

the effect of adding an offset to the beams. As the problem has mirror symmetry

around the centre of the transport path, an equal offset of ∆x is added to both

beams. Beam 1 (Beam 2) is offset towards smaller (larger) x to be focused closer to

the MOT Chamber (Science Cell).

The trap depths for three different beam offsets are shown in Figure 2.13. An

increase in trap depth at the edge of the transport path is clearly seen in the inset.

This increase grows with the displacement up to 15cm, which gives a minimum Cs

trap depth of 40.3µK. For the even larger offset of ∆x = 18.6cm, where the beams

are focused at the edges of the transport path, the trap depth reduces again. This

is due to diminished contribution of the beam furthest away from each edge (Beam

2 in the MOT chamber and Beam 1 in the Science Cell). For ∆x = 18.6cm an

additional trap depth minimum is evident at the centre of the transport path, at

x = 18.6cm.

As for the calculations adding in magnetic levitation, the distance between the

trap depth minimum and the beams’ foci is reduced when an offset is added, opening

up the possibility of further increases in trap depth by reducing the beam waists.

This is explored in the following sections where the beam waist and beam offsets

are varied simultaneously.

2.5 The Full Solution

Following on from the basic calculations, we will now fully optimise the transport

lattice trap depths. As before each beam is assumed to have a power of 18W. Due

to the equal power in the two transport lattice beams, there is a mirror symmetry

in the problem of optimising the trap depth along the centre of the transport path.

The optimum beam shapes will respect this symmetry and therefore the two beam

waists and the focus position’s displacement from the centre of the transport path

will be equal. This is illustrated in Figure 2.14, with the beams waist set to w0 and

beam 1 (green) and beam 2 (blue) focused a distance x0 from the MOT Chamber
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Figure 2.14: Sketch of the transport beams in the equal power case. The beam

size of beam 1 (beam 2) along the transport path is illustrated by the green (blue)

lines. Both beams share a waist of w0 and a focus position x0 away from the MOT

Chamber and Science Cell respectively.

and Science Cell respectively. These two parameters, w0 and x0, are the main focus

of the trap depth optimisation.

As a starting point, we will optimise for the vertical radial depth in Section 2.5.1

before considering the axial depth in Section 2.5.2. In Section 2.5.3 the effects of

adding in magnetic levitation are included. Finally, Section 2.5.4 will compare the

optimum transport conditions for the three different species.

2.5.1 Optimise for Radial Depth

The beam shapes are optimised by varying x0 and w0 simultaneously. As discussed

in Section 2.4.2, offsetting the beams relative to each other changes the distance

between their focus position and the location of the trap depth minimum and hence

the waist that gives the greatest minimum trap depth. In this first optimisation,

magnetic levitation is not considered. Due to the symmetry of the two lattice beams,

the trap depth minimum can therefore either be in the centre of the transport path,

for smaller values of x0, or at both ends of the transport path for larger values of x0.

Therefore, the trap depth need only be calculated at one of the ends of the transport

path, say x = 0cm, and at the centre x = 18.6cm and the minimum of those two

values taken.

Figure 2.15(a) shows the contour plot of the minimum trap depth of Cs versus

x0 and w0 with yellow/bright regions signifying deeper traps and blue/dark regions

shallow traps to no trap. The focus position is varied from 0 cm to 18.6 cm, cor-
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(b)

(a)

Figure 2.15: Optimisation of the radial trap depth. (a) Shows a contour plot of

the minimum trap depth for Cs along the transport path, varying the waists and

focus positions of the lattice beams. (b) Shows the variation of the trap depth along

the transport path in the axial (red dashed lines), radial (light red solid lines) and

radial with gravity (dark red dash-dotted lines) for different beam parameters. The

minimum trap depth is indicated with the grey shaded region and is maximised in

(iii) with x0 = 5.5 cm and w0 = 180 µm, when the trap depth in the centre is equal

to that at either end.
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responding to the beams being focused in the centre of their respective vacuum

chamber and being focused at the centre of the transport path respectively. The

beams waists is varied between 100µm and 300µm in order to give a broad enough

range to encompass the previous consideration. Only the optimisation contour for

Cs is shown here, although as will be shown explicitly in Section 2.5.4 there is a

negligible difference between the three species for this optimisation.

Figure 2.15(b) shows how the trap depth varies along the transport path for four

different pairs of x0 and w0 values. The black horizontal line and the grey shaded

region show the minimum trap depth. As panel (iii) shows, the optimum beam

shapes of x0 = 5.5cm and w0 = 180µm, balance the trap depths at the edges and at

the centre. As can be seen in Figure 2.15, (iii) lies on a distinct “ridge” that exists

for focus positions up to ∼ 7.5cm which consists of pairs of beam shape parameters

that balance the trap depth at the centre and edges of the transport path. Left

of the ridge the centre trap depth is limiting, while on its right the edges of the

transport path are limiting.

Increasing the waist to 250µm, as seen in (i), flattens the trap depth profile, but

at the cost of reduced trap depth at the edges. The larger waist means lower peak

intensity and hence lower trap depth. At the same time, a larger waist beam has a

longer Rayleigh range and so slower drop-off of intensity and trap depth away from

the focus. On the other hand increasing x0 to 15cm, as seen in (iv), greatly increases

the trap depth around the centre of the transport path at the cost of a dramatic

reduction at the edges. Finally (ii) shows the case of larger x0 and w0 with a flatter

profile than (iv) but still with the same limitation.

Comparing Axial and Radial Depths

For all four of the selected points, the axial trap depth is always less than or equal

to the radial trap depth (without gravity). This is in fact a general result for a 1D

optical lattice which becomes clear when considering the difference between the two

depths:

URadial − UAxial = A
(
I1 + I2 − 2

√
I1I2

)
= A

(√
I1 −

√
I2

)2
. (2.69)
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The difference between the two depths is proportional to a square of real quantities,

I1 and I2, and A is positive. Hence the difference can never be negative and the

axial depth is never greater than the radial depth. In the limiting case of I1 = I2 the

two depths are equal. This means that when adding in the magnetic levitation to

increase the vertical trap depth, we need only to compare it to the axial trap depth.

2.5.2 Optimise for Axial Depth

As for the radial trap depth, we can optimise for the axial trap depth by simul-

taneously varying the beam waists and focus positions in order to find a contour

similar to Figure 2.15(a), which is shown in Figure 2.16(a). The contour for the axial

optimisation does however look rather different to the radial contour, with a large

portion of the parameter space yield a minimum trap depth close to the optimum.

In fact it will be shown below, there is not a single pair of optimum beam param-

eters. Rather there is a “ridge” of beam parameters that give the same minimum

trap depth.

To gain some insight into the axial optimisation, the axial depth is considered an-

alytically which will give the expressions for the two curves shown in Figure 2.16(a).

From Equation 2.44, the axial depth is given by

Uaxial(x) = 4A
√

I1(x)I2(x) = 8AP

π

(
1

w1(x)w2(x)

)
. (2.70)

The axial depth can thus be optimised by minimising the denominator in the equa-

tion above, D = w1(x)w2(x). In order to make this minimisation tractable, we will

make the simplifying assumption that the minimum trap depth will occur at the

edges of the transport path. We will return back to this assumption later to find the

region over which it holds true, but for now simply point out that this is the case for

the four beam parameter pairs selected in Figure 2.15. Due to the symmetry of the

beams, the trap depth at either end of the transport path will be equal. Selecting

x = 0 and expanding out the terms gives

D(x = 0) = w0
2

√
1 +

(x0)
2λ2

π2w0
4

√
1 +

(d− x0)
2λ2

π2w0
4

. (2.71)
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(b)

(a)

Figure 2.16: Optimising for the axial depth only. (a) Shows a contour plot of the Cs

axial depth against the focus position x0 and the beam waist w0. The black dotted

line shows the values for which the axial depth at the centre and the two ends

is equal. The black dashed line shows the “ridge” of x0 and their corresponding

w0 values that give the same minimum axial depth, located at both ends of the

transport path. Four pairs of x0 and w0 values, points (1)-(4), are indicated with

black circles. For these points, (b) shows the trap depths throughout the transport

path (i) in the axial and (ii) in the radial direction.
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as the equation to minimise. A relatively straightforward way of doing this is to

treat x0 as a parameter and minimise D with respect to w0:

dD

dw0

=2w0

√
1 +

(x0)
2λ2

π2w0
4

√
1 +

(d− x0)
2λ2

π2w0
4

+ w0
2

(−4x0
2w0

−5)

√
1 + (d−x0)

2λ2

π2w0
4

2
√
1 + (x0)

2λ2

π2w0
4


+ w0

2

(−4(d− x0)
2w0

−5)

√
1 + (x0)

2λ2

π2w0
4

2
√

1 + (d−x0)
2λ2

π2w0
4


(2.72)

dD

dw0

= 0 ⇒ 1− 1

w0
8

(
λ

π

)4

(d− x0)
2(x0)

2 = 0 (2.73)

Hence:

w0 =

√
λ

π
4
√

x0 (d− x0), for 0 ≤ x0 ≤ d, (2.74)

which defines the black dashed line in Figure 2.16. Substituting this back into

Equation 2.70 and simplifying gives:

Uaxial = 8A P

λd
(2.75)

which interestingly is independent of x0. This means that there is not a single pair

of values for w0 and x0 that maximise the axial trap depth on either edge of the

transport path. Instead for any value of x0 (within the range 0 ≤ x0 ≤ d/2 we are

interested in), there exists a value of w0 which will give the same minimum axial

depth. This maximum axial depth is equal to 95.1µK for Cs, 56.2µK for Rb and

48.9µK for K.

However, this only holds if the edges of the transport are in fact where the

axial trap depth is minimum, the simplifying assumption made earlier. The other

possibility is that the axial trap depth minimum occurs in the centre of the transport

path at x = d/2 = 18.6cm. In order to find the values of x0 for which the axial trap

depth at the edges is smaller than the axial depth at the centre, we will consider
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the limiting case where they are equal, giving:

(
1 +

(d/2− x0)
2

xR
2

)
=

√
1 +

(d− x0)
2

xR
2

√
1 +

(x0)
2

xR
2

(2.76)

Squaring both sides, expanding and collecting terms gives:

xR
2
[
2(d/2− x0)

2 − (d− x0)
2 − x0

2
]
= x0

2(d− x0)
2 − (d/2− x0)

4 (2.77)

Rearranging and substituting in the equation for the Rayleigh ranges:

w0 =

√
λ

π
4

√
x0

2 − x0d+
d2

8
, for 0 ≤ x0 < d

(
1

2
− 1√

8

)
, (2.78)

which is shown in Figure 2.16(a) by the black dotted line. Thus we can find the

point at which the two lines cross by setting Equation 2.78 equal to Equation 2.74

x0 ≥
d

2

(
1−

√
3

2

)
≈ 0.0670d, (2.79)

which for our transport distance d = 37.2cm gives x0 ≥ 2.49cm.

Putting it all together, for each value of the focus positions x0 there exists a

beam waist w0, given by Equation 2.74, such that the axial depth at the edges

of the transport is equal to the same value. This value is given by 2.75 and is

independent of x0 and w0. Values of x0 for which the axial depth is limited by the

depth at the edges of the transport path is given by Equation 2.79. Combined these

equations define the ridge of beam parameter values that yield the same optimum

axial depth, shown by the dashed black line in Figure 2.16(a).

The variation in trap depth along the transport path for four different points

along the optimum ridge is plotted in Figure 2.16(b). Point (1) shows the case for

small x0 where the beams are too close to the edges of the transport path and the

minimum axial trap depth occurs at the centre of the transport path; point (2)

shows the limiting case where the depth at the edges and centre are exactly equal;

while points (3) and (4) show two examples for which the axial trap depth is limited

only by the edges. The optimised minimum trap depth is indicated by the arrow
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Figure 2.17: Optimising for the axial depth and vertical radial depth including

levitation. (a) Shows a contour plot of the minimum trap depth for a range of focus

positions and beam waists. Both the axial and vertical trap depths are considered.

(b) Shows the variation of the trap depth for all three species with position along

the transport path with the optimum beam parameters of x0 = 7.2cm and w0 =

195µm. The current through the MOT Chamber and Science Cell coils are set to

give gradient fields that exactly compensate gravity for each species respectively.

and grey shaded region. Also shown is the variation in the horizontal radial trap

depth along the transport path for the same beam parameters, which show greater

the variation in minimum trap depth seen previously.

With the equations above, best achievable axial trap depth for any given species

and beam powers can easily be calculated. This sets the upper limit on minimum

overall trap depth achievable when compensating against gravity with magnetic

levitation, which is considered in the next section.
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2.5.3 Optimise with Levitation

With the insight gained into the axial trap depth, we now turn to re-optimising

the vertical radial trap depth with magnetic levitation. As before x0 and w0 are

varied and for each pair of values, the minimum trap depth is found. Unlike the

optimisation without magnetic levitation, the trap depth across the entire transport

path needs to be calculated. This is because the minimum trap depth may no longer

occur at the edges or the centre of the transport path, as seen in Section 2.4.1. As

before, the optimisation is performed for Cs, with the currents in the quadrupole

coils set such that they produce the 31.1G/cm required to fully levitate Cs at the

centre of the MOT Chamber and the Science Cell. Similarly the current through

the bias coils is set to produce an offset field of 22G.

Figure 2.17(a) shows the resulting optimisation contour for Cs, again with yel-

low/bright regions signifying deeper traps and blue/dark regions shallow traps to no

trap. Unlike previous optimisations, in this case both the axial and vertical radial

trap depths were calculated throughout the transport path, and the global minimum

of the two taken, resulting in a somewhat more complex optimisation contour. As

before there are ridges where the trap depth between two or more points is equal.

For waists above 200µm and focus positions below 7cm, the ridge occurs for beam

parameters at which the vertical trap depth at the centre is equal to the depth at

the trap depth minimum due to the drop-off in gradient field, close to the edge. For

waists below 200µm the ridge splits in two. The ridge at smaller focus positions

corresponding to equal trap depth between the central vertical trap depth and the

axial depth at the edge, whereas the ridge at larger focus positions corresponds to

equal trap depth between the central vertical trap depth and the local vertical depth

minimum.

From these calculations, the new optimum beam parameters were found to be

x0 = 7.2cm and w0 = 195cm. A larger value of x0 can be understood intuitively, as

the coils give rise to deeper traps close to the edges but do not affect the trap depths

closer to the centre. The larger waist, at this increased value of x0, ensures that the

axial depth minimum remains close to its maximum, as calculated in Section 2.5.2.

The trap depths resulting from the new optimum are shown in Figure 2.17(b) for
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all three species. For each species the appropriate levitation gradient was used, see

Section 2.3.5. The effect of using a different levitation gradient for each species is

presented in Section 2.5.4. The minimum trap depths achieved are now 91.8µK for

Cs, 51.9µK for Rb and 47.5µK for K. For Cs and Rb the minimum axial depth and

the minimum vertical radial depth are almost identical with the axial slightly lower

for Cs: 91.8µK compared to 93.4µK, but with the vertical radial slightly lower for

Rb: 51.9µK compared to 52.5µK. For K on the other hand, the axial depth is by

far the limiting depth: 47.5µK compared to 57.0µK. The reason for this is twofold,

firstly K is much lighter than Cs and Rb leading to a smaller gravitational trap

depth reduction and secondly due to its lower levitation gradient of 11G/cm. The

latter means that the drop-off in gradient field away from the centre of the coils is

less severe, as can be seen in Figure 2.9. In fact this drop off is slow enough that

for the the first few cm (and last few cm) the trap depth increases when moving

away from the coils’ centre, as the intensity increase from moving closer to the focus

position outcompetes the gradient field drop-off.

For the purposes of our implementation of optical conveyor-belt transport, fur-

ther trap depth optimisation is not necessary for Cs or Rb. As will be shown later,

using these beam parameters combined with magnetic levitation is sufficient. More-

over the axial depth is limiting (or nearly limiting) for all species and the minimum

axial depth is close to the maximum achievable, as found in Section 2.5.2. Further

optimisation past this point would therefore yield only slight increases in minimum

trap depth.

2.5.4 Comparing Species

The calculations in Section 2.5.1 and Section 2.5.3 that gave the optimisation con-

tours for Cs were re-done for both Rb and K. Figure 2.18 summarises the result

with the contours enclosing the parameter space that yields a minimum trap depth

above 98% (solid lines), 90% (dashed lines) and 75% (dotted lines) of the maximum

achievable for that optimisation. Plots are shown both for the radial optimisation in

panel (i) and the levitated optimisation in panel (ii). As the only difference between

the species relevant to the axial optimisation is the polarisability, the contours for
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Figure 2.18: Comparing optima of Cs, Rb and K with contours for the three

species shown in red, blue and green respectively. Panel (i) shows the optimisation

without levitation, while panel (ii) take it into account. The optimum values of

focus positions and beam waists are show with the black circles. Contours enclose

the region where the minimum trap depth is at least 98% (solid lines), 90% (dashed

lines) and 75% (dotted lines) of the maximum trap depth. Both axial and radial

vertical trap depths are calculated.
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all three species are identical.

For the optimisation without levitation differences between the three species are

minimal, with all three contour having the same shape and a common optimum.

The only difference evident is that, especially for the 75% contour, a broader range

of beam parameters achieve the same trap depth for K than for Cs and Rb (and

similarly for Cs compared to Rb). This can be explained entirely due to the difference

in gravitational tilt shown in Figure 2.8.

On the other hand the levitated optimisation contours are noticeably different.

For K the contours enclose a greater parameter space and shifted towards larger

waists than the contours for Cs and Rb. This is due to the axial depth being

limiting for K, as was found in Section 2.5.3. Its contour therefore mostly follows

the axial ridge described by Equation 2.74, which explains its larger extent and

location. The differences between the Cs and Rb contours are more subtle, with

both having the same shape, but with slight shifts relative to each other. These

shifts are due to difference in gravitational tilt, which changes at which points the

axial trap depth is below the vertical trap depth. Despite these differences, it is still

possible to find a pair of values of the beam waists and focus positions that give

at least 98% of the maximum trap depth for each species. These are x0 = 7.2cm

and w0 = 195µm, indicated by the black dot and the values found previously. A

difference between the species which is less easily overcome is that of the different

required gradient field.

Choosing Gradient Field

One significant difference between the three species is the different magnetic gra-

dients they require for levitation. While the Cs and Rb levitation gradients are

very similar at 31.1G/cm and 30.6G/cm respectively, the K levitation is far lower at

11G/cm. This lower gradient field is beneficial when dealing with K on its own as

it means a larger effective coil range. However if K is to be transported at the same

time as Cs or Rb, it poses a challenge, which is illustrated in Figure 2.19. The trap

depths for all three species are shown using the optimum beam waist and focus po-

sitions found previously, Section 2.5.3 and Section 2.5.1. Shown is the vertical trap
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Figure 2.19: Comparing the vertical trap depth of Cs, Rb and K for two differ-

ent central magnetic levitation gradients, 11G/cm (dash-dotted lines) and 31G/cm

(solid lines). The former fully levitates K while the latter fully levitates Cs and Rb.

The variation of the vertical trap depth along the transport path for the levitated

optimum beam parameters, x0 = 7.2cm and w0 = 195µm, and the unlevitated op-

timum, x0 = 5.5cm and w0 = 180µm.
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depth for two different gradient fields: 31G/cm to levitate Cs (and Rb) in dark solid

lines and 11G/cm to levitate K in light dash-dotted. For the sake of comparison,

both the beam shapes for the levitated and unlevitated optima are included.

For Cs and Rb, the lower gradient field of 11G/cm leads to significantly reduced

vertical trap depth at the transport path edges as can be expected. The Cs minimum

vertical depth is reduced from 93.6µK to 67.1µK, while for Rb the minimum depth

is reduced from 51.8µK to 37.2µK. While these depths are still greater than those

achieved with the unlevitated optimum beam shapes (even with the gradient field

added), the reduction is nonetheless significant.

The inverse problem exists for K for the 31G/cm gradient field. As the gradient

field exceeds that required to counteract gravity, the atoms are over-levitated with

the trap tilted in the opposite direction. This has the same effect on the depth as

an insufficient gradient field, with the minimum trap depth reduced from 56.9µK

to 24.8µK. In the over-levitated case for K, there appear to be sharp, discontinuous

changes in the trap depth, which are explained in the next section.

While the transport of K, and so also the transport of K with Cs or Rb, is outside

the scope of this work, there are some possible ways of overcoming this challenge.

One way to remedy this difference would be to pick a compromise gradient field, say

∼ 20G/cm, which is not ideal for any species but not catastrophic either. The de-

pendence of the K levitation gradient on the magnetic offset field (see Section 2.3.5)

could then also be accounted for. In such a case, the beam waists and focus positions

could be re-optimised at the new gradient field.

Here too a compromise may need to be found between the K depths and Rb/Cs

depths, possibly taking into account the atom number and temperature of each

species achievable in the MOT Chamber. Alternatively, the problem could be cir-

cumvented by transporting K and Cs/Rb sequentially rather than simultaneously.

This however would likely require a more complex set of dipole trap in the MOT

Chamber and/or the Science Cell to implement.
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Figure 2.20: Origin of the discontinuity in vertical trap depth when over-levitating

the atoms. (a) Shows the trap local maximum in the potential moving from one

side of the local minimum to the other as the gradient crosses through the levitation

gradient. The “height” of the potential on either side of the local minimum is

indicated by the red and blue arrows. (b) Shows a plot of the height of the potential

on the left (dashed red line) and right (dashed blue line) of the local minimum. The

trap depth (solid black line) is then defined as the minimum of those two lines.
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Over-levitation subtlety

In cases where the atoms are over-levitated, where the central gradient field exceeds

that needed to levitate the atoms, a discontinuity will appear in trap depth cal-

culated when moving away from the coils’ axis. While healthy suspicion towards

such discontinuities is usually correct, in this case there is a physical reason for its

existence. The discontinuity will occur exactly at the point where the gradient field

crosses the levitation gradients and the atoms go from being over-levitated to under-

levitated, and is shown in Figure 2.20. In the fully levitated case, or equivalently

for the horizontal radial trap depth, the trap depth is given simply by the poten-

tial minimum’s distance from the background, which we take to be equal to zero.

Meanwhile, in both the under-levitated and over-levitated cases, there exists a local

maximum in the potential which is below zero. The trap depth is thus defined as the

difference between the local maximum and local minimum. For the over-levitated

case (negative effective gravity) the local maximum occurs on the right of the local

minimum, at larger z. On the other hand, for the under-levitated case (positive

effective gravity) the local maximum occurs on the left of the local minimum, at

smaller z. Therefore when the gradient field crosses between over-levitated to under-

levitated, position where the local maximum discontinuously moves from the right

to the the left of the local minimum, similarly giving rise to a discontinuous trap

depth.

This can be further illustrated by considering the “height” of the potential an

equal distance from either side of the local minimum, shown by the red and blue

arrows in Figure 2.20(a). Plotting the height of the left and right side of the po-

tential, Figure 2.20(b) shows two nearly straight lines with opposite sign gradients.

For effective gravity, the trap depth is defined as the minimum of these two heights.

The discontinuity occurs at the point where the two lines cross. The fact that these

height of the potential is not a straight line with effective gravity is due to the

Gaussian shape of the optical trapping potential and the location of the maximum

changing with effective gravity.
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Simplest Case Unlevitated Levitated

(Section 2.4) (Section 2.5.1) (Section 2.5.3)

Beam
Parameters

x0 (cm) 18.6 5.5 7.2

w0 (µm) 250 180 195

Minimum
Radial Depth

Cs 30.5 66.5 95.3

Rb 15.2 36.3 53.4

K 26.3 43.8 55.7

Minimum
Axial Depth

Cs 95.1 92.6 92.9

Rb 56.2 54.7 54.9

K 48.9 47.6 47.7

Table 2.3: Table summarising the beam waist and focus positions found to be

optimum for each optimisation performed, and the minimum trap depths achieved

for each species.

2.6 The Summary: Comparing Optima

The results of the calculations above are summarised in Figure 2.21. Initially two

beams focused in the centre of the transport path were considered and their waist

optimised, dotted blue-grey line in Figure 2.21(b). Adding in symmetric offset be-

tween the two beams yielded significantly increased minimum trap depth for all

three species, dashed green line. The axial trap depth, due to its simpler mathe-

matical form can be understood mathematically and it was found that a range of

beam waists and focus positions pairs yield the same optimised axial trap depth.

With this insight, the vertical trap depth was re-optimised, this time considering

both magnetic levitation and the axial depth, solid blue line. After this optimisa-

tion it was found that the axial depth was limiting for Cs and K and very close to

limiting for Rb, meaning that no further increases in the trap depth minimum could

be gained with the current setup. The beam waist, focus positions and minimum

trap depth values are summarised in Table 2.3.
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(b)(a)

Figure 2.21: Comparing optima from different optimisations. (a) Shows the regions

of the parameter space that optimise for vertical depth without levitation (green),

axial depth (light green) and combined axial and vertical depth with levitation and

axial. The lines enclose the regions where the minimum potential depth is at least

98% (solid lines), 90% (dashed lines) and 75% (dotted line) of the optimum minimum

depth for that optimisation. (b) Shows the vertical trap depth along the transport

path for three different optimisations: the basic configuration with equal identical

beam shapes (blue-grey dotted line), symmetrical beams without levitation (green

dashed line) and symmetrical beams including levitation.
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Figure 2.22: Variation of the predicted trap frequencies along the transport in the

(i) radial direction and (ii) axial direction. Note that the radial frequencies are in

Hz and the axial frequencies are in kHz. Cs is shown in the solid red line, Rb in the

dashed blue line and K in the dash-dotted green line. The calculations are performed

for the optimum beam parameters with levitation, x0 = 7.2cm and w0 = 195µm,

and 1064nm light with 18W per beam.
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2.7 Trap Frequencies

The predicted trap frequencies along the axis of the optical conveyor-belt are shown

in Figure 2.22, in both the axial and the radial directions for all three species. They

are calculated for the optimum beam parameters with levitation, x0 = 7.2cm and

w0 = 195µm. For each point along the transport path, the trap frequencies are

found by fitting a quadratic around the local minimum in the trapping potential in

each direction. An equation of the form

Uharmonic =
1

2
mω2(y − y0)

2, (2.80)

is used where m is the mass of the atom, ω is the angular trap frequency, y is the

coordinate along the appropriate axis and y0 is the position of the local minimum

in the trap potential. Using ω = 2πf , the (ordinary, non-angular) trap frequency is

then found. A quadratic fit to the potential is used to find the trap frequencies rather

than a quadratic approximation of the potential, as in [135], due to the difficulty in

defining a beam size when the lattice is formed from two beams with different focus

positions.

The variation in trap frequency is approximately ±20% in the radial direction

and ±10% axially for all three species. The differences between the species are

due to the different polarisability-to-mass ratios. The high axial trap frequencies of

∼ 110kHz for Rb and Cs allow fast accelerations of the atoms. For both Rb and Cs

accelerations up to 38km/s2 are possible, above which the axial trap depth is reduced

to zero due to the accelerational tilting of the axial potential, see Section 4.1.4. It

is anticipated that changes in the trap frequency over the course of the transport

could cause parametric heating [114] if the time scale for the change approaches

(2frad)
−1 ∼ 5ms. This would lead to a drop of transport efficiency at very high

speeds. However the transport durations are limited to 14.9ms by the maximum

detuning of the frequency control setup and, as shown in Section 4.1.5.
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CHAPTER 3

Transport Setup

In this chapter the experimental setup is presented and discussed. Section 3.1 gives

a brief overview of techniques used to prepare samples of cold atoms in the MOT

chamber. Section 3.2 gives the details of the optical setup used for transport.

3.1 Preparation of Atoms in the MOT Chamber

This section briefly outlines the techniques used to cool Rb and Cs atoms. More

detail can be found in the theses of Andrew Innes [154] and Jonathan Mortlock [155],

as well as in [133]. Details of the cooling procedure for K can also be found in [154].

A schematic of the vacuum apparatus and the optical setup for cooling, trapping

and transporting the atoms is show in Figure 3.1. Atomic samples are prepared

in a 12-port stainless steel vacuum chamber, the MOT chamber. The experiment

employs 2D+ magneto-optical traps (MOTs) [156] as atomic sources. Two separate

glass cell house atomic dispensers, one for Cs and one for Rb, situated on opposite

sides of the MOT chamber. A push beam is used to provide a high-flux of atoms into

the MOT chamber from the glass cells and the 2D+ MOTs provide transverse cooling

and confinement of the beams. Some of the push beam light is retro-reflected and
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Figure 3.1: Schematic overview of the experimental apparatus. The vacuum appa-

ratus and optical layout used to cool, trap, transport and image Rb and Cs atoms are

shown. The transport beams are aligned to be overlapped and counter-propagating

along x, the axis between the two chambers. Electromagnetic coils used to gener-

ate bias and gradient magnetic fields sit above and below both chambers, but are

omitted for clarity. Similarly, the MOT and DRSC beams propagating through the

MOT chamber in the z direction are also omitted.
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used as a slowing beam, providing some slowing along the third spatial dimension1

Atoms are loaded into the 3D MOT in the centre of the MOT Chamber from

the two atomic beams. Separate optical fibres and beam paths are used for Rb and

Cs. However light for the 3D MOT of K uses the same fibre and beam paths as Rb.

As the D2 lines for the two species are very similar, at 780nm for Rb and 766nm for

K, this can be done without significant losses in beam power.

The atoms then undergo further sub-Doppler cooling using an optical molasses

and degenerate Raman sideband cooling (DRSC) [157] for both Rb and Cs simulta-

neously. This cools the atoms to ≈ 1µK and spin-polarizes them into the energeti-

cally lowest Zeeman state, namely |F = 3,mF = 3⟩ for Cs and |F = 1,mF = 1⟩ for

Rb.

Subsequently, the atoms are magnetically levitated and loaded into a large vol-

ume crossed optical dipole trap, the “reservoir trap”, made from two beams with

≈ 500µm waists crossing at ≈ 90°. The beams are derived from a 50W, 1070nm

broadband Ytterbium fibre laser (IPG Photonics). The beams are set up in a “bow-

tie” configuration wherein the light exiting the MOT Chamber is reused for the

second beam. Following a hold time of 750ms to allow the atoms to thermalise in

the reservoir trap, 1.0 × 107 Cs atoms or 1.0 × 107 Rb atoms typically remain at

temperatures of 3.7µK and 5.6µK, respectively.

The optical conveyor belt is loaded from the reservoir trap. The power in each

lattice beam is controlled by a λ/2 waveplate mounted onto a rotating, hollow-core

stepper motor before a polarising beam splitter (PBS) [158] and can be smoothly

ramped on/off in 100ms for transfer of atoms into/out of the lattice.

Absorption imaging is used to measure the number of atoms and their spatial

distribution. This can be performed in either the MOT chamber or the Science Cell

using the same CCD camera, as shown in Figure 3.1.

1This cooling along the third spatial dimension is why this technique is know as a 2D+ MOT.
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3.2 Transport Lattice setup

Light for the transport lattice is provided by two 1064nm fibre amplifiers (Azurlight

systems), one for each lattice beam, as shown in Figure 3.1. Using two different

amplifiers is central to our transport scheme. Firstly, it increases the available

amount of power (see also Section 3.2.1 and Section 3.2.2) and secondly, it enables

the beams shapes of each lattice beam to be set independently (see Chapter 2 and

Section 3.2.3). However using two independent beams also presents some challenges.

The setup is sensitive to beam pointing noise, as discussed in Section 3.2.4, and the

alignment of the transport beam is challenging, as discussed in Section 3.2.5.

3.2.1 Maximising Beam Power

The principle limitation for optical conveyor-belts is providing sufficient trap depth

throughout the transport path, as discussed in Chapter 2. As the trap depth is

directly proportional to the power in the lattice beams2, maximising the amount of

power in each lattice beam is crucial. However this maximisation is not as simple

as using the highest power laser system possible. In particular, the implementation

of the frequency control must be carefully considered.

Optical conveyor-belt transport requires two phase coherent beams of a single,

controllable frequency. They must each be phase coherent to produce a lattice and

single frequency to avoid creating multiple moving lattices with different speeds.

Thus the two beams must have a common source. Additionally, the conveyor-belt

must be stationary at the beginning and end of transport to enable efficient loading

into and out of the lattice. Hence the two beams must have zero frequency detuning

at the end points of the transport sequence. To transport the atoms with minimal

loss, the frequency detuning must be ramped on and off smoothly. An acousto-

optical modulator (AOM) is ideal for this application as it gives precise frequency

control and the various diffracted orders are spatially separated according to their

frequency, allowing only the desired frequency to be used and the rest discarded [159].

2This is a slight oversimplification as it is only true in cases, such as ours, where there is equal
power in both beams. If there are significantly different powers in the two beams the dependence
on power becomes more complicated.
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However due to their finite bandwidth, a pair of AOMs must be used to enable

smooth ramping of the detuning. Additionally, to avoid beam-pointing deflection

with frequency, the AOMs must be double passed [160], requiring a total of four

AOM passes. Even with high diffraction efficiencies into the desired order of 85%

this constitutes a significant loss of power. Additionally, the diffraction efficiency

of the AOMs decreases as the RF frequency supplied to the AOMs is shifted away

from the AOM centre frequency.

For our implementation of optical conveyor-belt transport, we use two fibre am-

plifiers seeded from a common source to ensure phase coherence. Inspired by [128],

both AOMs are placed in the seed path (see Section 3.2.2 and Figure 3.2 for more

details). As long as a minimum power of 10mW is coupled into each fibre amplifier,

they will output 30W. Hence, as long as there is sufficient power in the seed path,

this configuration eliminates all losses in power on the atoms associated with the

AOMs. A more detailed discussion of different transport configurations is found in

Appendix B.

Our fibre amplifiers have a maximum output power of 30W. However due to the

various optical components required, 20(1)W of light is incident onto the atoms.

Losses are mainly due to the optical isolator and a pair of polarising beam splitters

in each beam path, see Figure 3.1. The isolators prevent light, both from the other

amplifier and due to back reflections, from entering back into the fibre amplifier and

thereby causing damage to it. The pair of beam splitters are used in conjunction

with a λ/2 waveplate attached to a rotation mount to dynamically switch light

between the transport and the Science Cell dipole trap beam paths.

3.2.2 Transport Seed Setup

A schematic of the optical setup used to seed the fibre amplifier and control the

relative frequency between the two lattice beams is shown in Figure 3.2(a). The

seed light is provided by a 1064nm Mephisto-NPRO laser (InnoLight, Coherent)

with a maximum power of 2W. Light is split off for each amplifier using a pair of λ/2

waveplates and polarising beam splitters (PBS). One AOM (Isomet M1080-T80L)

is placed in each path and aligned such that both branches use the -1st diffraction
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Figure 3.2: Schematic of the seed setup for the fibre amplifiers. (a) Shows the

optical setup of the seed path. Two double-passed passed AOMs are used to control

he frequency difference between the light seeding the amplifiers. Note that the

AOMs are aligned to the -1st order and hence a decrease in the RF modulation

frequency will result in an increase in the frequency of the diffracted light and vice

versa. (b) A more detailed schematic of optics used to double-pass the AOMs. The

lens and mirror in a “cat’s-eye” configuration, described in detail in the main text.

Different frequencies of light are shown in different colours.
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order. The AOMs are set up in a double-pass configuration [160], meaning light

is retro-reflected back through each AOM after the initial pass to be diffracted a

second time. Both AOMs are operated at the same centre frequency f0 = 75MHz.

A time-dependent frequency shift δf(t) is applied to both modulation frequencies

simultaneously, but with opposite signs. As the AOMs are aligned to diffract light

into the -1st diffraction order, the RF modulation frequency is subtracted from the

frequency of the light, giving ffinal = finitial−2fAOM for each branch. Hence the total

relative lattice detuning is given by

∆f(t) = −4δf(t). (3.1)

A λ/4 waveplate is placed before the retro-reflecting mirror which allows the

diffracted beam to be separated from the initial beam using a PBS and subse-

quently coupled into an optical fibre. The beam path that seeds fibre amplifier 1

uses an additional λ/2 waveplate and PBS to ensure that no light from the fibre

amplifier 2 path can enter fibre amplifier 1. When the optics were first set up, this

additional PBS was not in place. Instead, light was coupled into fibre amplifier 1

from the transmission back through the first PBS (as is done for fibre amplifier 2).

A small amount of light, the fraction that was still vertically polarised after the λ/4

waveplate was reflected by other two beam splitters and coupled into the optical

fibre of amplifier 1. Thus, when the frequencies of the two AOMs was detuned,

light of two different frequencies was entering the fibre amplifier. This resulted in a

modulation of the fibre amplifier output power and enhanced atoms loss.

Operating the AOMs in a double-pass configuration ensures that the beam point-

ing of the diffracted beam does not vary with the AOM frequency [160]. Thus the

coupling efficiency into the seed fibres remains constant with AOM frequency. How-

ever, operating the AOMs away from their centre frequency does still lead to a

reduced diffraction efficiency into the -1st order. In order for the fibre amplifiers to

operate, a minimum seed power of 10mW is required. The efficiency drop-off with

frequency, along with the amount of power in each beam path, limits the maxi-

mum detuning achievable between the lattice beams. This, in turn, determines the
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maximum lattice velocity and hence the minimum transport duration.

The double-pass AOM is implemented using a “cat’s eye” retro-reflector [161],

see Figure 3.2(b). It consists of a lens and a mirror separated by a distance equal

to the focal length of the lens f = 150mm. This focuses the beam onto the mirror

and hence ensures that the size of the beam on the second pass matches the beams

size on the first past. This avoids the beam clipping on the aperture of the AOM

and hence maximises the overall diffraction efficiency. The distance between the

AOM and the lens is also set to be equal to the focal length of the lens and the

lens is centred on the 0th (non-diffracted) order. The lens therefore parallelises the

-1st order relative to the 0th order regardless of the AOM frequency. This ensures

that, after retro-reflection, the beam is sent back along the same beam path as

the incident light and hence the angular shift with AOM frequency is avoided. An

alternative to the cat’s eye retro-reflector is to place the AOM at the focus of a 1:1

telescope formed by two converging lenses of equal focal length and separated by

twice the focal length [160]. However, this scheme requires an additional optic and

more space. Additionally, in the telescope configuration the AOMs are placed at the

focus of the beam, whereas our AOMs diffract more efficiently at larger beam sizes.

Hence the cat’s eye configuration was preferred. The overall double-pass efficiency

is 65(1)% for both branches.

If the atoms are only transported from the MOT Chamber to the Science cell,

each AOM is only shifted in one direction, δf is positive as defined in Figure 3.2(a).

On the other hand, if round-trip transport is performed, the frequency shift δf is

both positive and negative for both AOMs. Adjusting the alignment of the AOMs

relative to the incident beam adjusts the range of frequencies over which the AOMs

diffract efficiently. Hence, in the scenario where only one-way transport is required

the AOMs can be aligned to enable a large detuning of up to ∆f = 103MHz. For

two-way transport, where the AOM frequency shifts are symmetrical, the maximum

achievable detuning was ∆f = ±82MHz

To control the AOM frequencies, a direct digital synthesiser (DDS) dual-frequency

generator (MOGLabs ARF) is used. More details on the setup and characterisa-

tion of the DDS are given in [155]. The DDS has two phase synchronized outputs,
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Figure 3.3: Schematic of the lenses used to control the beam shape of the two

transport beams. Both beam paths have a telescope to shape the beam out of the

fibre amplifier laser heads. A second pair of lenses is used to shape the beam to the

required size and focus position for transport beam 1 while a single focussing lens

is sufficient for transport beam 2.

which is crucial as relative phase noise around the lattice trap frequencies leads to

heating [128, 162]. The memory size is of 8191 instructions which limits the AOM

frequency update rate. For longer ramps, the update rate becomes comparable to

the axial trap frequency, which is known to cause heating [61], see Section 4.1.5.

3.2.3 Beam Focussing

As described in Chapter 2, and specifically Section 2.5.3, the desired beam parame-

ters for the lattice beams are a waist of 195µm and with transport beam 1 (transport

beam 2) focussed 7.2cm from the MOT Chamber (Science Cell). The configuration

of lenses used to achieve these beam shapes are shown in Figure 3.3. The beams

out of the fibre amplifier laser heads are converging, measured to be focussing to a

waist of 410(5)µm at a distance of 1.40(5)m from the laser head. For both transport

beams, a telescope consisting of lenses with focal lengths 150mm and −75mm is

used to reduce the beam size and (approximately) collimate the beams. This avoids

any clipping of the beams on the apertures of the optical isolators in each beam

path, see Figure 3.1. In an earlier implementation an additional AOM was placed

in each beam path for fast switching of the beam power. This was later replaced by
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a waveplate mounted onto a hollow-core stepper motor and a PBS [158], as well as

a high-power shutter. Subsequently, the beams are focused to the required 195µm

waist using a pair of lenses for transport beam 1 and a single lens for transport

beam 2. An additional lens had to be used for transport beam 1 due to the longer

optical path length between the desired focus position and the end of the vacuum

chamber, as can be seen in Figure 3.1.

The lenses for the transport beams were initially aligned to give the target beam

profile, as measured by deflecting the beams onto a different path before the vacuum

chamber. Typical uncertainties were ≈ 10µm for the waist and ≈ 1cm for the focus

position. The beams out of the fibre amplifiers had slightly elliptical profiles and

showed some astigmatism. As a consequence, it was not possible to exactly match

the desired beam sizes in both axes. Thus after the two transport beams were aligned

and overlapped with each other, the lens positions were adjusted to maximise the

measured transport efficiency.

3.2.4 Pointing Stability

The beam pointing stability is of great importance for any optical transport scheme

but especially for our optical conveyor-belt transport [163,164]. Drifts in the beam

pointing over time can lead to drifts in the final position of the atoms. This in

turn could lead to fluctuations in, for example, the number of atoms subsequently

captured in trap and hence a decline in the performance of the transport. Beam

pointing fluctuations can also lead to direct loss during transport. This is a concern

particularly for optical conveyor-belts as any drifts comparable to the size of the

beam waist would lead to significant reductions in trap depth. For schemes such as

ours with two independent lattice beams are susceptible to drifts as they are not

“self-correcting” in the way, say, a scheme using a retro-reflected lattice would be3.

For both fibre amplifiers used for transport, the beam stability was measured

using a CCD camera (Thorlabs DCC1545M) as shown in Figure 3.4. The measure-

ment was performed with the amplifiers at full power and the beams attenuated

3This assumes the use of a re-collimating lens before the retro mirror
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Figure 3.4: Warm-up behaviour of the fibre amplifiers. Variation of the beam

pointing of the two transport fibre amplifiers is measured over time after turn-on

and split into a horizontal component (top panels) and vertical component (bottom

panels). Data for fibre amplifier 1 is shown on the left (green), data for fibre amplifier

2 is shown on the right (blue).
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to avoid damaging the camera. This was done by using a pair of glass blanks for

fibre amplifier 2 and the light transmitted through a back-polished mirror for fibre

amplifier 14. Images were taken at an interval of 30s for at least three hours. Each

image was fitted to a Gaussian profile to extract the centre point of the beam. The

variation in beam position was then converted into an angular pointing deviation by

dividing by the optical path length between the laser head and the camera, equal

to 1.5m and 2.4m for amplifier 1 and amplifier 2 respectively.

Both lattice beams exhibit a significant beam pointing drift over time when the

amplifiers are switched on. This behaviour is associated with the fibre amplifiers

warming up over a timescale of approximately two hours. The output power of

the fibre amplifiers shows fluctuations over a similar timescale, as specified and

measured by the manufacturer. The drifts in position were found to be consistent

day-to-day. As a part of the daily experimental protocol, the fibre amplifiers are

given appropriate time to settle before being used. After the warm-up period, the

beam pointing is stable to 4µrad, which corresponds to a drift of no more than

7µm at the focus of the beam. The beam pointing exhibits an oscillatory behaviour,

most clearly visible in the data for fibre amplifier 2. This oscillation has a period

of approximately 10 minutes and was correlated to the air conditioning cycle of the

lab. A beam pointing measurement was performed using light from the Mephisto

NPRO coupled into an optical fibre and similar oscillatory behaviour was observed.

Hence the oscillations are not unique to the fibre amplifiers and are likely due to

variations in temperature and/or pressure affecting the optical path used for the

measurement. Thus, the optomechanical components used for the final transport

beam path were selected to maximise the passive stability of the setup.

3.2.5 Beam Alignment

The alignment of the two transport beams presented a challenge when first imple-

menting transport. Both beams must be well overlapped throughout the transport

4A PBS and λ/2 waveplate could also be used to attenuate the beam. However this was found
to give a poorer-quality attenuated beam with scattered light forming a greater fraction of the
transmitted light.
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path to ensure a high trap depth. Initially, the two beams were aligned such that,

by eye, they appeared to be overlapped. However this proved to be insufficiently

precise. Instead the atoms were used to provide a more sensitive metric. A dipole

trap can be formed by crossing each transport beam in turn with another dipole

trap beam in the MOT Chamber. The number of atoms or the optical density in

this improvised trap provides a quantity to maximise. While it is relatively straight-

forward to overlap the beams in this way, it only guarantees that the beams are well

aligned in the MOT chamber. An angular separation between the two beams can

still persist.

To illustrate the significance of an angular separation between the two transport

beams, Figure 3.5 shows the trapping potential for a range of such angular separa-

tions. Transport beam 1 is taken to be along the transport axis of all angles. The

sinusoidal variation in the trapping potential is omitted for clarity, such that the

potential is given by Imax as defined in Equation 2.39. Below 15cm, the angular

separations has little effect on the trapping potential. At around 20cm and above,

the region of maximum intensity is noticeable raised above the transport axis. In

the case of 2mrad a noticeable “splitting” of the potential occurs, coinciding with

the separation of the two beam exceeding the beam size at that point.

The approach taken to fully overlap the transport beams was iterative. As can

be seen in Figure 3.1, each transport beam has two mirrors before the chamber to

steer the beam. The two mirrors for transport beam 1 were iteratively adjusted

to ensure that the beam exited the vacuum chamber centred on the Science Cell

(using the final mirror) and aligned to the atoms in the MOT Chamber (using

the second-to-last mirror). Once this process was complete, transport beam 1 was

taken to define the transport axis. The final mirror for transport beam 2 was then

used to align the beam to the atoms in the MOT Chamber, thereby overlapping

it with transport beam 1 at that point. In order to find the correct angle for the

second-to-last mirror, the transport efficiency as a function of transport distance

was measured for a range of the mirror’s angles. At each point, the final mirror was

readjusted to ensure the two transport beams were aligned in the MOT Chamber.

This was repeated for both the horizontal and vertical directions and the results are
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shown in Figure 3.6. As imaging of the atoms is only possible in the MOT Chamber

(and later in the Science Cell), the atoms were transported the desired distances

before being transported back to be imaged. The one-way transport efficiency was

calculated by taking the square root of the round-trip efficiency, thereby assuming

that losses are symmetrical for both legs of transport. One notable feature is the

very weak angular dependence of the transport distance on mirror angle for short

distances. For distances of 15cm and below, the mirror angle has almost no effect

on the transport efficiency. This reproduces the phenomenon seen in Figure 3.5 and

described above.

Using this iterative approach, transport to the Science Cell was first achieved.

This allowed the Science Cell imaging setup to be aligned and transport to be further

optimised and characterised. These characterisation measurements are discussed in

the next chapter.
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CHAPTER 4

Transport Characterisation

This chapter presents the characterisation and optimisation of our transport scheme.

In Section 4.1 different transport trajectories are considered and their efficacy is

compared both theoretically and experimentally. Further characterisation measure-

ments are presented in Section 4.2. Section 4.3 discusses transport of both Rb and

Cs simultaneously. Finally, the production of a Bose-Einstein condensate of either

Rb or Cs is presented in Section 4.4.

4.1 Transport Trajectories

For optical conveyor-belts, transport is realised by dynamically varying the fre-

quency difference ∆f between the two lattice beams. This varies the velocity of the

lattice according to

vlattice =
λ∆f

2
(4.1)

where λ is the wavelength. In this section different velocity profiles are investigated

and compared. The equations of motion are derived for the Minimum Acceleration,

Minimum Jerk and Minimum Snap trajectories, which minimise the integral of the

square of the acceleration, jerk (rate of change of acceleration) and snap (rate of
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change of jerk) respectively. These ramps are compared to the Linear Trajectory,

where the velocity is varied linearly.

4.1.1 Background

In previous implementations of optical conveyor-belt transport, the most commonly

used velocity profile is a linear ramp, where the velocity is linearly increased from

zero to a maximum value before being reduced back to zero at the same rate [63,

126, 128, 129]. To remain consistent with naming of other trajectories considered,

this type of velocity ramp will be referred to as the “Linear Trajectory”. This gives

a trajectory with a position described by a pair of parabolas and piece-wise constant

acceleration. A linear ramp can be preferable as it is relatively easy to implement

with frequency control systems will often having it as an inbuilt feature. As the

acceleration is piece-wise linear, it is discontinuously changed at the start, end and

midpoint of the trajectory. These sudden perturbations can lead to large losses of

atoms, especially for large accelerations [128].

Avoiding perturbations from discontinuous changes in acceleration motivates

the use of more complex trajectories. These include sinusoidal trajectories [61,

165], trajectories piece-wise cubic in acceleration [127], and trajectories where the

position is described by the hyperbolic tangent [135]. Transport schemes with low

axial confinement have used a Blackman pulse, made from a sum of cosines, for

tweezer transport [118] and time-varying magnetic field [166]. Trajectories based

on the “Minimum Jerk Trajectory” have been used for moving atoms in a tweezer

trap [167,168].

However little systematic investigation into the effectiveness of different trajecto-

ries has been reported. The notable exception to this was the excellent 2020 paper by

Hickman and Saffman [61]. It compared the measured transport efficiencies of 87Rb

over a distance of 0.2mm in an optical conveyor-belt with Monte-Carlo simulations

to compare two different trajectories. The first was a “triangle” profile, identical to

the Linear Trajectory used in other conveyor-belt implementations, and the second

was a sinusoidal profile. They found that the sinusoidal trajectory outperformed the

Linear Trajectory, which they attributed to its smooth velocity profile.
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We chose to investigate the Minimum Jerk Trajectory alongside the Linear Tra-

jectory. The Minimum Jerk Trajectory minimises the square of the jerk, integrated

over the trajectory [169]. Inspired by [170], we also investigate the related Minimum

Acceleration and Minimum Snap trajectories which similarly minimise the square

intergral of acceleration and snap respectively. These trajectories have a relatively

straightforward analytical form, with each trajectory being described by a single

polynomial, unlike other piece-wise profiles. The differences between the three tra-

jectories, described in Section 4.1.4, allow insight to be gained about different loss

mechanisms during transport.

4.1.2 Derivation

The equations of motion are derived by minimising an integral of the form:

J =

∫ T

0

1

2
Q(t)2dt (4.2)

where T is the duration of the transport, t is time and Q(t) = x(n)(t) is the

quantity to be minimised. The notation

x(n) =
dnx

dtn
(4.3)

is used to denote the nth derivative of position with respect to time. The quantity

Q is squared to avoid unwanted cancellation between times when the quantity is

positive and when it is negative (e.g. by the boundary conditions that the trajectory

begins and ends at rest, the acceleration will always integrate to zero). Integrating

the quantity over the trajectory ensures perturbations throughout the entire ramp

are taken into account. The factor of 1
2
is purely for mathematical convenience.

Minimising the integral can be done using the calculus of variations. An integral

of the form

J =

∫ b

a

f
(
t, x(t), ẋ(t), ..., x(n)(t)

)
dt (4.4)

is minimised by a function, x(t), such that f obeys a generalised form of the Euler-
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Lagrange equation [171,172], sometimes known as the Euler-Poisson equation:

∂f

∂t
− d

dt

(
∂f

∂x(1)

)
+ ...+ (−1)n

dn

dtn

(
∂f

∂x(n)

)
= 0. (4.5)

For the case of the Minimum Jerk Trajectory, Q = x(3) giving

f =
1

2

(
x(3)
)2

. (4.6)

Hence, as f only has an explicit dependence on x(3), there is exactly one non-zero

term:

0 =
d3

dt3

(
∂f

∂x(3)

)
=

d3

dt3
(
x(3)
)
= x(6) (4.7)

and so the equation of motion is a fifth-order polynomial. The constants can then

be found with appropriate boundary conditions. Here, the initial and final positions

are given by xi and xf , and we take the velocity x(1)(t) and acceleration x(2)(t) to

be zero at the start and end, yielding a total of six constraints:

x(0) = xi, x(1)(0) = 0, x(2)(0) = 0,

x(T ) = xf , x(1)(T ) = 0, x(2)(T ) = 0.

(4.8)

Applying these conditions and solving the resultant simultaneous equations gives

the equation:

x = xi + (xf − xi)

(
10

(
t

T

)3

− 15

(
t

T

)4

+ 6

(
t

T

)5
)
. (4.9)

Similarly, the equations of motion for the Minimum Acceleration and Minimum

Snap trajectories can be derived by setting Q = a = x(2) and Q = x(4), giving 3rd

and 7th order polynomials respectively. The coefficients for the Minimum Acceler-

ation Trajectory are found by applying the same constraints on the initial and final

positions and requiring zero velocity at the start and end:
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x(0) = xi, x(1)(0) = 0,

x(T ) = xf , x(1)(T ) = 0.

(4.10)

The Minimum Snap Trajectory coefficients are derived by setting velocity, accel-

eration and jerk to zero at the start and end, as well as from the constraints on the

initial and final positions:

x(0) = xi, x(1)(0) = 0, x(2)(0) = 0, x(3)(0) = 0,

x(T ) = xf , x(1)(T ) = 0, x(2)(T ) = 0, x(3)(T ) = 0.

(4.11)

The final trajectory considered is the “Linear Trajectory”, consisting of a piece-

wise function which is linear in velocity. Like the Minimum Acceleration Trajectory,

the Linear Trajectory is subject to the boundary conditions on the initial and final

position as well as zero velocity at the start and end. To avoid jumps in detuning,

the velocity of the two pieces is matched at t = T/2.

4.1.3 Equations of Motion

The equations of motion for the four different trajectories are presented below.

For reference, the velocities and accelerations are also given. For all profiles the

initial position is taken to be zero, xi = 0, and the distance moved is given by

d = xf − xi = xf . As above, the duration of the trajectory is given by T . These

two quantities, duration and distance, completely describe any frequency ramp and

scale the x and y axes respectively.

Position

Minimum Acceleration Trajectory:

x(t) = d

[
3

(
t

T

)2

− 2

(
t

T

)3
]

(4.12)
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Minimum Jerk Trajectory:

x(t) = d

[
10

(
t

T

)3

− 15

(
t

T

)4

+ 6

(
t

T

)5
]

(4.13)

Minimum Snap Trajectory:

x(t) = d

[
35

(
t

T

)4

− 84

(
t

T

)5

+ 70

(
t

T

)6

− 20

(
t

T

)7
]

(4.14)

Linear Trajectory:

x(t) =


d
[
2
(

t
T

)2]
if 0 ≤ t/T ≤ 1

2

d
[
−1 + 4

(
t
T

)
− 2
(

t
T

)2]
if 1

2
< t/T ≤ 1

(4.15)

Velocity

Minimum Acceleration Trajectory:

x(1)(t) = 6
d

T

[(
t

T

)
−
(

t

T

)2
]

(4.16)

Minimum Jerk Trajectory:

x(1)(t) = 30
d

T

[(
t

T

)2

− 2

(
t

T

)3

+

(
t

T

)4
]

(4.17)

Minimum Snap Trajectory:

x(1)(t) = 140
d

T

[(
t

T

)3

− 3

(
t

T

)4

+ 3

(
t

T

)5

−
(

t

T

)6
]

(4.18)
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Linear Trajectory:

x(1)(t) =


4 d
T

[(
t
T

)]
if 0 ≤ t/T ≤ 1

2

4 d
T

[
1−

(
t
T

)]
if 1

2
< t/T ≤ 1

(4.19)

Acceleration

Minimum Acceleration Trajectory:

x(2)(t) = 6
d

T 2

[
1− 2

(
t

T

)]
(4.20)

Minimum Jerk Trajectory:

x(2)(t) = 60
d

T 2

[(
t

T

)
− 3

(
t

T

)2

+ 2

(
t

T

)3
]

(4.21)

Minimum Snap Trajectory:

x(2)(t) = 420
d

T 2

[(
t

T

)2

− 4

(
t

T

)3

+ 5

(
t

T

)4

− 2

(
t

T

)5
]

(4.22)

Linear Trajectory:

x(2)(t) =


4 d
T 2 if 0 ≤ t/T ≤ 1

2

−4 d
T 2 if 1

2
< t/T ≤ 1

(4.23)

Bonus Trajectories

To complete the set of trajectories that minimise a named derivative of displacement,

the equations of motion for the Minimum Crackle Trajectory and Minimum Pop

Trajectory are given below. Crackle is the rate of change of snap and pop is the

rate of change crackle, or the fifth and sixth derivatives of displacement respectively.

These trajectories’ appeal is entirely their excellent names and pleasing coefficients.

Any attempts by the reader to find a use for them are highly encouraged. Any
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attempts by the reader to derive them by hand are highly discouraged.

Minimum Crackle Trajectory:

x(t) = d

[
126

(
t

T

)5

− 420

(
t

T

)6

+ 540

(
t

T

)7

− 315

(
t

T

)8

+ 70

(
t

T

)9
]
, (4.24)

Minimum Pop Trajectory:

x(t) =d

[
462

(
t

T

)6

− 1980

(
t

T

)7

+ 3465

(
t

T

)8

− 3080

(
t

T

)9

+ 1386

(
t

T

)10

− 252

(
t

T

)11
]
,

(4.25)

where d is the transport distance and T is the transport duration as before.

4.1.4 Theoretical Comparison

Plots of the position, velocity, acceleration and jerk for the different trajectories con-

sidered are shown in Figure 4.1. The position dependence, shown in Figure 4.1(a),

is “s-shaped” for all four trajectories. The steepness of the central part of the curve

increases going from the Minimum Acceleration Trajectory to the Minimum Jerk

Trajectory. This is due to the latter trajectory being slower at the start and end, as

the Minimum Jerk Trajectory has zero acceleration at the end points whereas the

Minimum Acceleration trajectory does not, see Equation 4.10 and Equation 4.8. The

same applies when comparing the Minimum Jerk Trajectory to the Minimum Snap

Trajectory. The central part of the position curve of the latter is steeper due to the

additional boundary condition of zero jerk at the start and end of the trajectory, see

Equation 4.11. The Linear Trajectory sits between the Minimum Acceleration and

Minimum Jerk trajectories. The gentler start and end of higher order trajectories

also leads to greater peak velocities, as shown in Figure 4.1(b).

One key distinction between the different trajectories is the continuity of the

acceleration. As shown in Figure 4.1(c), the acceleration of both the Linear and

Minimum Acceleration trajectories is non-zero at the start and end, leading to a

discontinuity. The Linear Trajectory’s acceleration has an additional discontinuity
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(a) (b)

(c) (d)

Figure 4.1: Plots of (a) position, (b) velocity, (c) acceleration and (d) jerk varying

with time for four different trajectories: Minimum Acceleration in shown by the

dashed blue lines, Minimum Jerk by the solid green lines, Minimum Snap in the

dash-dotted red lines and the Linear Trajectory in the purple dotted lines. As

described in the main text, the Linear Trajectory is taken to be piece-wise linear in

velocity. All quantities are appropriately normalised to the distance d and duration

T . The jerk for the Linear Trajectory is omitted as it consists of 3 Dirac-delta peaks

at t/T = 0, 0.5 and 1.
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Trajectory
Max Velocity Max Acceleration

A = vmax × T/d B = amax × T 2/d

Minimum Acceleration 3
2
= 1.5 6

Minimum Jerk 15
8
= 1.875 10√

3
≈ 5.77

Minimum Snap 35
16

= 2.1875 84
5
√
5
≈ 7.51

Linear 2 4

Table 4.1: Calculated values of the maximum velocities and accelerations for the

four different trajectories given in terms of the distance d and duration T .

at its midpoint. Only for the Minimum Snap Trajectory is the jerk continuous

throughout. For the Minimum Acceleration and Minimum Jerk trajectories, the

jerk is discontinuous at the start and end (see Figure 4.1(d)).

For optical conveyor-belt transport, the transport trajectories are implemented

by appropriately varying the lattice velocity vlattice which is determined by the fre-

quency detuning between the two lattice beams ∆f according to vlattice = λ∆f/2.

The frequency control setup determines the maximum frequency detuning achiev-

able, which for our setup is ∆f = 103MHz. As we are working with 1064nm light,

this gives a maximum achievable velocity of 54.7m/s 1. The maximum velocity of

the lattice during transport is given by

vmax = A
d

T
= Avavrg (4.26)

where d is the transport distance, T is the transport duration, vavrg is average

transport velocity and A is a constant dependent on the trajectory. Table 4.1 gives

the values A for the four trajectories.

Axial Trap Tilt

The acceleration of the lattice tilts the axial trapping potential in the same way

as gravity does for the vertical potential, see Section 2.3.4. The axial trap extent

1To put this in everyday terms, this is equal to peak velocity 197km/h or 122mph. As far as I
was able to determine this significantly exceeds the national speed limit in all but one country.
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(a)

(b)

Figure 4.2: Drop in axial trap depth due to accelerational tilt. (a) Shows the

decrease in axial trap depth along the transport path due to the acceleration of each

trajectory for four different speeds. (b) Shows the minimum axial trap depth for

each trajectory, given as a function of average speed in panel (i) and as a function

of maximum acceleration in (ii). The trap depth reductions are calculated for Cs

using the optimised beam parameters of x0 = 7.3cm and w0 = 195µm. The Mini-

mum Acceleration Trajectory is shown by the dashed blue lines, the Minimum Jerk

Trajectory is shown by the solid green lines, the Minimum Snap Trajectory by the

dash-dotted red line and the Linear Trajectory by the dotted purple line.
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is given by half the wavelength, λ/2 = 0.532µm of the trapping light which is

much smaller than the radial size of the beams, w ≈ 200µm. Hence, as shown

in Section 2.3.4, the axial decrease in trap depth from acceleration tilting is much

smaller than the radial decrease for the same acceleration. However the maximum

axial accelerations experienced by the atoms is up to 1280 times greater than the

acceleration due to gravity. The maximum acceleration experienced by the atoms

during transport is given by

amax = B
d

T 2
= B

vavrg
2

d
, (4.27)

where B is a constant dependent on the trajectory used, given in Table 4.1. For the

fastest frequency ramps of 25m/s average speed investigated, the maximum accel-

eration experienced by the atoms is 12.6km/s2 for the Minimum Snap Trajectory.

Figure 4.2(a) shows the decrease in Cs axial trap depth for each trajectory.

Four different average transport speeds are shown. For the optimised beam shapes

used, the minimum axial trap depth for Cs is 92µK. At higher average speeds, the

accelerational trap depth decreases therefore represent a significant decrease in trap

depth. As can be expected, the decrease in trap depths are largest at the points

where the greatest accelerations occur: at the start and end of the transport path for

the Minimum Acceleration Trajectory and ≈ 4cm from the edges for the Minimum

Jerk and Minimum Snap trajectories. The shapes of the trap depth drop curves in

this figure are different to the acceleration curves shown in Figure 4.1(c) as they are

shown as a function of distance rather than time. This is clearest from the Minimum

Acceleration Trajectory panel.

The reduction in the minimum axial trap depth is shown in Figure 4.2(b). The

trap depth throughout the transport path is calculated, as for Figure 4.2(a) and

the minimum is taken. The minimum axial depth is plotted against the average

transport speed in panel (i) over a range of 0m/s to 25m/s. Panel (ii) shows the

same values plotted against the maximum acceleration for the same range of average

speeds, converted using Equation 4.27. Somewhat ironically, the Minimum Acceler-

ation Trajectory suffers from the heaviest reduction in trap depth, even though the

95



Minimum Snap Trajectory has the greater maximum acceleration. The reason for

the difference is the variation in axial trap depth with position along the transport

path and where the maximum acceleration occurs for each trajectory. The Mini-

mum Acceleration’s greatest acceleration occurs at the edges of the transport path,

coinciding with the point where the axial confinement is weakest. For the Minimum

Snap and Minimum Jerk trajectories on the other hand, the points of greatest ac-

celeration occur away from the edges of the transport path, where the axial trap

depth is greater. Hence the axial trap depth reduction is higher for the Minimum

Acceleration Trajectory even for the same maximum acceleration, as seen in panel

(ii). The differences between the Minimum Jerk and the Minimum Snap trajectories

can similarly be explained. The points of greatest acceleration occur closer to the

centre of the transport for the latter trajectory, where the axial depth is higher.

This difference is most easily seen in Figure 4.1(c). The Linear Trajectory also has

a large acceleration at the edges of the transport path, similar to the Minimum

Acceleration Trajectory. The lower B factor (see Equation 4.27 and Table 4.1) for

the Linear Trajectory compared to the Linear Trajectory means a less severe de-

crease in minimum axial depth decrease with average speed, see Figure 4.2(b)(i).

However, when accounting for the differences in maximum acceleration in panel (ii)

the drop-off is identical for the two ramps.

Unfortunately there is no practical way to counteract the axial trap tilt using

magnetic gradients, in a way comparable to the way gravity can be counteracted. As

the accelerations involved are up to three orders of magnitude larger, the magnetic

gradients would need to be increased by the same amount. Instead, the effect of the

axial tilt on the transport was characterised by measuring the transport efficiency

for a range of average speeds for each trajectory.

4.1.5 Experimental Comparison

Transport Efficiency

The trajectories are experimentally compared by measuring the transport efficiencies

for each trajectory as a function of the average transport speed, or equivalently the
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Figure 4.3: Transport efficiencies for different trajectories. The Cs transport ef-

ficiencies for all four ramps are shown in (i) and (ii), plotted against the average

transport speed and maximum acceleration respectively. The Rb transport efficien-

cies for the Minimum Jerk and Linear trajectories are shown in (iii) and (iv), plotted

against the average transport speed and maximum acceleration respectively. The

efficiencies are calculated from the ratio between the number of atoms that arrive

in the Science Cell and the number of atoms loaded into the optical conveyor-belt

in the MOT Chamber. Lines between the data points are included as a guide to the

eye.
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transport duration, as shown in Figure 4.3. For each speed the number of atoms

arriving in the Science Cell is measured and normalised against the number of atoms

loaded into the optical conveyor-belt in the MOT Chamber to obtain the transport

efficiency. The atoms are held in the MOT Chamber for the same duration as the

transport to account for any losses due to the finite lifetime in the lattice. For each

species the entire dataset was taken on the same day and the order of ramps and

speeds fully randomised to minimise the effect of long-term drifts in the experiment.

To account for shot-to-shot variation, the experimental cycle was run ten times for

each point to obtain five measurements in the MOT Chamber and five measurements

in the Science Cell. The standard deviation in the two measurements was used to

estimate the error in the transport efficiency.

The largest average velocity investigated was 25m/s at the full transport distance

of 37.2cm, corresponding to a transport duration of 14.9ms. This is limited by the

maximum total detuning of 103MHz achievable in our seed setup. Increasing the

power to the seed path could increase the maximum achievable detuning, enabling

faster ramps. However, as seen in Figure 4.3, in panel (i) for Cs and panel (iii)

for Rb, the transport efficiency declines significantly above average speeds of 18m/s

for all ramps and both species. Optimum transport efficiencies of up to 75% are

achieved between 6m/s and 18m/s for Cs. The Minimum Jerk Trajectory shows the

clearest and broadest peak in efficiency between 15m/s and 21m/s for Cs. For Rb

only the Minimum Jerk and Linear trajectories were investigated. The results were

largely similar to those for Cs, albeit with a narrower central peak between 11m/s

and 19m/s. A maximum efficiency of 75% was achieved with the Minimum Jerk

Trajectory at 17m/s.

Insight into the efficiency decline at high speeds can be gained by calculating

the maximum acceleration using Equation 4.27 and rescaling the x-axis accordingly.

The dependence of the transport efficiency on maximum acceleration is shown in

panel (ii) for Cs and panel (iv) for Rb in Figure 4.3. In panel (ii), the drop-off in

efficiency occurs above maximum accelerations of 6km/s2 for all ramps. This drop-off

is attributed to the accelerational tilting of the axial trapping potential described in

Section 4.1.4. At higher accelerations the difference between the trajectories becomes
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clearer, the Minimum Jerk Trajectory performing the best, closely followed by the

Minimum Snap Trajectory. The Minimum Acceleration and Linear trajectories both

show substantial reductions in efficiency. This difference may be explained by steeper

decrease in axial trap with maximum acceleration for the Maximum Acceleration

and Linear trajectories shown in Figure 4.2(b)(ii) and discussed in Section 4.1.4.

Another significant difference between the ramps is that the former two trajec-

tories are continuous in acceleration, while the latter two have discontinuities in the

acceleration, as shown in Figure 4.1(c). Both have discontinuities at the start and

end, but the Linear Trajectory also has a discontinuity at the midpoint, t = T/2.

This difference may explain the slight difference between the Linear and Minimum

Acceleration Trajectory observed. The combination of the different axial trap depth

reductions and the discontinuities in acceleration likely account for the differences

in performance observed.

All trajectories experience a sharp decrease in transport efficiency for average

transport speeds vavrg ≤ 5m/s for both Rb and Cs. This drop-off can be attributed

to the limited update rate of the RF generator used to control the difference in the

lattice frequencies. As the ramp speed decreases, the update frequency must also

be decreased in order to be able to store the entire ramp in the limited memory of

the RF generator. When the average is ≤ 5m/s (equivalent to a duration ≥ 74ms),

the update frequency becomes comparable to the axial trap frequency at ≈ 110kHz.

This leads to parametric heating and loss [61]. Note that the fastest usable update

rate depends on the distance and duration of the transport, but not on the trajectory

used.

Update Frequency

In Figure 4.4 the dependence of transport efficiency on the update frequency of

the frequency source is explicitly investigated. The efficiency of Cs transported to

the Science Cell using the Minimum Jerk Trajectory is measured. Three different

average speeds (maximum accelerations) are investigated. The figure shows the

importance of using update rates significantly above the axial trap frequency, ≈

110 kHz in this case. As an example, we see that for a maximum acceleration of
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Figure 4.4: The dependence of the transport efficiency on the update frequency.

Data for Cs transport to the Science Cell using the Minimum Jerk Trajectory for

three different ramp speeds (maximum accelerations).

5km/s2, reducing the update rate from 333kHz to 167kHz leads to a drop in efficiency

from 66% to 38%.

Temperature after Transport

The number of atoms transported to the Science Cell is not the only figure of

merit when evaluating transport, the other important quantity is the temperature

of atoms. However the temperature is much more challenging to measure. The

standard method is a “time-of-flight” (TOF) measurement where the trap is rapidly

turned off and the atoms allowed to expand ballistically for a short time before

being imaged. This is done for several different expansion times. From a measure-

ment of cloud size as a function of expansion time, the average velocity and hence

temperature of the atoms can be inferred.

However in our experiment we are unable to rapidly turn off the transport lattice.

This is because the time scale set by the axial trap frequency is of the order of 0.1ms

whereas we are only able to shutter our transport beams within a few ms. The

atoms therefore experience adiabatic expansion into a much shallower trap and are

hence cooled, thereby making a time-of-flight an unreliable measure of temperature.

A TOF measurement was nonetheless still performed to try and extract a radial

temperature from the vertical expansion of the cloud. This yielded a slight increase
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Figure 4.5: Size of the atomic cloud after transport in the Science Cell for different

trajectories . (i) Shows the horizontal cloud size, which is mostly determined by

the axial extent of the cloud. (ii) Shows the vertical cloud size, which is determined

entirely by the vertical radial extent of the cloud.

in temperature increase from 17.7(5)µK in the MOT chamber to 21(1)µK for Cs.

Additionally the data from Figure 4.3 was re-analysed to look for changes in

cloud size with transport ramp and average speed, as shown in Figure 4.5. As all

measurements were taken at the same time of flight, any large sources of heating may

be seen as an increase in cloud size. Horizontally, a clear increase in the cloud size

can been seen for all trajectories for 4m/s and 5m/s average speed. This corresponds

to the point at which the update frequency becomes comparable to the axial trap

frequency, see above. Vertically, there is some variation in the cloud size but no

distinct features. The gradual drop-off in size at large and small speeds could be

mostly due to a reduction in the number of atoms transported.

Instead of trying to measure the temperature directly, the number of atoms

loaded into a dipole trap after transport can be measured. If given enough time,

the atoms will thermalise to a temperature set by the trap depth. At that point the

temperature of the atoms is given by the trap depth. Any heating will then be seen

as atom loss 2.

2As a side-note, similar principle is at play during transport. Heating mechanism that cause
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Figure 4.6: Number of atoms loaded into the Science Cell reservoir trap for different

trajectories. (i) Shows the number of Cs atoms loaded while (ii) shows the number of

Rb atoms loaded. Both are plotted against the trajectory’s maximum acceleration.

Loading into a Dipole Trap

The number of atoms loaded into the Science Cell reservoir trap was measured for all

four trajectories at different average speeds (maximum accelerations). This crudely

probes the temperature of the transported atoms, as described above.

The crossed optical dipole trap has a depth that was ≈ 50% lower than the

transport lattice. The dependence of the number of atoms loaded on the maximum

acceleration is shown in Figure 4.6, for Cs in panel (i) and for Rb in panel (ii). It

is broadly similar to the dependence of the transport efficiency on the maximum

acceleration, shown in Figure 4.3. The number of atoms drops off sharply at low

accelerations due to the update rate, and declines more gradually at high accelera-

tions due to the axial tilting. One notable difference is that for Cs, above 6km/s2

the difference in performance of the Minimum Jerk and Minimum Snap trajectories

becomes indiscernible. This suggests that the additional atoms transported by the

Minimum Jerk Trajectory evident in Figure 4.3 are in the high energy tail of the

distribution. Up to 2.70(5)× 106 Cs atoms and 2.6(2)× 106 Rb atoms were loaded

into the Science Cell reservoir, corresponding to loading efficiencies of 37.0(1.1)%

atoms loss are not easily distinguishable from other atom loss mechanism.
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Figure 4.7: Atoms left behind in the MOT Chamber due to axial tilting, measured

as a function of maximum acceleration. The measurement is performed for three dif-

ferent trajectories: the Minimum Acceleration and Linear Trajectories, which have

large accelerations at the very start of the ramp and the Minimum Jerk Trajectory

which has zero initial acceleration. Error bars show the standard deviation from five

repeated measurements.

and 44(6)% respectively.

Atoms Left Behind

To further investigate the differences between the trajectories, the number of atoms

left behind in the MOT Chamber was measured as a function of maximum accel-

eration for three different trajectories, see Figure 4.7. The Linear and Maximum

Acceleration trajectories were investigated as they both subject the atoms to large

initial accelerations. The atoms left behind by the Minimum Jerk Trajectory were

also measured for comparison. As can be seen from the figure, both the Linear and

Minimum Acceleration Trajectories result in a large number of atoms left behind

in the MOT Chamber when the maximum acceleration exceeds 10km/s2. Above

30km/s2 nearly all of the atoms are lost from the optical conveyor-belt. Below max-

imum accelerations of 20km/s2, there was no detectable signal of atoms left behind

by the Minimum Jerk Trajectory. However it is important to note that at these high

accelerations virtually all atoms will be lost for the Minimum Jerk Trajectory, see

Figure 4.3(ii), but this loss will occur further into the transport path.

The measurement was performed by applying a one-way ramp to the lattice and
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subsequently imaging in the MOT Chamber. Similarly to the transport efficiency

measurements, the number of atoms left behind was normalised against a measure-

ment of the number of atoms loaded into the optical conveyor-belt. The order in

which the data points were taken was also randomised. A transport distance of 5cm

was used which enabled large accelerations to be investigated (which would not be

possible for the full transport distance due to the limitation on the lattice detuning).

However this distance was large enough to ensure that all atoms transported were

firmly outside of the field of view of the MOT Chamber imaging system.

4.1.6 Trajectories Summary

Based upon these measurements, the Minimum Jerk Trajectory is found to be op-

timal in our application. Comparing the transport efficiency of the Minimum Jerk

Trajectory in Figure 4.3 it shows a clear advantage over the Linear and Minimum

Acceleration Trajectories and a slight advantage over the Minimum Snap Trajec-

tory. When measuring the number of atoms loaded into the Science Cell reservoir

trap, the differences between the Minimum Jerk and Minimum Snap trajectories

became negligible. Nonetheless, we slightly favour the Minimum Jerk Trajectory

as it transports the atoms faster than the Minimum Snap Trajectory for the same

maximum acceleration.

4.2 Further Characterisation

In between the measurements presented above comparing transport trajectories and

the additional characterisation measurements presented below, one of the lattice

beams required realigning. This was due to an issue with the fibre amplifier, which

resulted in the lenses in that beam path needing to be adjusted and the beams

needing to be walked to overlap them again. After realignment, the number of

atoms that reached the Science Cell remained unchanged with up to 7× 106 atoms

of either species. However the number of atoms loaded into the optical conveyor-belt

in the Main Chamber increased from ≈ 9× 106 to ≈ 1.1× 107 for both species, and

hence the transport efficiencies are lower. As the number of atoms transported and
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Figure 4.8: Comparing the transport efficiency dependence on average transport

speed. Cs is shown in red circles and Rb in blue squares. Data was taken for each

species separately using the Minimum Jerk Trajectory.

the number subsequently loaded into the Science Cell reservoir trap were unchanged,

the quality of our transport remained the same. The differences are likely due to

slight changes in beam waists, focus positions and/or beam overlap which lead to

a slightly deeper trap in the Main Chamber at the cost of enhanced losses during

transport.

4.2.1 Transport Speed

Figure 4.8 shows the dependence of the transport efficiency on the average transport

speed for both Cs and Rb, after the fibre amplifier 2 beam was realigned. Both

species show the same behaviour as before, with the drop-off in efficiency at low

speeds due to the update rate and the decline at high speeds due to accelerational

tilting. The figure also highlights the similarity between the two species. Despite

the significantly lower polarisability, and hence trap depth, for Rb the achievable

transport efficiency is equal to the efficiency for Cs, with both species having a

maximum in transport efficiency of 60% for speeds of 16m/s. This corresponds

to 7.3(3) × 106 Rb atoms and 6.88(5) × 106 Cs atoms transported. Around the

maximum, between 14m/s and 18m/s the transport efficiency remains above 50%

with an average of 6.37(13) Rb atoms and 6.43(5) × 106 Cs atoms transported to
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Figure 4.9: Comparing the effect of the acceleration tilt on Cs (solid red line) and

Rb (dashed blue line). The drop in the minimum axial trap depth is plotted as

function of the maximum acceleration for the Minimum Jerk Trajectory.

the Science Cell.

The drop-off in transport efficiency at high speeds (accelerations) is slightly more

pronounced for Rb than for Cs. This is likely due to the lower polarisability of Rb,

leading to a greater reduction in axial trap depth due to accelerational tilting, as

shown in Figure 4.9. For an average speed of 25m/s the maximum acceleration

from the Minimum Jerk Trajectory is 9.7km/s2 which leads to a reduction in the

minimum axial depth of 31.3% for Cs and 34.9% for Rb.

At low speeds the transport efficiency drop-off due to the update rate is very

similar for the two species. While there is a slight difference in the axial trap

frequencies between the two species (see Section 2.7) they are smaller than the

difference in axial tilt. However in Figure 4.8 the drop-off appears smoother than in

Figure 4.3, especially noticeable for Rb. This indicates that the axial trap frequencies

changed as result of the transport lattice realignment changing the beam shape of

transport amplifier 2.

4.2.2 Beam Power

After atoms were loaded into the reservoir trap in the Main Chamber, both transport

lattice beams were ramped on to some power and the number of atoms transported
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Figure 4.10: The effect of varying the power in the transport lattice beams. The

number of atoms that reach the Science Cell is shown in panel (i) and the transport

efficiency is shown in panel (ii). For these data Pmax = 20(1)W in each beam. Cs

is shown in red circles and Rb in blue squares. Data was taken for each species

separately using the Minimum Jerk Trajectory.

to the Science Cell measured. At each power, the number of atoms loaded into

the transport lattice in the Main Chamber was also measured and the transport

efficiency calculated. Figure 4.10 shows both the number of atoms transported and

the transport efficiency for Rb and Cs as a function of the power used to form the

lattice, up to a maximum of Pmax = 20(1)W in each beam. Both the atom number

and the efficiency increase approximately linearly above a threshold of P/Pmax ≈ 0.3.

The number of atoms transported shows a fairly linear increase with power for both

species. Meanwhile the transport efficiency starts to plateau above P/Pmax ≈ 0.8,

suggesting that the number of atoms transported is limited by the number loaded

into the transport lattice rather than insufficient trap depth leading to loss during

the transport. This indicates that more atoms could be delivered to the Science Cell

by further increasing the laser power. One relatively straightforward way of doing

this would be to replace the existing fibre amplifiers with higher power amplifiers.

4.3 Dual Species Transport

In Figure 4.11 simultaneous dual-species transport of Cs and Rb is presented. For

comparison transport efficiencies are also presented without the second species. All
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Figure 4.11: Characterising dual-species transport of Rb and Cs. The dependence

of the efficiency on the average speed is presented for both dual-species and single-

species transport. Different laser cooling routines are used for the dual-species and

single species measurements resulting in different initial atom numbers (see text for

details). (i) Shows the Cs transport efficiencies for a single-species sequence and for

a dual-species routine, while (ii) shows the same for Rb. In (iii) and (iv) the number

of Cs and Rb atoms transported to the Science Cell are shown respectively. Finally,

(v) and (vi) show the number of atoms loaded into the optical conveyor-belt in the

MOT Chamber, for Cs and Rb respectively.
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the measurements were taken on the same day for consistency. The transport ef-

ficiency of both Cs and Rb is not negatively affected by the presence of the other

species, as shown in panels (i) and (ii) respectively. In fact for Cs there is actually a

slight increase in the transport efficiency. This probably results from thermalisation

with Rb prior to and during the optical conveyor-belt loading. This is a conse-

quence of the large interspecies scattering length of ≈ 650a0 [173] and the fact that

Rb gas experiences shallower traps than Cs throughout and is therefore expected to

be colder. However, the interpretation is complicated by the fact that the routine

we use to simultaneously cool and load both species results in significantly fewer

atoms in the transport lattice initially.

However the number of atoms transported is reduced for both Cs and Rb when

both species are loaded, shown in panels (iii) and (iv) respectively. Cs suffers the

greater reduction of around a factor of two. This drop can however be explained

entirely by the number of atoms loaded into the optical conveyor-belt in the MOT

chamber, shown in panel (v) for Cs and panel (vi) for Rb, which shows an equivalent

drop in atoms loaded with both species present.

The main cause of the decrease in the number of atoms loaded into the conveyor-

belt is the sequence used to prepare dual species samples in the MOT chamber.

For the dual-species routine, the initial cooling steps (MOT, compressed MOT and

DRSC) were performed simultaneously. The two species were loaded into the MOT

chamber reservoir trap before being transferred into the conveyor-belt. The two

species must therefore share some parameters and the timing of each stage can

no longer be independently optimised for the two species and a compromise must

be found. In particular, for the DRSC stage we find that a duration of 15ms is

optimum for Rb alone, whereas 5ms is optimum for Cs alone. Additionally, the two

MOTs loaded optimally at different gradient fields. For the measurements shown

in Figure 4.11 we used a routine that favoured Rb, leading to a ≈ 50% reduction

in the number of Cs atoms loaded into the lattice from ≈ 1.0 × 107 to ≈ 5 × 106,

whereas the number of Rb atoms was 9× 106 compared to ≈ 1.0× 107 for the single

species routine.

Modifications to the laser systems used for DRSC and adjustments to the dual-
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the power in the dimple paths by controlling the RF power to an AOM before the

respective optical fibre.

species cooling routine will allow better simultaneous preparation of Rb and Cs in

the MOT chamber. This will lead to the transport of a greater number of atoms

to the Science Cell and enable future experiments. Nevertheless, the current results

clearly demonstrate that efficient dual-species transport of Rb and Cs is possible

using a relatively simple optical conveyor-belt setup, as no additional losses are

incurred from the transport with the second species present.

4.4 Evaporation to Bose-Einstein Condensate

This sections briefly discusses the production of a Bose-Einstein condensate (BEC)

of Rb or Cs. A more in-depth description can be found in Jonathan Mortlock’s

thesis [155].

Following the transport to the Science Cell, the atoms are transferred into the

optical dipole traps and evaporatively cooled to reach the BEC condensation tran-

sition. This is done using an all-optical evaporation scheme. We use the established

approach for Cs [148] based upon initial loading into a large volume reservoir trap,
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Figure 4.13: Production of a Bose-Einstein condensate (BEC) for Cs (red circles)

and Rb (blue squares). The evaporation trajectories are shown with the phase space

density plotted as a function of the atom number. Linear fits yield evaporation

efficiencies of 2.4(5) for Rb and 2.38(15) for Cs. The insets show, from left to right,

optical depth images of the clouds as they are cooled through the BEC transition.

followed by transfer into a tighter dimple trap. A similar approach is employed for

Rb. This approach has been used for Rb-Cs mixtures [174].

The setup for the optical dipole traps used is found in Figure 4.12. The reservoir

trap is formed from two beams. Transport beam 2, the lattice beam focused closest

to the Science Cell, is retained while the other beam is ramped off to remove the lat-

tice. Confinement along the transport axis is provided by an elliptical 1064nm beam

with a horizontal waist of 510µm, a vertical waist of 200µm and a maximum power

of 40W. These beam shapes are chosen to spatially mode match to the elongated

shape of the cloud following transport, to maximise the number of atoms captured.

Around 2.3(1) × 106 Cs and 2.1(1) × 106 Rb atoms are captured in the reservoir

trap, at temperatures ≈ 5µK. The Science Cell magnetic coils provide a gradient

field of 31G/cm and a bias field of 40G to compensate for gravitational tilting.

The dimple trap is formed by a pair of more tightly focused 1064nm beams.

The x-dimple has a waist of 45µm and the y-dimple has a waist of 100µm. These

relatively large dimple waists are chosen to limit the three-body loss for Cs in the
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final stages of evaporation [148]. To avoid forming accidental lattices, all 1064nm

beams used in evaporation are mutually detuned by at least 80MHz. The dimple

trap is loaded by ramping on the beams to depth to around 10µK in 100ms. Ef-

fective loading of the dimple trap requires a high collision rate in the gas and fast

thermalisation. For Cs this is achieved via the high s-wave length to ≊ 870 a0 at

the applied bias field of 40G. For Rb evaporation, an additional 50µm dipole trap

at 830nm, derived from a Ti:Sapphire laser, is used. This beam is used to achieve

higher trap frequencies and hence an increased collision rate.

After loading into the dimple trap, the atoms are cooled to degeneracy using

forced evaporation. This proceeds by first ramping off the reservoir trap in 2s. For

Rb the 830nm beam is also ramped off in this step to reduce heating from near-

resonant photon scattering. Then the power in the dimple is ramped down linearly

in two 2s steps. During these steps the magnetic gradient field is reduced to slightly

tilt the trap in the vertical direction. During the final step the tilt of the trap is

increased to maintain sufficiently high trap frequencies and collision rate for efficient

cooling [175]. For each step the levitation field and dipole trap powers are optimised

to maximise the evaporation efficiency. For Cs it is important to lower the magnetic

field to the 3-body loss minimum at 22G during the final two steps of evaporation.

Figure 4.13 shows the evaporation trajectory to BEC for both Rb and Cs in-

dependently. The atom number and temperature are measured using absorption

imaging following time-of-flight expansion. The trap frequencies are calibrated by

measuring centre-of-mass oscillations for various trap powers. These quantities are

combined to calculate the phase space density for each point. The evaporation

efficiency is defined by

γ =
d(ln ρ)

d(lnN)
(4.28)

where ρ is the phase space density and N the number of atoms. From fits to the

data in the non-degenerate regime, the efficiencies are found to be 2.4(5) for Rb and

2.38(15) Cs.

The BEC transition is typically crossed with 4 × 104 Cs atoms or 5 × 104 Rb

atoms. The insets to Figure 4.13 show representative absorption images taken after

45ms time-of-flight expansion. The ability to produce a BEC of either species in
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the Science Cell demonstrates the effectiveness of our transport scheme and is the

starting point for future experiments.
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CHAPTER 5

Conclusions

5.1 Summary

In this thesis the fast and efficient transport of Caesium and Rubidium atoms using

an optical conveyor-belt has been demonstrated. Up to 7 × 107 atoms of either

species can be transported across the 37.2cm gap between the MOT Chamber and

the Science Cell in under 25ms. Once in the Science Cell, either species can be evap-

oratively cooled to form a Bose-Einstein condensate. Simultaneously loading both

species into the optical-conveyor belt did not lead to a reduction in the transport

efficiency of either species.

Our transport scheme was able to avoid the use of more complicated Bessel beams

or variable-focus lenses by carefully choosing the the waists and focus positions. To

that end detailed calculations of the trapping potential were performed to find the

optimum beam parameters. It was found that separating the focus positions of the

two transport beams can lead to dramatic increases in the minimum trap depth, as

compared to the simplest case of both beams focussed at the centre of the transport

path. The use of magnetic coils at the start and end of the transport path to

compensate for the effect of gravity was also found to be highly beneficial. The
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differing effect of varying the beam parameters on the trap depths in the axial and

radial directions was carefully balanced. Insight was gained into the axial trap depth

via analytic optimisation of the beam parameters. Ultimately, beam waists of 195µm

and focus positions 7.2cm from each end of the transport paths were found to be

optimum.

The equations of motion of several different transport trajectories were derived.

Trajectories were compared both theoretically and experimentally. The performance

of the Minimum Jerk Trajectory was found to be the best, with that of the Mini-

mum Snap Trajectory a close second. Further characterisation measurements were

performed that allowed insight to be gained into different loss mechanism during

transport.

5.2 Transport Improvements

Further improving the minimum trap depth is challenging, however there are a few

different approaches that will be described here. Some of them are not applicable for

our experiment but could prove useful for other experiments. After the optimisation

of the trap depth in Section 2.5.3, the axial trap depth is limiting for all species.

From analytic considerations of the axial depth it is also evident that only very

marginal gains in the minimum trap depth are possible.

The primary way to increase the trap depth is to swap the current laser system

for one with greater output power. For example, the manufacturer of our fibre

amplifiers also produces 1064nm fibre amplifiers with 45W of output power, rather

than 30W. If both fibre amplifiers were to be swapped out, the trap depth could

thus be increased by 50%. However, replacing one of the two fibre amplifiers could

also increase the achievable trap depth. In that case, the beam parameters need

to be re-optimised to account for the asymmetry in beam powers. An example is

shown in Figure 5.1(a), where fibre amplifier 1 has been upgraded.

The magnetic coils could be replaced. The range over which they are effective

at counteracting gravity is determined by their radii. Replacing the existing coils

with larger radius coils would increase the effectiveness of the levitation. In our
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(b)

(a)

Figure 5.1: Possible improvements to the optical conveyor-belt trap depth. In

both cases the new trap depths are compared against the original optimum beam

parameters of 195µm and focus positions 7.2cm from the ends of the transport path.

(a) Shows the effect on the Cs trap depths if fibre amplifier 1 were to be replaced with

a higher power 45W amplifier. The beam parameters are re-optimised: transport

beam 1 has waist of 202µm and focus position of 5.8cm while transport beam 2 has a

waist of 192µm and a focus position of 30.5cm. (b) Shows the effect of overlevitating

the atoms on the Rb trap depth in the vertical direction. The levitation gradient

was optimised alongside the beam parameters. The optimum found to be 115% of

the levitation gradient with beam waists 190µm and focus positions 7.5cm from each

end of the transport path.
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d (cm) x0 (cm) w0 (µm) UCs (µK) URb (µK)

30 4.5 157 98 55

35 5.1 177 75 41

37.2 5.5 180 66 36

40 6.0 185 57 31

Table 5.1: Comparison of the optimum beam parameters and trap depths achievable

for different transport distances d using 18W per beam and 1064nm. Magnetic

levitation is not considered and the vertical depth is limiting for all distances.

experiment all four coil pairs were designed and made before optical conveyor-belt

transport was investigated. For other experiments, the coils could be designed taking

transport into account. However the sizes of coils used are often subject to space

constraints. Additionally, larger radius coils will require greater currents to produce

the same central gradient field. Alternatively, additional coil pairs could be added,

although this could restrict the optical access of the experiment in the same way

magnetic transport schemes can.

Another aspect that could be considered in more detail is the levitation gradient.

The current through the coils could deliberately be set to produce on-axis gradient

fields greater than the levitation gradient. This would partially counteract the drop-

off of the gradient field. In such a scenario the beam shapes would also need to be

re-optimised. An example of this is shown in Figure 5.1(b).

5.2.1 Different Transport Distances

In order to assess the dependence of the minimum trap depths achievable on the

transport distance, the beam parameter optimisation was repeated for several differ-

ent distances. The results are summarised in Table 5.1. The vertical and axial trap

depths were optimised simultaneously, but magnetic levitation was excluded. As for

the other calculations, the beams were taken to have symmetric waists and focus

positions and 18W of power was assumed. For longer transport distances, longer

Rayleigh ranges and hence larger waists are required, as can be expected intuitively.

The optimum focus positions also increase, moving further from the ends of the
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transport path. The minimum trap depth falls off with distance but still remains

above 50µK for Cs and above 30µK for Rb at a transport distance of 40cm.

5.3 Experimental Outlook

Fast and efficient dual-species transport of Rb and Cs lays a groundwork for the

study of RbCs molecules in a quantum gas microscope. An important next step is

to implement separate optical traps for Rb and Cs in the Science Cell, to enable the

production of dual-species condensates [174]. The protocol for the preparation of

heteronuclear atom pairs in a 3D optical lattice is established [78] and a compatible

association sequence for the production of ground-state molecules has recently been

demonstrated [176].

Single site resolved imaging of the molecules may be achieved by reversing the

association sequence and detecting the resulting atoms using standard atomic quan-

tum gas microscopy techniques [47, 48]. RbCs molecules are especially attractive

in this regard as microscopy has been demonstrated for both atomic species using

simple cooling techniques [66, 177]. Moreover, magic wavelength trapping has been

demonstrated for rotational states in RbCs molecules [46,178] leading to second-scale

rotational coherence and new opportunities for the simulation of models relating to

quantum magnetism [18,27,179,180].
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[78] L. Reichsöllner, A. Schindewolf, T. Takekoshi, R. Grimm, and H.-C. Nägerl,
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H.-C. Nägerl, “Long distance optical transport of ultracold atoms: A compact
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APPENDIX A

Two Not-So-Brief Anecdotes on the Woes of Wondering:

“Where does this come from?”

A.0.1 Selecting a Trajectory

In the face of a wide range of transport trajectories and little to distinguish them, we

turned to our colleagues in our neighbouring lab working on creating RbCs ground-

state molecules in optical tweezers. They had implemented a modified version of the

Minimum Jerk Trajectory to merge two tweezers [168]. This was based on an equiv-

alent trajectory used by tweezer experiment in Harvard [167]. In both experiments

the trajectories were modified to avoid parametric heating from an etaloning effect

inside the acousto-optic deflectors used to move the tweezers. This effect was not

relevant for conveyor-belt transport where the frequency of the acousto-optic mod-

ulators used determines the velocity of a lattice rather than the position of tweezer.

Hence we used the unmodified Minimum Jerk Trajectory

x = xi + (xf − xi)

(
10

(
t

T

)3

− 15

(
t

T

)4

+ 6

(
t

T

)5
)
, (A.1)
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where x is position, t is time, xi and xf are the initial and final positions and T is

the transport duration.

Using this trajectory, we successfully realised conveyor-belt transport. Satisfied

that the trajectory was suitable, we too subsequently ignored the question of why

use this particular trajectory over the ones used in other experiments. That is until

doing analysis on data taken to characterise the effect of average speed on transport

efficiency. Wanting to calculate the maximum acceleration on the atoms for a given

average speed, I returned to the equation for the Minimum Jerk Trajectory. This

prompted the question “I wonder where this equation comes from?” and lead to a

lengthy but productive rabbit-hole of citations.

Tracing back history the Minimum Jerk Trajectory came to be used in the trans-

port of cold atoms reveals an interesting and somewhat bizarre chain of citations.

Starting with a basic internet search, the first useful result was an entry in “Mika’s

Tech Blog” [181] from 2017 which gave the by-now familiar equation for the Mini-

mum Jerk Trajectory. The author recounts their own internet search for a fast and

easy-to-implement trajectory for unspecified control systems. During this search

they found the supplementary documents of the 2005 book “Computational Neu-

robiology of Reaching and Pointing” by Shadmehr and Wise [182]. Both the 2019

paper from the Harvard group [167], and the 2022 paper from Durham [168] cite

the same source.

They present a somewhat lengthy derivation of a Minimum Jerk Trajectory for a

specific distance and duration, partly from the first principles of calculus of variations

and using integration by parts three times. However they do offer a citation for

the general equation of the Minimum Jerk Trajectory, presented later. This finally

leads to the start of the citation chain, the 1984 paper “An Organising Principle for a

Class of Voluntary Movements” by Hogan [169]. This paper presents a mathematical

model to describe the limb movements in primates. A notably directer derivation

of the Minimum Jerk Trajectory is presented in the paper using an extension of the

Euler-Lagrange equation, which the paper calls the “Euler-Poisson equation”.

With this very unexpected discovery, my original question of “I wonder where

these equations comes come from?” was answered. The primate-limb-movement
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paper also clarified exactly what the Minimum Jerk Trajectory minimises for, namely

the jerk squared integrated over the whole trajectory. The square of the jerk is used

as the limb (atoms) are stationary, thus are both accelerated and decelerated during

the movement (transport). Taking the square avoids any unwanted cancellations

between points where the jerk is positive and points where it is negative. The

integral is used to take the total amount of jerk into account, rather than minimising

the maximum jerk experienced.

The reasoning for selecting the Minimum Jerk Trajectory is however somewhat

tenuous in the original paper. Hogan states that the natural limb movements of

primates appear smooth and graceful and then assumes, without further elabora-

tion that maximising smoothness is equivalent to minimising the total square jerk.

Heuristically it does nonetheless make some sense to use this trajectory for trans-

port. If jerk leads to heating and atom loss then the total jerk needs to be minimised

as opposed to the maximum jerk. A later paper considered trajectories which min-

imise the square-integral of acceleration and snap (the rate of change of jerk) [170].

Their criteria for selecting among the trajectories was to calculate the ratio between

the maximum and average velocities of the trajectories and compare those values to

measured ratios. Based on this the Minimum Jerk Trajectory was found to be the

best model for limb movements. However, to our knowledge, measurements directly

comparing the Minimum Jerk Trajectory to other trajectories had so far not been

reported in the context of cold atom transport. This led to the investigation of

different trajectories presented in the main text.

A.0.2 The “Euler-Poisson Equation”

After the ordeal of tracking down the origin, derivation and justification for the

Minimum Jerk Trajectory, I thought everything was finished. However when writing

up the derivation for the trajectory equations, this turned out not to be the case.

Not unlike before this was the result of trying to find the origin of an equation, this

time a reference for the calculus of variation equation used in the derivation.

It is presented, under the name “Euler-Poisson equation” in the appendix of

the original 1984 Hogan paper [169] without citation. Although the derivation of
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this higher-order derivative generalisation is a straightforward extension of the same

method used for the standard Euler-Lagrange equation, it rarely presented in stan-

dard text books. In fact, of the physical books available in the Durham University

Library, both in 530.15 (Physics - Mathematics for Physics and Engineering) and in

515.64 (Mathematics - Analysis - Calculus of Variations), the only book to present

is the Soviet-era “Calculus of Variations’ by I. M. Gelfand and S. V. Fomin (1963,

page 42, translated by R. A. Silverman, based on lectures given at Moscow State

University) [183] which referred to it simply as the “Euler equation”. Few others,

e.g. “Mathematics for Physics: A Guided Tour for Graduate Students” by M. Stone

and P. Goldbart [184] show the 2nd-order derivative case but not the nth order case

nor do they give it any specific name.

Curiously, the Wikipedia article for Calculus of Variations does present the gen-

eralisation as the “Euler-Poisson equation” and references the above cited “A First

Course in the Calculus of Variations” by M. Kot. (2014, page 71) [171] which does

name the equation but leaves the derivation as an exercise to the reader (note this

was published over 30 years after the Hogan paper). After a more extensive search

of online databases, the only other reference I was able to find was in “Calculus of

Variations” by L. D. Elsgole (1961, republished 2007, page 44) [172] which finally

presented a full derivation of this Euler-Poisson equation. The provenance of the

name is however still mysterious, but in the interests of time and sanity further

investigations were ceased at this point.

Complicating the search is the existence of the “Euler-Poisson-Darboux equa-

tion” [185], an unrelated partial differential equation apparently used in solving

classical wave equations, as well as the similarly unrelated “Euler-Poisson equa-

tion(s)” [186, 187], a set of fluid equations (themselves an extension of the Euler

equation for fluids).
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APPENDIX B

Retro-Reflected Lattice: A Not-Quite-Successful Attempt at

Implementing Transport

Before setting up the transport beams as described in Chapter 3, we tried implement-

ing transport using only one fibre amplifier in a retro-reflected lattice configuration.

While we were able to transport some atoms with this setup, the efficiencies were

insufficient for future experiments. This lead to adopting the two fibre amplifier

configuration described in the main text.

The first implementation of optical conveyor-belt transport [126] also used only

one laser, with light split into two branches using a beam splitter. An AOM in the

double-pass configuration was then placed in each branch. This configuration leads

to a significant loss in power due to the double-passed AOMs, as well as having less

light available in the first place due to the splitting of the beam.

Instead we opted to form the transport lattice using a retro-reflected beam,

inspired by a research group in Chicago also working with Cs. Their implementation

was successful and is reported in [130], although with relatively low efficiencies of

20 − 30% and over a shorter transport distance of 28cm. Light from the laser is

steered directly into the chamber, significantly increasing the power in the beam

over the beam-splitter configuration. The power is recycled by retro-reflecting the
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Frequency
Source

f0

f0 + δf(t)

Undiffracted
(Initial Beam)

Once-Diffracted
(Discarded)

Twice-Diffracted
(Retro Beam)

Figure B.1: Schematic of the original retro-reflected transport beam setup. Due

to the retro-reflection, both AOMs needed to implement the required frequency

control had to be placed in the retro beam’s optical pass. This lead to a double-

AOM double-pass. Component symbols are as used in Chapter 3.

initial beam to form the lattice.

However, both AOMs must be placed in the retro path to implement the required

frequency control. Figure B.1 shows a sketch of the AOM setup for the retro beam.

The AOMs are aligned such that light is scattered into opposite diffraction orders,

1st for the first AOM and −1st for the second AOM. As before both are double-

passed to ensure minimal beam deviation as the frequency is varied. Setting up this

double-AOM double pass turned out to be very challenging, due to the increased

complexity of having two AOMs. Additionally, the beam pointing had to be very

consistent across AOM frequencies to ensure good overlap between the two transport

beams.

Both AOM’s are placed directly after each other, as shown in Figure B.1, such

that there are three main diffraction orders. The undiffracted order (shown in green)

is light unaffected by both AOMs and has the same frequency as the initial beam,

the once-diffracted order (shown in blue-grey) which is light diffracted by only one

AOM and hence has a frequency change of ∆fAOM = f0 or ∆fAOM = −(f0 + δf(t))
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and the desired twice-diffracted order (shown in blue)1.

As for the double-pass AOM setup described in Section 3.2.2, a cat’s eye retrore-

flector is used to retro reflect the beam. It was especially important to use this

method (rather than a telescope) for the retro-reflected lattice beam as, if the initial

beam were to be focused, it would exceed the AOM’s damage threshold. However

due to the size of the AOMs, the condition that the lens is a focal length from the

AOM could only be met for one AOM. We chose to align to the second AOM, which

meant the frequency of the first AOM had to be kept constant.

The principle challenge when aligning this setup was correctly placing lens to

avoid beam pointing deviations with frequency. What was (eventually) successful

was placing two additional steering mirror after the AOMs. This allowed the once-

diffracted order (equivalent ot the zeroth order of the second AOM) to be aligned

along a row optical breadboard holes. The lens was thus much easier to centre on the

once-diffracted, as required to parallelise the twice diffracted order for all frequency

shift δf(t) of the second AOM.

One notable feature of the retro-reflected configuration is the asymmetries in

beam power. Even for a high single-pass AOM efficiency of 85%, this leads to a

retro-reflected beam with a power 52% of that in the initial beam, ignoring other

losses. Despite the asymmetry, this configuration will lead to a greater trap depth

than splitting the light.

However this configuration still suffers from power loss due to the AOMs. This

is exasperated when the second AOM is detuned away from its centre frequency,

which leads to a lower diffraction efficiency. Another issue is the beam shape of

the retro reflected lattice beam. Due the stringent requirements of the frequency

control setup, it was not feasible to include additional beam shaping. This meant

the somewhat unfavourable beam shape of the retro beam could not be corrected

for, leading to reduced trap depths and hence poor transport efficiencies.

1In principle this order can contain light which was unaffected by one AOM and diffracted in
to the (−)2nd order of the other. However due to the AOM efficiencies a negligible amount of light
is diffracted this way.
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