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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
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Doctor of Philosophy

by Andrei A. Dragomir

This thesis details the work carried out in the development towards a fully miniaturised

integrated atom chip. The main focus of the project so far has been on the construction

of miniaturised vacuum chambers, the study of the eutectic bond and the manufacturing

of integrated electric feedthroughs, together with the development of new cold atom trap

geometries.

Current cold atom technologies rely on the use of bulky optical systems and large vacuum

chambers. We propose the miniaturisation of the entire system into a device comparable

in size with a match box. A first step towards this goal is the miniaturisation of the

vacuum system and atomic source. In the first part of this thesis we present planar

microfabrication techniques, such as anodic bonding and eutectic bonding, as a solution

for providing hermetic seals. Several partially working devices i.e miniaturised vacuum

chambers with rubidium atom sources are presented and compared to commercial rubid-

ium cells. As ultimately our integrated atom chips will be used in metrology and sensing

devices, they require current-carrying wires within the vacuum. Towards this purpose

we propose a method of building hermetically sealed electrical feedthroughs through the

process of glass reflow in thick silicon substrates. The second part of this thesis outlines

a brief theory towards cooling atoms, together with new geometries designed for use

with miniaturised devices and the attempts of achieving a functional integrated atom

chip. Finally, we present the development of a new method for achieving a cold atom

source without the use of magnetic fields.

http://www.soton.ac.uk
https://www.fpse.soton.ac.uk/
http://www.ecs.soton.ac.uk
mailto:andrei.dragomir.ad@gmail.com




Contents

Declaration of Authorship ix

Acknowledgements xii

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

I Microfabrication 9

2 Practicality of UHV Bonding and microfabrication 11

2.1 Materials and vacuum properties . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.1 Permeation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.2 Fabrication methods . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1.3 Production ease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Cleaning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Sealing methods 25

3.1 Glass to silicon anodic bonding . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1 Bonding mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.2 Anodic bond theory . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1.3 In-House Built Anodic Bonder . . . . . . . . . . . . . . . . . . . . 35

3.1.4 Bonding Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2 Eutectic bonding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2.1 Bonding Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2.2 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.3 Bonding process review . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2.4 Recipe and bond chracterisation . . . . . . . . . . . . . . . . . . . 47

3.3 UHV encapsulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Non-evaporable getters (NEGs) 55

4.1 Thin-film deposition through sputtering . . . . . . . . . . . . . . . . . . . 58

4.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5 Integrated feedthroughs 65

v



vi CONTENTS

5.1 Lithography and masking . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.2 Deep reactive ion etching (DRIE) . . . . . . . . . . . . . . . . . . . . . . . 71

5.3 Glass reflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.4 Electrical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.5 Prototype and future work . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6 Atom sources 85

6.1 Cell fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7 Spectroscopic analysis of microfabricated cells 93

7.1 Saturated absorption spectroscopy . . . . . . . . . . . . . . . . . . . . . . 97

7.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

II Atomic physics 105

8 Cold atoms and MOT geometries 107

8.1 Cooling and trapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

8.2 Scattering force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

8.3 Doppler cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

8.4 Optical Earnshaw theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

8.5 Doppler cooling limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

8.6 Rubidium structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

8.7 Zeeman effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

8.8 Magneto-optical trap (MOT) . . . . . . . . . . . . . . . . . . . . . . . . . 119

8.9 Sisyphus cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

8.10 Trapping scaling laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

8.11 MOT geometries for miniaturisation . . . . . . . . . . . . . . . . . . . . . 124

8.11.1 Mirror-MOT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

8.11.2 Pyramidal and tetrahedral MOTs . . . . . . . . . . . . . . . . . . 126

8.11.3 Two-beam trap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

8.12 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

9 Laser and vacuum systems 133

9.1 Laser stabilisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

9.1.1 Cooling laser - modulation transfer spectroscopy . . . . . . . . . . 134

9.1.2 Repump laser - carrier modulation spectroscopy . . . . . . . . . . 137

9.2 Vacuum system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

9.3 Magnetic field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

9.4 Trapping geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

9.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

10 MOT characterisation methods 145

10.1 Imaging system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

10.2 Trap size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

10.3 Loading/Loss rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148



CONTENTS vii

10.4 Atom number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

10.4.1 Fluorescence detection . . . . . . . . . . . . . . . . . . . . . . . . . 151

10.4.2 Absorption detection . . . . . . . . . . . . . . . . . . . . . . . . . . 152

10.5 Temperature measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

10.5.1 Release and recapture . . . . . . . . . . . . . . . . . . . . . . . . . 154

10.6 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

10.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

11 Southampton trapping geometries 159

11.1 A misaligned MOT [158] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

11.1.1 Realisation and geometry . . . . . . . . . . . . . . . . . . . . . . . 163

11.1.2 The Vortex MOT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

11.1.3 The Hybrid MOT . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

11.1.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

11.2 The Acute Magneto Optical Trap (A-MOT) . . . . . . . . . . . . . . . . . 173

11.2.1 Realisation and geometry . . . . . . . . . . . . . . . . . . . . . . . 173

11.2.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

11.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

11.2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

11.3 To trap or not to trap? That is the question... . . . . . . . . . . . . . . . 184

11.3.1 Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

11.3.2 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

12 Trapping attempts in a miniaturised device 193

12.1 A close call . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

12.2 Absorption imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

12.3 Blue light imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

12.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

13 Conclusion 201

13.1 General overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

13.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

Appendices 209

A Scattering rate derivation [132] [64] 211

B Sample cleaning recipe 217

C Anodic bond recipe 219

D Eutectic bond recipe 221

E Thin film deposition recipe 223

F Rubidium transitions 225

G Doppler cooling limit (alternative) [129] [66] 227



viii CONTENTS

Bibliography 229



Declaration of Authorship

I, Andrei Aurel Dragomir, declare that the thesis entitled Cold atoms in your pocket:

Enabling technologies and the work presented in the thesis are both my own, and have

been generated by me as the result of my own original research. I confirm that:

• this work was done wholly or mainly in candidature for a research degree at this

University;

• where any part of this thesis was previously been submitted for a degree or any

other qualification at this University or any other institution, this has been clearly

stated;

• where I have consulted the published work of others, this is always clearly at-

tributed;

• where I have quoted from the work of others, the source is always given. With the

exception of such quotations, this thesis is entirely my own work;

• I have acknowledged all main sources of help;

• where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself;

• parts of this work have been published as: [9], [158];

Signed:

Date:

ix





If you try and take a cat apart to see how it works, the first thing you have on your

hands is a nonworking cat.

Douglas Adams (2002) The Salmon of Doubt: Hitchhiking the Galaxy One Last Time

xi



Acknowledgements

I would like to start by thanking my supervisor Matt Himsworth, for offering me the

chance to be part of this fascinating project and whose guidance and patience made

these four long years an amazing journey. Many thanks to Matthew Aldous for guiding

me around the lab in the first year, allowing me to budge in his experiments, laying a lot

of the groundwork for this project and for being a great colleague and friend. Thanks to

Jo Rushton, Ritayan Roy and Jonathan Woods for their teachings and advice. A great

deal of thanks are also due to Max Carey whose help when the laser system failed was

crucial, and for allowing me to borrow so much equipment from his lab. Many thanks

to Chester Camm, the newcomer, for bringing a fresh perspective and for being patient

while I occupied the entire lab space towards the end of this project.

Thanks to all the electronics technicians for their advice every time a circuit miss-

behaved. Also, a big thank you to Zondy Webber and Kathleen Leblanc for their advice,

knowledge and for their company in the long hours spent in the Clean Room. I should

also mention the physics workshop team, especially Mark Scully and Mark Bampton for

their tremendous help in building the UHV bonder and for making sure I was safe every

time I ventured in the workshop. I am also very grateful to Prof. David Smith for his

guidance in the last year of my MPhys degree.

Thank you to every one of my friends who kept me sane in these last few months, for

their support and optimism. And of course, to my parents whose colossal efforts allowed

me to join and complete a degree far away from home. I could not have done this without

their help. Last, but definitely not least, I owe a lot thanks to Claudia Mihai (soon to be

Claudia Dragomir) for all the nights spent searching for typos in this work, for giving me

the space needed for writing this thesis, for her fortitude and encouragement during the

most difficult parts of this experience and for tethering me to the real world whenever

I got lost in work. Thank you all for your help and support!

xii



Dedicated to my parents

xiii





Chapter 1

Introduction

Cold atoms are atoms which are kept at temperatures close to absolute zero, generally

in the microkelvin regime. The low temperature highlights their quantum-mechanical

properties. These properties place them at the core of several experiments which enable

the understanding of fundamental physics and the precise measurement of fundamental

constants [45] [187] [63]. Beyond that, they offer several industrial applications in the

field of metrology, quantum simulation and sensing.

Cold matter systems have proved to be an indispensable tool in making precise time

measurements by showing very low instabilities at the order of 10−18 [84]. As such,

becoming the most accurate system for time keeping [175]. One of the most noticeable

systems that uses cold atoms is the “optical lattice clock” [175] [190] which monitors

time by measuring the frequency of the atomic transition through the use of atoms

trapped in an optical lattice for long periods.

The wave-like characteristics of cold atoms allows them to be used for creating atomic

interferometers. Using atomic interferometry, cold matter systems enable the measure-

ment of gravitational [115], electric, and magnetic fields [189] [53]. It was shown that

these systems perform better than their optical or classical counterparts [152]. A short

comparison between quantum and classical systems is presented in Table 1.1. As it

can be observed, the resolution of quantum based systems surpasses the resolution of

classical systems by several orders of magnitude. An exception is made in the case of

rotation sensors. As it can be seen in Table 1.1, the best classical rotation sensor has

an accuracy of 7.8 prad/s/Hz−1/2 compared to 600 prad/s/Hz−1/2 in the case of current

1



2 Chapter 1 Introduction

Sensor type Best classical Quantum demonstrated Quantum potential

Gravity 15µgal/Hz−1/2

(FG5-X falling
corner cube) [139]

4.2µgal/Hz−1/2 [91]
<100 ngal/Hz−1/2 [57]
1µgal/Hz−1/2 [96]

<1 fgal/Hz−1/2

Rotation 7.8 prad/s/Hz−1/2

[166]
600 prad/s/Hz−1/2 [77] 5 prad/s/Hz−1/2

[173]

Magnetic field 200 aT/Hz−1/2 [168]
160 aT/Hz−1/2 [52]

<10 aT/Hz−1/2

Table 1.1: Comparison between the performance of quantum systems with their classical
counterparts [152].

quantum technology. The high accuracy of this system follows from its oversized dimen-

sions (10’s of m2 in contrast with ≈ µm2 for its quantum counterparts). However, a lot

of progress has been made in the engineering of rotational sensors. Ring lasers and fibre

optic gyroscopes are currently the state of the art in the field of navigation and operate

using the optical Sagnac effect. To offer some context, one of the earliest recorded uses of

a laser Sagnac interferometer was in 1963 when the Earth’s rotation was measured with

an accuracy of 4.5× 10−5 rad/s using a 1.153µm helium-neon laser in a 40 inch square

cavity. Modern ring lasers with areas up to 0.02 m2 show resolutions of 5 × 10−7 rad/s

for interrogation times of one second [166]. The miniaturised version of this device ty-

pology, the iXBlue FOG200 is advertised as having an accuracy of 6.5× 10−8 rad/s for

one second interrogation time, while being compact (180 × 180 × 162 mm) and reliable

[2], however limited by drift [145]. By comparison, as it can be observed in Table 1.1,

the quantum system has the potential to match and eventually overcome the accuracy

of the classical one, showing a resolution of 5 prad/s in laboratory environments and

extremely low drifts. However, the technology necessary for miniaturising this device is

still in its early stages of development.

The precision and the resolution of the above mentioned quantum based technology,

depend on several parameters of the cold atom trap such as the number of atoms, their

temperature, interrogation time, the lifetime of the trap and it loading rate. All these

variables are dependent on the system’s ability to trap, cool and manipulate atoms.

The process for cooling atoms was first proposed in 1975 by Hänsch and Schawlow [78].

The technique was improved by Chu in 1985 who presented what is today known as

optical molasses and included the notion of trapping [41]. This method is based on

transferring momentum from a laser beam to the atoms via radiation pressure. If the

right conditions are met, the atoms can be slowed down. This reduces the system’s
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kinetic energy and, as a result, its kinetic temperature. On top of cooling atoms, the

addition of a quadrupole magnetic field enables the possibility of trapping the atoms in

a confined space. The above mentioned techniques for cooling and trapping atoms form

the basis of the magneto-optical trap (MOT) [172], a device that is at the core of most

quantum based technology. Pictures of this device are presented in Figure 1.1.

(a)

(b)

(c)

Figure 1.1: Picture of MOTs from: (a). our own laboratory, (b). University of Berkley
and (c). another University of Southampton lab.

These exciting applications of cold atoms are housed in well-defined laboratory condi-

tions and yield accurate results because cold matter can be controlled with high precision

in such stable environments. If moved out of the laboratory, these experiments could

have a high impact on defence and civil applications. A good example is the gravimeter,

a cold atom based device that measures the mass density by detecting changes in the
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gravitational field. This can lead to a detection system for finding natural resources or

underground structures. A review of a comprehensive list of the applications of quantum

technology and their impact on every day life can be found in [152].

1.1 Motivation

Recently there as been a pioneering wave of exporting the above mentioned experiments

from laboratory environments into real world applications. Most of these devices are

bulky (Figure 1.1), power hungry and require qualified personnel to operate them and

analyse the data in order to generate a useful result. At the current stage, this technol-

ogy is not suitable for commercialisation or field applications as most of them require

large optical tables, complex electronic systems and vacuum chambers that rarely have

volumes under a litre. As such, most efforts are focused on miniaturisation, stabilisation

and increasing the power efficiency of these devices in order to enable mass production

and ease of use. There are already several developments in this area of research such as

the commercially available chip scale atomic clock [120] [102] [119] [104] and the I-sense

Gravimeter [54]. The efforts of exporting quantum based systems from laboratory en-

vironments despite the early stages of developments also aim at showing the potential

usefulness of this technology towards industrial partners.

For trapping, cooling and manipulating atoms, it is essential to have controlled isolated

environments in the form of vacuum chambers and stable laser and optical systems.

Therefore, a big step in exporting most quantum technologies into real life applications

is the size and power reduction of the vacuum chamber, together with and increase in ef-

ficiency and robustness of the laser and optical systems. This enables the miniaturisation

of one of the most common set-ups used for creating cold matter: the magneto-optical

trap. Research carried out in this area is known to have made substantial progress to-

wards this goal [54] [65] [60]. In spite of this, most devices still present difficulty in use

as they require active pumps and bulky optical systems. An example of such technology

is presented in Figure 1.2. An exception to this trend is made by the chip scale atomic

clock. Even if it does not require a magneto-optical trap and the vacuum quality of

this device is not suitable for cold atoms, it represents a great example of miniaturised

quantum technology, presented in Figure 1.3.
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Figure 1.2: Photograph of the I-sense Gravimeter set-up [54]. The entire system is
”backpack” sized and uses a vacuum chamber with size below 0.001 m3. Even if this
is a breakthrough in terms of miniaturisation, it is still considerably large and proves
difficult for field application.

Figure 1.3: Image of a chip scale atomic clock [103] [102] [104]. The device shows a truly
integrated miniaturisation of a quantum device. If cold atoms would be used instead
of the current micro-wave technique, the accuracy of the system would improve by two
orders of magnitude.



6 Chapter 1 Introduction

The chip scale atomic clock is a miniaturisation of the coherent population atomic clock

[183], which is a microwave clock using passive, vapour-cell frequency references based on

coherent population trapping. As light passes through the atomic vapour it is modulated

and the atomic response acts as a sharp notch filter. The modulation frequency is then

locked to the atomic resonance using a change in the transmission of the light through

the cell. The chip scale atomic clock is based on the same principles, however its size

is considerably reduced as it uses micro-fabrication techniques to build the necessary

spectroscopy cell, optics and laser components. Although it offers an incredible size

reduction, the device is limited in regards to performance, offering a stability of 5 ×

10−11 s, which results in a drift of more than 1 second in 600 years [1]. It was shown

that if the device would use cold atoms, the accuracy would improve to ≈ 10−13 s, two

orders of magnitude more than the existing device [89].

In what concerns the technology built around magneto-optical traps, there are several

organisations, including commercial companies currently working towards the same goal

of miniaturising the surrounding infrastructure. For many years, at the centre of the

worldwide effort of miniaturising atomic physics tools has been the National Institute

of Standards and Technology (NIST) from USA [102], which recently summarised the

field in a review [101]. The commercial company ColdQuanta has shown some excep-

tional work in creating a compact platform for atom cooling and trapping from bespoke

components [3] and they are currently developing miniaturised active pumping designed

for portable ultra-high vacuum systems [22]. Joining the development of quantum tech-

nologies, the companies µquans [21] and AOSense [20] are working towards developing

miniaturised rotation and gravitation sensors. In UK, quantum based technology has

seen an exponential evolution in the past years as a result of the National Quantum

Technology Programme [5], a national effort designed to explore the properties of quan-

tum mechanics and how they can be harnessed for technological use, of which the project

presented in this thesis has been a part of. Similarly, this project was a part of the DSTL

Quantum Technology program, which funded several studentships in this field.

Following the example of the chip scale atomic clock, and pushing microfabrication

methods to extremes, the overall vision driving this project is to ultimately create a

miniaturised integrated atom chip for the purpose of cooling and trapping atoms. The

envisioned device would offer the well established accuracy of cold atoms systems com-

bined with the built in finesse of the chip scale atomic clock. It will include vacuum



Chapter 1 Introduction 7

chambers capable of sustaining pressures of 10−10 mbar for an estimated time frame of

1000 days based on permeation rate of Helium. This value can be extended by using non-

evaporable getters as passive pumps [160] , instead of active pumping by turbo and ion

pumps, making the devices more suitable for long term applications. Therefore the size

and power consumption of the vacuum chamber component will drastically be reduced.

The final result will be a portable, highly robust, ”plug and play” magneto-optical trap.

1.2 Structure

In the first part of this thesis we present the advances made in microfabrication tech-

niques for the miniaturised ultra-high vacuum chamber. After testing and tailoring each

technique for our purposes, we present the self-contained vacuum chambers, maintained

by passive pumping. By including alkali metal dispensers, the chambers enable some

basic atomic physics experiments, such as saturated absorption spectroscopy which is

used in this project as a method of characterisation. The alkali metal dispenser them-

selves are bought in miniature form, and an analysis of their use is presented. Towards

the end of this chapter, a section discusses the efforts made towards creating vacuum

feedthroughs to allow controlled electrical and thermal communication to the interior of

the miniaturised device.

The last chapter of the first part presents a general spectroscopic analysis of the fab-

ricated vacuum cells by probing the rubidium D2 line. By comparing them with com-

mercially available vapour cells, we show the multiple use of this technology beyond its

designation of ultra-high vacuum cell. This analysis method also shows a qualitative

verification of the quality of the device’s seal.

The first chapter in the second part of this thesis contains a brief presentation of the

basic atom trapping and cooling theory, together with the system used throughout this

project for tailoring the surrounding infrastructure of the MOT for the integration of

the miniaturised vacuum chamber. A section of the latter chapter shows the work on a

novel laser stabilisation and locking system, based on a single acousto-optic modulator.

In the following chapters we present four novel magneto-optical trap geometries, spe-

cially designed for use with the miniaturised vacuum chambers. While three traps are

novel from the point of view of geometry and robustness, the fourth one is based on a
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completely new trapping mechanism that traps and cool atoms without tusing a mag-

netic field. This final atom trap geometry contributes both to our general knowledge of

cold atoms control and to our miniaturisation efficiency.

Finally, we present the current status of our attempts to obtain an atom trap in a

miniaturised device, together with the difficulties involved in the process and different

solutions that have been attempted to overcome them.

Since its beginning, this project had 5 main contributors: Dr. Matthew Himsworth, Dr.

Matthew Aldous, Dr. Jo Rushton, Dr. Ritayan Roy and myself. Dr. Himsworth, as the

lead scientist, provided advice, guidance, technical assistance as well as experimental

help throughout the entire project. Dr. Aldous designed and built the UHV bond tool

used for anodically sealing the miniaturised cells, along with performing most of the work

in the development of the novel laser stabilisation system and assisting in the analysis

of the first feedthrough prototypes and of the first few miniaturised vacuum chambers.

Dr. Rushton built the basis of the laser system used in this project and assisted Dr.

Roy in the development of the first two traps presented in this thesis. My own unique

contributions to this project were: developing and carrying out most of the microfabri-

cation processes involved in building the vacuum chambers and feedthroughs, bringing

improvements of the in-house built bonding tool, commissioning the AML bonder men-

tioned in the Microfabrication chapter, developing the final recipe for obtaining viable

UHV cells, improving the laser system, assisting in the development of the novel laser

stabilisation system and that of the first two traps presented here. I am also responsible

for the complete development of the third trap presented in this thesis, the attempts

to obtain the first atom trap in a miniaturised device and last but most definitely not

least, the discovery of the new method of efficiently confining and cooling atoms without

the need for a magnetic field - which is described as the last atom trap of this thesis in

Section 11.3.



Part I

Microfabrication
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Chapter 2

Practicality of UHV Bonding and

microfabrication

Many quantum enhanced sensors are based on a magneto-optical trap (MOT) which is

a system designed to cool and trap atoms. The miniaturisation of this device is essential

to enabling the portability of quantum technologies and is presented in this chapter. A

detailed analysis of the operation of this devices will be covered in a later chapter.

The MOT has three main components: a vacuum system, laser systems and electronic

systems. Current set-ups are not suited for field applications as the components are

bulky, power hungry, fragile and require advanced knowledge to operate. Our proposed

solution towards the miniaturisation of the cold atom set-up is the integrated atom chip

(Figure 2.1). This is a micro-fabricated device built around a silicon frame onto which

we attach glass dies for optical access, gratings and other optics that would aid the

requirements for cooling and trapping atoms.

The device presented in Figure 2.1 is the final goal of the research carried out by our

group. As an intermediary stage, the focus of our research is currently on simpler de-

vices, derived from the initial design, that aim to replace only the vacuum chamber

component of the MOT set-up. Considering the final objective of our project (a minia-

turised magneto-optical trap), two prototypes were designed. The first cell is built with

two optical access points using a silicon frame with two glass windows (Figure 2.2a).

The second cell includes a reflective surface patterned on a silicon die that replaces one

of the glass surfaces from the first design (Figure 2.2b).

11
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Figure 2.1: CAD image of an integrated atom chip. The device is built around a silicon
frame onto which there are a attached a glass die for optical access and a two dimensional
grating with feedthroughs and optics. The entire device is made exclusively by using
planar micro-fabrication techniques. The atom chip is enclosed within PCB patterned
circuits which include some of the electronics required for cooling and trapping atoms.
From left to right, the image shows a PCB patterned ciruit, the atom chip base with a
two dimensional grating and miniaturised optics, the silicon frame, the optical viewport,
the second PCB patterned circuit and last, a diffraction grating for laser light input.
Image credit: Matt Himsworth

(a) (b)

Figure 2.2: CAD image of a the intermediary stage of a UHV cell built around a silicon
frame with (a) two glass dies, making the device composed of glass-silicon frame-glass
and (b) a glass die and a reflective surface, making the device composed of glass-silicon-
frame-gold patterned reflective surface on silicon.

A vacuum chamber dedicated for cold atom experiments must have the following compo-

nents: feedthroughs, atom sources, optical access points, pumps required for achieving

ultra-high vacuum (we define ultra-high vacuum for the context of this work as having

a pressure below 10−8 mbar) and seals capable of maintaining ultra-high vacuum. In

this chapter we present the fabrication methods required to obtain miniaturised vacuum
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chambers, such as anodic and eutectic bonding. We then describe the fabrication of the

feedthrough components and the pumping capabilities of our vacuum cells through the

use of non-evaporable getters. Lastly, we present a study on the activation and use of

atom sources.

2.1 Materials and vacuum properties

A conventional vacuum chamber is predominantly made of stainless steel because it

has a high melting temperature, virtually no permeation (similar to all metals), low

outgassing rate and it is relatively easy to machine. The remaining potential components

of a vacuum chamber, such as view ports, feedthroughs and gasket connections between

components will generate a certain amount of leakage. However, in the case of a standard

vacuum chamber designed for achieving an average value of UHV, between 10−8 mbar

and 10−10 mbar these common leaks in the system can be ignored due to active pumping

mechanisms which are in place at all times. They do nonetheless need to be considered

when targeting pressures below 10−10 mbar and additional pumping techniques, such

as cryo pumping, need to be applied as a result. This analysis is beyond the scope

of this thesis as a magneto optical trap can be easily achieved between 10−8 mbar and

10−10 mbar and will not be covered here, however must be considered for ion traps where

the general working pressure is of 10−11 mbar.

In comparison with a conventional vacuum chamber, when considering the materials

necessary for a microfabricated device there are many variables to account for: material

permeation, fabrication methods and the possibility of mass production. The variation of

these parameters for different materials in the context of miniaturised vacuum chambers

is substantially covered in a feasibility study conducted in our group prior to the start

of the project presented in this thesis [160].

The following sections present a summary of the analysis conducted as part of the

feasibility study for the fabrication of miniaturised vacuum chambers. We start with

a short permeation study, followed by possible fabrication methods and the potential

of mass-producing the proposed device. These studies will prove to be the reason for

which silicon and aluminosilicate glass are chosen as prime materials for the fabrication

of miniaturised vacuum chambers.
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2.1.1 Permeation

Permeation, in this context, is the process in which a liquid, gas of solid penetrate

through a solid. All materials permeate to some extent and eventually gas particles end

up contaminating the vacuum chamber. Due to the complexity of the permeation pro-

cess, substrates have different permeation rates which are dependent on certain events,

which are difficult to predict. Knowing the behaviour of particles, we can make the

appropriate choice of materials in order to avoid this process to become a detrimental

factor to vacuum applications. Firstly, particles from the external environment hit the

chamber walls and get physisorbed on their surface. If the surface enthalpy is greater

than their bonds, the particles will then dissociate and start to diffuse in the material

bulk. Lastly, if the energy of the particles is big enough to overcome any surface energy

barriers, they will desorp in the form of either atoms or molecules and will end up inside

the vacuum environment. Besides the dependency on the substrate material, permeation

is also different for each gas species.

As we are using exclusively passive pumping through non-evaporable getters, our interest

is focused on noble gases, which can not be pumped using this method, and gases with

fast permeation rate such as hydrogen. In conventional vacuum chambers, noble gas

permeation does not represent an issue as metals have a dense crystalline structure

and a weak surface interaction. An exception is made by the windows of the vacuum

chamber, through which noble gases do permeate. Nonetheless, the ratio of glass to

steel can be minimised and this effect can be neglected. Similarly, noble gas permeation

is significant in the case of most glass substrates used in microfabrication. As the glass

material predominates in our designed of the vacuum chamber, the permeation of noble

gases can no longer be neglected.

The characterisation of the permeation rate in different substrates can be reduced to a

dependency on the diffusion rate and solubility of contaminating particles. Assuming

the gas is entirely dissolved in the substrate, the amount diffused through a membrane

of thickness D and area A, for a difference of pressure ∆P = Pext − Pint is:

dQ

dt
=
KA∆P

D
(2.1)
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where Pext is the pressure of the outside environment, Pint is the vacuum pressure and

K = DS is the permeation rate, with D being the diffusion constant and S the solubility,

both following an Arrhenius type temperature dependence [160] [167]. This leads to a

variation of permeability with temperature, which in the case of the substrates and gases

relevant to this project, can be found in Table 2.1.

Gas Temp. Silicon Aluminosilicate Borofloat 33 Stainless Steel

Helium 20°C 3.2 · 10−34 6.8 · 10−16 3.5 · 10−11 -
(cm2s−1) 500°C 4.8 · 10−17 2.4 · 10−10 3.4 · 10−8 -

Hydrogen 20°C 5.7 · 10−40 6.1 · 10−23 3.4 · 10−16 1.0 · 10−14

(cm2s−1) 500°C 1.2 · 10−15 4.3 · 10−14 2.4 · 10−12 1.4 · 10−7

Table 2.1: Permeability values for Silicon, Aluminosilicate glass, Pyrex and Stainless
Steel at different temperatures.

The assumption that the gas molecules are completely dissolved in the substrate material

made in equation 2.1 is not entirely true if the substrate is properly degassed. Instead,

the time necessary for the particles to permeate the material is highly dependent on the

solubility of the substrate and for some materials this can take a substantial amount of

time. Considering a vacuum chamber of volume V, after a time t, the pressure increase

due to a gas species permeation is given by [157]:

Pc =
ADSPext

V d

[
t− d2

6D
− 2d2

π2D

∞∑
n=1

(−1)n exp(−n
2π2Dt
d2

)

n2

]
(2.2)

Our aim is to create miniaturised UHV cells built around a silicon frame tailored towards

cold atom applications. As such, they will require at least one optical access point, and

as described in the introduction of this chapter, our simplest design will have two optical

access points. In order to estimate the lifetime of our device, we use equation 2.2 in

a simple simulation in which we assume a starting pressure of 10−10 mbar and ignore

any other detrimental effects on the vacuum quality. The most common glass used in

bonding applications with silicon is Pyrex. From many variations of Pyrex glass, in this

project we used Borofloat 33. However, any glass with a high sodium concentration can

be anodically bonded and used in microfabrication seals. Another very important factor

is the temperature expansion coefficient difference between the chosen substrates, as our

samples will be exposed to high temperatures during and post fabrication. As well as

Pyrex, the glasses with similar temperature expansion coefficient to silicon are Zerodur

and aluminosilicate, and all of them have been analysed in this study. Fused quartz is
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also included as it is a popular material for microfabrication and vacuum windows. The

simulation was made considering a hypothetical cavity with a 1 mm thick silicon frame,

with a volume of 0.5 cm3 and a total glass area of 2.5 cm2. The results are presented in

Figure 2.3. As it can be observed, aluminosilicate glass offers the best device lifetime of

over 1000 days when only permeation is considered. It is worth underlying again that

we did not consider any getter effects, fabrication contamination or surface outgassing

in this simulation. Similar results were obtained by Dellis et. al. [55]. Besides showing

the best results in to permeation, aluminiosilicate glass is also a hard material with a

high melting point which can be purchased in wafers of various sizes which makes it

ideal for microfabrication. Following this study, we concluded that the most suitable

materials for use in the fabrication of the devices presented in this thesis are silicon and

aluminosilicate glass.

Figure 2.3: Time dependency of pressure inside a miniaturised UHV chamber determined
by Helium permeation. This study concluded that the optimum material choice for our
devices is aluminosilicate glass as it offers a lifetime of at least 1000 days. This value is
appreciably large compared to other considered materials.

2.1.2 Fabrication methods

In conventional systems, seals generally present knife-edges that bite into copper gaskets

securing a permanent leak-free seal. Other components of a vacuum chamber, such as

view-ports, employ ”house keeper” seals which offer a similarly low leakage rate as cop-

per gaskets. By using these types of seals, commercially available vacuum systems show
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a leak rate of 10−11 mbarl
s which is limited by the resolution of current leak detectors.

When considering the fabrication of a miniaturised vacuum chamber the seal is defined

by the bonding mechanism between materials used in the process. As such, defects and

variation in the permeation rates of seals eventually lead to leakage that will compro-

mise the quality of the system. Considering that we aim towards a passively pumped

device, the seals provided through bonding need to show far better performance than

conventional seals. Therefore, we need to consider several bonding techniques that can

be used with the materials that were indicated as viable for a vacuum chamber by the

permeability study presented previously. There are: glass frit, anodic bonding, eutectic

bonding and direct bonding.

Glass frit is a well known bonding technique that is based on using a glass compound with

a low melting point deposited at the bonding interface. Initially the samples, together

with the glass compound, are heated enough to eliminate contaminant gases. After this

is achieved, the temperature is further increased to the melting point of the bonding

glass and this seals the samples upon cooling. The study of vacuum seals obtained

through glass frit was carried out by Sparks et al. [170] however an exact number was

never attributed to the leak rate of the system. In the feasibility study conducted by

our group [160] the leak rate of this type of bond was estimated to 10−15 mbarl
s based

on the values attributed by the Q-factor of the integrated resonator [171]. Nonetheless,

the residual pressure after bonding remains unknown. Also, due to the low temperature

melting point of the bonding compound a proper degassing of the samples involved in

the process is difficult to ensure in small volumes. Despite these negative aspects in

respect to ultra-high vacuum applications, this technique has the lowest dependency on

surface quality and as such it may be used in other applications related to this project

which will be covered in future sections.

Anodic bonding is achieved through the creation of a thin oxide layer between a semi-

conductor and a sodium rich glass at temperatures above 300 ° C when a high difference

of potential is applied (above 100 V, depending on the size and thickness of the sam-

ples). Once high temperatures are reached, the sodium atoms in the glass piece become

mobile, and when the voltage is applied they drift away from the bonding interface leav-

ing behind free oxygen radicals. The silicon in contact with the glass die bonds with

the oxygen creating a layer of silicon oxide which seals the two samples together. For

the bond to be successful, the samples need to have similar coefficients of temperature
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expansion and their surface roughness needs to be under 10 nm. It has been shown in

different studies [124] [125], that the leak of this bond as a seal is virtually non existent

regardless the size of the bonded area. Therefore, the seal resulted from this bond is

only limited by permeability, while the final pressure inside the sealed environment is

highly dependent on the large amount of oxygen released in this process.

Eutectic bonding implies the use of a mixture between two materials which has a lower

melting point than that of its components. Some of the most popular materials used in

this bond are gold and silicon which have an individual melting temperature over 1000

° C. However, the eutectic alloy created when silicon is blended with gold at 18.6 atomic

percentage, has a reduced melting temperature of 363.5 ° C. Upon cooling, this alloy

can create a strong hermetic bond. From all the bonding methods considered in this

project, this one shows the lowest quantified leak rate, under 10−15 mbarl
s [117]. There

are several other materials that when combined together can create an eutectic solder,

such as: gold and aluminium [83], gold and tin [127] and iron and carbon [98]. As

mentioned in the introduction of this chapter, we ultimately endeavour to use a two-

dimensional grating that would aid in creating an atom trap geometry. This grating is

coated with a gold reflective surface, as a result this type of bonding between silicon

and gold is a strong candidate for attaching the above mentioned reflective surface to

the silicon frame of our devices. The potential downsides of this technique consist of:

the difficulty in obtaining a uniform constant bond, the variation in literature regarding

bonding parameters, the need for multilayer films to prevent contaminating diffusion

between layers and the requirement for a pure silicon surface without any native oxide.

All the aspects of this process are covered in section 3.2.

Direct bonding is dependent on strong Van der Waals forces generated by the contact

between two optically flat surfaces. Most semiconductors and glass wafers used in mi-

crofabrication are already polished to the required flatness, and no other materials are

needed in the process. The bonds generated through this technique are strong, robust

and hermetic [124]. However, in order to obtain them the samples require extensive

cleaning techniques, clean room environments, and very high post-annealing tempera-

tures (above 500° C) for several days [71]. The requirements for this procedure makes the

fabrication process difficult and, despite its low leak rate (below 10−14 mbarl
s ) and limited

outgassing, the post-annealing step can damage different components of the device we
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are aiming to fabricate. As such, in this project the direct bond is not regarded as a

suitable method for sealing a miniaturised vacuum chamber at this stage.

Summarising the bonding procedures, one can observe that all the above mentioned

techniques offer leak rates good enough to be considered for our fabrication purposes.

Nonetheless, the simplest and most robust method to apply is the anodic bond. As a

result, the most basic version of our proposed device (a miniaturised ultra-high vacuum

cell with two optical access points) was built using this process. The second iteration of

the miniaturised atom chip that includes a two dimensional grating for cold atom traps

will be fabricated using a combination of anodic and eutectic bonding procedures. As

the device evolves towards a more complex version the other techniques presented in

this section may be reconsidered.

Considering the choice of materials (silicon and aluminosilicate glass) and of main fab-

rication method in the form of anodic bonding, there are few other factors that need to

be taken into account during production. A significant one is the strain during fabrica-

tion and consequently the post-fabrication residual stress. These are highly dependent

on the coefficient of thermal expansion and elastic modulus of the materials. Studies

showed that in the case of anodic bonding, where silicon (with an elastic modulus of

170 GPa) and Pyrex 7740 (with an elastic modulus of 62 GPa) are used, there is signif-

icant stress in the samples if high temperatures are used during the process [163] [165]

[59]. This can cause warping or even structural damage to the materials. Nonetheless,

the strain induced during fabrication is shown to be avoided through the calibration of

the bonding process. In our case, the aluminosilicate glass has a coefficient of thermal

expansion much closer to silicon than Pyrex, thus reducing the detrimental effects of the

fabrication process even further. The difference of the coefficient of thermal expansion

for silicon and the SD-2 aluminosilicate glass used in this project is presented in Figure

2.4, in contrast with the coefficient of thermal expansion of Borosilicate glass. As it

can be observed, in the case of the materials used in this project, the coefficients are

very close at temperatures below 400° C. Similarly, the elastic modulus of the glass used

here (86.88 GPa), is higher than the commonly used Pyrex 7740 glass, resulting in a

more robust bond. The relevant properties of SD-2 aluminosilicate glass can be found

in reference [4].
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Figure 2.4: Comparison of coefficient of thermal expansion for silicon (blue), SD-2 alumi-
nosilicate glass (yellow) and borosilicate (pink)[4]. As it can be observed, the coefficients
of SD-2 and silicon are closely matched up to 400° C.

2.1.3 Production ease

Despite the fact that individual components of conventional vacuum chambers can be

fabricated at an industrial scale, they still requires assembly, cleaning and baking adding

up to over 500 hours. In the case of a microfabricated device, the time required to achieve

a functional vacuum chamber is significantly reduced. For example, in a 6 inch wafer we

can fit at least 9 devices that require a total fabrication time of approximately 100 hours.

This means that we spend an average of 11 hours per device. Admittedly, the devices

presented in this thesis are only prototypes. The fabrication time of the final device will

therefore be different. Nonetheless, it is still a significant reduction in comparison with

fabrication time of conventional vacuum chambers.

2.2 Cleaning

For most microfabrication processes, having a clean surface is essential. For example,

the anodic bond has a surface roughness acceptance of maximum 10 nm. Most dust

particles are larger than this and would interfere with the bonding process. Similarly,

any biological residue (i.e. fingerprints) or contaminating agents left over from the wafer

polishing and dicing would have a negative impact on the bonding process.
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The correlation between the surface degree of cleanliness and the anodic bonding process

were previously analysed in our group by Matthew Aldous [121] and a summary of that

study is presented below.

When it comes to cleaning a wafer at a clean room standard, the general procedure

must be followed regardless of the wafer’s purpose. A silicon wafer goes through a 10

minute bath of ”RCA 1” (solution of DI water, Ammonia and Hydrogen Peroxide in a

ratio of 5:1:1 in the stated order), followed by a 10 minute bath in a 20:1 HF solution

to remove any existing native oxide. The next step is a third chemical bath of ”RCA 2”

(solution of DI water, Hydrochloric Acid and Hydrogen Peroxide in a ratio of 5:1:1 in

the stated order). The RCA1-RCA2 cleaning methods have been reported to have the

potential of trapping impurities on the wafer’s surface, however this method can be

addressed through the addition of other cleaning steps in higher concentration than the

step presented above [99]. Finally, the wafer is rinsed with DI water and dried with

nitrogen. At the end of the cleaning process the user has the option to add an extra

step of plasma ashing. This should remove any contaminating molecules remaining on

the surface of the wafer. In the case of glass wafers, the recipe is the same, save for

the HF solution which would react with glass, dissolving it. Throughout this thesis, in

all projects where full wafers have been used, the cleaning process described above was

applied. However, in the case of miniaturised vacuum cells, the samples are in the form

of dies (20× 25× 4 mm for silicon frames and 20× 25× 2 mm for aluminosilicate glass)

making it difficult to apply the same cleaning procedure as in the case of wafers.

For dies, the cleaning process involves industrial soap (in our case Galvex), acetone,

isopropanol, DI water and plasma ashing. The soap removes any major contaminants

from dicing and from handling the samples. The acetone and isopropanol clear away

any oil or biological matter left on them. Finally, the samples undergo ozone plasma

ashing. Even though a lower power is used for generating the plasma than in the case of

wafers, the effects are similar. After mounting the samples in our system for bonding,

they are once again cleaned with a step of nitrogen plasma ash. While the ozone plasma

is generated in specially designed tools, the nitrogen plasma used in this thesis is formed

as a by-product of the bonding mechanism. Dry nitrogen is used to keep the bonding

chamber clean when it is not in use. Upon applying a difference of potential above 300 V

and the nitrogen pressure is in between 0.5− 1.5 mbar, plasma is generated around the

electrodes. This effect can be observed in Figure 2.5.
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Figure 2.5: Nitrogen plasma generated in our bonding system before starting the fab-
rication process. This represents the last cleaning step of the samples. The picture is
made through one of the view-ports of the bonding tool.

The impact of cleanliness degree of the sample surface on the bonding quality can be

quantified by monitoring the total area of ”voids” at the bonding interface. As such the

cleaning process was altered each time and the results obtained have been characterised

as a function of the bond quality. The outcome of this study are presented in Figure 2.6.

From it, one can easily observe that in the case of uncleaned samples the density and

area of contamination is high. In contrast, the number of voids is significantly reduced

when the samples undergo proper cleaning procedures and especially when high energy

plasma is used as a final step. Based on this study and the evolution of the project,

we produced a single well defined cleaning recipe and all the samples in this project

are presumed to have followed the same cleaning process unless stated otherwise. The

details of this recipe can be found in Appendix B.
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Figure 2.6: Size and density of voids at the bonding interface as a function of the cleaning
method used to prepare the samples. Study and image courtesy of Matthew Aldous.

2.3 Conclusion

This chapter outlines the notion of the integrated atomic chip, together with the materi-

als and fabrication methods considered in its development. The ideal concept of an inte-

grated atom chip was discussed, including the intermediary designs used in this project.

Several materials and fabrication procedures were considered and a brief analysis was

presented with a focus on permeation, strain, leaks and fabrication ease. Following

this, we have chosen the materials (silicon and aluminosilicate glass) and the fabrica-

tion methods (anodic bonding and eutectic bonding) used in this project. Finally, we

presented the cleaning methods required to prepare the samples for production.





Chapter 3

Sealing methods

In this chapter we present the sealing methods chosen for encapsulating UHV in our

devices. We start by presenting a detailed analysis of the anodic bond and its capabilities,

together with its theoretical model and how the bond is produced in our project. The

chapter continues with the presentation of the eutectic bonding technique, the second

method used in this thesis for creating a UHV seal. Finally, we present the methods

used for fabricating minaturised vacuum chambers.

3.1 Glass to silicon anodic bonding

Anodic bonding, also known as electrostatic bonding, was first developed in 1966 by

Pommerantz as a bi-product of his research on glass conductance [185] . It was defined

as the bonding mechanism between a ion-conductive insulator, generally a glass die

high in sodium, and a electron conductive metal or semiconductor with a high oxidizing

rate. Since its development, silicon to glass anodic bonding is one of the most popular

techniques used in micro-fabrication technology for air-tight sealing and encapsulation

of micro-electro-mechanical systems (MEMS) [61] [80] [107].

3.1.1 Bonding mechanism

The most simple set-up necessary for creating an anodic bond includes a conductive

heating surface, a high voltage power supply and a point electrode (Figure 3.1). The

25
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Figure 3.1: Schematic of a basic anodic bonding set-up consisting of a temperature
stabilised conductive table, a high voltage source and a point electrode. The silicon die
is mounted on the heating surface with the glass on top of it in contact with the point
electrode.

silicon is generally placed on the heating surface with the glass die on the top and the

point electrode touching the glass. The heating surface is connected to the ground/pos-

itive connection on the power supply (anode), while the point electrode is connected to

the negative voltage of the power supply (cathode). On contact, if the samples (i.e the

wafers of glass and silicon) are properly prepared (meaning flat and cleaned) before the

process, they will be held together by the weak Van der Walls forces and Newton rings

will be visible. In the our project, only small parts of the ring patterns can be seen as

we are using dies as opposed to wafers (Figure 3.2).

The samples are heated up to bonding temperature (300-500 ° C) and a difference of

potential of 500-1000 V is applied with polarisation as described above. Due to high

temperature the resistivity of the glass decreases and a strong ion current flows through

the glass. The electric field causes the sodium ions to move freely in the glass towards

the cathode creating a positive charged layer at the top of the glass die. The anions,

free oxygen radicals, remain motionless in the glass structure [184]. As a result, a layer

of negatively charged anions is formed at the silicon-glass interface [33] [7] [164]. The

entire ensemble acts similarly to a highly charged capacitor with the plates only a few

nano-meters apart. The strong electrostatic force pulls the samples in intimate contact

and the silicon binds with the free oxygen radicals from the glass die creating a layer of

silicon oxide at the bonding interface [191]. These steps can be observed in Figure 3.3.

In the following section this process will be described in more detail from a theoretical

perspective.
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(a)

(b)

Figure 3.2: Images of glass dies resting on (a) bulk silicon and (b) a silicon frame, with
Newton rings/interference pattern shown as a result of intimate contact due to Van der
Walls forces.

3.1.2 Anodic bond theory

The chemical process behind anodic bonding is still not perfectly understood, however

there are couple of theories developed by Baumann et al. [23] and by Schmidt et al.

[164] that are widely adopted by the scientific community. Both agree on the fact that

the most basic process of this bond is the formation of silicon oxide at the silicon-glass

interface, however they contradict each other on secondary chemical reactions.

Baumann’s theory starts with the electrolysis of Na2O under the influence of the applied

electric potential. This process generates sodium ion and free oxygen:

Na2O = 2Na+ + O− (3.1)

At the same time, the electrolysis is enhanced by the dissociation of water that is being

absorbed by the materials involved in the process:

H2O = H+ + OH− (3.2)
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Figure 3.3: Anodic bonding mechanism. (a) When in contact, the samples are hold by
weak Van der Wall forces. (b) At high enough temperature (300-500 °C) the sodium ions
start to move freely within the glass matrix and are pulled towards the cathode under the
influence of the applied potential (500-1500V) while the oxygen radicals remain fixed in
the substrate. (c) A depletion layer is being formed acting as a capacitor. The samples
are pulled in intimate contact and bonding occurs.

Na2O + H+ = 2Na+ + OH− (3.3)

The oxygen generated from the chemical reactions described by the equations above

migrates towards the anode and interacts with the Silicon. The free oxygen contributes

towards creating SiO2, while the oxygen from OH− creates SiOH. The free sodium moves

towards the cathode under the influence of the electric field where it is neutralised. Near

the cathode, Na interacts with either oxygen from atmosphere or un-bonded oxygen from

the glass matrix and creates Na2O. This reacts with H2O forming NaOH which attacks

the glass and the cathode in the Na cumulative region. This effect has several negative

consequences in our scenario which will be explored in section 3.1.4. Baumann’s theory

is based on the electrolysis of Na2O. However, Schmidt [164] showed that free oxygen

generated from Na2O electrolysis is not present in all glasses and that drifting Na ions

are replaced in the matrix by a flow of H+. Therefore he proposed a different chemical

model for the bonding reaction.

The first step in Schimdt’s proposed chemical process is the decomposition of water

at the bonding interface when a high temperature is reached and the electric field is
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applied:

H2O = H+OH− (3.4)

and

2H2O = H3O + OH− (3.5)

Under the influence of the electric field, the hydroxyl group is assumed to drift towards

the silicon where it facilitates the creation of siloxane bonds between the glass and

silicon:

Si + 4OH− = Si(OH)4 + 4e− (3.6)

Si(OH)4 = SiO2 + 2H2O (3.7)

The water released in this process is re-used until it is completely depleted and the

bonding stops. Sodium follows a similar reaction as in Baumann’s theoretical proposal.

Although, in this case the hydrogen released in the decomposition of water replaces

the empty spaces left by the sodium drift towards the cathode. As a result sodium is

replaced in complex structures such as (BO4)−Na+ and (AlO4)Na+:

(BO4)−Na+ + H+ = (BO4)−H+ + Na+ (3.8)

(AlO4)−Na+ + H+ = (AlO4)−H+ + Na+ (3.9)

The two theoretical reactions described by Baumann and Schmidt are generally treated

as mutually exclusive as the former is based on the electrolysis of Na2O while the latter

negates this phenomenon and it is based on the decomposition of H2O. Even though

Schmidt’s research showed the absence of non-bonded oxygen during the anodic bond

of Borosilicate glass, the effect can not be ignored in other types of glasses as it was

confirmed by other studies [8], [33], [7], [184].

In our experiment, an indirect chemical analysis of the anodic bond was completed

by monitoring the process of outgassing on a residual gas analyser. The raw data of

the experiment can be seen in Figure 3.4. The main gases released throughout the

process are O2, H, N2 and CO2 and their respective partial pressures is dependent on

the bonding current at any point in time. For this experiment the current was manually

adjusted and therefore it does not follow the typical bonding current path. However,

this is beyond the scope of this analysis of which main purpose was to determine the
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Figure 3.4: RGA analysis of anodic bonding. In order to maintain a high resolution
spectrum, the current was manually adjusted. Consequently the trend of gas release,
which follows the path of the current, does not have the usual shape. One can observe
that the main gases released in this process are Hydrogen, Nitrogen, Oxygen and Carbon
Dioxide.

amount of gas monolayers released. As we are using this technique for sealing ultra-high

vacuum cells, any gas release can have a high impact on the quality of our devices. It

was found that anodic bonding for our samples generates an average of 18 monolayers

of contaminant gases. This number will become more relevant in future sections of this
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work. The release of gases during this process happens as the bonding wave progresses.

Considering the intimate contact between the samples, the gases that we record are only

the ones generated by the bond of the external edges of the samples. The assumption

made here is that no gases escape from the inside edge of the bond, thus the amount of

gas released inside the resulting bonded sample is similar to the amount of gas released

by the external edges of the bond, which is recorded by our RGA. Looking over the

main gases released in this process, it is the author’s belief that the two above mentioned

theories are complementary, though the reactions are balanced according to the chemical

composition of the glass (in this case aluminosilicate). The only factor that stands

against Schmidt’s theory in the analysis conducted in this project, is that despite a

thorough dehydration of the samples prior to the anodic bond process, the amount of

H2O is observed to increase during bonding. However, as it can be observed, it does

not follow the same degassing path as the rest of the gases. We can conclude from this

that a part of the degassed H2O may be used in the bonding process. It is also a high

probability that in the case of borosilicate glass the free oxygen reacts with the flow of

hydrogen creating OH− that participates in the bonding process. This reaction would

eliminate the contradiction of the above mentioned theories [59], however at this stage

there is no concrete proof to confirm this.

In addition to the chemical reactions of anodic bonding, the process can be described

through the analysis of charges and bonding currents. As in the case of the chemical

analysis of the anodic bond, the current characterisation of this process presents its own

controversy. As the bonding current is generally used to determine the bonding process,

it is important to have a good model. As such, there are many theoretical attempts of

describing the anodic bond process from a mathematical point of view, using the flow

of ionic current as a reference [33] [79] [7] [95]. Here we present the work of Jun He et

al. [79] as it is, in the author’s opinion, one of the most comprehensive descriptions.

The main method for developing a theoretical characterisation of this process is by

constructing an analogous electric circuit that mirrors the anodic bond system. As

mentioned at the beginning of this section, during the anodic bond process there are

three well defined regions being formed: a depletion layer at the bonding interface,

the bulk glass, and a ’pile-up’ layer where the glass is in contact with the cathode

[8]. Following this description, several assumptions can be made regarding the bonding

system. The contact between the glass and the cathode is assumed to be resistive and
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any capacitance is ignored. Additionally, the bonding interface is regarded as both

resistive and capacitive as the intensity of the ion current flow is dependent on the

growth of the resulting oxide layer. As such, the analogous electric circuit consists of a

high voltage power source, the resistance of the cathode and glass bulk, in series with the

properties of the depletion layer expressed as a resistance in parallel with a capacitor.

The schematic of the analogous electric circuit is presented in Figure 3.5. In comparison

with other theoretical predictions of the anodic bond, in this model, all the components

of the circuit are considered to be time dependent.

Figure 3.5: Analogous electric circuit for the anodic bond system. The main components
of the electric circuit are the high voltage source V , the bulk glass resistanceR0, depletion
layer resistance R1 and its capacitance C.

The capacitance of the depletion layer can be expressed as:

C(t) =
εε0A(t)

l
(3.10)

where l is the width of the depletion layer, ε0 is the vacuum permittivity and ε is the

permittivity of the glass. It must be noted that in this model, the area of intimate

contact is not the entire area of the bonding interface. As mentioned during the descrip-

tion of the anodic bond mechanism, upon applying a difference of potential, initially

the samples are pulled together in intimate contact by powerful electrostatic forces after

which, bonding occurs. The area A presented in the above equation is the time depen-

dent area of intimate contact generated through electrostatic forces. Considering the

progression of the depletion layer thickness and of the contact area, the time depen-

dence of the capacitance becomes obvious. For similar reasons, it is easy to observe the

timed dependence of both resistances in the system. Moreover, the bonding set-up can

include either a point-electrode or a plate electrode. The difference between the two

types of electrode can cause a significant difference in the value of R0. In consequence,

we will only present here the theoretical model for the plate electrode to match the

actual system used throughout this project.
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To better understand the system behind this analysis, consider the bonding interface

to be composed of a multitude of infinitesimal unit areas, on both the glass and silicon

sides. Only a proportion of these areas are in contact at the start of the process while the

others come together as the bonding wave progresses. Before contact, the unit areas are

assumed to be parallel to each other and each can be modelled as the circuit presented in

Figure 3.5. Therefore, for a process time t, the charge flow within one unit area satisfies

the equation:

R′0
dQ′2
dt

+
R′0 +R′1
R′1

Q′

CA
= V (3.11)

where R′1 = lr (with l being the thickness of the depletion layer and r its resistance),

Q′ = q is the total charge of the anions layer and, Q′2 = ρl (with ρ being the charge

density of ions) and CA = εε0
l is the capacitance of the unit area. By acknowledging that

at t = 0 there is no flow of ions (Q′2 = 0), and solving the above differential equation, it

is found that:

Q′2 =
εε0ρ

q

(
V − qR′0

rεε0

)(
1− exp

(
tq

R′0εε0ρ

))
(3.12)

and

I(t) =
dQ′2
dt

+
Q′

CR′1
(3.13)

Defining the time constant of the current as τ =
R′0εε0ρ
q , results in:

Q′2 =
τ

R′0

(
V − qR′0

rεε0

)(
1− exp

(
− t
τ

))
(3.14)

and

I(t) =

(
V

R′0
− q

rεε0

)
exp

(
− t
τ

)
+

q

rεε0
(3.15)

Using the experimental results from reference [8] and reference [135], Jun He et. al. [79]

approximated the enlargement of the area in intimate contact as a polynomial:

a(t) = a0 + k1t+
k2

2
t2 (3.16)
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(where k1 and k2 are constants representing the growth speed of the area of intimate

contact) and derived the final result for the anodic bond current:

t ≤ t0 :

I = a0

[(
V

R′0
− q

rεε0

)
exp

(
− t
τ

)
+

q

rεε0

]
+ k1

[
t
q

rεε0
+

(
V

R′0
− q

rεε0

)
τ −

(
V

R′0
− q

rεε0

)
τ exp

(
− t
τ

)]
− k2

[
t2

2

q

rεε0
−
(
V

R′0
− q

rεε0

)(
τ2 − τt

)
+

(
V

R′0
− q

rεε0

)
τ2 exp

(
− t
τ

)]
t > t0 :

I = a0

[(
V

R′0
− q

rεε0

)
exp

(
− t
τ

)
+

q

rεε0

]
+ k1

[
t0

q

rεε0
+

(
V

R′0
− q

rεε0

)(
τ exp

(
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t

)
− τ
)

exp

(
− t
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V

R′0
− q
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)(
τ2 exp

(
t0
τ

)
− τt0 exp

(
t0
τ

)
− τ2

)
exp

(
− t
τ

)
− t20

2

q

rεε0

]
(3.17)

where t0 is the moment in time when the intimate contact between the samples is

maximum, V is the applied voltage.

A general simulation of the current with arbitrary parameters using equation 3.17 is

presented in Figure 3.6. Here, we present the theoretical projection for the intensity

of the current during the process with an orange line, while the blue line shows the

progression of the intimate contact surface. Generally, a bond is considered complete

when the current reaches a value equal to 10% of its maximum value, as at that point

the current levels off and the anodic process stops. Nonetheless, in our experiments, the

current was left on for several minutes after reaching 10% of its maximum value in an

attempt of reducing the chance of the process being temporary halted by the presence

of contaminants.

The device used in this project for anodic bonding is an in-house built tool capable

of applying voltages of 1500 V and achieving temperatures up to 800 °C. The bonding

system is encapsulated inside a vacuum chamber designed for achieving pressures of 10−8

mbar in under 48 hours. Additionally the tool is equipped with an UV light source for a

better sample degassing, plasma ashing capabilities for surface activation and a residual

gas analyser for process analysis and monitoring. A short description of this tool is found
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Figure 3.6: Theoretical plot of current flow during the anodic bond process. The orange
line shows the theoretical current progress during the bonding process, while the blue
lines shows the progression of the intimate contact surface. The bonding is considered
complete when the current decays to 10% of its maximum value.

in section 3.1.3 and a complete characterisation of this machine and details on how it

was built can be found in [121]. In order to project the theoretical prediction presented

above for an anodic bond achieved in our tool, a conventional bond was completed and

recorded using the maximum voltage of the system. The data was imported into a

Python program that through the use of a fitting algorithm found the best values for k1

and k2 which were assigned as unknown factors. The result is presented in Figure 3.7.

The raw data collected during the bond is presented in blue, while the data fit is pre-

sented in red. We can determine from this analysis that the surface of intimate contact

for our samples is quite high in contrast with the entire bonding surface. The gradient

of the current before reaching maximum value is attributed to the manual ramping of

the power source. It can also be observed that the raw data collected has a significant

amount of noise which is generated by both the power source and the Arduino based

control system. Nonetheless, the theoretical predictions fit the experimental data and

the bonding parameters in this example are used throughout this project.

3.1.3 In-House Built Anodic Bonder

In order to fabricate the miniaturised vacuum cells our group has developed a bonder tool

specifically designed for this purpose. As the main process of this project is the use of
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Figure 3.7: Data fit for anodic bonding in the in-house built bonding tool. The blue
line shows the collected data from the process, while the red line shows the theoretical
fit. From the fit, we can conclude that the intimate contact between our samples is high
compared to the entire bonding area.

anodic bonding for encapsulating UHV in a miniaturised vacuum cell, the development

of the bonder tool began with the following requirements:

• A base pressure of at least 10−7 mbar which can be achieved in a reasonable time

frame (a few days);

• A low noble gas distribution;

• Separable bonding electrodes in order to allow an efficient degassing of the sample

prior to bonding;

• The ability of achieving temperatures of at least 500° C;

• The capacity to monitor the residual gases prior, during and after the bonding

process;

• Accurate lateral alignment; and

• The ability to apply the necessary potential difference and current required for

anodic bonding.

The bonder was developed during the course of several years. The different versions of

the device that were established during its development are presented in [121]. Here we
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present the latest iteration, which was used for achieving the prototype devices presented

in this thesis.

The bonder is based around a conventional UHV chamber (embedded in a metallic table)

which is pumped through the use of a roughing pump and a turbo pump. Ultimately

the tool can achieve a base pressure of 3.5 × 10−8 mbar in approximately 24 hours.

The base of the vacuum chamber is sealed with a moving stage which contains one of

the mounting posts which holds the samples during the bonding process. The moving

stage allows for µm alignment of the samples in the horizontal plane, and enables their

separation or intimate contact through vertical displacement of the bottom sample. The

mounting post also acts as one of the electrodes required in the anodic bonding process

as its surface is composed of a layer of tungsten onto which high voltage feedthroughs

are attached. Inside the tungsten electrode, we placed a heater wire which is enclosed

between two ceramic plates. This allows for the samples to be heated to at least 500° C

(the maximum temperature achieved using this set-up was 700° C, which was maintained

for just a short period due to health and safety precautions). The top of the vacuum

chamber mirrors the bottom electrode, however in this case without a moving stage. This

fixed electrode also acts as the lid for accessing the interior of the system. Additionally,

the vacuum chamber has a residual gas analyser attached onto it which allows the

monitoring of the release of gasses at pressures under 10−4 mbar, and a UV light source

which helps during the degassing process. Finally, the amount of noble gases in the

system is reduced through the use of an acrylic glove-box that envelops the top of the

vacuum chamber. The glove-box has a nitrogen source constantly attached to it, which

is used for maintaining a controlled environment while the vacuum chamber is being

accessed. A diagram of this system is presented in Figure 3.8.

The author’s contribution to the development of this tool was to assist with the addi-

tion of the moving stage and the new tungsten electrodes, which replaced the previous

titanium electrodes. Furthermore, the device required frequent maintenance which also

fell to the author’s responsibilities since the completion of the previous iteration of the

bonding tool.
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3.1.4 Bonding Effects

As with most micro-fabrication techniques, the anodic bond presents various secondary

effects which can have an adverse impact on our application. A significant effect of this

process is that the glass die is damaged at the contact interface with the cathode. The

flow of ions during anodic bonding, which is dependent on the flow of current through

the sample, results in a concentration of sodium ions at the interface between the glass

and the cathode, where they are neutralised. Upon neutralisation, they transform into

corrosive components such as NaO2 and NaOH. Consequently, both the cathode and

the glass contact interfaces are damaged. If the bonding system uses a point electrode

then the corrosion is limited to the point of contact (Figure 3.9a). However, in most

applications, as well as in this project, the cathode has a wide surface of contact. If we

assume this surface to be perfectly flat, the flow of current is uniform and the concen-

tration of sodium ions is uniformly distributed (Figure 3.9b). The resulting corrosion

effect is minimal and can often be ignored. However, achieving a perfect flat surface is

extremely difficult and small imperfections at the contact interface cannot be avoided.

These cause an increase in current flow thus intensifying the damage on both materials

(Figure 3.9c). An example of the damage generated to the glass at the contact surface

with the cathode can be observed in Figure 3.10a.

(a)
(b)

(c) (d)

Figure 3.9: Schematics of current flow in the cases of (a) a point electrode, (b) a flat
electrode, (c) a flat electrode with an irregular shape and (d) of a glass-metal electrode.
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In most applications the damage inflicted on the glass can be ignored. But, the clarity

of optical view ports on a vacuum chamber is paramount, especially when their ulti-

mate purpose is focused on atomic physics applications requiring laser beams with low

wavefront error. The solution for overcoming this issue was found though the addition

of a thin, conductive and non-blocking secondary glass die at the contact interface with

the cathode. As both glass samples are optically flat, the current flow between them is

uniform. In our case, the glass die used was made out of Soda-lime, which has a higher

conductivity than the aluminosilicate sample. Nonetheless, it is assumed that both dies

act as a single glass piece and instead of causing the sodium ion to concentrate, they are

transported from one to the other. In this way the damage is therefore transferred to the

top piece, leaving the one underneath free of impurities. These effects can be observed

in Figure 3.9d and a resulting clean sample of the process is presented in Figure 3.10b.

(a) (b)

Figure 3.10: Images of the anodic bond (a) without a glass electrode and (b) with a
glass electrode. It can be easily observed that when a glass electrode is used there is no
damage resulting from the bonding process.

Another negative aspect of the anodic bond is that despite its high tolerance to surface

roughness, if a dust particle larger than two microns is trapped at the bonding interface,

the bond wave is interrupted [59]. This causes the region around the particle to be

un-bonded. In most cases this region is small enough to be neglected. However in our

application of sealing UHV chambers, the un-bonded region can be large enough to
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break the seal and vacuum can no longer be sustained. An example of such situation is

presented in Figure 3.11a.

(a) (b)

Figure 3.11: Image of: (a) a large dust particle trapped during a conventional single step
anodic bonding process. It can be observed that in the unbonded area the samples are
separated enough to generate newton rings. As such, the particle breaks the seal and the
device can not be used as a vacuum chamber; (b) two large particle and a multitude of
smaller dust particles trapped at the bonding interface during a two step anodic process.
The image shows that in this case the seals are complete and the device can be used
as a vacuum chamber. The purple depositions in the bottom corners of the cells are
caused by the atom source activation. Outgassing materials generated by a rubidium
pill dispenser react with the anti-reflection coating present on the chamber glass which
result in a purple deposition on the surface of the glass. In the same image, one can
also observe small fractures in the glass around the large particles. This shows that the
second anodic bond generates a substantial increase in the electrostatic force that pulls
the samples in intimate contact.

The number of dust particles trapped at the bonding interface can be drastically reduced

by carrying out the anodic bond procedure in a clean room environment. Unfortunately,

this was not possible in this project as our in-house built anodic bonder still requires

constant supervision and development. A temporary solution for increasing the chances

of achieving a successful seal was found by applying a two-level anodic bond procedure.

By this we mean splitting the anodic bond process in two stages, by firstly completing

a bond at a low voltage and then, increasing the voltage to its maximum value. The

voltage increase in the second stage generates an additional anodic effect, which now

starts with almost 100% area of intimate contact between the samples. The only regions

that are not in intimate contact at this stage are the small un-bonded areas caused

by contamination with large particles during the first step of the process. The author

assumes that due to a significant decrease in the area which is not in contact, the
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Figure 3.12: Data fit for a two-level anodic bond achieved in the in-house built bonding
tool. The blue line shows the data collected during the bonding process, while the red
line shows the best theoretical fit.

electrostatic forces are amplified in these regions. Similarly, the heat transfer is now

increased at the sample’s interface through the first completed bond and the temperature

of the ensemble is better distributed. As a result, the defect caused by contaminating

particles at the bond interface is reduced thus increasing the yield of successful seals is

increased. A current plot of this bonding mechanism is presented in Figure 3.12.

A particle trapped using this method is presented in Figure 3.11b. It can be observed

that the un-bonded area around the sample is reduced and the bond successfully seals

the device. This last bonding protocol proved to have a high success rate and was set

as a permanent recipe throughout this project. The stage of this recipe can be found in

Appendix C.

3.2 Eutectic bonding

Eutectic bonding is another popular micro-fabrication technique for encapsulating MEMS.

The benefits of using this process have been emphasised through several studies, thus

becoming a widely used procedure in industry. Usually, eutectic bonding is used to pro-

tect the encapsulated device form its surrounding external environments as it can easily

sustain externally applied pressures between 10−3 mbar and 1 mbar. In our context,

we plan on using this procedure for attaching a two dimensional grating or a reflective
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Figure 3.13: Gold-Silicon phase diagram [143]

surface to the silicon frame of the micro-UHV chamber. As such, the seal is expected to

remain impermeable at pressures between 10−8 mbar and 10−11 mbar.

3.2.1 Bonding Methods

By definition, eutectic materials are those which at a specific relative concentration,

turn from a solid phase into a liquid phase instantly without an intermediary stage.

The main benefit of this bonding technique is that the melting point of the eutectic

solder is significantly lower compared to the individual melting points of constituent

materials. In our case, we explore the eutectic relation between silicon, having with a

melting temperature of 1414 °C and gold with a melting temperature of 1064 °C. The

eutect formed by these materials has a melting point of 363 °C at 18.6 +/- 0.5 atom

% silicon in gold concentration (Figure 3.13). This temperature is generally accepted

as a theoretical reference point. However it was shown that the bonding process can

be completed at temperature between 360° C and 370° C [143] which emphasizes the

sensitivity of the process to external and circumstantial factors. The phase diagram of

eutectic bonding (Figure 3.13) shows not only the ideal theoretical parameters for the

process, but it also describes its variations for different values of silicon concentration

and temperature. If the compound consists of less than 18.6 atomic % silicon below the

liquid state line, the alloy made out of both silicon-gold eutectic compound and solid
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(a)

(b)

(c)

Figure 3.14: Creating an eutectic mix by patterning the exact amounts of Au and Si on
a substrate wafer: (a) The materials are deposited on the substrate; (b) Substrates are
brought in contact; (c) When the proper temperature is achieved the eutectic mixture
is formed directly.

gold. This leads to an incomplete and brittle bond. Similarly, at a concentration higher

than 18.6 atomic % silicon under the liquid state line, the compound is composed from

both silicon-gold eutectic alloy and silicon. As the liquid state line is quite steep on

both sides, it is clear that there is little amount of error allowed in eutectic bonding.

A successful and reliable bond is highly dependent on the silicon in gold concentration

and therefore causing the required temperature to vary significantly. One method of

overcoming this instability, is to constantly apply a higher temperature. For example,

a temperature of 600° C would allow a silicon atomic concentration between 14% and

30% for a successful bond. Unfortunately not all devices are compatible with such high

temperature, therefore, achieving the right concentration of silicon in gold is paramount.

There are several methods for obtaining the correct mixture for eutectic bonding, but

here we will only describe two of them which are most popular.

The first method is based on the creation of the eutectic mixture artificially by depositing

the right amount of silicon and gold on the bonding substrate i.e. a silicon wafer. The

deposition is generally achieve by sputtering or evaporation. Using this method the

eutectic solder is ready to melt at 363° C after the samples are placed in contact (Figure

3.14). The downside of this technique is the difficulty in achieving silicon uniformity

throughout the gold substrate.

The second method involves the deposition of gold on a silicon wafer. Silicon diffuses into

the gold layer when exposed to temperatures slightly above the eutectic point. When

the right percentage of silicon to gold is achieved the alloy will form in liquid phase and

solidify upon cooling [193]. Even though the fabrication of the samples is simplified,

this method introduces the variable of time in the process (Figure 3.15). For the our
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(a)

(b)

(c)

Figure 3.15: Creating eutectic mix by silicon diffusion into gold: (a) The materials are
deposited on the substrate; (b) Substrates are brought in contact and at a temperature
slightly larger than the eutectic point, silicon starts diffusing into gold; (c) When the
proper concentration is achieved the eutectic mixture is formed upon cooling;

purposes, we will focus our attention on the second method as our samples are built in

a similar manner.

3.2.2 Sample preparation

As for all micro-fabrication processes, sample preparation is of utmost importance. The

samples are cleaned using the recipe mentioned at the beginning of this chapter (Ap-

pendix B). Afterwards, an essential step for eutectic bonding is the removal of the native

oxide generated on the silicon wafer by being in contact with oxygen from the atmo-

sphere. The thin film of oxide reduces gold adhesion to the substrate. In addition, it acts

as a barrier and prevents the diffusion of silicon through the gold layer. The simplest

method for removing silicon native oxide is by submerging the substrate in hydrofluoric

acid (HF). The HF solution generally has a concentration of 20:1 (H2O to HF) for which

a 10 minute bath will suffice for removing any traces of oxide. The downside of this

technique is that once completed the samples must be used immediately. Otherwise the

native silicon oxide would re-appear when the wafers are in contact with oxygen from

air.

Another method for removing the thin film silicon oxide is by sputtering a thin titanium

layer on top of the substrate. This will act as a adhesion layer for the sputtered gold.

In addition, Wolffenbutel [193] concluded in his research that at temperatures above

520° C, Ti reacts with the silicon oxide and it is silicified:

Ti+ SiO2 = TiSi+ TiO2 (3.18)
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In order for the eutectic process to be successful, the decomposition of the entire film

of titanium is required, otherwise it will act as a second barrier, inhibiting the silicon’s

diffusion into gold.

The last step of the sample preparation is the deposition of material required for creating

the eutect solder. For our purposes each sample has 12 nm of titanium and 500 nm of

gold deposited through sputtering following a process similar to the one presented in

Appendix E.

3.2.3 Bonding process review

Silicon diffusion through gold has been the subject of extensive study [37], [97] [137] [144]

as it is the main mechanism behind eutectic bonding. The process proved to offer a clear

analysis when studied on thin films of gold. Okuno et al.[144] conducted their study

on a fixed number of gold monolayers in a controlled manner. Their research showed

that for a thin film of two gold monolayers, there is no evidence of silicon diffusion.

However, for five monolayers, the process occurred at 50° C and under. A similar study

confirming these results was conducted by C. Chang and G. Ottaviani [36]. Further

studies suggested that the silicon diffusion process at low temperature it is enabled by

the large number of electrons within the gold layer [86]. This effect is presented in detail

by Greena and Bauer [72]. Their research was completed using 100
◦
A and 1000

◦
A thick

gold films deposited on bulk silicon. Diffusion was triggered at temperatures of 250° C

and 300° C respectively. The experiments were completed with pure materials, without

any native oxide.

In our project these effects can not be observed directly, and the reason for this is twofold.

In addition to the presence of the native oxide and titanium layer that act as diffusion

barriers, we are also using 400 nm to 500 nm thick gold layers. Based on his studies of

eutectic bonding with an intermediate titanium layer, Wolffenbuttel [193] showed that

reliable bonds can not be achieved in oxygen free environments. Wafers with layers of

200
◦
A of Titanium and 1000

◦
A of gold were used in his experiment. Successful bonding

was achieved in vacuum at 800° C for 20 minutes and 60 minutes respectively and at

600° C for 60 minutes. These numbers served at a starting point for our attempts in

using the eutectic bonding as a seal for miniaturised ultra-high vacuum devices.
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(a)

(b)

Figure 3.16: Images of (a) the grating layer structure and (b) a two dimensional grating
successfully attached to a frame using eutectic bonding.

The purpose behind using eutectic bonding in our devices is sealing the two dimensional

grating to the silicon frame. Therefore our bonding samples will be the silicon frame

and grating substrate. In the case of the silicon frame the bonding layers are formed

out of 12 nm of titanium and 500 nm of gold deposited through sputtering. However,

the grating substrate is dependent on the thin film composition of the nano-scribed

grating. This is formed of silicon oxide (20 nm), titanium (10 nm), platinum (20 nm),

gold (80 nm) and aluminium oxide (10 nm) (Figure 3.16), materials chosen so that the

device could withstand temperatures above 500° C. Therefore the eutect is slightly more

complex than that of simple gold-silicon eutectic bonding. The addition of platinum and

aluminium oxide ought not to have substantial effects in the formation of the eutectic

alloy. Platinum has been used as a diffusion barrier in other studies which showed that

it does not inhibit the diffusion of silicon through gold as it breaks down at 375 °C [82].

The aluminium oxide is only patterned in the active region of the grating and not on

the edges. As such, it is not involved in the eutectic process and has no effect on the

quality of the bond.

3.2.4 Recipe and bond chracterisation

The tool used in our trials for generating a reliable eutectic bond is an AML aligner-

bonder (Figure 3.17) which is capable of controlling most parameters required in this
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process. The first step towards bonding the two dimensional grating was finding the

Figure 3.17: Image of the AML aligner-bonder used in this project. Image credit to
AML ltd

correct parameters for a simple gold-silicon eutectic bond with a titanium intermediate

layer. For this purpose we used samples of silicon of arbitrary size and shape on top

of which we deposited 12 nm of titanium and 200 nm of gold. The samples were fitted

inside the bonder which is then sealed and evacuated. When a minimum pressure of

10−5 mbar, a force of 1000N is applied between the samples. In contrast with the anodic

bond, where electrostatic forces pull the samples together, in the eutectic process, the

intimate contact between the samples is determine just be the force applied between

them. Consequently, the value of the force applied on the samples is paramount towards

a successful eutectic bond. At this stage the temperature set point is varied between

450 ° C and 540 ° C (Figure 3.18). The upper limit of the temperature is set by the limit

at which the grating would start to damage. The second variable of the process is time.

Several samples were bonded in periods between 10 minutes and 80 minutes.

Bond characterisation is essential in our process. Compared to other MEMS encapsula-

tion applications where the samples need to be protected from external mechanical or

environmental factors, the purpose of the eutectic bonding in our project is to seal and

maintain UHV. In order to test the strength of the bond, a pull test is required. In the

test method analysis for microcircuits encapsulation published by the Department of

Defence [141], the pull test is defined as a characterising the strength of bonds between

dies and other substrates. Although our application is not identical it is worth using

the already established values of 6 MPa as a point of reference. A detailed analysis

of this testing method can be seen in reference [178]. As we did not have access to a
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(a)

(b)

(c)

Figure 3.18: Eutectic bonding method deployed in this project. (a) After the deposition
of 12nm of Ti and 200 nm of Au, the samples are mounted in the bonding tool under
vacuum; (b) Substrates are brought in contact and a force of 1000 N is applied between
them to ensure intimate contact; (c) Bonds are completed at different temperatures and
bonding times.

universal testing machine, a rudimentary pull test tool was improvised. This is made of

an aluminium frame that keeps in place a series of components such as mounts, a spring

and a threaded bolt (Figure 3.19).

Figure 3.19: CAD schematic of the improvised tensile strength tool. The samples are
being pulled apart by the spring attached to the threaded bolt. The force applied can
be calculated knowing the spring constant and the distance travelled by the threaded
bolt.

The samples are mounted between two supports. One of them is connected to the

frame while the other to a spring of known constant. The spring in turn is attached

to a threaded bolt that goes through frame. By using the threaded bolts the spring is

extended, thus pulling the samples apart. When the right amount of force is applied,

the samples break. The force or the pressure can be found from the relative extension of

the spring at the moment the samples break. The spring used in this system can apply

a maximum pressure of 5 MPa at full extension for a sample with an area of 1 cm2. The

method is destructive and can test the strength of eutectic bonds. Although destructive,

this method successfully tests the strength of eutectic bonds.
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The uniformity of the bonds is generally characterised using scanning acoustic mi-

croscopy [114]. This method is widely used for eutectic bonding characterisation offering

an accurate analysis (Figure 3.20). Unfortunately the author did not have access to such

(a) (b)

Figure 3.20: Acoustic microscopy image of (a) a blank full-wafer and (b) patterned Au-Si
eutectic bonded wafers [114].

a device. As such, in order to account for both uniformity and strength, the parame-

ters for our bonds are defined only by the pull test method, with the limit of the test

set by the situation in which the bond does not break at maximum applied pressure.

Bonds that can hold to a pulling pressure of 5 Mpa are considered to be suitable for

our application. Unfortunately this method does not allow a thorough analysis of this

process. Nonetheless, the destructive characterisation method of the pulling test enables

the study of the eutectic formation under the microscope. Jing et. al. [94] showed in

his study the formation of eutectic solder at the bonding interface with a high depen-

dency on the silicon’s atomic matrix orientation (Figure 3.21a). For silicon wafers with

(100) orientation, they observed square shaped eutectic solder, while for silicon wafer

with (111) orientation, the eutectic mixture was formed in triangle shape. Our study

showed similar results. As we are using standard silicon wafers with an atomic matrix

orientation of (100), we can observe the formation of the eutectic solder in square shapes

(Figure 3.21b, 3.21c, 3.21d).

For testing the quality of our samples beyond the 5 MPa limit of the improvised pull test,

the samples undergo a blade test. This method is described in Wolffenbuttle’s research

[194] and it implies, as the name suggests, the insertion of a sharp blade at the bonding

interface in order to break it. The quantification of this method (also known as ”double

cantilever beam test”) results in the measurement of the fracture surface energy which,

if proper precautions are ensured, can be identified with the intrinsic surface free energy

of the tested solid [146]. However, the measurement of the parameters required for this
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(a) IR image of Au/Si(100) bonding inter-
face in high magnification. The scale bar is
10 µm [94].

(b) Image of the eutectic bond interface af-
ter pull-test; 100X magnification.

(c) Image of the eutectic bond interface af-
ter pull-test; 100X magnification.

(d) Image of the eutectic bond interface af-
ter pull-test; 50X magnification.

Figure 3.21: Images of eutectic solder starting to form depending on the silicon substrate
matrix orientation. As we are using standard wafers with a atomic matrix orientation
of (100), the eutectic solder is starting to form in a square shape. This results was also
found in previous studies [94].

quantification prove to be difficult. In our system, it is sufficient to consider successful

the samples for which the silicon substrate breaks instead of the bonding interface. The

eutectic bonding parameters for which the bond did not break during the blade test were

520 °C and 60 minutes. A synopsis of the bonding recipe is presented in Appendix D.

These numbers also proved to be correct for bonding the multi-layer grating to the silicon

frame, and successful bonds were obtained using this recipe. However, no additional

hermeticity tests were carried on UHV chambers made through eutectic bonding as the

focus of the project was diverted towards chambers that require only anodic bonding.
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3.3 UHV encapsulation

The central device of this thesis is a miniaturised vacuum chamber built around a silicon

frame, onto which a glass die is attached on each side using the anodic bonding process.

There are several techniques for encapsulating vacuum or specific pressures inside a

micro-fabricated device. In our case, initially we proceed with completing the first

anodic bond of the system, which can be completed in either vacuum or atmosphere.

For consistency, all the anodic bond presented in this thesis are accomplished under

UHV. This will permanently seal the silicon frame to a glass die. Similarly, in the case

of vacuum cell with a two dimensional grating, the eutectic bond is used for attaching

the grating to the silicon frame. This ensemble is now treated as a singular sample

representing the anode in the bonding system. The new set of samples (the silicon-

glass ensemble and a new glass die) are mounted on two heating blocks placed on top

of each other and kept several mm apart. The chamber is then evacuated until the

desired pressure is obtained. The samples are brought in contact and the anodic bonding

procedure is carried out. If the bond is successful and the samples are properly aligned,

the pressure set in the main chamber will remain trapped inside the micro-chamber.

This process is detailed in Figure 3.22.

(a)
(b)

Figure 3.22: Fabrication method for UHV encapsulation.

The base pressure limit of the in-house built bonding tool is 5·10−7 mbar at a temperature

of 350 °C, the suitable temperature value for anodic bonding throughout this project.

Assuming that the contaminating gases generated by the bonding process are ignored,
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we can estimate the starting pressure of the device. Looking at the ideal gas law:

pV = νRT (3.19)

where p is the gas pressure, V is volume occupied by the gas, ν is the number of molecules,

T is the temperature and R = 8.314 J
mol·K , and considering a constant volume of the

enclosure, the initial pressure of miniaturised vacuum chamber becomes:

pinitial =
Tr · pprocess
Tprocess

(3.20)

where Tr = 293.15 K is the room temperature, pprocess = 5 · 10−7 mbar is the base

pressure of the anodic bonding process and Tprocess = 623.15 K is the temperature of

the anodic bond process. This results in:

pintial = 2.35 · 10−7 mbar (3.21)

as a starting pressure value for the device, which is an upper limit of the ultra-high

vacuum regime necessary for trapping atoms [17]. In both cell models considered in

this thesis, the final seal is made through anodic bonding. As mentioned in the pre-

vious section, the anodic bonding procedure generates approximately 18 monolayers

of contaminating gas. In the context of ultra-high vacuum, this value cannot be ig-

nored. Taking into consideration that, from its definition, a mono-layer contains 1015

atoms, we find the total number of contaminating atoms during an anodic bond to be

5 · 1016 atoms. Using equation 3.19 and considering a volume of 900 mm3 correspond-

ing to the miniaturised vacuum chambers, we conclude that at room temperature the

final pressure of the device including any contaminants of the anodic bond process is

p = 87.2 Pa≈ 0.87 mbar.

3.4 Conclusion

In this chapter we have presented the main methods for bonding and sealing miniaturised

vacuum cells in the form of anodic and eutectic bonding. After solving the minor imple-

mentation problems of anodic bonding, it proved to be a reliable and relatively easy to

implement fabrication method. In contrast, eutectic bonding presented more difficulties
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in its implementation as there are a lot of variables on which the process depends on.

Nonetheless, both methods have been successfully used for creating miniaturised vacuum

cells prototypes. As eutectic bonding is used in this project to attach two dimensional

gratings to our devices, which are expensive, the main fabrication method was chosen

to be anodic bonding, which requires much cheaper materials. The negative effect of

the anodic bond, as it was observed previously, is that it has a high impact on the final

pressure of the device. This sets the need for a method of pumping in order to achieve

and maintain an atmosphere that facilitates atom trapping. The solution is presented

in the form of non-evaporable getters.



Chapter 4

Non-evaporable getters (NEGs)

Thin film getters are sputtered coating of materials with high reactivity to most gas

molecules thus providing passive surface pumping through the process of chemisorption.

Chemisorption implies the interaction of valence electrons of two atoms and results in

binding energies larger than 50 kJ
mol [130]. The quality of the surface pumping provided

by getters is characterised through the amount of time that a particle can stay trapped

on the surface τ . This is defined by Frenkel’s law [154]:

τ = τ0 exp

(
E

RT

)
(4.1)

where T is the surface temperature, R = 8.314 J
Kmol is the molecular gas constant,

E is the binding energy and τ0 = 10−13 s is the molecule’s vibration period which is

estimated to have a constant value independent of the gas molecule. The pumping

action of the surface is considered to be efficient if the trapping time of a gas molecule,

τ , is larger than the time necessary to maintain the vacuum environment. In the case

of a chemisorbed particle at a temperature of 300 K, with minimum binding energy of

50 kJ
mol , the maximum time spent on a pumping surface made out of Ni is τ = 3 · 10−6 s,

while for H2 is 100 s and 4 · 109 s for CO [27]. From these values we can conclude that

getter materials can maintain pressures lower than 10−8 mbar even at room temperature

as it can capture specific gases for long times.

The most efficient combination of materials, and in consequence the mostly used, is Ti-

Zr, researched since 1995 [25], [28]. Using this as a starting point, several developments

have been made towards this technology by finding the most efficient ratios and by adding

55
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other materials [26]. Recently, the addition of vanadium provided a lower activation

temperature, making this technology even more accessible.

The passive characteristic of non-evaporable getters implies that there is no active power

source that generates the pumping effect. However, they do require an activation step

at a high temperatures. This relies on the diffusion of surface contaminants in the bulk

material through thermal effects. After contact with air, the main contaminant at the

getter surface is oxygen. The activation process in an UHV environment is defined by the

decrease of the oxygen content from the surface and the start of pumping. This process

is completed once the oxygen content reaches a minimum value and surface pumping

attains maximum speed. In the case of the thin film NEGs used in this project (Ti-Zr-V)

the activation process was shown to be completed after 24h baking at 200° C (Figure

4.1) [26]. The same study showed that the getter films can undergo 5 such activation

cycles before showing a decrease in performance.

Figure 4.1: Ultimate pressures after 24 hours baking cycles at different temperatures for
steel tubes coated with TI-Zr and Ti-Zr-V getters, having a length of 2m diameter of
10 cm, and an applied pumping speed of 25λs−1 for H2. The TI-Zr-V combination shows
a 50 degrees lower activation temperature than Ti-Zr and similar ultimate pressure [26].

Another study showed an improvement in the efficiency of the activation process when

the temperature is increased to 350° C [24]. Activation at 250° C removes the oxide layer

from the getter surface. However, at 350° C not only in the oxide removed from the

surface, but trapped particles from the surrounding environment are also diffused in the

bulk material making their trapping time virtually unlimited. Using this technique, it

was shown that the getter can absorb up to 100,000 monolayers of CO2. This study was

conducted in an ideal environment where only CO2 was added in the system. In reality,
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upon pumping air molecules, the getter film is ‘poisoned’ with Nitrogen particles. By

this we mean that the getter materials create a strong stable bond with Nitrogen which

inhibits their pumping capabilities of other molecules. As such, by applying a higher

temperature, this effect can be at least partially circumvented and the getter film can

achieve high pumping efficiencies.

As our samples are made from silicon and glass using anodic or eutectic bonding, the

thermal budget is limited by the maximum of these bonding techniques. Thus, we have

set 500 C to be the maximum temperature limit to which the devices can be exposed.

Under these conditions, the activation of the getters is well within the limits of the

miniaturised device and achieving maximum efficiency is easily achieved.

The technology of non-evaporable getters proves to be efficient enough that there are

several NEG strips available on the market for achieving and maintaining UHV in con-

ventional vacuum chambers. In the case of miniaturised devices, they present several

negative aspects when compared to thin film NEGs. First of all, the design and shape

of a conventional NEG strip requires the addition of a separate section in any vacuum

chamber that would enclose it. By comparison, thin film NEGs cover the inside of any

vacuum component with no additional space required. Secondly, thin film getters pro-

vide lower outgassing and a better ultimate pressure. By covering either the entire area

or parts of the vacuum chamber’s wall, the thermal outgassing of the vacuum chamber

is significantly reduced as the contaminating gas generated by the underling surface is

trapped. The thermal outgassing of a metal vacuum chamber, as well as in the case of

our microfabricated cells, is the main limiting factor with regards to the ultimate pres-

sure that can be achieved. As such, the addition of thin film NEGs ultimately improves

the vacuum capabilities of system. There are additional benefits towards using thin film

getters instead of commercially available getter strips, such as reduced ion-induced de-

gassing and low secondary electron yield. However these are not relevant in this thesis,

but highly relevant to other getter applications such as particle accelerators [81] [39].

Taking into account the two main reasons presented above, we chose to provide passive

pumping in our devices through the use of thin-film getters.
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4.1 Thin-film deposition through sputtering

The getters used in this project were deposited using sputtering, a coating technique that

maintains the stoichiometry of the target substrate. This section of the project was com-

pleted using a sputter-coater tool designed by Kurt J. Lesker (SPEC SOU/150103/TPG)

which was designed for using two inch targets. For achieving the desired getter compo-

sition, the custom target used is composed of 30% Ti, 30% Zr and 40% V. There are

two means of operation for sputtering that fit our tool capabilities: DC and AC (radio-

frequency - RF). DC sputtering is generally used for electrically conductive materials

such as metals, whilst RF sputtering can be used for insulating materials, although the

sputtering rate is significantly reduced in comparison with the other operation mode.

The deposition made in this project was completed through the use of DC sputtering

only, even though RF sputtering was considered due to the low conductivity of the tar-

get materials. The RF deposition processes proved to be more complicated and so the

simpler DC process was therefore used.

The main process behind sputtering, covered extensively in [111], is the momentum

transfer between energetic atoms and atoms at the surface of the target material. In

general the energetic atoms are provided through plasma generated ions of noble gases.

As a result, the sputtering process yield is directly proportional to the energy and mass

of the bombarding particles. If the sputtering atoms have energies between 100 eV and

1000 eV the yield of the process can be estimated by:

Y =
3αmimtE

π2(mi +mt)2U
(4.2)

where mt is the atomic mass of the target material, mi is the atomic mass of the

sputtering particle, U is the binding energy between surface atoms of the target, E is

the energy of the sputtering particle, and α is a constant that depends on the ratio

between the ion’s atomic mass and target’s atomic mass [140].

In comparison with evaporation coating (another popular thin film deposition tech-

nique), the deposition is not dependent on the relative vapour pressure of the target

material. As a result, if the target is an alloy, the ratio of the resulting thin film will be

the same as the bulk material. Similarly, the kinetic energy of sputtered atoms is gener-

ally much higher than thermally evaporated atoms. In consequence, the adhesion of the
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resulting thin film is reduced in comparison with thin films generated through evapora-

tion. Another difference between the two deposition methods is the use of noble gases.

While evaporation is strictly dependent on the temperature of the target, or rather on

the pellets of materials intended for deposition, in the case of sputtering, atoms from

the target are propelled towards the deposition substrate through the use of noble gas

generated plasma. This causes noble gases to sometimes be trapped within the result-

ing thin layer [12] [192]. This can be problematic for UHV applications as the getter

material does not react with noble gases and under the influence of high temperatures

these can be outgassed in the chamber, thus reducing the quality of the vacuum. This

effect can be avoided if the energy of the bombarding particles is high enough that upon

reaching the deposition substrate, they are forced to bounce off it. Also, a decrease in

bias voltage and an increase in temperature will have similar benefits [12]. To enhance

these effects and to further reduce the chances of discharge gases to be trapped in the

thin film, it is advised to increase their mass thus increasing their kinetic energy and the

chance of them bouncing off the deposition substrate [90]. In general, argon or nitrogen

are used for generating plasma in sputtering systems as they are common noble gases.

However, in order to use a gas with a heavier molecule for achieving a pure getter thin

film, we opted for krypton in this project. Evidence of krypton concentration being

lower in thin films in comparison with argon is presented in [118]. The use of Krypton

did not cause any notable effects on the mechanics of the sputtering process, therefore

we concluded that the same protocol could be used in systems using conventional noble

gases.

As soon as the sputtered particles reach the deposited substrate, they can be regarded as

adatoms. Their mobility on the substrate surface determines the growth of the thin film.

The energy transfer to the atoms during thin film growth is made through the chemical

reactions at the substrate, thermal effects and the ionic bombardment. The process can

be better understood with reference to the structure zone model [176]. The film growth

in this model is assumed to be dependent on 4 main parameters: thermal characteristics

of the target, bias voltage used for plasma generating, substrate temperature and final

working pressure. More precisely, the highest impact on the micro-structure of the

deposited film was shown to be caused by the ratio between the temperature of the

substrate (Ts) and the melting temperature of the target (Tm) i.e. Ts
Tm

[136]. Based on

this dependency, the structure zone model has three well defined zones. The value of
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Ts
Tm

< 0.3 marks the limit of the first zone. In this case the atoms have low mobility

and diffusion rate which results in a porous surface made out of columnar structures

with weak binding energies. The second zone is defined by 0.3 ≤ Ts
Tm
≤ 0.45 and has a

higher diffusion factor of the atoms on the substrate surface. The structures resulting in

this zone are more dense, with higher binding energies. However, the thin film retains

its columnar shape with grains varying in size depending on the temperature ratios

and with boundaries between them beginning to form in the upper limit of the zone.

Finally, the third zone is determined by Ts
Tm

. At this stage with the highest diffusion

degree, re-crystallization starts and the resulting film resembles the target’s structure.

Figure 4.2: Image of the structure zone model developed by Thorton [176].

In his studies, Thorton [176] additionally considered the final working pressure (the

pressure at which the sputtering occurs, determined by the flow of noble gas that is used

to generate plasma) in the structure zone model. This parameter directly influences the

kinetic energy of the sputtered particles reaching the substrate as well as the mobility

of the adatoms. In consequence, the Thorton model has an additional T-zone between

the first and the second zones of the model previously presented. In this region the thin

film has a dense columnar structure with little voids and a high degree of crystallinity.

This model was completed by the studies of Messier et al. [131] which showed that

the limit between the first zone and the T-zone is non-linear, but a function of the

applied DC bias. Adding the bias voltage to the parameters of this model generates a

similar dependency as between the film architecture and substrate temperature and thus



Chapter 4 Non-evaporable getters (NEGs) 61

increasing it leads to the reduction of the first zone and a larger T-zone. A schematic

of Thorton’s zone model is presented in Figure 4.2. A table showing rough indication

of how changing the essential parameters of the sputtering paramters will effect the end

results is presented in Table 4.1.

Increasing parameter Porosity Noble gas inclusion Deposition rate

DC Bias ↓ ↑ ↑
Deposition pressure ↑ ↓ ↑

Temperature ↓ ↓ -

Discharge gas
Argon - ↑ -

Krypton - ↓ -

Table 4.1: Table showing the dependencies between the increase of most important
parameters in the sputtering process and the characteristics of the resulting film and
the process speed. For example, increasing the temperature of the process results in a
more dense film.

For our samples, we need to maximize both the surface area and the capacity of the getter

materials. As such, we attempted to develop a thin film getter with a dense crystalline

base and porous surface layer. The density of the base should increase the capacity of

the getter, while a porous surface increases the pumping area. The total thickness of the

getters throughout this project was set to 500 nm and the applied voltage bias to 60 V.

This ensures good adhesion of the thin film. In respect of the thickness of the layer, there

is no upper limit and an increase in layer thickness directly improves the capacity of the

getter. However, the process is limited by time as the deposition rate of the Ti-Zr-V

target is very low. For obtaining the first dense part of the thin film the krypton flow was

set to achieve an average working pressure of 1.3× 10−3 mbar, this being the minimum

value for which a stable plasma can be obtained in our system when using krypton.

Following the theoretical model presented above, in order to obtain a dense film the

temperature of the substrate should be as close as possible to the melting temperature

of the target material. In our case, all the elements from the composition of the target’s

alloy have melting temperature above 1000° C. Therefore the system was set to its highest

safe temperature of 350° C. The material from the target alloy with the highest melting

point is vanadium at 1910° C, which sets the lowest temperature ratio of Ts
Tm

= 0.183.

According to Thorton’s model, these parameters, which were used for the first 250 nm

of the getter film, should create dense columnar structures. For the the remaining

250 nm, the temperature is decreased to 23° C (approximate room temperature) and

the working pressure is set to 40 × 10−3 mbar resulting in the architecture of this part
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of the film to become porous columnar structure. The sputter deposition made with

the above presented parameters yields the ideal getter film structure. However, in our

applications the vacuum chambers need to be reheated to temperatures above 350° C for

outgassing and bonding procedures. The density and deposition temperature differences

between the two sections of the getter film causes a high residual surface tension within

its structure thus damaging the getter during the finals stages of the cell fabrication

process. This effect is presented in Figure 4.3a.

(a) (b)

Figure 4.3: Image of (a) a getter damaged post fabrication due to stress within the thin
film caused by altering the temperature during the deposition process; (b) a getter film
deposited a 350 °C.

In order to obtain functional getter films, the parameters were set to 1.3 × 10−3 mbar

working pressure and 350° C substrate temperature throughout the entire deposition

process. This resulted in a 500 nm getter film with a structure firmly set in the T-zone

region of the Thorton model. This reduces the pumping area compared to the initial

two-level design, however this is preferred as the structural integrity of the film remains

intact throughout the entire cell fabrication process. A picture of the non-evaporable

thin film getter inside a microfabricated UHV cell post processing is presented in Figure

4.3b.

The placement of the getters structure within the T-zone of the Thorton model is con-

firmed through imaging using scanning electron microscopy (SEM). The tool used in this

stage of the project was a LEO-145504-37VP-SEM. The results, presented in Figure 4.4,

show a dense structure covered in material lumps. This leads to the assumption that
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(a) (b) (c)

Figure 4.4: SEM images of thin film getter. The parameters for the deposition are
1.3 · 10−3 mbar working pressure, 350° C substrate temperature, 60 V DC bias and a
target thickness of 500 nm. The surface shows dense granular structures which will
provide an increased pumping surface and efficiency of the getters.

the increase in pumping surface is sufficient to maximize the gettering effect of the thin

film. The parameters presented here are set as standard in this project for thin film

getter fabrication. More details on the recipe of this project is presented in Appendix

E.

4.2 Conclusion

To sum up, this chapter presented the methods employed in this project to provide

passive pumping for miniaturised vacuum cells. This is accomplished using thin film

technology fabricated through sputtering. It was shown that by controlling the param-

eters of the sputtering process, the getter film can be manipulated to have the ideal

properties in order to act as a passive pumping system. Moreover, by maximising the

film’s thickness, we can ensure that any gases released in the fabrication process, such

as the 18 monolayers of gas released in the anodic bonding process (see section 3.1), can

be easily pumped.





Chapter 5

Integrated feedthroughs

A vacuum chamber will enable several atomic physics experiments only if the user has

a way of interacting with the environment sealed inside of it. This interaction can be

thermal [62], electrical [147] [31], and/or optical. The optical access to a conventional

vacuum chamber is provided through the use of view-ports. In our miniaturised devices

this is insured by using at least one glass die in its fabrication. As such, our simplest

design has two optical access ports whereas the proposed prototype that includes a two

dimensional grating has a single optical port. Thermal and electrical interactions are

typically provided through the use of feedthroughs. These are metal rods that go through

the flanges of a vacuum chamber. However, these are not suitable for a microfabricated

device as glass blowing and heated rod insertion (mechanisms which are used in the

fabrication of conventional feedthroughs) generally limit the size of the viewport and

damage its optical properties.

The ultimate purpose of the miniaturised vacuum chambers presented in this thesis

is atom cooling or atom interferometry. For this reason, future, more complex, ver-

sions of the presented devices require the integration of atom chips [155]. These are

microfabricated conductive wire patterns that allow controlling and interacting with

cold atom ensembles. Further to the above mentioned use, the addition of integrated

feedthroughs would enable the use of our devices in combination with MEMS (Micro-

Electro-Mechanical Systems) and MOEMS (Micro-Opto -Electro-Mechanical Systems),

thus increasing the versatility of the design. For MEMS and MOEMS general encap-

sulation there have been several different types of feethroughs that have been proposed

65
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such as high density on-chip feedthroughs [199], vertical feedthroughs [35], electroplated

through silicon via [43], and silicon feedthroughs created using glass-in-silicon reflow

process [153]. Even though it is not commonly used due to the high temperature re-

quirements, the only technique that seems appropriate for our application is creating

silicon feedthroughs using glass-in-silicon reflow process. The other methods presented

above may not feasible for sustaining ultra-high vacuum as they are mostly designed for

encapsulating MEMS, or they use materials that are incompatible with our requirements

such as copper which has a low softening temperature and is not compatible with the

fabrication methods used in this project.

Figure 5.1: Photograph of a 250 µm-thick 100 mm-diameter hybrid silicon-glass wafer
[153].

The glass reflow process is used for creating silicon-glass hybrid wafers and it has been

previously proposed in literature for isolating mechanical sensors with integrated silicon

feedthroughs [113]. In their study, Haque et. al [153] employed this technique for sealing

a device and isolating electrical connections. Nevertheless, their devices did not require

ultra-high vacuum, allowing them to use 250µm-thick wafers and borosilicate glass which

has a low melting point (see Figure 5.1).
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In this project we have mirrored the technique of glass-in-silicon refow in order to cre-

ate silicon feedthroughs and optical windows capable of sustaining ultra-high vacuum

pressures of 10−10 mbar. The optical windows are a beneficial bi-product of the fabri-

cation process. In the case of the miniaturised vacuum chamber that includes an atom

chip, the optical access is limited to a single point. Depending on the experiment for

which the chip is designed, several other optical access points may be required. For this

purpose, the glass reflow process can be used to make not only electrical feedthroughs,

but also additional optical windows and thermal feedthroughs for vapour control. To

achieve our goal, first we will choose 1 mm-thick wafers in comparison to 250µm thick

wafers used in the work mentioned above. The increase in thickness is necessary to

maintain vacuum and to avoid the sample being bent or damage under high pressure

differences. Although the fabrication procedure should be largely similar, every step is

altered in order to accommodate the increase in wafer thickness. Our aim of producing

over 1 mm thick feedthroughs, far exceeds the limits of conventional microfabrication

techniques and in consequence some of the parameters used in this project go beyond

traditional limits. The fabrication process starts with patterning the desired feedthrough

and window shapes through lithographic techniques. The next step is the deep reactive

ion etching (DRIE), an etching process which determines the thickness of the desired

features. Once the features are etched, the wafer is cleaned and treated with glass

using anodic bonding under mild vacuum. This forces pressures around 10−4 mbar in

the trenches created through etching. The wafer-glass ensemble, is placed in a furnace

where it is heated up to the melting point of the glass component. This allows the glass

to soften and due to the vacuum inside the etched features, it is forced to flow in the

desired shape. Finally, the wafer is polished from both sides in order to remove excess

glass and silicon, exposing the windows and feedthroughs. The steps described above

are schematically presented in Figure 5.2.

5.1 Lithography and masking

Photo-lithography is one of the most used processes in micro-fabrication to pattern parts

of thin film on a substrate. It involves the use of a UV sensitive substance, called resist,

to define the shapes built on a mask using light. The resist can be either positive or

negative, quality defined by the results of exposure UV radiation. Positive resist will
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.2: Representation of the process of creating hermetic feedthroughs using the
technique of glass reflow: (a). Using a lithographic technique, the pattern is imprinted
on a silicon wafer; (b). feedthroughs pattern is etched into silicon using deep reactive ion
etching; (c). alumina-silicate glass is anodically bonded to silicon under vacuum; (d)-
(e). the wafer stack is exposed to high temperature and the melted glass is pulled into
the etched pattern; (f). the wafer is polished on both sides exposing the feedthroughs.
Image courtesy to Matthew Aldous.

soften, while the negative one will harden and each should be used accordingly to obtain

the desired pattern.

The process starts through the creation of a mask that contains the desired pattern. At

this stage, the ultimate use of the fabricated pattern needs to be considered together
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(a)

(b)

Figure 5.3: Lithography mask designs for: (a). testing deep reactive ion etching and glass
reflow. In this design we chose different shapes and sizes that allow the calibration of
the fabrication process; (b). feedthroughs design for atom chip use. This mask contains
two separate design for both anodic and eutectic bonding methods for attaching to the
silicon frame the fabrication of the miniaturised vacuum cells. This design also includes
the pattern for rudimentary silicon frames that will be used in tertiary applications such
as vapour cells.
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with post processing or any additional steps necessary to achieve the final device. For our

project, two masks were built. Firstly, a 5 inch mask was designed containing different

shapes and sizes (Figure 5.3a) in order to study both the deep reactive ion etching

process and the glass reflow technique. The results of this study will be presented at

a later stage. On this basis a 7 inch second mask was developed containing several

functional feedthrough designs (Figure 5.3b).

The aim of lithography in this project is to pattern the feedthrough design in order to

prepare the wafer for dry etching. As we intend to etch the silicon wafer deep enough to

only allow a base of 200µm, the maximum thickness of resist was deposited as indicated

by its data sheet. The substance used in this project was AZ9260 , which is a high

resolution positive resist. For a 24µm film, the deposition was done in two steps. The

first step entails spinning the wafer at 2400 rpm for 300 seconds. This results in a 10µm

layer which needs to be partially hardened by a soft-bake stage at 110° C for 80 seconds.

The rest of the layer is coated by a second spin at 2100 rpm for 60 seconds and soft-baked

at 110° C for 160 seconds. In the case of both spinning steps, it is also advised to end the

process with an edge bead removal step at 500 rpm for 10 seconds, followed by another

10 seconds at 1000 rpm.

With the coating of the resist completed, the wafers are moved into a EVG 680tb aligner

for UV exposure. The previously designed mask is placed on top, in direct contact with

the wafer and the resist is exposed at 2100 mJ
cm2 for 20 seconds. Finally, the pattern is

revealed by dipping the wafer in a solution of AZ400K developer with DI water in a

ratio of 1:4 for 260 seconds.

This simple lithography process is enough for etching approximately 800µm before the

24µm thick resists is depleted. And this sufficent for the first stage of the process.

However, the fabrication of functional UHV feedthroughs require etch depths of at least

1.2 mm. As far as the author is aware, such etching depths on macroscopic (> 1 mm2)

features have not been recorded in literature through the use of a dry etching process,

however extreme high aspect ratios have been reported [126]. For a successful process,

a harder mask has to be developed which allows a deeper etch before depletion. An

easier method for masking a silicon wafer for deep dry etching is using a thick film of

aluminium. This can be deposited through either sputtering or evaporation. However,

the tool available in the University of Southampton clean room is designated as metal
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free. In consequence, the best alternative for creating a hard mask is growing a thick film

of silicon oxide. This is achieved by placing the wafer in a controlled furnace for several

days in order to grow a as thick as possible layer. In our case the oxide layer was obtained

after the wafer was baked in an oxygen rich environment at high temperatures for 48

hours. This resulted in a 4µm thick oxide layer. After the oxide growth, The wafer

is patterned with the feedthroughs design using the lithographic technique presented

earlier. In order to imprint the same pattern on the oxide hard mask, the wafer is

placed into a inductively coupled plasma (ICP) reactive ion etching tool. Finally, after

cleaning the remaining resist, the wafer is set for the deep dry etching process.

5.2 Deep reactive ion etching (DRIE)

DRIE is a dry anisotropic etching process developed and patented by Robert Bosch [106].

It is a three step cyclic process, which uses high energy ionised plasma to ablate high

ratio features in the substrate [126]. Firstly, the sample is placed in a vacuum chamber

where sulfur hexaflouride (SF6) plasma isotropically etches away few microns of material

in seconds. When this step is complete, the system generates a new plasma using neutral

octafluorocyclobutane (C4F8), which coats the substrate with a thin layer that inhibits

the etching process. The third step implies the use of sulfur hexaflouride plasma together

with a high DC bias voltage that directs the plasma towards the substrate and removes

the protective layer from the bottom of the feature, cleaning the sample in preparation

for the etching process due to be repeated. By removing only the bottom part of the

protective coating, the walls of the etched features remain protected against further

etching. This results in the ability of this process to create very narrow, yet very deep

features. The steps of the DRIE process are graphically presented in Figure 5.4.

Due to the isotropic characteristic of the first two steps of the process, the feature’s

etched side-walls generally present ”scalloping”, a relatively uniform surface roughness.

This follows from the ratio of etching power and thickness of the protective coating

deposited in every step. T.M.F Amin et al [11] showed an average surface roughness

of 34 nm. However, after optimizing the process, the study showed that the surface

roughness can be reduced to 3.9 nm. Nonetheless, we were not aware the effects of this

etching feature on the glass reflow technique. While an increased surface roughness could

reduce the flow of molten glass, it may eventually prove to increase the robustness and
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Figure 5.4: Graphic representation of the DRIE process.

hermeticity of the feedthroughs by providing higher friction and a tighter seal between

the cooled glass and silicon. Images achieved using scanning electron microscopy and

atomic force microscopy displaying the scalloping are presented in Figure 5.5.

A conventional DRIE is generally tailored for narrow and deep features. However, while

we aim on etching features greater than 1 mm, the area varies across the wafer, and

with it, the aspect ratio. As determine throughout fabrication runs, the most significant

detrimental effect caused by attempting to use this microfabrication technique on a large

scale, is the appearance of black silicon after the first 300µm in depth. Black silicon is

a bulk material made out of small pillars of silicon generated by a non-uniform etch due

to microscopic areas of mask left behind by the lithography process. This effect is also

generated by small particles of silicon debris accumulated in the features during several

etching cycles. The impact of black silicon is detrimental on the fabrication of very deep

features as it inhibits the etching process almost completely. Yet, it is a porous material

that efficiently absorbs light (hence the name of ”black” silicon) and has interesting

applications in solar cells [197] [142]. An SEM image of this bi-product of our DRIE

process is presented in Figure 5.6. Because of this effect, using a conventional DRIE

method allowed etching at a maximum of 800µm, which will suffice for the testing stages

of the project. However, in order to maintain UHV, the die containing the feedthroughs

must have a thickness over 1 mm.

Despite the presence of black silicon, we managed to etch features of over 800µm deep.

In order to quantify the etching process, a wafer patterned with the testing feedthough

design (Figure 5.3a) was etched for approximately of two hours. The depth of each

section was plotted as a function of the feature area, also showing the position on the

wafer. The results of this study are presented in Figure 5.7.
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Figure 5.5: SEM and AFM image of the side walls resulting from DRIE. The images,
reproduced from [11], show a surface roughness of 34 nm

In order to overcome the presence of black silicon and to enable an even deeper etch,

the power of the DC bias applied to each etching step was increased proportional to

the current depth of the feature. This will not necessarily resolve the issue created by

microscopic masked areas. However, it will eliminate any debris left inside the features

by recurring etching steps. It is customary to use this technique when etching through a

wafer in order to, for example, dice wafers containing MEMS which would not otherwise

survive the usual dicing process. In our case, etching through the wafer is not actually

required. Instead we aim to etch fixed depths, forming thus cavities on the wafers which

later on will be used for encapsulating vacuum, an essential part of the glass reflow
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(a)

(b)

Figure 5.6: SEM images of black silicon as a bi-product of DRIE process. In image (a)
the resulting bulk of black silicon in the etched features can be seen. In the same image
we can see the scalloping generated by DRIE. In image (b) we present the composition
of black silicon, small pillars generated by small masked areas or debris that partially
inhibit the etching process.

process.

The tool used in this part of the fabrication process was a Plasmatherm Versaline Deep
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Figure 5.7: Example of data from our work showing the dependency of the etch depth
on the feature area and position of the wafer.

Feature size 50µm 50µm 20µm 20µm

Centre Edge Centre Edge

Depth(µm) 83.20 86.90 71.70 75.10

Width(µm) 51.10 52.10 20.60 21.30

Undercut(nm) 670 580 740 490

Resist remaining(µm) 1.04 1.08 1.09 1.04

Rate(µm/min) 8.32 8.69 7.17 7.51

Uniformity(%) 2.22 2.37

Table 5.1: Process parameter results. The calibration was made using 150 mm wafers
coated with 1.8µm of resist. The resists patters features of both 50µ and 20µ and the
difference in parameters is analysed across the wafer.

Silicon Etcher which has three pre-set parameters for etching speeds: slow, medium and

fast. Throughout our project, only the fast etch option was used. The characterisation

of the performance of the tool was conducted by the clean room technicians during the

calibration of the device. To carry out the performance test, 150 mm wafers were used,

coated with 1.8µm of resist, with an etching time of 10 minutes. The results of this test

are presented in Table 5.1.

As it can be observed, the etching rate varies in accordance with the feature area and
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position on the wafer. For 50µm wide features, the etching speed found in the perfor-

mance test is an average of 8.5µm/min. As our features are much wider, we can safely

estimate the etching rate for our wafers to be 10µm/min. Aiming to etch at least 1 mm

deep features, we can easily deduct a process time of at least 100 minutes.

Figure 5.8: Photograph of wafer with feedthroughs features etched with depths between
0.8 mm and 1 mm. The difference in etching depths is caused by the variation of the
process between the centre and edges of the wafer. It can be observed that the black
silicon bi-product has started to emerge in a thin layer from the extremities of the wafer.

Using the technique of increasing the DC bias progressively we have managed to etch

features between 0.8 and 1.1 mm, with the depth changing as a function of the feature’s

position on the wafer. An example of such wafer is presented in Figure 5.8.

5.3 Glass reflow

After the feedthroughs pattern is etched, the wafer is cleaned again and placed in a

bonder tool for the completion of the anodic bond process. This is done in a similar

manner as for the fabrication of the vacuum cell, although UHV is not necessary. In this

case, encapsulating an environment with pressure between 10−4 mbar and 10−6 mbar in

the etched features is enough to pull the glass inside once soften. A 4 inch Pyrex glass
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was used in this process, which is appropriate for trial runs as it is easy to purchase and

cheap in comparison with other glass materials. However, the feedthroughs are expected

to have the same hermetic properties as the ones presented for the miniaturised vacuum

chamber designs. As such, eventually, the same aluminosilicate glass material will be

used in this fabrication process. Nonetheless, the characteristics of both materials are

similar and the process studies conducted using Pyrex can be applied to aluminosilicate.

Upon the completion of the anodic bond, the wafer is placed in a furnace and exposed

to a temperature above the melting point of the glass. This will cause the glass to have

a similar behaviour to a viscous fluid, for which the properties can be described through

the Volgel-Fulcher-Tamman equation [68]:

log10(η(T )) = A+
B

T − T0
(5.1)

where T is the sample temperature, A and B are semi-empirical constants specific to the

sample, and T0 is a strain reference temperature. Using the NIST standard reference

material 717a for borosilicate glass, we can plot the viscosity of the material as a function

of temperature. The parameters measured using techniques presented in [93], include

the measurements for A = 2.5602 Pa·s, B = 4852.2 Pa· s/° C and T0 = 192.462° C. These

values are valid for the viscosity of glasses above the transition point. As a result, the

viscosity of the glass is plotted as a function of temperature between 880° C and 1550° C

(Figure 5.9).

In order to analyse the glass reflow process, a wafer containing the testing design was

etched, treated with glass and diced. Each die was placed in the furnace at temperatures

ranging from 900° C to 1000° C for different time periods. The values for the tempera-

tures in this study were chosen as 900° C is the lower limit of the glass melting point,

while 1000° C is the maximum safe working temperature of the furnace. The heating rate

was set to maximum, while the cooling rate was set to 10° C per minute. We found that

setting a low cooling rate helps minimising the effects of the silicon and glass materials

having different heat expansion coefficients. The quality of the reflow process for each

die is presented in Figure 5.10.

The glass reflow process at extremes (900° C for 1 hour and 1000 ° C for 3 hours) showed

poor results. For low temperature and short time exposure, the glass did not successfully
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Figure 5.9: Glass viscosity as a function of temperature. The plot is made using the
parameters for NIST material 710a.

Figure 5.10: Matrix showing the results of glass reflow for different temperatures and
exposure times. Only eight out of nine sample were included in this study as one sample
was lost during the dicing process.

fill the feedthrough pattern or seal the device accordingly. In the case of long time expo-

sure and high temperature, we can observe bubbles averaging 1.2± 0.1 mm in diameter,
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in the corners of most square features. We assume that these are gas bubbles formed

by contaminating gases being diffused through the substrates due to a long exposure at

high temperatures and the pressure gradient generated by the vacuum inside the cavities

within. The reflow process was successful in the remaining samples, and the best result

was observed in the sample exposed to 900° C for two hours. Looking at the inside of

the samples it can be concluded that square features, and features smaller than 0.5 mm

inhibit the glass reflow process. The lithography mask for functional feedthroughs (Fig-

ure 5.3b) has been designed based on the findings that followed from this study. As

such, all features are rounded and the set minimum separation between feedthroughs is

0.5 mm.

5.4 Electrical properties

The key behind this feedthough design is that the silicon itself is used as a current

carrying wire, connecting the outside environment with the UHV inside the vacuum cell.

Some cold atom experiments, including some generated by our group and designed for

miniaturisation [161] [159], require high value current for the atom trap, while most other

integrated atom chip experiments require a lower but precise current for manipulation.

Experiments have been made using currents between 2 A and 3 A [123]. Using these

values for currents passing through a thin silicon piece can lead to high Joule heating

effects. The benefit of using silicon is that its electrical properties can be changed by

doping it with gold [48]. Using gold as a dopant is an attractive method compared with

standard silicon dopants as it would allow doping each feedthrough post fabrication in

accordance to it’s use. Similarly, it offers the possibility of deep doping through the

entire bulk of the silicon, in comparison with other dopants (such as boron) which only

allows the doping of only the first few layers of silicon. This, however, is currently

beyond the scope of this thesis. In order to anticipate the behaviour of silicon as a

feedthrough, a two dimensional COMSOL model was developed (simulation and images

courtesy to Matthew Aldous). The model uses two rods of doped silicon with resistivity

ρ = 10−5 Ωm, both enclosed between silica glass walls, which is the basic design for a

feedthrough. The feedthroughs are placed in a silicon frame-glass design, encapsulating

vacuum in similar way to our microfabricated cells. The system is presented in Figure
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5.11. The two silicon rods are connected by a thin film of gold, simulating the conductor

wires that are common to most integrated atom chips.

Figure 5.11: Image showing the design used in the COMSOL feedthrough Joule heating
simulation.

The electrical isolation was provided by using a 1 mm thick insulator, and the diameter

of the conductor was varied from 0.75 mm to 2.75 mm. The current used was swept from

0 A to 2 A and the ambient temperature was considered to be 20° C, with the maximum

temperature of the insulator being calculated only in the steady state of the system,

using a heat transfer coefficient of 2 W/m2/K between the system and the environment.

The results of this simulation are presented in Figure 5.12. They show that a wide range

of currents and conductor sizes can be used without compromising the integrity of the

glass or the seal of the device due to the effects of Joule heating.

Figure 5.12: Image showing the results from the COMSOL feedthrough Joule heating
simulation, , where c is the diameter of the feedthrough.
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In the case of doping the silicon feedthroughs with gold, one must consider that initially

the resistance of the silicon increases [48]. Due to this effect, more power can be used

with the device without any detrimental heating effects. This will also reduce the ability

of the feedthroughs to generate magnetic fields. Thus, the doping process generates a

compromise between heating effects and electrical properties of the feedthroughs.

5.5 Prototype and future work

From the studies completed using the first lithographic mask, several prototypes have

been built by polishing the treated dies on both sides until all windows and feedthourghs

are revealed. Despite the maximum depth of the features being over 0.8 mm, the final

thickness of the dies was 200µm. The cause of this discrepancy between the thickness

of the final samples and etch depth is twofold. Firstly, the depth of the etch varies

depending on both the position on the wafer and the size of the feature. Therefore, the

smallest etched features have a much smaller depth than the rest of the wafer. Secondly,

the glass reflow process is also dependent on the feature size causing it to be inhibited

in small features. As a result, in order to reveal all features on the polished dies, their

thickness had to be significantly reduced. Pictures presenting the dies through all the

steps of the fabrication process, including the resulting prototype are presented in Figure

5.13.

(a) (b)
(c)

(d)

Figure 5.13: Images showing the feedthroughs at different stages in the fabrication
process: (a) after lithography, (b) after DRIE, (c) after glass reflow and (d) the final
feedthrough die after polishing.

With the process being successful at the testing level, the fabrication now focuses on

the second design. Upon obtaining viable samples from this process, using the improved

version of DRIE and aluminosilicate glass, it is necessary to conduct a physical anal-

ysis, not only of the electrical properties, but of the hermeticity of the samples. To
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accomplish this study, we propose using a feedthrough die as a membrane between two

vacuum chambers set at different pressures. The key behind this experiment would be

to fill one of the chambers with helium at atmospheric pressure, while the other chamber

is maintained at ultra high vacuum. This will simulate the environment conditions nec-

essary for feedthrough functionality. Using a residual gas analyser, the helium pressure

on the UHV side of the die can be monitored and according to its readings, we can

make an estimation of the impact of feedthrough implementation on the lifetime of the

miniaturised vacuum cell.

Figure 5.14: Photograph of one of the first fabricated feedthrough dies. The thickness
of this particular sample was of 300µm. The image shows air bubbles trapped in the
corners of the large square shapes in glass, while no structural damage is observed in
the round features.

By successfully integrating this feedthrough design (Figure 5.14) in the microfabricated

cells we can enable a broad range of applications, including atom interferometry and

MEMS encapsulation under UHV environments.
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5.6 Conclusion

As most vacuum chambers tailored towards atomic physics experiments require electrical

interaction with the sealed environment, in this chapter we proposed the use of integrated

feedthroughs in the form of silicon-glass hybrid wafers, where silicon is used as a current

carrying wire. These are fabricated using planar microfabrication techniques such as

lithography, DRIE and glass reflow. The lithographic process is presented, followed by

a discussion of the DRIE process. The difficulties found in the dry fabrication process

are presented, together with the applied solutions and final results, where etches as deep

as 1 mm where obtained. The chapter continues with a short study of the glass reflow

process, and of the electrical and thermal properties of silicon as a feedthrough. Finally,

we presented the first prototypes of the feedthroughs, together with future methods for

testing their efficiency.





Chapter 6

Atom sources

For creating a magneto optical trap, we first need a controllable source of atoms that can

be manipulated by optical and magnetic fields. Most magneto optical traps are made

using alkali atoms, and in our group it is customary to use rubidium 85. In conventional

vacuum chambers, the atom source is provided using commercially available and well

known alkali metal strips [179]. These are activated and controlled using a Joule heating

effect. However, these strips are not designed to be used in a miniaturised device due

to their size and connections to the feedthroughs. It is also important to consider the

activation requirements of the device. A metal strip requires current above 4 A for

activation and manipulation. As such, the use of an alkali metal strip will reduce the

portability of any device, while increasing it’s power requirements.

For increased efficiency and portability, in our miniaturised vacuum chambers we use

alkali metal pills as atoms sources. The pills act in a similar manner to the alkali metal

strip and they are also commercially available [112] [128]. They are generally activated

and controlled using an external heating source.

We refer to the ”activation” of any alkali metal dispenser as the first time it releases

alkali vapour. This step is paramount in most applications as all dispensers release

a high quantity of contaminating gases prior to releasing the desired element. For

conventional applications this effect does not represent a problem as in general there are

active pumping mechanisms maintaining vacuum. However, in this project, the presence

of any contaminating agent can have a high impact as we are using passive pumping

methods in the form of NEGs to maintain vacuum.
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The pill-like rubidium dispenser used in this project are a mixture of RbCrO4, Zr and

Al [58] shaped into a cylinder of 2 mm radius and 1 mm thickness. As the compound is

mixed, handled and packaged in air, there is no prior study that shows the contamination

generated by such devices during activation and use. As such, a residual gas analysis was

conducted by quadrupole mass spectrometry in order to determine the compatibility of

this type of dispenser with our miniaturised vacuum chamber design.

The tool used in this experiment was the in-house built bonder as it already had the

necessary optical access for pill activation and a residual gas analyser (RGA) attached

to the main chamber. A schematic of the essential system is presented in Figure 6.1a,

together with a picture of the inside of the vacuum chamber during the experiment in

Figure 6.1b. The vacuum system of the tool has a roughing pump and a turbo-molecular

pump attached to it which operated continuously throughout the experiment with an

average pumping speed of 15 l/s, which is considered constant at all times. The pump has

different speed for each gas species. Thus, the pumping speed value was determined by

averaging the known pumping speeds for each element and considering the conductance

of the pumping aperture. Together with the leaks in the system and other contaminating

factors, the pumping system offers a measured base pressure of 5× 10−8 mbar at room

temperature.

The activation of the pill is achieved using a continuous-wave, 8 W peak power, 975 nm

semi-conductor laser, designated in this thesis as the heating laser. The pills are placed

on a flat surface inside the vacuum chamber and a viewport with direct optical access

is used for introducing the heating laser in the system. In order to achieve the most

efficient energy transfer, the laser was focused to a 2 mm radius spot on the surface of

the pill.

The study is conducted by ramping the laser power at rates chosen to limit the tem-

perature of the pill and in consequence it’s degassing rate. This was necessary as the

most sensitive setting of the RGA has a limited working pressure of 1 × 10−6 mbar.

In consequence, three different ramping rate were chosen during this experiment, so

that the entire system is kept at a pressure below the limit. The values chosen were

0.75 mW/min, 3.5 mW/min and 10.9 mW/min.

During the experiment, the RGA was set to record the partial pressures for the most

relevant gases: H, H2, H2O, N2, O2, CO2 and Rb. Although monitored, we do not expect
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(a)

(b)

Figure 6.1: (a). CAD image showing the basic set-up for RGA analysis of pill-like alkali
metal dispensers. The pills are activated using an external high power laser and an RGA
attached to the vacuum chamber reads the partial pressures of the gasses released in the
process. (b). Image of the pills placed on a mount inside the vacuum chamber prior to
activation. The pills are set between two glass dies in order to secure them. The mount
used in this experiment is the same one used for anodic bonding in the in-house built
bonder.

to see rubidium due to it’s high sticking factor. Instead, the presence of rubidium in

the chamber is determined by it’s reaction with other gases. For example, rubidium

reacts strongly with oxygen and molecules that have oxygen in their composition, as

such acting as a getter for oxygen. In contrast, it has a significantly reduced reaction
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with nitrogen and hydrogen. Therefore the presence of rubidium in the chamber can be

identified by a sudden drop in the partial pressure of O2, H2O and CO2, while nitrogen,

hydrogen and other gases would not be affected. This effect defines the activation point

of the pill-like dispenser.

The pumping system was active at all times during the activation process. Therefore

the reading of the RGA will be dependent on the pumping rate, and this needs to be

considered when calculating the quantity of material generated by this process. The

amount of gas released during the activation process is determined by subtracting the

base pressure of the system from the residual partial pressures recorded by RGA. This

results in the total quantity outgassed by the pill in the time interval ∆t in mbar×l.

Using the ideal gas law, we can determine the the number of contaminant molecules

released per second, per unit area:

N = ∆t
G

kBT
(6.1)

where G is the total mass of material released in time ∆t, T is the average system

temperature and kB is the Boltzmann constant. In order to offer a relevant result, the

final results needs to be converted into units of monolayers. A monolayer is defined as

a single layer of atoms that occupy a surface area of 1 cm2. Assuming that a unit cell

has one atom area and that the atoms in our system have a area of (3× 10−8)2 cm2, it

results in:

1 monolayer ≈ 1015 atoms. (6.2)

A typical RGA recording of the pill activation process is presented in Figure 6.2a. It

starts with a heavy degassing step of CO2 and N2 when the laser power is between

50 mW and 100 mW. A second degassing stage of H and N2 is observed for laser powers

between 100 mW and 400 mW. Beyond 400 mW, the degassing stops and we can only

observe heating effects. The first sign of rubidium is detected at 200 mW. At this

point, water and oxygen suddenly drop as they heavily react with the released rubidium.

In contrast, nitrogen and hydrogen will continue to follow the laser heating effects.

Following the derivation above, we found a total number of 31.35±2.67 monolayers

being released during the dispenser activation. If this number of monolayers is released

in the miniaturised device and it is not pumped away, it will set the starting pressure

of our devices to 1.41 mbar . This results from considering a starting base pressure of
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5×10−8 mbar, and introducing the number of atoms generated by the activation process

into the ideal gas law. While this kind of pressure is accepted for a spectroscopy cell, it

is far from the desired UHV pressure required for obtaining a cold atom trap. As such,

we need to find a way to circumvent the contaminating pressures that arise from the

atom source activation.

(a) (b)

Figure 6.2: (a). RGA results for pill activation experiment. (b). RGA results for Rb
release after oxidation.

One method considered for pumping away the contaminant particles is through a long

operation of the NEGs. Despite the fact that this would be feasible, we have no measure

control of the pressure inside the device. As such we do not know for how long the

getters need to be exposed to high temperatures in order to achieve UHV. Additionally,

the purpose of the getters is to maintain rather than achieve UHV. By forcing them to

absorb large quantities of contaminating particles, there is a risk of saturating them and

as a result to reduce the overall lifetime of the device. This presents another reason for

which it is advised to avoid this solution.
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The second solution found to avoid the chamber contamination, is to activate the atom

source prior to sealing it inside our device. In order to achieve this, following the

activation of the pill, it is required to remove it from the vacuum environment in order

to place it inside the silicon frame. The time spent in contact with air could affect the

performance of the pill as some materials in the pill can oxidise, and contaminating

agents can be reabsorbed by it. In order to test this process, an activated pill was left in

contact for approximately 10 minutes (not including venting time) with a class 100 clean

room environment with a humidity of 12% RH and 5-10% oxygen content. The amount

of time chosen is similar to the time necessary to mount the frame-glass stack and glass

die for completing the chamber fabrication i.e. the time the atom source will have to be

in contact with air before being placed inside the chamber. The atom source was then

brought back into vacuum environment and by using the heating laser, rubidium was

produced. This process was recorded in a similar manner to the activation process. The

results are presented in Figure 6.2b.

During this heating stage, there was no additional degassing observed. The only effects

noticeable are the ones that denote the presence of rubidium. Its reaction with H2O it

is obvious in this results and as a results there is also a slight increase in hydrogen. The

other gases in the process follow only the heating effects generated by the high power

laser. Therefore we can conclude that the the pill does not absorb any contaminant gases

from the atmosphere. However, the rubidium inside the pill oxidises and as a result the

excess gases that react with rubidium are observed to decrease at a lower rate. This

suggests that the release of rubidium is reduced after the pill is in contact with oxygen.

We prefer to use this method instead of pumping the contaminant gases as this will

preserve the lifetime of the getter film, and therefore the overall lifetime of the minia-

turised vacuum chamber. However, this will most likely increase the fabrication time of

the cells at the wafer level as all the pills will have to be activated separately. There

are several solutions to this issue (such as placing a movable stage with a focusing lens

inside the in-house built anodic bonder that will allow the activation of several pills at

the same time), however these will be addressed in the future, after the completion of

the first fully working prototype.
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6.1 Cell fabrication

Following the fabrication methods presented in this part of the thesis, we can now achieve

a fully working miniaturised vacuum chamber. The process starts by anodically bonding

the silicon frame to a aluminosilicate glass die using the two step anodic bond described

in Appendix C. Once the bond is completed the cell is masked and the process proceeds

with the deposition of the getter film using the recipe in Appendix E. At this stage, the

alkali dispenser pill needs to be activated before being placed inside the chamber frame.

Once pill degassing and activation are finished, the dispenser is placed inside the silicon

frame-glass stack which, together with the another glass die, is mounted in the bonder

tool. The next step in the fabrication processing is represented by a long degassing

period. The system is vented and its temperature is set to 150 °C. This value is chosen

in order to remove the water from the sample substrates. As such, the temperature need

to be set above the boiling point of water, but under the activation temperature of the

getter film. When UHV is achieved (at least 5× 10−8 mbar), the second anodic bond is

completed, sealing the device. Finally, the miniaturised vacuum chamber is completed

through another heating step at 350 °C for at least two hours, which activates the getter

film.

6.2 Conclusion

This chapter presented the addition of atom sources inside our devices. This represents

the last component necessary for the fabrication of a functional miniaturised vacuum

cell dedicated for atomic physics experiments. Similarly to off-the-shelf alkali metal dis-

pensers, which generally used in conventional vacuum systems, the miniaturised version

also releases contaminant gases during the activation process. In order to avoid con-

taminating the encapsulated environment of our devices and over-saturating the getter

film, the pill-like dispensers are degassed and activated prior to being included inside the

miniaturised device. Lastly, this chapter presents a summary of the fabrication method

for a functional microfabricated vacuum cell.





Chapter 7

Spectroscopic analysis of

microfabricated cells

Following the process of fabrication, each miniaturised device undergoes a visual inspec-

tion in order to verify its integrity and whether there are any obvious areas of broken

seal. After having successfully passed its inspection, the device needs to be activated in

order to be used. In this context we define activation as the process of releasing alkali

metal vapour in the chamber. In the absence of electrical feedthroughs, the preferred

method of achieving this is by using an external high power laser to heat up the alkali

metal pill dispenser to the temperature required for releasing the desired substance,

which in this project is 85Rb. This process is similar to the one presented in Section 6

and it does have a precedent in literature. Griffin et al. [73] proposed the use of a high

power laser source for fast switching alkali metal dispensers in order to directly load a

magneto-optical trap.

In order to test the presence of rubidium during the activation process, the miniaturised

device is placed in an absorption spectroscopy system. A secondary laser beam passing

through the device will show a Doppler broadened spectrum once rubidium is present in

the chamber. The set-up used in for this purpose is presented in Figure 7.1. An example

of a Doppler broadened absorption spectrum obtained from a miniaturised vacuum cell is

presented in Figure 7.2. Besides an absorption spectrum, another evidence of rubidium

being present inside the device is by visually observing rubidium deposits in the form of

thin film of silver colour.
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Figure 7.1: Diagram of the system used for cell activation. While the atom sources are
activated with an external heating laser, a weak probe beam goes through cell in order to
generate an absorption spectrum. From the same probing laser, part of its initial beam
is propagated through a conventional rubidium vapour cell that is used as a reference.

Figure 7.2: Doppler spectrum of reference 75 mm Rb cell and 4 mm microfabricated cell
after activation and at room temperature

Once a reliable spectrum is observed, the cell is placed in a 3-D printed mount that

contains two Peltier modules that enable the control of temperature, and subsequently

the control of the partial pressure of rubidium. A detailed study of controlling the

partial pressure of rubidium using Peltier devices in miniaturised cells was conducted

by Matthew Aldous [121]. From his study we present here in Figure 7.3 the absorption

dependency on temperature of a sample device. The value of the partial pressure and

other parameters of the released rubidium can be found by fitting the resulting spectra
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with data generated by Elecsus, a program designed to simulate the absorption spectrum

of rubidium depending on specific parameters, such as the temperature and size of the

assumed containing cell [198].

Another role of the 3D printed mount is allowing the user to handle the miniaturised cell

with an optical post so that it can be integrated in a system in a similar manner to any

other optical component. A picture of such a mount with a miniaturised cell inside is

presented in Figure 7.4. Installing two Peltier devices, opens up the possibility of heating

and cooling different parts of the device at the same time. This essentially creates a

rubidium oven and a cold finger simultaneously. As such, the rubidium is forced to

condense on the cold side of the chamber, avoiding any rubidium deposition around the

optical viewports. Although this is the process currently used for cleaning the windows

when necessary, it is probably not very efficient in its current implementation. However,

the integration of the glass/silicon feedthroughs will greatly improve this process.

The activation process represents the first method of cell characterisation. If the cell is

not properly sealed and there is no vacuum inside, rubidium will react with oxygen and

will not be observed in the chamber. This is the first qualitative method of character-

ising the environment encapsulated inside the miniaturised device. From a quantitative

point of view, the characterisation methods for such a device are limited because of its

reduced size. Spectroscopy allows the estimation of the partial pressure of rubidium and

comparison with other vapour cells commercially available. However, this does not offer

a measure of the total pressure inside the device. The only method found by the author

for achieving an estimate of the vacuum quality encapsulated in the device is by first

obtaining a magneto-optical trap, and then calculating the environment pressure as a

function of the loading rate of the trap. This method will be covered at a later stage as

it is beyond the scope of this chapter.

The spectroscopic analysis of the miniaturised vacuum chamber also enables the first use

of the device beyond its main purpose of holding ultra-high vacuum. The cells which do

not encapsulate a high enough vacuum quality for allowing trapping and cooling atoms,

but can sustain the presence of rubidium, can be used as miniaturised vapour cells.

A comparison between such a device and other commercially available vapour cells is

presented in Figure 7.5. It can be observed that the performance of the cell is similar to

other devices, and in the case of miniaturisation and portability it is a suitable candidate
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(a) (b)

(c) (d)

(e)

Figure 7.3: Doppler spectra as a function of chip temperature with Elecsus fits for (a)
27 °C, (b) 31 °C, (c) 35 °C and (d) 38 °C. Image (e) shows the spectra relative to each
other for each temperature. The Elecsus generated spectra are set to have a slightly
different temperature than in our measurements. This is most probably caused by a
difference in temperature between the points on the cell from which we measure it and
the actual temperature of the vapour. At low temperatures, it can be observed that
there is a discrepancy in the fit around the 87Rb absorption feature. This is probably
caused by the asymmetry of the scan.
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(a) (b)

Figure 7.4: Picture presenting a 3-D printed mount for the miniaturised vacuum cells
(a) without a lid, showing the cell and the Peltier devices and (b) with a lid as the chip
was used in different set-ups throughout this project. Next to the cell one can observe
a general lens in a Thorlabs mount that is included to offer the reader a better estimate
of the final size of the microfabricated device.

for other parts of the trapping system such as laser stabilisation systems through set-

ups designed for saturated absorption spectroscopy. The role of saturated absorption

spectroscopy in laser stabilisation is discussed in Chapter 9.

7.1 Saturated absorption spectroscopy

Absorption spectroscopy previously used in section 7 is limited by the Doppler-broadening

that occurs as a result of the atom’s thermal velocity with respect to the interrogation

beam. Due the atoms’ velocity distribution being reflected in the resulting spectrum,

any transition narrower than the width of the characteristic Doppler profile becomes less

resolved. In the case of Rb85 D2 line, this effect can be observed for the 5S1/2 → 5P3/2

transition as the hyperfine levels F = 1, 2 to F ′ = {1...4} merge together in one large

feature. This is presented in Figure 7.6.

A common method to observe the hyperfine levels is by using saturated absorption

spectroscopy, a technique based on a pump-probe beam set-up. A strong, resonant



98 Chapter 7 Spectroscopic analysis of microfabricated cells

(a)

(b)

Figure 7.5: (a) Doppler spectrum of different commercially available cells in comparison
with two 4 mm cells. One of the spectrum is generated by a miniaturised cell right
after the activation process. The other spectrum generated by the cell was obtained
after the cell undergone a curing process (defined in section 7.1). In this plot it can
also be observed that in the case of the cell with a buffer gas there is a slight shift in
the generated spectrum. All measurements are taken at room temperature, 20 ± 1°C;
(b) Same Doppler spectra presented in 7.5a normalised to the length of the cell. As it
can be observed, the efficiency of the cured microfabricated cell exceeds the efficiency of
commercially available cells.

beam goes through the studied sample, exciting the atoms before a weaker beam counter-

propagates on the same path and is collected by a detector. As the beams are counter-

propagating and have the same frequency, only atoms moving in a plane perpendicular
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to the direction of beam propagation interact with the system. This will generate a

Doppler-broadened spectrum where the resonant sub-Doppler spectral lines are present

as narrow saturated peaks (known as Lamb dips [56]). In order to achieve a pure sub-

Doppler spectrum, the initial Doppler-broadened spectrum is subtracted from it. This

is a well-established technique, described in detail in [150].

Figure 7.6: Doppler-broadened (red), sub-Doppler spectrum (grey) of Rb D2 line and
their subtraction (orange). Graph from [121] using numerical results from [122].

The set-up required for obtaining a sub-Doppler spectrum is presented in Figure 7.7.

The light generated by a laser, in this case a semiconductor Eagleyard EYP-DFB-0780-

00080-1500-BFW01-0005, passes through a Faraday isolator, λ/2 wave-plate and then a

polarising beam splitter cube splits the initial beam into the required pump and probe

beams. The probe beam is passed through a vapour cell and then it is collected by a

photodiode. The pump beam is diverted parallel to the probe beam and then, using a

second pair of λ/2 wave-plate - polarising beam splitter cube, it is counter-propagated

in the vapour cell, following the same path as the probe beam.

A typical experimental data resulted from a saturated absorption spectroscopy system

is presented in Figure 7.8. The data was taken using a Triad Technologies TT-RB-75-P

rubidium reference cell in the set-up presented above. According to the technical data

sheet of the vapour cell, it has a nitrogen buffer gas background pressure of 20 Torr. In

this measurement, a vapour cell with a buffer gas was used instead of a normal vapour

cell because it was the only one available at the time of the measurement. Nevertheless,

the spectrum generated by this cell is sufficient for the demonstrating purposes of a
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Figure 7.7: Graphical representation of the set-up used in saturated absorption spec-
troscopy.

reference sub-Doppler spectra. The hyperfine peaks correspond to different transition

of the F level which are presented in Appendix F. The difference in frequency between

the peaks are centred around the F = 3 to F ′ = 4 transition, which is generally used for

cooling rubidium atoms, and have been previously calculated by Matthew Himsworth

[122].

Figure 7.8: Reference spectra obtained from a saturated absorption spectroscopy of a
75 mm Rb vapour cell at room temperature (20° C±1° C).

In the case of a miniaturised vapour cell, in order to obtain a saturated absorption

spectrum one simply has to replace the industrial vapour cell with the designated device
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in the set-up presented above. However, in its raw status, the cell would require a

constant high operating temperature as at room temperature rubidium would become

deposited on the walls. In order to have rubidium in the cell at room temperature, we

first saturate the cell with vapour and then cure it. The curing process represents the

changes of the properties of internal surfaces that all alkali metal vapour cells undergo

in the first days or weeks after fabrication [195]. It is believed that this phenomenon

results from the absorption of alkali metal atoms by the material’s surface and from

the potential chemical modification of the substrate until an equilibrium is achieved.

The first qualitative study of the curing process was conducted by Brossel et al. [30].

The variation in the cell properties can have a significant impact on different aspects

of an experiment such as the performance decrease of atomic clocks caused by drifts

of hyperfine resonance frequencies [32]. In the equilibrium state it is assumed that the

entire inner surface of the cell is coated with a thin layer of alkali atoms and that every

time an additional atom is absorbed by the substrate, another atom is released. The

newly released atom is assumed to have the same properties in terms of polarisation

and coherence as the absorbed atom and therefore the properties of the vapour cell will

remain unchanged.

Figure 7.9: Saturated absorption spectrum obtained from a 4 mm cured miniaturised
vapour cell (red) and the same signal with the Doppler broadened features subtracted
(blue). The thick walls of the cell create a slight shift in the Doppler signal and in
consequence the features can be partially observed after subtraction. In this plot it can
also be observed that due to the reduced size of the cell the resolution of the peaks is
reduced.

Both the saturation of the cell with rubidium and the curing process are difficult to
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quantify due to the size of the device. As such, the process to establish a stable vapour

cell was obtained after numerous trials and based on qualitative results. We concluded

that for efficiently curing a miniaturised vacuum cell, the final process involves, firstly,

the continuous release of rubidium from the dispenser, using the external heating leaser,

until solid droplets of rubidium are evident on the chamber’s windows. Secondly, the

chamber is placed in an oven at 130° C for a minimum of 48 hours. The use of high

temperature has the role of significantly reducing the curing time. Upon cooling, the

cell is ready to be used. A saturated absorption spectrum obtained from such a cell is

presented in Figure 7.9. Due to the reduced size of the device and improper balancing of

the probe and pump beams, in this spectrum the peaks are not well resolved. Nonethe-

less, this can be solved with more calibration of the system. In the same plot, one can

observe that there is a gradient in the SAS spectrum. This is generated by a higher

than necessary probe beam which imprints the sweep of the laser on the spectrum. As

both the SAS and the Doppler spectra have this effect, this can not be observed in the

subtracted signal.

The fact that a rubidium can be observed in our devices, is a good qualitative sign for

vacuum being encapsulated inside. In conventional vapour cells, the rubidium vapour

is held in a vacuum environment of approximately 1.3× 10−8 mbar [6] (however due to

Helium permeation the final pressure in a vapour cell after long time periods is most likely

close to 10−5 mbar). This would suggest that our devices enclose similar environments

as they show comparable performance. Nonetheless, this comparison is not enough to

quantify the value of the pressure, but more serves as a qualitative measure towards

the viability of the cell. In our trials, we discovered that for miniaturised devices that

were sealed at pressures above 105 mbar, the atom source could not be activated and

no Doppler spectrum was observed. We assume this is caused by the rubidium reacting

with oxygen rather than being dispersed through the chamber. Similarly, the fact that

we can obtain a SAS spectrum using our microfabricated cells, shows their versatility

and enables the first use of these devices as miniaturised vapour cells. It is worth noting

at this stage that at the time of writing this thesis, the first cells that performed well as

spectroscopy cells are still in good working condition after 2 years since their fabrication

date.
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7.2 Conclusion

In this chapter we presented the initial analysis of the fabricated miniaturised vacuum

cells. It was shown that a simple absorption measurement can dictate if the tested device

is viable for further applications and whether the atom source is successfully activated.

This verification step led to our devices being used in practice for the first time. Finally,

in comparison with industrially available cells, we showed that these can be successfully

used as miniaturised spectroscopy cells (which could, for example, eventually aid in the

miniaturisation of the laser stabilisation system presented in section 9.1.1).





Part II

Atomic physics
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Chapter 8

Cold atoms and MOT geometries

Since their discovery, cold atoms have revolutionised atomic physics and have become

the basis for many quantum enhanced sensors. In this chapter we present the commonly

used techniques for cooling and trapping atoms such as Doppler cooling and magneto-

optical trapping. These allow for room temperature atoms to be cooled down to µK, in

dense confined ensembles creating almost ideal quantum systems due to their isolation

from the environment. A great success that emerged from studying cold atoms was the

observation of Bose-Einstein condensates in cold atomic gases which brought down the

temperature of the atoms to nK [13]. In order to achieve such low temperatures, one

has to apply additional cooling and trapping techniques such as magnetic trapping and

evaporative cooling [133]. These are beyond the scope of this thesis, and as such our

discussion will be limited to the basic principles of cold atoms. However these may be

applied in the future work of this project as one of the uses of atom chips is to make

achieving Bose-Einstein condensates less technologically challenging.

In the first part of this chapter we present the theoretical work behind trapping and cool-

ing forces together with their respective limitations. These forces are essential towards

the operation of magneto-optical traps (MOT) for which the basic set-up is detailed

throughout this chapter. Starting from the standard trapping configuration, various

geometries emerged, from which, the most relevant towards miniaturised systems are

presented in the last part of this chapter.
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8.1 Cooling and trapping

According to the theory of equipartition for an ideal gas, at temperature T, the energy

of a particle for each degree of freedom is given by:

E =
1

2
kBT (8.1)

where kB is the Boltzmann gas constant. As we are interested only in the centre of mass

translational motion of the particles within this gas, the kinetic energy of a particle can

be estimated to be:
1

2
mv2

x =
1

2
kBT (8.2)

where m is the mass of the particle and vx is the velocity of the particle assumed on a

arbitraty x-axis. Hence we can derive the r.m.s velocity of the particle:

vrmsx =

√
kBT

m
(8.3)

This equation can be translated in three dimensions as:

vrms =

√
3kBT

m
(8.4)

Equation 8.4 shows a clear dependence between the velocity of a particle and its tem-

perature. The idea of cooling atoms is based on the simple principle that by reducing

the speed of an atom, its temperature is drastically decreased. Nonetheless, this not the

correct definition of temperature, derived from an enclosed system at equilibrium, but

rather it is a kinetic temperature which is dependent on the particle’s velocity.

Cooling is generally obtained through the interaction of lasers with particles. A laser

generates coherent radiation at a narrow enough frequency that it can be considered

monochromatic. This allows us to consider the effects of a single specific frequency of

light interacting with an atom. Our analysis will be restricted to alkali atoms as they

have a single electron in the outer orbital, sitting far away from the rest of the atom. As

such, we can make the assumption that only this electron interacts with the applied light

and we can resume the following theoretical analysis to a system similar to the hydrogen

atom. The alkali species used throughout this thesis is Rubidium (Rb). According to

equation 8.4 and considering a room temperature of T = 293K, the r.m.s velocity of
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Figure 8.1: Graphical representation of the absorption-emission process for a two level
atom.

rubidium atoms is estimated to be vRb = 293.3m/s. However, as the scattering force is

generally quite weak, we can not cool atoms at room temperature. Instead, we actually

cool from ≈ 2 K, at the low end of the Boltzmann distribution of velocities of the gas

particles.

8.2 Scattering force

Consider a photon with momentum

p = ~k (8.5)

incident on a two level atom, where ~ is the reduced Plank constant and k = 2π
λ is

the photon wave-vector with λ being the photon wavelength. If the momentum of the

incident photon is equal to the resonant frequency of the atom the two elements will

interact and the photon will be absorbed as a result. Following the absorption of the

photon, the atom is forced into its excited state and receives a push of momentum ~k

in the direction of the incident absorbed photon. After a short period of time, the

atom undergoes spontaneous emission and ejects a photon in a random direction. The

resulting photon has the energy equal to the energy of the incident photon. At this

stage the atom receives a second push of momentum ~k in the opposite direction of the

emitted photon. This absorption-emission process is described graphically in Figure 8.1.

The rate at which this process can occur is known as the scattering rate which is defined

as the rate at which an atom can absorb a photon and then spontaneously re-emits it.

This a very well known characteristic of each atom species and its derivation can be

found in most text books on this subject [132] [64] [66]. We will only state here its
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equation but a full derivation can be found in Appendix A:

Rscatt =
Γ

2

I
Isat

1 + 4( δΓ)2 + I
Isat

(8.6)

where I is the intensity of the incident laser beam, Isat is the saturation intensity, Γ

is the natural decay rate of the atom and δ is the laser detuning from the resonant

frequency. If the cycle of absorption-emission is repeated continuously, the random walk

generated by the spontaneous emission received by the atom will add up to zero net

momentum. Therefore the atom will predominantly accelerate in the direction of the

incident photon.

The force acting on the atom from a light source is defined as the scattering force:

Fscatt = Rscatt~k

Fscatt = ~k
Γ

2

I
Isat

1 + 4( δΓ)2 + I
Isat

(8.7)

Returning to the equipartition theorem, we note that each absorption event causes a

change in the atom’s velocity of,

∆v =
~k
M

(8.8)

and, in particular for Rubidium atoms this change in velocity is 0.6 cm/s. The scattering

force presented in this section is the key towards Doppler cooling. In order for this

process to succeed, one needs a hydrogen-like atom (a ’two-level-atom’) with a large

enough decay rate, in order to ensure that the absorption-emission cycle repeats. These

criteria limit the atom species that can be cooled.

8.3 Doppler cooling

Imagine a coherent laser beam oriented on an atom with the frequency wl detuned

slightly below the resonant frequency of the atom (red detuned with δ). If the atom

is assumed to be stationary, then no interaction will occur between it and the laser

beam. However, if the atom is moving it will perceive a Doppler shifted laser frequency

of ωDoppler = ωl −
#»

k · #»v . In the case of the atom’s direction being opposite to the

direction of the laser beam,
#»

k · #»v < 0. Consequently, the frequency perceived by the
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(a) (b)

Figure 8.2: Schematic representation of the Doppler shift for (a) a stationary atom and
(b) an atom moving with velocity v.

atom is increased to resonance ωDopper = ωl + kv allowing the atom to interact with

the laser beam. This results in the atom slowing down. If the atom moves in the

same direction as the laser beam,
#»

k · #»v > 0 and the laser frequency recognised by the

atom ωDopper = ωl − kv is detuned further and again no interaction takes place. This

mechanism, known as Doppler cooling, first explored by Hänsch and Schawlow in 1975

[78], is schematically presented in Figure 8.2.

Consider now the addition of a second laser beam to the set-up presented in the previ-

ous sections with similarly red-detuned frequency but in the opposite direction to the

first incident beam. In this case, the atom is being Doppler cooled from both direc-

tions of the axis defined by the laser beams. If this mechanism is applied in three

dimensions on a cloud of atoms it creates an optical molasses, phenomenon which was

firstly demonstrated by Chu in 1985 [41]. In one dimension we can express this process

mathematically by considering the scattering force in both directions:

Fmolasses = Fscatt(δ − k−v) + Fscatt(δ − k+v)

Fmolasses = ~k
Γ

2

I
Isat

1 + 4( δ−k−vΓ )2 + I
Isat

+ ~k
Γ

2

I
Isat

1 + 4( δ−k+vΓ )2 + I
Isat

, (8.9)

where δ is the laser detuning form resonance frequency. A complete derivation of the

optical molasses cooling force can be found in [66]. For our purposes, we shall only quote

the final result for the force approximated in one dimension:

F =
8~k2δ

Γ

I
Is

(1 + I
Is

+ 4( δΓ)2)
v (8.10)
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Figure 8.3: Scattering force generated in one dimension on an atom of Rb 85 by a
pair of counter-propagating beams detuned by δ = −1.5Γ. The orange and blue curves
represent the force from each individual beam while the green curve is the sum of the
two. The red line shows the total force approximated in equation 8.10.

therefore the force can be written in the form

F = −αv (8.11)

where Γ is the spontaneous decay rate, I is the laser intensity, Is is the saturation

intensity, δ is the detuning of the laser from resonance and α is a damping coefficient

given by:

α = −8~k2δ

Γ

I
Is

(1 + I
Is

+ 4( δΓ)2)
(8.12)

The negative sign in equation 8.11 accounts for δ being negative as the laser is red

detuned.

Figure 8.3 shows a plot of the total scattering force presented in equation 8.9 together

with its approximation from equation 8.10.
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8.4 Optical Earnshaw theorem

According to the optical Earnshaw theorem developed by Ashkin and Gordon [18], atoms

can not be trapped using only optical scattering forces. This conclusion was reached by

making an analogy between optical fields and electrostatic forces and it is based on the

fact that if saturation effects are ignored, the divergence of the scattering force is zero:

∇ · ( #»

F scattering) = 0 (8.13)

To better understand the concept behind this theory, consider the effects of a Gaussian

laser beam in the far field regime (z � πω0
λ , where ω0 is the minimum beam waist and λ

is the wavelength of the beam). It becomes clear that the total force, generated by a laser

beam, acting on an atom is dependent on the optical power and has two components:

the conventional scattering force and a gradient force generated by the interaction of the

scattering and incident fields. Ashkin and Gordon [18] derived the general expression

for the two components of the laser force starting from the non-relativistic Lorentz force

generated by the light field on an neutral particle:

#»

F l =
1

2
Re{x̂j #»µ∗ · ∂

#»

E

∂xj
} (8.14)

where xj are the unit vectors,
#»

E is the electric field and #»µ is the particle’s dipole

moment. Assuming a single laser frequency, and that µ and E are related linearly, then:

#»µ = χ · #»

E (8.15)

where χ is an arbitrary constant polarisability tensor. Writing

χ = χ1 + iχ2 (8.16)

where χ1 and χ2 are Hermitian. Using the equation above in equation 8.14 the expres-

sions for the scattering force and the gradient force are derived to be:

#»

F s =
1

2
Im{x̂j

#»

E∗ · χ2 ·
∂

#»

E

∂xj
} (8.17)

#»

F g =
1

4
∇(

#»

E∗ · χ1 ·
#»

E) (8.18)
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Using the wave equation ∇2 #»

E = −(ωc
2 #»

E) together with equation 8.17 it is concluded

that:

∇ · ( #»

F scattering) = 0 (8.19)

In order to successfully trap an atom, the trapping volume determined by the laser beams

must have the total scattering force components pointing inwards which is in consequence

impossible according to equation 8.19. More precisely, there is no ’sink’ of laser beams in

free space, and consequently an atom trap can not be formed. Nevertheless, one method

used successfully for using a single laser for trapping is by exploiting the gradient force

to create a trapping potential. By studying the behaviour of atoms under the influence

of scattering forces, it was shown that without trapping being achieved, they undergo a

diffusion process [87] which sets the temperature limit of the Doppler cooling mechanism.

8.5 Doppler cooling limit

After N scattering events during the Doppler cooling process, the atom drifts by a mean

squared value of:

〈p2〉 = 〈(p1 + p2 + p3 + · · ·+ pN )2〉 , (8.20)

where in one dimension, p = ±~k. Using the multinomial theorem on the equation

above, the result is as follows:

〈p2〉 = 〈p2
1 + 2p1p2 + 2p1p3 + · · ·+ p2

2 + 2p2p3 + 2p2p4 + · · ·+ p2
N 〉 (8.21)

As each push of momentum is uncorrelated with each other, the cross terms average to

zero. Thus:

〈p2〉 = 〈p2
1〉+ 〈p2

2〉+ · · ·+ 〈p2
N 〉

〈p2〉 = N~2k2 (8.22)

where N = 4Rscattt with Rscatt being the scattering rate due to a single beam. The

factor of 4 results from the fact that there are two scattering events from each photon
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and the photons are generated from two laser beams. This changes with time as:

d 〈p2〉
dt

= ~2k2dN

dt

d 〈p2〉
dt

= 4~2k2Rscatt. (8.23)

From equation 8.11 we know that F = dp
dt = −αv. Therefore:

dp2

dt
= 2p

dp

dt
(8.24)

dp2

dt
= −2mαv (8.25)

Linking equation 8.25 with equation 8.23, it follows that:

4~2k2Rscatt = −2mαv2 (8.26)

where α is defined in equation 8.12. Assuming that I � Is, α becomes:

α = −8~k2δ

Γ
. (8.27)

Using the dependency between velocity and temperature derived from equation 8.3,

together with equation 8.26, the minimum Doppler temperature is found to be:

TD =
~Γ

2kB
. (8.28)

For Rubidium atoms the temperature limit ≈ 145.57µK. A complete derivation of the

Doppler temperature limit can be found in [34]. Another method for calculating the

Doppler limit temperature is presented in Appendix G.

8.6 Rubidium structure

In order to further explain the working process of a magneto-optical trap, it is necessary

to move beyond the hydrogen-like structure of the atom assumed until now. We will

consider instead the real structure of Rubidium, an alkali metal with two stable isotopes

85Rb and 87Rb. It is customary in our group and also the case in this project, to create

traps using 85Rb atoms as it is more abundant in nature than the other Rb isotope. A
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level diagram of the D2 line is presented in Figure 8.4. We present only the relevant

transitions to this project. The transition used for cooling atoms is on the D2 line from

Figure 8.4: Level diagram for 85Rb. The cooling transition is from F = 3 ground state
to F ′ = 4 excited state while the re-pump transition is from the F = 2 ground state to
F ′ = 3 excited state.

the F = 3 ground state to F ′ = 4 excited level. Atoms can scatter light between these

levels in many absorption-emission cycles, which means that the transition is closed.

However, on rare occasions, the atoms are excited to either F ′ = 2 or F ′ = 3 states.

This causes the atom to decay into the F = 2 ground state. This ground state is

far-detuned from laser resonance and atoms in this level are excluded from the cooling

process. To overcome the transition of the atom to this, colloquially named, dark-level,

a second laser is introduced in the system with a frequency resonant to the F = 2 -

F ′ = 3 transition. This process allows atoms to be pumped back into the cooling cycle.

8.7 Zeeman effect

The shift in energies of the sub-levels of an atom under the influence of a strong magnetic

field is known as the linear Zeeman effect. We turn our focus on the splitting of the

excited F (= 4) state into three sub-levels mF = ±1, 0 following:

∆E = gFµBmFB, (8.29)
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where the Lande g-factors are gF = 1
3 in the ground state and gF = 1

2 , µB = e~
2me
≈

1.4MHz
T is the Bohr magneton, B is the magnetic field strength and mF is the magnetic

quantum number defined through the quantisation axis along the magnetic field direc-

tion. The Zeeman shift causes the variation of atomic resonance frequencies. In the

situation where the applied magnetic field is not uniform, but has a constant gradient,

the magnetic sub-levels vary linearly with the atom’s relative position. Thus the cooling

force becomes position dependent. The effect is presented in Figure 8.5. Consider an

Figure 8.5: Positional dependent Zeeman splitting of a simplified atom’s sub-levels under
the influence of a quadrupole magnetic field across one dimension. A red-detuned laser
beam with the correct polarisation will generate a spatially dependent trapping force
pointing towards the centre of the system.

atom in the centre of the system travelling in any direction of a one dimensional z axis.

It can be observed that its mF = −1 state shifts closer to resonance with the laser fre-

quency as the atom travels along the axis. Photons from a laser beam with the correct

energy can now be absorbed. This enables the scattering force to push the atom back

towards the centre of the system. In order to understand how to address this state, and

the trapping mechanism generated by the Zeeman shift, we offer a cursory explanation

based on the direction of the magnetic field, the direction of the laser beam and its

polarisation (courtesy to Matthew Himsworth). By multiplying the above mentioned

parameters of the system one can determine the state to which the laser radiation cou-

ples to. Assume a single laser beam travelling in the −z direction. If the atom is at a

+z position travelling in the +z direction (towards the light source) and the magnetic



118 Chapter 8 Cold atoms and MOT geometries

field has the orientation presented in Figure 8.5 then,

k̂ · B̂ · σ̂ = (−1)(−1)(−1) = −1 (8.30)

where k̂ is the wave-vector unit of the laser beam, B̂ is the unit vector of the magnetic

field and σ̂ is the polarisation of the beam. We consider the value of σ̂ to be -1 for

clockwise polarised light and +1 for anti-clockwise polarised light. In this case, the

result -1 shows that the radiation is coupled to the mF = −1 sub-level and the radiation

pressure pushes the atom towards the system’s centre. When the atom, now travelling

in the −z direction passes the central point into a negative z position, the magnetic field

changes direction and the coupling parameters become:

k̂ · B̂ · σ̂ = (−1)(+1)(−1) = +1 (8.31)

and the mF = +1 becomes the addressed state. This state is far from resonance and

the atom does not interact with the incident radiation. We now extend the described

mechanism to both direction of the axis by applying two counter-propagating laser beams

of σ− polarisation on an atom positioned on the positive side of the z-axis. For the beam

travelling in the −z direction, the resonant absorption frequency is ω0 + ∆Ez while for

the other beam (travelling in the +z direction), ω0 − ∆Ez, where ∆Ez is the Zeeman

shift at displacement z. The total trapping force acting on the atom is:

Ftrapping = Fscatt(σ−,−z)(ω − kv + (ω0 + ∆Ez))− Fscatt(σ−,+z)(ω + kv + (ω0 −∆Ez))

Ftrapping = −2
∂F

∂ω
kv + 2

∂F

∂ω0
∆Ez (8.32)

As frequency detuning δ = ω−ω0 has a direct influence on the trapping force, it can be

deduced that ∂F
∂ω = − ∂F

∂ω0
, which leads to:

Ftrapping = −2
∂F

∂ω
kv − 2

∂F

∂ω
∆Ez (8.33)

It can be concluded from the resulting equation of the trapping force (equation 8.33)

that the addition of the Zeeman effect makes the atoms undergo over-damped harmonic

oscillations, in contrast to the optical molasses technique, where an atomic diffusion

mechanism prevents the atoms for being confined.
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8.8 Magneto-optical trap (MOT)

The magneto-optical trap is a system that combines the theory of optical molasses

with the Zeeman effect in order to circumvent the optical Earnshaw theorem [18]. The

simple one-dimensional system presented in the previous section can now be expanded

to confine atoms in all directions, resulting in a MOT. The most common geometry

for such a set-up is based on the use of 3 pairs of laser beams arranged as to generate

an optical molasses force that acts in all directions along a set of Cartesian axes. The

Zeeman effect is caused by a magnetic field which is generated by a pair of coils in

anti-Helmholtz configuration. A graphic representation of a generic MOT is presented

in Figure 8.6. We define the axis of the coils as the z-axis with the origin at the centre

Figure 8.6: Schematic of 3D MOT. The system consists of 6 beams that cover all di-
rections of a set of Cartesian axes and two magnetic coils arranged in anti-Helmholtz
configuration. The magnetic field has the a minimum point inside the beams overlapping
region.
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of the coils. The magnetic field generated by such a set-up is:

#»

B = B′(xî+ yĵ − 2zk̂) (8.34)

where B′ is the magnetic field gradient and î, ĵ, k̂ are the unit vectors of the assumed

set of Cartesian axes. Following the vectorial equation, the magnitude of the magnetic

field becomes:

B = B′
√

(x2 + y2 + 4z2). (8.35)

A magnetic field set by a pair of coils in the anti-Helmholtz configuration has a minimum

point (zero point) located at the centre of the system. For a successful trapping process

to occur, the point of minimum magnetic field has to coincide with the region of where all

the beams overlap. The combination of these two elements defines the trapping volume.

8.9 Sisyphus cooling

Notwithstanding the theoretical limit set by Doppler cooling, practical experiments en-

abled researchers to notice lower temperatures inside a MOT [110]. The reason behind

the experiment working beyond the predictions of the theoretical model stems from the

assumed simplicity of the Doppler cooling mechanism. For example, a phenomenon that

has been ignored until now when considering the inner-workings of the cooling process

is that the interaction of the two counter-propagating laser beams can cause interference

and AC Stark shifts. This optically shifts the sub-levels of the atom’s ground state and

adds to the system a new method of cooling, known as Sisyphus cooling.

The complete mechanism of Sisyphus cooling [64] is beyond the scope of this thesis,

but the idea behind it can be understood with reference to the visual representation in

Figure 8.7. Consider an atom moving in the +z direction with the ground state 2S 1
2

and excited state 2P 3
2
. The two counter-propagating laser beams of similar frequency

produce an interference pattern. This causes the magnetic sub-levels mF = ±1
2 of the

ground state to oscillate with a phase difference of 180° between each other. If the atom

is in a single magnetic sub-level and there is no further interaction with any incident

radiation, it will travel up and down the potential hills converting kinetic energy into

potential energy and vice-versa. This is shown in Figure 8.7 as the blue line. However,

if the lasers are tuned accordingly, the atom will absorb a photon on top of a potential
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Figure 8.7: Sisyphus cooling diagram for a atom’s transition from the ground state
F = 1

2 and the excited state F = 3
2 under the influence of two counter-propagating

red-detuned laser beams. The ground state sub-levels are oscillating sinusoidally with
position causing ”hills” and ”valleys” of potential, effect caused by the interference of
the laser beams. If the laser beams are properly tuned, the atom will only absorb a
photon on a top of the hill (position A) and will lose kinetic energy if it decays on the
other sub-level (position B). By losing part of its kinetic energy the atom is being further
cooled.

hill (position A). According to selection rules, the atom can decay in either magnetic

sub-level. On one hand, if it decays in the same sub-level, there is no change in energy.

On the other hand, if the atom decays on the other level (position B), there will be a

difference of energy between the absorbed and emitted photons. This difference will be

taken from the atom’s kinetic energy, thus cooling the atom further. This process is

dependent not only on the tuning of the laser beams, but also on the atom’s velocity

through the interference pattern.

The lowest temperature that can be achieved using Sisyphus cooling is determined by

the recoil limit. From the emission process, the atom receives a momentum push of ~k

in a random direction, and after several cycles, the atom is imprinted with a random

thermal energy of:
1

2
kBTrecoil =

~2k2

2m
. (8.36)

From the formula above, the limit temperature is found to be

Trecoil =
~2k2

mkB
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Trecoil =
h2

mkBλ2
(8.37)

For rubidium atoms, the lowest temperature that can be achieved through Sisyphus

cooling is Trecoil = 370nK. This effect is highly dependent on the laser beam intensity

and phase stability, and it has a high impact on the efficiency of small atom traps.

8.10 Trapping scaling laws

Magneto-optical traps are generally characterised through two main parameters: tem-

perature and atom number (or atom density). Previously we mentioned a few tempera-

ture characteristics of MOTs and in this section we present general properties of the trap

atom number in direct relation to the width of the beams used in the MOT’s geometry.

The number of atoms, or rather the change in the number of atoms in a MOT is depen-

dent on three mechanisms: loading of the trap, loss due to collision with atoms from the

background and a series of collisions between trapped atoms. The approximate equation

for the number of atoms in a trap [172] is:

dN

dt
= R− N

τ
− βN

2

V
(8.38)

where N is the number of atoms, R is the loading rate of the trap, τ is the trap lifetime

which gives an estimate of the amount of time that an atom can be trapped, and V is

the trap volume. The second term in the right hand side of equation 8.38 is the first

order loss term and represents the effect of collisions between trapped atoms and hot

atoms from the surrounding environment. This is the most prominent loss mechanism in

the majority of MOTs. The third part in the right hand side of equation 8.38 accounts

for internal collisions between cold atoms in the trapping region and depends on the

trap density. Compared to other parameters this term is negligible in the low density

limit and it is generally excluded from the main equation. As a result, the change in the

number of atoms becomes:
dN

dt
= R− N

τ
(8.39)

The solution to this equation is:

N(t) = N0(1− exp(− t
τ

)) (8.40)
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where N0 = Rτ is the steady state number of atoms. However, the steady state atom

number is dependent on several other factors of the system, such as capture velocity

and beam width. This becomes obvious when considering that the distance in which

the atoms can be slowed down is directly proportional to the trapping region. And

so, increasing the beam width allows faster atoms to be cooled. It follows from this

dependence that the steady state atom number can be expressed as [149] [116]:

N ≈ 0.1
L2

σ

(
vc
vvap

)4

(8.41)

where L is the beam diameter, σ is the collision cross-section, vc is the capture velocity

and vvap is the average velocity of atoms in the background environment. We define the

capture velocity as the atom’s maximum velocity for which, upon entering the trapping

region, it can be cooled before reaching the centre of the system [172]. The equation for

capture velocity can be derived from examining an atom with kinetic energy Ek = mv2c
2

entering a trapping region of radius r. At the trap’s entry point the atom experiences a

cooling force of ~kΓ
4 [172]. This force generates on the atom a work of ~kΓ

4 r. Assuming

that the atom comes to a full stop at the centre of the system, the work done by the

force on the atom will be equal to the initial kinetic energy:

mv2
c

2
=

~kΓr

4
, (8.42)

resulting in a capture velocity of:

vc =

√
~kΓr

2m
. (8.43)

Assuming a linear force dependence, this result can be used to derive the maximum value

for the temperature of an atom which allows it to participate in the cooling process:

Tc =
~kΓr

2kB
. (8.44)

Using the parameters defined by equation 8.41 together with numerical simulations [116],

it was shown that for large MOTs (made using beam diameters greater than 2 mm) the

steady state atom number follows the ratio of:

N ∝ L3.6. (8.45)
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where L is the width of the laser beam. This result was matched by several experiments

[70] [89].

For beams with diameter of less than 2 mm, equation 8.41 can be approximated with

N ∝ L6 as the capture velocity in this regime is vc = Lα
m , where α is defined by equation

8.12 [149] and m is the particle’s mass. Similarly, it was shown by Hoth et al. [89] that

if the trap dimensions are defined by the beam width at the point where the intensity

drops to saturation intensity, the small MOT regime can be achieved for larger beams.

The same study set the lower limit for a useful atom number. It is stated that in

order to overcome the fundamental limits of cold-atom based systems, a minimum of

2 × 104 atoms are necessary. From a miniaturisation point of view, the scaling laws

presented in this section suggest that for small beam widths (below 2.2 mm) the number

of atoms in a trap decreases drastically. Therefore, in order to produce an efficient

trap, we must maintain as large as possible beam widths and focus on miniaturising the

infrastructure of the trap. Nevertheless, the limitations set by the size of the beams,

also cause limitations in a potential minimum size of the vacuum chamber viewports. In

our system, the beams have a diameter of 5 mm, and consequently the size of the optical

port on the miniaturised device is large enough to allow the beams in their respective

geometry to pass through it.

8.11 MOT geometries for miniaturisation

Since its implementation, the standard MOT geometry has revolutionised atomic physics

by enabling the study of physical constants [46], [187], [63], and by setting the basis

of cold atom devices in the fields of metrology, rotational sensing, time keeping and

quantum simulation [175], [114], [53], [57]. However, the standard trap geometry proves

to be not suitable for most integrated applications. To this end, several new trapping

geometries emerged, each tailored for specific applications. Out of these, the mirror-

MOT [47], the pyramid-MOT [109] and the tetrahedral-MOT [182] stand out. Each

geometry has its own benefits and downfalls but to better understand the difference

between each set-up, we present in this section the main characteristic in relation to

each trap.
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8.11.1 Mirror-MOT

A mirror MOT geometry can be easily understood with reference to the graphical rep-

resentation in Figure 8.8. We consider two magnetic coils in an anti-Helmholtz configu-

ration that generates a quadrupole magnetic field. A reflective surface is placed with its

centre slightly below the point of minimum magnetic field at and angle of 45° relative

to the central axis of the magnetic coils. For the operation of the trap, we require a

laser beam travelling towards the centre of the reflective surface at a 90 degree angle in

contrast with the central axis of the coils. Before being retro-reflected the beam passes

through a quarter wave-plate to ensure the correct polarisation of the system. The

retro-reflection of the beam generates a two dimensional trapping force at the zero point

of the magnetic field. The trapping force in a 3rd dimension is generated using a second

retro-reflected beam passing through the trapping region in a direction perpendicular

to the plane defined by the laser beam initially mentioned. A diagram of this geometry

is presented in Figure 8.8. A more detailed explanation on this subject can be found in

reference [47].

Figure 8.8: Schematic of mirror trap geometry. The axis of the anti-Helmholtz coils is at
an angle of 45 °relative to the reflective surface with the zero point slightly above it. The
trapping force is generated by retro-reflecting a laser beam with the right polarisation.
Before being retro-reflected on an external mirror, the beam is reflected at an angle of
90 °on the central reflective surface.
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The mirror trap is the first step towards the implementation of a magneto optical trap

for atom chip use. Atom chips are nano-fabricated devices designed for manipulating

and interacting with cold atom ensembles. An exceptional progress towards executing an

integrated device around a mirror-MOT is shown in the set-up described by Reichel et

al. [155] where the pair of anti-Helmoltz coils are replaced with a combination between a

U-shaped wire and a bias field. Notwithstanding the reduction in size and requirements,

the mirror-trap successfully follows the scaling law for large MOTs when beams over 2

mm in diameter are used in the set-up [155].

8.11.2 Pyramidal and tetrahedral MOTs

The pyramidal trap is based around a structural cavity made out of four triangular

reflective surfaces placed together in the shape of a pyramid. A single laser beam is

reflected in the cavity to create the trapping force, while the polarisations are set through

reflections inside the cavity. The set-up uses a general anti-Helmholtz configuration for

creating the necessary quadrupole magnetic field. A basic schematic of the system is

presented in Figure 8.9. Due to the single beam requirement, the implementation of this

trap is simple and insures beam intensity and phase stability.

Although this geometry was initially designed for macroscopic use [15], [109], it was also

implemented in miniaturised settings through the etching of the cavity in silicon wafers.

The miniaturised version of the trap proved to follow a scaling factor of L6 in accordance

to the small beam trap regime [148] [177] allowing only a small number of atoms to be

trapped. As the beam maximum diameter is determined by the size of the cavity, there

is no method of circumventing the small steady state atom number without increasing

the size of the device. For this reason, despite its promising potential for integration in

portable devices through the single beam requirement, the miniaturisation of this device

proves to be not suitable for most applications [148].

Derived from the pyramidal trap, the tetrahedral geometry (Figure 8.10) follows a similar

trapping mechanism by using three reflected beams instead of four. Through the use

of a smaller number of beams in macroscopic regime the set-up shows an increase in

capture volume following the scaling factor L3.6. However, it performance is slightly

lower in comparison to a general 6-beam trap geometry built with similar parameters

[182]. As per Vangeleyn et al. [182] analysis the decrease in efficiency is assumed to
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Figure 8.9: Pyramidal trap geometry. The anti-Helmholtz magnetic coils are not pre-
sented in this image. The trap consist of four reflective surfaces arranged in a pyramidal
shape. The right polarisation of the cooling laser beams are determined by reflections
inside the cavity. This configuration shows an increase in trapping efficiency when
compared to the pyramidal trap. Following the small beam regime (N ∝ L6) this con-
figuration allows only a small number of atoms to be cooled.

be caused the reduced number of beams acting in a less than optimal calibrated set-up.

Achieving an ideal configuration for this trap proves to be difficult as it allows a wide

range of reflective surface inclinations. However, in miniaturised form, the tetrahedral

MOT follows the same rules as the pyramidal setting and the number of atom is reduced

following the L6 scaling factor. For this geometry, the small beam regime is achieved in

a tetrahedral size smaller than 0.6 mm which is a significant improvement in comparison

with the pyramidal trap, where the small beam regime obtained in a cavity smaller than

7 mm [181].

Recently, the miniaturised version of the tetrahedral trap was translated into a grating

trap (G-MOT) geometry using micro-fabrication techniques. The G-MOT equally per-

forms to a standard 6-beam MOT with the same efficiency and stability of the above

described systems. This geometry is the best option for an integrated system and it is

included in the integrated atom chips that out groups aims to fabricate. The grating

MOT showed great performance by generating a cold atom cloud of 2× 108 atoms [92].
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Figure 8.10: Tetrahedral trap geometry. The anti-Helmholtz magnetic coils are not
presented in this image. The trap consist of three reflective surfaces arranged in a
tetrahedral shape. The right polarisation of the cooling laser beams are determined by
reflections inside the cavity.

8.11.3 Two-beam trap

Despite being rarely used in applications, the two beam trap presents a particular interest

for this project as it can be easily integrated in a miniaturised device that does not

present a mirror surface. As a result, this trap was briefly used in this project as a

means of testing miniaturised vacuum chambers. This geometry is based on a quadrupole

magnetic field and a pair of focused Gaussian laser beams with opposite polarisations

[38]. For trapping to occur it is necessary that the lenses used in the system to have the

same focal length, and to be located at the same distance from the centre of the system.

A cross-section of the set-up is presented in Figure 8.11. Similarly to a conventional

MOT the trapping region is defined by the overlapping of beams with the magnetic field

zero point.

To better understand the trapping mechanism of this set-up, we define the central axis

of the pair of coils as the z axis and due to the symmetry of the system, it is enough to

consider only the horizontal x axis. The force acting on the z direction is the conventional

trapping force. As a result, the atoms are trapped on this axis in the same way as they

are trapped in a 6-beam MOT. However, in the horizontal axis the force acting on the

atoms is just the scattering force caused by the geometry of the system, reducing thus
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Figure 8.11: Schematic of the experimental set-up of the two-beam trap. Two laser
beams with opposite rotational polarisation are focused with a pair of identical lenses
through a vacuum cell with rubidium vapour. The trap is enabled through the addition
of a quadrupole magnetic field with the minima at the centre of the system.

cooling process. In order to underline this effect, Chesman et al. [38] presented the

theoretical operation of the trap by examining the behaviour of an atom interacting

with the beams. At the centre of the trap the magnetic field can be approximated to:

#»

B = b(zẑ − 1

2
(xx̂+ yŷ)) (8.46)

where b is the magnetic field gradient along the z axis. The beams used in the system

are assumed to be Gaussian and the centre of the trap, located at z = 0, is considered

to be in the far-field region. This results in:
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πω0

λ
(8.47)

where zo is the Rayleigh length, ω0 is the beam waist and z′ is the distance between

the centre of the trap and the minimum beam waist. The atoms is assumed to have

the velocity components vx and vy. Taking into account the laser beam polarisation

components and the Zeeman generated by the quadrupole magnetic field, the force

acting on the atom in the x axis is:
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while the force acting in the z axis is:
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where Ω0 is the Rabi frequency, Γ is the natural linewidth, k is the wave vector, µB

is the magnetic dipole moment for the atom’s excited state and δ is the frequency

detuning of the laser beams. It can be easily observed from the equations above that

the trapping force acting on the atom in the horizontal direction is not dependent on the

magnetic field, as the beam wavevector is perpendicular to the magnetic field vector. In

consequence, the trapping efficiency in this axis is estimated to be much smaller than

the trapping efficiency in the z axis.

The main feature of this geometry that made it appealing towards miniaturisation is

the fact that it only uses two laser beams on a single axis, thus enabling its use with

the micro-fabricated ultra-high vacuum cells presented in this project. However, upon

generating the trap in a large scale vacuum chamber, it can be observed that the unbal-

anced ratio of the trapping force between the axis causes a disk-like trap shape with a

low atom density. An image of this trap is presented in Figure 8.12. It was concluded

Figure 8.12: Image of the atom cloud generated by a two beam trap. Through analysis
the shape of this trap, it becomes obvious that its fluorescence is reduce due its low
atom number density making it a poor choice in regards to testing miniaturised UHV
cells. However, this geometry shows great promise for future miniaturised applications.

that due to its low atom density and wide horizontal diameter, the two beam trap would

cause imaging difficulties in a miniaturised device and no further characterisation of the

trap was conducted. Nonetheless, it remains a viable candidate for miniaturisation.

To this end it was proposed a miniaturised MOT system, built around our UHV cells

using this geometry. A CAD image of this design is presented in Figure 8.13 while a

schematic representation of the internal components is presented in Figure 8.14. When

used in a conventional vacuum chamber, as it only requires two beams set on an axis,
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this geometry has the great advanced of allowing a lot of access for other beams and

imaging.

Figure 8.13: CAD image of the two beam trap built around a miniaturised UHV cell.
The beams are focused using two lenses and redirected through the cell using polarizing
beam splitter cubes which aid towards imaging the trap. (courtesy of Matthew Aldous)

Figure 8.14: Schematic of the TBT setup proposed for miniaturisation. Light exiting
an optical fibre is being collimated by the first lens. The role of the 1

2 wave-plate is
to determine the ratio of the light passing through each beam of the PBS while the 1

4
wave-plate sets the correct polarisation for trapping atoms. Finally the beam is focused
according to the trap geometry through the second lens. The optical components are
mirrored on both sides of the set-up creating this the two required trapping beams.
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8.12 Conclusion

In this chapter we presented the basic principles of a magneto optical trap together with

few accessible trap geometries fitted for miniaturisation. The Mirror trap show great

promise in terms of performance, however miniaturising it proves not to be a simple

task as the beam incident on the mirror is hard to integrate into miniaturised devices

without drastically reducing the beam width. The pyramidal trap opens a new path

towards miniaturisation. Unfortunately, the number of atoms trapped in this geometry

is very low following the small beam regime for beams below 7 mm. This limits the

ability to efficiently miniaturise this trap. However, the tetrahedral trap, a derivation of

the pyramidal geometry, shows both great performance and easier fabrication techniques

which led to the grating trap, the most promising trap geometry for cooling atoms in a

miniaturised micro-fabricated device with a reflective surface.

Despite the analysis above, our project is focused on miniaturised UHV cells with two

points of optical access but no reflective surface. So at least in the first instance, imple-

menting the above mentioned geometries proves to be a Herculean task. To overcome

this problem we focused our attention towards the two beam trap geometry. This proves

to be a great miniaturisation option for future miniaturised set-up. However, due to its

low atomic cloud density, it is not suited for imaging the first iteration of our minia-

turised vacuum cells. For this reason, we developed a new trap geometry specially

tailored towards our devices called the Acute-trap. In the next chapters of this thesis we

present the work completed on this new trap design and towards the characterisation of

the grating trap geometry.
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Laser and vacuum systems

This section outlines the layout of the trapping system used in this thesis. As this

set-up is used both for testing atoms traps geometries and for testing the miniaturised

vacuum cell, a part of it is built on a moving platform around a glass UHV cell instead

of a conventional vacuum chamber. The static part of the optics systems is represented

by the laser stabilisation mechanisms for the cooling laser and repump laser, while the

moving platform contains the trap geometry and the magnetic field coils used for cre-

ating the Zeeman effect required for trapping atoms. In most magneto-optical traps, a

conventional vacuum chamber is surrounded by several other magnetic coils that com-

pensate for stray magnetic fields and magnetic effects induced by the metallic body of

the system. These precautions are not necessary in our system as any component that

generates a strong magnetic field (i. e. the ion pump) is shielded using µ-metal and the

vacuum chamber itself is made out of glass. Similarly, earth’s magnetic field is ignored

in this project and there is no need for compensation coils as we are not doing precision

absolute measurements.

9.1 Laser stabilisation

Despite being sources of coherent light, lasers drift due to mechanical, thermal, electrical

and optical effects, causing the output frequency to vary uncontrollably. In order to trap

and cool atoms, it is required to have two stable laser beams: one for cooling, slightly

red-detuned in order to cause the Doppler effect, and a second beam for repump in order

133
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to keep the atoms from permanently decaying into dark states. Therefore, both lasers

generating the above mentioned beams require stabilisation systems (with instabilities

less than 1 MHz) in order to maintain the desired light frequency for long periods of

time.

9.1.1 Cooling laser - modulation transfer spectroscopy

The signal used for stabilising the laser, named the error signal, is produced by a sat-

urated absorption spectroscopy set-up with a modulated pump beam and a unmodu-

lated probe beam. The advantages for choosing this technique for stabilising a laser

are twofold. Firstly, the only spectroscopic features present are the ones generated by

closed transitions. Secondly, there is no need for balanced photodetection as there is no

Doppler-broadened background signal.

Generally, this technique is accomplished through the use of an electro-optical modulator

(EOM). An EOM is a device which modulates the phase of a beam by driving a low

frequency electric field across a crystal that exhibits in response a linear shift of its

refractive index. However, in our group, we implement this system through the use of

a acoustic-optical modulator (AOM), a device that uses sound waves in a crystal to

diffract and shift the frequency of light [100]. Each light beam output from the AOM

has a single frequency:

ω = ω0 +mωAOM (9.1)

where m is the diffracted order, ωAOM is the AOM operating frequency and ω0 is the

frequency of the incident light.

In order to simulate the behaviour of an EOM, an extra modulation is applied on top of

the AOM’s initial operating frequency. This will cause the diffracted beams to generate

spatially and frequency separated sidebands. The frequency of the respective sidebands

is:

ω = ω0 +mωAOM ± ωmod (9.2)

where ωmod is the extra modulation added to the AOM.
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In the case of laser stabilisation, we are interested in the first order diffracted beam

which is composed of the main carrier of frequency ωc = ω0 + ωAOM with sidebands of

frequency ωs = ωc ± ωmod.

To generate an error signal, both the carriers and the sidebands must interact with each

other through the vapour cell. This is accomplished using a four wave mixing technique

[138] which occurs in the atoms. The three generated laser beams are recombined by

retro-reflecting them through the AOM. This double-pass configuration further modu-

lates the main carrier beam, which now has a frequency of

ω = ω0 + 2ωAOM (9.3)

with sidebands deflected again by ωmod.

The retro-reflected beams are passed through a Rb vapour cell and act as pumping

beams for a saturated absorption spectroscopy set-up. The probe beam, with the initial

frequency of the laser, is passed through the vapour cell in the opposite direction relative

to the pump beam. For our set-up, the pump beam has a frequency shift of ωshift =

160 MHz with an additional modulation of ωmod = 2π × 0.3 Mhz. The signal is then

amplified and its demodulation generates an error signal which is presented in Figure

9.1.

Considering that the atoms move inside the vapour cell with velocity v̄, they interact

with the probe beam at the frequency of ωprobe = ω0 − k̄v̄ . In the case of the pump

beam, the atoms interact at a frequency of ωpump = ω0 + 2ωAOM + k̄v̄, where ±k̄ are

the pump and probe beams wave vectors. A spectrum is generated only when the atoms

resonate with both beams simultaneously. Therefore the only atoms interacting in the

system are the ones travelling towards the probe beam with a velocity of v = ωAOM
k .

This causes the laser light to be stabilised at a frequency shifted by the native frequency

of the AOM. To shift the laser back to the desired frequency, a second AOM must be

used in the path of the main laser beam before the light reaches the trapping geometry.

This helps to red-detune the laser for creating the Doppler cooling effects. The laser

shift is defined by the difference between the two modulations of the AOMs. For our

system the laser detuning has a value of −1.5× Γ where Γ = 2π × 6 MHz is the natural

decay rate of 85Rb. The system used for stabilising the cooling laser is presented in

Figure 9.2.
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Figure 9.1: Example of error signal used for stabilising the cooling laser. The signal
shows, from left to right, the cooling transition for 85Rb (F = 3 → F ′ = 4) and the
cooling transition for 87Rb (F = 2→ F ′ = 3)

Figure 9.2: Set-up for cooling laser stabilisation. The incident laser beam is split in
two paths. While one is going towards the trapping geometry the other, smaller in
intensity, is directed towards a saturated spectroscopy set-up that includes an AOM in
the path of the pump beam. Using the secondary beam, an error signal is generated
though the demodulation of the resulting saturated absorption spectroscopy spectrum.
The frequency of the main beam is corrected by adding another AOM in its path before
it reaches the trap geometry.
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Figure 9.3: Set-up for repump laser stabilisation. The set-up is similar with the one
presented for the cooling laser stabilisation. However, the implementation of the AOM
for both the pump and probe beams, together with the use of a quadrupole photodiode,
replaces the need for any demodulation electronics.

9.1.2 Repump laser - carrier modulation spectroscopy

The repump laser is stabilised using a similar method as the one implemented in the

case of the cooling laser stabilisation. It is built around a Rb vapour cell, but without

the need of electronics for demodulating the signal. This technique was developed in

our group and it is published in [9].

The laser beam is passed through an optical isolator. Then a polarising beam splitter

cube is used to separate the laser beam in two. A small fraction of it is directed through

the laser stabilisation system, while the rest of it goes towards the trap geometry.

The locking mechanism starts with an AOM which has an additional modulation ap-

plied on top of its native frequency, as described in the cooling laser stabilisation set-up.

Here as well, the first order beam is used for generating the error signal. In comparison

with the previously described stabilisation system where the added modulation is in the

form of a sinusoidal wave, in this case a square wave of ωmod = 17 MHz is applied. This

causes the first order diffracted beam to split into just two components of frequencies

ω1 = ω0 + ωAOM + ωmod and ω2 = ω0 + ωAOM − ωmod. The newly generated beams

are each separated into pump and probe beams and passed through a saturated absorp-

tion spectroscopy set-up and then collected on a quadrant photodiode. The system is

presented in Figure 9.3. The quadrant photodiode is not necessary as a balanced pho-

todiode, or two separate photodiodes, would suffice for this system. However, this was

chosen as it is easily accessible and cheaper than its alternatives. As such, each beam

generates a sub-Doppler spectrum, slightly shifted in frequency relative to the other.
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By subtracting the resulted spectra, an error signal is generated which can be used for

stabilising the laser. An example of such error signal is presented in Figure 9.4. The

same image compares this error signal with one generated by a dichroic-atomic-vapour-

laser-lock (DAVLL) [51] stabilisation system and a saturated absorption spectroscopy

spectrum in order to underline the locking region.

Figure 9.4: Plot showing the error signal generated using carrier modulation spec-
troscopy (red) in contrast with the error signal from a DAVLL stabilisation system (or-
ange) and an absorption signal generated using saturated absorption spectroscopy (grey).
The black line represents a fit to the locking region, with a gradient of 0.42 mV/MHz.

As we are using two sidebands of the first order diffracted beam to generate the error

signal, the main laser beam will be stabilised at a frequency of ω0 + ωAOM . In order to

correct for this shift, a second AOM is used in the path of the main laser beam, similar

to the cooling laser stabilisation system, and the first order beam is sent towards the

trapping geometry. Using this method, the laser was successfully stabilised for long time

periods. An example is presented in Figure 9.5 which shows the signal from a stabilised

laser using carrier modulation spectroscopy in contrast with the same laser in free-run.

The advantage of using this stabilisation system is that the amount of complicated

electronics is drastically reduced, making it easy to built and use. Upon increasing it’s

stability, this method can prove to be ideal for portable systems, especially if power

consumption is considered.
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Figure 9.5: Data presenting the performance of a laser stabilised using carrier modulation
spectroscopy (grey) in contrast with the same laser running without any stabilisations
(red) for 25-minute runs. The final drift of the stabilised laser was ∆fL = 0.66±2 MHz.

9.2 Vacuum system

The vacuum system has a small volume glass chamber as its main component that is

connected to the pumping system using conventional vacuum metal components. The

vacuum environment was obtained using a three stage pumping technique. Firstly, a

roughing pump brought the system from atmospheric pressure to 10−2 mbar. Then, a

turbo pump was used to achieve a UHV pressure of 10−8 mbar. Lastly, an ion pump

was used to achieve a measured base pressure of 2×10−10 mbar. Once the base pressure

was achieved, the roughing and turbo pumps were removed from the system and the

vacuum was maintained by using only the ion pump at all times.

The alkali metal source is placed inside the vacuum tubing that connects the glass

chamber with the pumping system. It is customary in our group to use Rb in our cold

atoms experiments and more specific the 85Rb isotope. As such, the atoms source used in

the system is a commercially available Rb strip from SAES getters [179]. The dispenser

is made out of Rb2CrO4 with a getter agent (Zr-Al mix). This is activated using Joule-

heating effects generated by a current passing through the dispenser. Rubidium vapour

is released once the dispenser reaches a temperature above 400°C, by the current running

through it of ≈ 3 A. However, in order to keep the size of the system to a minimum, the
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dispenser in our system is placed very close to the ion pump and most of the released

rubidium is pumped away before reaching the vacuum chamber. Therefore, in order to

release enough rubidium in the chamber to create a stable trap, a current of 4.3 A is

used in all experiments. This sets a measured base pressure of 6.5×10−10 mbar that was

maintained during the trapping experiments in this project. A schematic of the vacuum

system and a picture of it are presented in Figure 9.6.

9.3 Magnetic field

The magnetic quadrupole field, required for a MOT, is generated by two coils in the

anti-Helmholtz configuration. This implies that the current flow is anti-parallel in each

coil. The coils are wrapped around aluminium mounts of 7 cm in diameter. Each coil

consists of 9 turns of 1 mm thick copper wire and powered with an average of 0.5 A.

The average value is chosen as it provides a stable, efficient trap without overheating

the coils. Despite choosing the current value for the magnetic coils with reference to

Joule heating effects, this does not present a potential danger to the vacuum chamber

as the coils are placed on posts horizontally at approximately 1 cm above and below it.

This makes the heat transfer between the coils and the chamber minimal. The choice

of current is thus based more on health and safety precautions rather than detrimental

effects to the experimental procedure. The magnetic coils used in this project can be

observed in Figure 9.7.

9.4 Trapping geometry

In this thesis we explore several trapping geometries. The need for new geometries stems

from the main idea of increasing the portability and robustness of the trapping system

for portable applications, together with its main purpose of testing the miniaturised

vacuum cells developed in this project. To this end, the trapping geometry is built on

a movable platform so that once a trap is achieved, the entire system can be moved

away from the glass vacuum chamber to be used with our miniaturised devices. By

adopting this technique, one can firstly achieve a trap in the controlled vacuum of the

glass vacuum chamber and then test a miniaturised device. This will reduce the variables
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(a)

(b)

Figure 9.6: Schematic (a) and picture (b) of the vacuum system used in this project for
characterising different trapping geometries.

of the testing procedure to the vacuum quality of the miniaturised cell. A picture to

this effect is presented in Figure 9.8.

In order to easily adjust the system for different geometries, after going through their

respective stabilisation set-ups, the cooling and repump beams are merged into a single
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Figure 9.7: Picture of magnetic coils, used for generating a quadrupole field for trapping
atoms, mounted above and below a glass vacuum chamber.

beam using a polarising beam splitter cube which then is focused into a fibre. From

this point onwards the light can be used for trapping in any geometry at the end of said

fibre.

Finally, in order to facilitate the trap characterisation the last AOM of the cooling laser

optical system and the magnetic coils are linked to an Arduino to facilitate control. The

choice of using an Arduino control board for trap characterisation is also made with

the view to increase the portability of the system. In comparison with most controlling

mechanisms (i.e. Red Pitaya, Raspberry Pi, home made electronics), the Arduino con-

troller board requires minimal power, is cheaper and offers easy computer control. A

schematic of the general trapping system is presented in Figure 9.9.

9.5 Conclusion

In summary, this chapter presented the laser and vacuum systems used in this project

for cooling and trapping atoms. The system is built around a glass vacuum cell, which

despite being of a smaller size than conventional systems, it cannot be categorised as
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(a) (b)

Figure 9.8: Pictures of (a) the trap geometry set around the glass vacuum chamber for
trap characterisation and (b) the trap geometry moved away from the glass vacuum
chamber for testing miniaturised devices.

miniaturised. The vacuum in this system is achieved by initially using roughing and

turbo pumps, and then maintained using an ion pump which during experiments, has

been shielded using µ-metal. The laser infrastructure is made from two laser stabilisation

systems, one for the cooling laser and one for the repump laser. While the cooling laser

stabilisation system is built using a modulation transfer spectroscopy, the repump laser

stabilisation system is built using a novel technique developed by our group. This

is based on carrier transfer spectroscopy [9]. Finally, with this system in place, the

geometry of each trap was built on a movable platform which enables a straightforward

method for testing whether our miniaturised devices can sustain an atom trap.
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Figure 9.9: Schematic of the trapping system used in this project. The set-up has three
main sections: colling laser stabilisation, repump laser stabilisation and vacuum system.
The light generated by the two lasers is coupled into a three-way fibre splitter that
creates the necessary beams in the trapping geometry around the vacuum chamber.
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MOT characterisation methods

This chapter covers the methods used for measuring the most relevant properties of

an atom trap: temperature, atomic density, loading rate and loss rate. The examples

presented here are only for the purpose of illustrating the procedures.

10.1 Imaging system

The imaging system is made out of two large planoconvex lenses of 55 mm in diameter of

50 mm focus length. The lenses are arranged in such way as to first collimate the image

of the atom cloud and then to focus it onto the surface of a CCD (PROSILICA GIGE

VISION GE680) camera or a photodetector (THORLABS PD100A). A schematic of the

set-up is presented in Figure 10.1.

Figure 10.1: Graphical representation of the imaging system used for the atom cloud
characterisation. The system is composed out of two planoconvex lenses of 55 mm di-
ameter and 50 mm focus length. The atom cloud and CCD/photodetector are placed
at the focus point of each respective lens while the lenses are kept at 100 mm from each
other. The distance between the lenses is set by the lens tube that was available at the
time of construction.
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In order to calibrate the camera view through the above presented imaging system,

a 1951 USAF Glass Slide Resolution Target was used. The target provides accurate

relative separation between its markers which can be used to calculate the relative size

of the camera pixel to account for any magnification. An image of the target taken with

the CCD camera through the imaging system is presented in Figure 10.2.

Figure 10.2: Image of the 1951 USAF Glass Slide Resolution Target used for calibrating
the CCD imaging system. The picture shows reasonable focus in a small centre area
while the rest of the features are blurred. This shows the effective scanning area of the
imaging system with the rest of the features being slightly out of focus.

By inserting this picture into a image analysis software (ImageJ), one can generate a

plot of the pixel intensity as a function of pixel position. This generates minimums at

the marker’s position in the picture and maximums for the space between them. An

example of such data is presented in Figure 10.3. By knowing the distance between the

markers from the calibration target data sheet and the number of pixels between the

minimums on the plot, the value of distance per pixel is found to be 8.7± 0.4µm in the

horizontal direction and 8.4 ± 0.2µm in the vertical direction. These values were used

throughout this project to measure the dimensions of the atom cloud.

10.2 Trap size

The most popular method for calculating the size of an atom trap is by taking a picture

of it and from the resulting images, finding its radius on all axis. If the trap is properly
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(a) (b)

Figure 10.3: Example of calibration data generated by the picture in Figure 10.2. The
minimum points represent the markers on the target while the maxima represent the
space between them.

optimized and uniform in all directions this method will offer an accurate representation

of the cloud size.

The profile of the cloud is assumed to follow the Gaussian distribution

y = A exp

(
−(x− x0)2

2σ2

)
(10.1)

where y is the signal registered by the CCD camera representing the intensity of atom

cloud in one dimension for a specific position x, relative with the centre of the Gaussian

profile x0, and with A being a constant. The radius of the cloud is defined by the

full width half maximum of the resulting Gaussian profile. More precisely, the position

from the profile maximum where the signal is 1
2 of the maximum value is in this case

2σ
√

2 ln(1
2) ≈ 2.35σ.

As in our analysis of the images we are using Python, we can only work with a polynomial

fit and as such equation 10.1 needs to be modified in its polynomial form:

ln(y) =
x2

2σ2
+
x0x

σ2
+

(
ln(A)− x2

0

2σ2

)
. (10.2)

The factor of σ
√

2 can be extracted in this situation from the coefficient of x2. This

method is generally used of linear regression, however it can be modified to be used with

a non-linear fit as well.
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The fitting procedure in this project starts by taking several pictures of the trap through

the imaging section presented in Section 10.1. The pictures are taken using the maximum

possible exposure setting on the camera without causing saturation in any part of the

image. The images are loaded into ImageJ, a freeware program for image analysis.

This program allows to change the pixel number with the distance values, which in this

project is done by using the values obtained in the calibration of the imaging system. As

the atom clouds are assumed to be symmetrical, it is enough to generate the Gaussian

profile plot for x and y directions. By doing so, a value for the radius of the trap is

obtained for each picture. A final result of the trap dimension is obtained by calculating

the average of the previously generated values. An example of this analysis is presented

in Figure 10.4.

10.3 Loading/Loss rate

The steady state atom number of an atom trap is dependent on the loss and loading rates.

These parameters can be determined by monitoring the fluorescence of the trap atoms

as the trapping mechanism is enabled. For example, in our system an AOM is used as

a switch for the cooling laser beams. By turning the AOM off the beam’s path towards

the trap is interrupted and consequently the trapping mechanism is disabled. Using

this technique of monitoring the atom cloud fluorescence upon enabling the trapping

mechanism, one can also determine other useful quantities such as the capture velocity

and the background vapour pressure. The rate of change in the number of trapped

atoms as the cloud is generated is:

dN(t)

dt
= Rf − γLN(t) (10.3)

where Rf is the loading rate and γL is the loss coefficient. An example of the data

collected for this analysis is presented in Figure 10.5.

The solution to equation 10.3 is

N(t) =
Rf
γL

(1− exp(−γLt)). (10.4)
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(a)

(b)

(c)

Figure 10.4: Images showing an example of measuring the size of an atom trap. (a) A
picture of the trap is taken through the imaging system with the exposure setting on
the camera set below the saturation limit. (b),(c) The image is then imported into an
analysis program (ImageJ) and the pixel value is plotted against position, resulting in a
Gaussian profile. The size of the trap in each direction is found by finding the half-width
maximum of the fitted Gaussian profile.
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Figure 10.5: Fluorescence of the trap’s atom cloud measure by an amplified photode-
tector as the trapping mechanism is switched on at t=0. The signal detected by the
photodetector is directly recorded on a calibrated oscilloscope and then passed through
an algorithm to derive the number of atoms from the detected signal. The photodetector
is set to the 50 dB setting, with a gain of 2.38± 0.04× 105 V/A

It can be observed that the initial slope of the florescence is governed by
Rf

γL
, where γL

is the inverse of the loading time constant and the loading rate

Rf =
nV V

2/3v4
c

2u3
(10.5)

where nV is the background vapour pressure, V is the trapping volume, u is the average

velocity of the background vapour, and vc is the critical capture velocity. The back-

ground vapour pressure can be calculated using the loading rate parameter. However,

the dependency of the loading rate on the fourth power of the capture velocity makes

this a difficult calculation. The measured values from the example data in Figure 10.5

are: Rf = 40.3× 106 atoms s−1 and τL = 1
γL

= 2.85 s.

10.4 Atom number

In this project we employ two methods for estimating the number of atoms in a trap.

The first one is based on capturing the fluorescence emitted by the atom cloud, while
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the second one uses the absorption of a probe beam passing through the cloud. The

fluorescence generated by the cloud is caused by the atoms scattering photons from

the trapping beams. As such, it is proportional to the number of trapped atoms. The

replacement of the CCD camera with an amplified photodetector in the lens imaging

systems allows for a direct measurement of the optical power. The absorption method

uses a weak laser beam as a probe, that is aligned to pass through the atom cloud and

the collected on a photodetector.

10.4.1 Fluorescence detection

The fluorescence signal from the trap is collected by an amplified photodetector (THOR-

LABS PD100A) with an active area of 3×3 mm, large enough to capture the entire trap

image. To focus the light coming from the atom cloud, we use the same imaging system

as the one presented for capturing the image of the trap with the CCD camera. The

number of photons collected by the imaging system is determined by converting the

response of the detector from voltage to power using the calibration values from its data

sheet.

To find the total power emitted by the cloud, we first must consider the proportion of

light collected by the imaging system in contrast with the total amount of light generated

by the atom cloud, which in this case it is assumed to be a sphere. More precisely, we

need to determine the ratio between the solid angle of the imaging system and the solid

angle of the sphere. The solid angle of a cone is:

Ω(θ) = 2π(1− cosθ) (10.6)

where θ is half of the apex of the cone. Using this formula, we find the total solid angle

of a sphere to be

Ω(θ = π) = 4π, (10.7)

which gives the ratio:
Ω(θ)

Ω(θ = π)
=

1− cosθ
2

. (10.8)

Each photon emitted by the atom cloud has a energy of E = ~ω = hc
λ . The number

of photons scattered from an atom per unit time is represented by the scattering rate
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(Appendix A):

Rscatt =
Γ

2

I
Isat

1 + 4( δΓ)2 + I
Isat

(10.9)

where It is the total intensity of the combined trapping beams, Isat is the saturation

intensity, δ is the detuning from resonance and Γ is the decay rate of the trapped atom.

Finally, the number of atoms calculated from the recorded data is:

Natom =
P

hc/λ

1

Rscatt

2

1− cosθ
(10.10)

where P is the optical power of the fluorescence signal.

10.4.2 Absorption detection

As we are dealing with a cloud of cold atoms, the linewidth of the the absorption

transition is relatively narrow. In this case, for 85Rb, the transition is 6 MHz. As such,

studying the absorption with a stabilised probe beam can prove to be difficult and adds

several other components to the already extensive laser stabilisation system required for

the trapping mechanism. One way around this issue is to use a scanning laser for the

probe beam. By scanning over the absorption line, we can determine the absorption

at resonance and calculate the number of participating atoms. In order to have an

accurate measure, the width of the probe beam has to be both large enough to cover the

entire trapping volume, and weak enough to not disturb the cooling process. However,

the probe beam will compete with the trapping beams but again, when considering the

difference in intensities between the probe beam (≈ µW) and trapping beams (≈mW),

it is assumed that the trapping mechanism remains unaltered.

The absorption signal will be generated by the interaction of probe beam with the

ground state population ρgg = 1− ρee, where ρgg is the ground state population and ρee

is the excited state population. The transmission of a laser beam through a medium is

governed by the Beer-Lambert law which states that the transmitted signal follows the

equation:

T =
I

Iin
= exp(−σln) = exp(− σ

A
N0) (10.11)

where I is the transmitted beam intensity, Iin is the incident beam intensity, l is the

length of the medium which the light passes through, n = N0
Al is the mean atomic density
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interacting with the laser beam of area A, N0 is the number of atoms participating in

the absorption process and σ is the scattering cross section of one atom. Assuming the

atom acts like a two-level closed system, the equation for the scattering cross section of

an atom is:

σ =
~ωRscatt

I

=
~ωΓ

2Isat

1

(1 + 4( δΓ)2 + I
Isat

)
.

(10.12)

If N0 is considered to be the number of atoms interacting with the probe laser beam

and N is the total number of atoms in the trap, then:

N0 = Nρgg

= N(1− ρee).
(10.13)

The signal collected by the photodetector in this experiment is the power of the trans-

mitted probe beam. Assuming the beam is properly collimated along the size of the

atom cloud, the transmission can be expressed as a ratio between the input and output

power of the probe beam. The absorption will be represented by a dip or a hole in

the signal as the laser scans over the resonant frequency, much like the technique of

absorption spectroscopy. By measuring a reference signal in the absence of a trap, and

subtracting it from the absorption signal, the size of the feature can be easily measured.

If the total power of the transmitted beam is written as P = Pin−Pabs, where Pin is the

input power and Pabs is the power absorbed through the atom cloud, then the number

of atoms participating in the absorption process is:

N0 = −A
σ

ln

(
1−

Pdip
Pin

)
(10.14)

where for resonant frequency σ = ~ωΓ
2(It+Isat)

, Where It is the intensity of the transmitted

beam.
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As we assume N to be the number of atoms in the atom cloud in the ground state, then

the total number of atoms is:

Ntotal =
N

ρgg

= −A
σ

ln

(
1−

Pdip
Pin

)
2(1 + 4(δ/Γ)2 + 2It/Isat)

2(1 + 4(δ/Γ)2 + It/Isat)
.

(10.15)

When comparing the two atom number measurement methods,we find there can be a

discrepancy of as much as 25% in the final result. Therefore, for consistency in trap

characterisation the two methods should not be employed at the same time. Neverthe-

less, in this thesis the absorption method was briefly used for practice purposes in order

to verify the order of magnitude of the result found using the fluorescence method which

was the main analysis tool for calculating the atom number.

10.5 Temperature measurement

The temperature of the atom within an atom trap is one of the most important param-

eters and there are a several techniques for measuring it such as time of flight [110] [49]

, release and recapture [41] [110], forced oscillation of the cloud [105] and fluorescence

spectrum analysis [186]. In this thesis we implement the release and recapture technique,

one of the the simplest methods, first used by Chu for measuring the temperature of op-

tical molasses [41]. This method only requires the fast switching of the trapping beams

which can be easily achieved from a technical point of view. Despite being relatively

simple to implement, this technique is sensitive to systematic errors (such as position

of the trap, cloud shape and laser stability) and is considered to be less accurate then

other measurements.

10.5.1 Release and recapture

By enabling the trapping mechanism, the trap is allowed to reach a steady state over a

period of ten seconds and fluorescence of the atom cloud is captured by a photodetector

as described in previous sections. The trapping beams are then turned off for a vari-

able limited time ∆t using an AOM. In the absence of the cooling and trapping beams,

the atom cloud starts to expand ballistically outside the scanning region of the imaging
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system in place. The fraction of atoms that are still in the detection region is recorded

in the fluorescence signal once the trapping mechanism is switched back on. The ratio

between the maximum fluorescence generated by the trap’s steady state and the fluores-

cence of the atoms left in the detection area is recorded for various time periods. This

allows to fit the values to a theoretical model from which the temperature of the cloud

is derived. An example of this measurement is presented in Figure 10.6.

Figure 10.6: Fluorescence signal from the atom trap as a function of time for the release
and recapture temperature measurement.

The common method for building the theoretical model of the release and recapture

decay is to relate the atom cloud shape with the Boltzmann distribution of velocities

and measure the rate of which the atoms move away from the detection region [110]. In

order for the shape of the trap to have a negligible impact on the final result, we assume

that the trap is smaller than the detector area. As we are using a detector with 100 mm2

area, this assumption is generally true. The other assumption made in this measurement

is that the atoms travelling on the z-direction, towards the imaging system, have constant

fluorescence (which is generally true if the beam of atoms travelling towards the imaging

system is larger than the detection area). Therefore we take into account only the atom’s

ballistic expansion in the x and y direction, which are considered to be equal. This leads

to a total expansion distance of an symmetric atom cloud in time ∆t:

2a = ax + ay (10.16)
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where ax and ay are the distance the atoms travelled in the x and y direction respec-

tively. Considering that the atoms of mass M have a mean temperature T, the decay of

fluorescence caused by the atom leaving the detection area is:

g(ω,∆t, T ) =
1

∆t

√
M

πkBT

∫ −ω
+ω

exp(− Ma2

∆t2kBT
)da. (10.17)

The data fit of this theoretical model is generated by integrating over the radius of

the scanning area ω for each time step ∆t. As it can be observed, the equation for

fluorescence decay has two variables: the temperature of the atom cloud and the scanning

radius. In order to have an almost exact fit, the data is inserted into a Python analysis

algorithm that searches for the best values for the two variables. An example of the

data fit generated by this analysis program is presented in Figure 10.7. The scanning

diameter was set to 0.5±0.1 mm, through the use of an iris placed in the imaging system

before the detector. This value is used for the temperature measurements throughout

this thesis. The temperature in the presented example of a trap that will be discussed

in a future chapter (section 11.3) was found to be 30 ± 2µK according to the best fit

generated by the Python algorithm.

Figure 10.7: Example result for temperature measurement using release and recapture.
The data presented here as an example is part of a larger set obtained in the charac-
terisation of a trap discussed in a future section of this thesis (section 11.3). The line
of best fit (green) is generated through an Python fitting program, while the reference
data (dotted lines) is generated using fixed values for detection area and temperature.
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10.6 Experimental procedure

The data collection for any trap characterisation is completed here through a single

measurement that includes all the necessary parameters: atom number, temperature,

loading and loss rates. The laser beams are switched on and off using an AOM, while,

if necessary, the magnetic field is controlled by switching the coils current on and off

using high current MOSFET devices. This allows a release and recapture experiment

that includes several loading rates and temperature measurements for time intervals of

∆t = [2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50] ms release times. Each such experiment generates

a data point for each parameter. For achieving a final result, five different experiments

are conducted for each trap setting, and by obtaining five values for each parameter

a proper error analysis can be conducted. The error throughout this thesis for each

parameter in the trap characterisation process is the standard deviation resulted from

the analysis of the previously mentioned five values of each parameter. An example of

the data collected during an experiment for trap characterisation is presented in Figure

10.8.

10.7 Conclusion

This chapter outlined the methods used in this project for characterising cold atom

clouds. The main parameters being measured are cloud size, atom number, and temper-

ature. While the measurements of atom number and cloud size were carried out using

popular characterisation methods, the temperature of the cloud was estimated using the

release and recapture technique, which despite its less complex implementation, in com-

parison with other measurement techniques, it makes many assumptions which can effect

the final results. Similarly this method of measurement is sensitive to the laser stability

and, the shape and position of the atom cloud. Nonetheless, these methods were chosen

for this project due to the limited analysis time available to the author. As such, this

chapter ends with the presentation of an experimental procedure through which most

of the necessary characterisation parameters result from a single measurement.
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Chapter 11

Southampton trapping geometries

The need for a new trap geometry arose from the fact that conventional trap geometries

do not fit the two way optical access available on our miniaturised devices. The vacuum

chambers that include a two dimensional grating do not have this problem, as one laser

beam is enough to create a trap. Nonetheless, the device that was the focus of this

project has two optical access points. A typical 6 beam 90 degree trap geometry would

not fit in the said device even if positioned at an angle as its windows are not large

enough to allow the beams to pass through in order to generate a usable MOT. Tilting

the sample, would also be against the main goal of this project, to fabricate miniature

planar devices.

Taking inspiration from the two beam trap presented in section 8.11.3, we proposed the

reconstruction of a similar conical geometry using 6 retroreflected beams that intersect

in the centre of the trapping region and are set at an angle α between 20° and 50° in

respect to a vertical axis. The position of the incident and reflected beams are to be

placed at 120° between each other in order to generate an equal force along a 180 degree

surface area at the centre of the trap. The geometry is presented in Figure 11.1.

We first began to explore this geometry by running a simple computer simulation in order

to predict the possibility of creating a trapping force. When running this simulation,

we found that while in the vertical plane we obtain an efficient trapping force, in the

horizontal direction (designated as x in an system of Cartesian axis) there is an anti-

trapping force. The results of this simulation are presented in Figure 11.2. The trapping

forces in a two dimensional vertical cross section found in the simulation of this geometry

159
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Figure 11.1: Diagram of the initial tested geometry of a magneto-optical trap designed
for testing the miniaturised vacuum chambers with two optical access points presented
in this thesis. The red arrows represent the laser beam, the green arrow represent the
magnetic field and the yellow circles are the magnetic coils.

are presented in Figure 11.3. As it can be observed, this configuration does not have a

restoring force on the horizontal axis and it does not generate a feasible atom trap. The

lack of a restoring on the horizontal axis follows the predictions of the Optical Earnshaw

theorem as there is no sink for the laser beam components, while in the vertical direction

a trapping force is generated from a magnetic Zeeman effect.

The solution to this issue came from the analysis of a previous trap geometry created

by our group, which is presented in the next section.

11.1 A misaligned MOT [158]

The story of the misaligned MOT starts before our group began developing the minia-

turised vacuum chambers presented in this thesis. At first, the goal was to produce a
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(a) (b)

Figure 11.2: Forces estimated by the simulation of a trap geometry where all beams
intersect in a single central point as presented in Figure 11.1. While in the vertical
plane (b), one can observe a good example of a trapping force, in the horizontal plane
(a) there is an anti-trapping effect. According to our analytical simulation, the scale of
the anti-trapping effect is much smaller than the scale for the trapping force.

Figure 11.3: Diagram of the force fields (blue arrows) generated by this trap model if all
the beams (red arrows) are intersecting in a single point. The vertical force fields behave
as expected from a magneto optical trap. However, the vertical forces are pushing the
atoms away from the centre of the system and trapping does not occur. The black arrow
show the direction of the magnetic field.

magneto-optical trap specifically designed for loading atom chips. As such, we presented

the fast-switching MOT (or S-MOT), developed by M. Himsworth and J. Rushton [161].

The main concept behind this trap was to produce the correct field gradients in a planar

geometry in a similar manner as Wildermuth et al. [188] but without the need of exter-

nal bias fields. This was accomplished by building the trap around a quasi-quadrupole
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magnetic field generated by two orthogonal pairs of conducting wires. Due to this ge-

ometry not being symmetric, it resulted in an axis over which no trapping occurs. The

restoring forces generated by this trap in a static configuration are presented in Figure

11.4. However by alternating the pairs of magnetic field and laser beams on and off at

high frequency, we can compensate for the lack of trapping in one axis and a cloud of

atoms can be formed, similar to a rotating 2D trap. This trap is beyond the scope of

this thesis and its brief mentioning serves only to create a context for the misaligned

MOT. However, more details about this geometry can be found in [162] [161].
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Figure 11.4: Graphical representation of the restoring force vectors (blue arrows) felt
by a stationary atom in the static representation of the S-MOT. The red arrows show
the beam configuration of this geometry, with each beam incident at a 45°angle to the
vertical axis. The image is generated by presenting a cross section of the horizontal
plane at the centre of the system.

During the realization and calibration of the S-MOT, it was noticed on several occasions

that a cloud of atoms was forming while the optical and magnetic fields were static and

the beams were not properly aligned. On few occasions it proved to be difficult to cancel

this effect in order to demonstrate the separate S-MOT mechanism. The operation range

in which the cloud was formed in this static set-up, was completely different to the one

required for the S-MOT. Therefore it was conclude that another trapping mechanism is
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in play. In the attempts of explaining this static trapping effect, another two geometries

were discovered: The Vortex-MOT, and the Hybrid MOT.

In order to understand the traps derived from the initial S-MOT geometry, we proceed

with the description of the set-up used in order to obtain them.

11.1.1 Realisation and geometry

The laser set-up used in creating the S-MOT, Vortex-MOT and Hybrid-MOT is not too

different from the set-up presented in Section 9.1.1. It is in fact this system that the

author modified in order to achieve the one previously presented in section 9. The cooling

and repump beams were generated by a couple of home-made external cavity diode lasers

(ECDL). The cooling laser was stabilised to the 52S1/2, F = 3→ 52P3/2, F
′ = 4 cooling

transition of 85Rb using modulation transfer spectroscopy while the repump was ”phase-

locked” using the cooling laser as a reference. The beams generated by the two lasers,

are combined and passed through a tapered amplifier (TA, m2k TA-0785-2000-DHP).

The amplifier’s output is passed through a single-mode fibre in order to generate a clean

beam. From here the resulting light beam is split in two using a polarising beam splitter

cube. A part of it is directed towards a fast photodiode (EOT ET-400), from which

a beat note can be read. This result is used to offset the stabilisation of the repump

laser from the cooling laser using the method described in [14]. The rest of the beam is

directed towards the trap through AOMs in order to obtain the detuning necessary for

cooling atoms. Finally, the combined beams are sent to the trapping geometry through a

non-polarising-maintaining optical fibre. A diagram of the set-up is presented in Figure

11.5, and a detailed description of it can be found in J. Rushton’s thesis [162].

On the other side of the fibre, the light beam is cleaned using a spatial filter and then is

expanded to a 1/e2 diameter of 7.9mm. In order to accommodate the trapping geometry,

the beam is now split in four beams of equal power and directed in the UHV chamber at

a 45°angle in respect to a horizontal reflective surface. The view-port where the beams

enter the vacuum chamber has an anti-reflection coating. Throughout the duration of

the experiment the chamber was maintained at a pressure of 2× 10−9 mbar. This value

obtained from the lifetime of the trapped atoms [17]. Diagrams presenting the vacuum

chamber and beam arrangement are presented in Figure 11.6.
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Figure 11.5: Diagram showing the optical set-up of the cooling and repump laser used
in generating the S-MOT, Hybrid-MOT and Vortex-MOT.

(a)

(b)

Figure 11.6: Diagrams showing the vacuum chamber, beam alignment and imaging
system. (a) System view from the top, showing the beam alignment, set-up of reflective
surface inside the vacuum chamber and the optical system used for cleaning the beam
and setting the beam width. (b) System view from the side showing the way beams
are input in the system at a 45° angle and the imaging system used for calibrating and
characterising the trap.

The quadrupole magnetic field is generated by two parallel pairs of wires situated inside

the vacuum chamber around the reflective surface where both pairs have electric current
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passing through them in the same direction. Each pair of wires generates a two dimen-

sional quadrupole magnetic field, and together they generate a three dimensional one.

However, as presented in Figure 11.4, in this static configuration, the lack of rotation

symmetry in the system results in a region of the trap where there is no magnetic field

gradient and consequently no trapping force. At this stage we remind the reader that

this phenomenon happens in the horizontal plane, while in the vertical direction, the

restoring force is the same as in any other MOT.

The difference between the two trap configurations that are of interest here (the Vortex

MOT and the Hybrid MOT) is made by the beam arrangement at the reflective surface.

In order to control the alignment of the beams, an iris is used to reduce their diameter

from 7.9 mm to 0.8 mm. By making use of fluorescence and the beam scatter on the

reflective surface, the system can be arranged with an accuracy of ±0.2 mm.

11.1.2 The Vortex MOT

For demonstrating this geometry, one pair of beams is displaced by ∆x = 1.3 mm while

the other pair is separated by ∆y = 1 mm, both in an orthogonal direction. The beam

propagating in along the [+x,+z] plane is displaced by a small distance in the +y

direction and the one propagating in the [−x,+z] plane is displaced by a small distance

in the −y direction. Similarly, the beam along the [−y,+z] plane is displaced by a small

amount in the −x direction, while the one along the [+y,+z] plane is displaced in the

+x direction. This set-up is presented in Figure 11.7.

The resulting restoring force is not redirected towards the centre of the trap. Instead

it takes the shape of a vortex, following a curl around the centre of the trap, an effect

which is presented in Figure 11.8. This applies a torque on the atom cloud and enables

trapping. When the beam separation is smaller than the beam width, the resulting

cooling and restoring forces will be greater than the vortex torque, the atoms will spiral

around the centre of the system and will form a spherical atom cloud. However, if the

beam separation is greater then the beam width, or if the trapping force is weaker than

the vortex torque, the atoms will form a ring around a central cloud. This ”race track”

pattern can be observed in standard MOTs during alignment [19]. Atom traps working

on this principle have been demonstrated in literature several times. As such, this trap

only presents a welcomed by-product of the initial geometry but it is not relevant towards
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Figure 11.7: Diagram showing the beam displacement for generating the Vortex-MOT
(bottom view). In addition, it shows the wires used for generating the magnetic field.

this project and the theory behind it will not be discussed any further. For more details,

the working principles of this type of trapping geometry can be found in [75][16].

11.1.3 The Hybrid MOT

The Hybrid-MOT (or as we designate it in this thesis, the Misaligned-MOT), makes

use of both the standard Zeeman-shift dependent restoring force in the vertical plane

and a purely optical scattering force along the orthogonal plane. This geometry is

demonstrated by displacing the beams a small, equal amount away from the centre of

the system. In this case, the beam propagating in the [+y,+z] direction is displaced

towards +x, and the beam propagating in the [−y,+z] direction is displaced towards

−x. This beam geometry is presented in Figure 11.9.

An atom in the beam overlap volume will experience the intensity variation between the

displaced beams. The Gaussian beam shape, generates a minimum at the centre and a

fully restoring force towards it in the overlap region. This is presented in Figure 11.10.

The optical scattering force is usually applied in ”two beams traps” where both the

intensity and the wavevector varies across the trapping region [151]. In our case, a
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Figure 11.8: Analytical simulation of the restoring forces on the Vortex-MOT, repre-
sented by the blue arrows. The red arrows show the beams set-up incident at a 45°angle
to the z-axis.

Figure 11.9: Diagram showing the beam displacement for generating the Hybrid-MOT
(bottom view) and the wires used for generating the magnetic field.
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Figure 11.10: Analytical simulation of the restoring forces on the Hybrid-MOT, repre-
sented by the blue arrows. The red arrows show the beams set-up incident at a 45°angle
to the z-axis.

spherical trap is achieved when there is a balance between the optical scattering force

and Zeeman force. The optimum beam separation and trap calibration was found by a

analytical computer simulation. We first consider a [u, v] coordinate system , where u

is the axis in which the Optical force acts alone and v is the z-axis in which only the

Zeeman force is present. The u axis can be seen in Figure 11.1 as the diagonal in which

there is no restoring force. The scattering force is modelled in relation to two opposite

Gaussian beams of diameter η(1/e2), separated by ∆/2 and it is considered to follow

the equation:

Fscattering(u) =
~kΓS

2(1 + (2δ
Γ )2)

(
exp

[
−(u+ ∆/2)2

2(η/4)2

]
− exp

[
−(u−∆/2)2

2(η/4)2

])
(11.1)

where k is the beam wavevector, δ is the detuning from resonance, Γ is the natural

linewidth and S is the saturation tower. This equation can be simplified to a linear

function on the u-axis:
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Fscattering(u) =
~kΓS∆|u|

2(η/4)2(1 + (2δ
Γ )2)

+O(u2). (11.2)

The Zeeman force in the v-direction can be found in standard text books and follows

the equation:

FZeeman(v) =
−8kSδ|v|

Γ(1 + (2δ
Γ )2)

gµB|
dB

dv
| (11.3)

where µB is the Bohr magneton, g is the Lande g-factor and dB
dv is the magnetic field

gradient. Using equation 11.2 and equation 11.3 with |u| = |v|, and treating the two

Gaussian beams independently by assuming that their intensities are below the satura-

tion intensity, one can find the optimum beam separation:

∆ =
−αη2δgµB

~Γ2(1 + (2δ
Γ )2)

|dB
dv
| (11.4)

where α is the factor that takes into account the change in beam width due to the off-

axis separation and incident angle. For our system, α = 1/
√

2 and the beams remain

unchanged along the u direction. The ideal separation found was ∆ = 0.5 mm. This

value proved to be extremely sensitive to beam width and detuning, while being inde-

pendent from the beam intensity as both forces are dependent on the saturation factor

S which cancels out.

11.1.4 Results

The characterisation of these traps was completed by measuring the temperature and

atom number as a function of total beam power as well as the detuning from the cooling

transition. In regards to total power, the ratio between the cooling and repump laser

in this experiment was of 4.5:1 and in the characterisation where the total power was

varied, the detuning was kept at −1.5 × Γ at all times. The atom number number

for both traps was measured using the loading rate technique [17], which is similar

to the fluorescence atom number measurement presented in section 10.4.1, while the

temperature was measured using the time of flight method.
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The maximum atom number of atoms found in the case of the Vortex-MOT, was 6×106

at a detuning of 1.5 × Γ and 20mW total power. Repeating the measurement for the

Hybrid-MOT, the maximum number of 26×106 was found for the same optimal detuning

and maximum power. The result obtained for this measurement showing the rest of

the atom number dependencies on detuning and power are presented in Figure 11.11.

Despite the increased atom number of the Hybrid-MOT, the Vortex-MOT has a slightly

larger volume, resulting in a peak number density of 1.5×1011 cm−3 for the Vortex-MOT

and 9× 1011 cm−3 for the Hybrid-MOT.

The temperature of the atom cloud was measured by closing the laser beams for small

intervals up to 5 ms after which a imaging pulse illuminates the atom cloud and its

expansion is captured with a CCD camera. The cloud is then allowed to completely

disperse and an image is taken for capturing the background. By subtracting the back-

ground image from the initial expansion image, we are left with the pure image of the

expanded atom cloud. To this, we fit a 2D Gaussian profile and the width of the cloud

is determined in a similar way to size measurement presented in section 10.2. The

temperature is then derived from the equation of the ballistic expansion of the cloud:

σ2 = σ2
i

(
kbT

m

)
t2 (11.5)

where m is the mass of the atom, t is the time of flight, kB is the Boltzmann constant, σ

is the width of the expanded atom cloud, σi is the width of the cloud before expansion

and T is the temperature. The results show that the Vortex-MOT has a temperature

below the Doppler cooling limit, while the Hybrid MOT has a temperature slightly

above. The dependency of these traps temperatures on total laser power and detuning

is presented in Figure 11.12.

These results show a good performance of both traps in comparison to standard MOTs,

however their implementation in a miniaturised device is reserved for a later stage of

this project, when an atom chip will be integrated in the microfabricated vacuum cham-

ber. As such, their direct relevance towards this thesis is not significant. The author

participated in the calibration, data collection and analysis of this trap. Nonetheless,

the development of the Hybrid-MOT, showed that by displacing the alignment of the
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Figure 11.11: (a). Number of atoms dependency on total laser power for the Vortex and
Hybrid MOTs. The measurements are carried for various detuning values with the most
efficient one proving to be 1.5× Γ. (b). The atom number dependency on detuning for
the Vortex MOT. The measurement was conducted with a constant total laser power of
15.5 mW.

beams, an optical scattering force can be generated. As such, we proposed the appli-

cation this technique on the non-working trap geometry presented at the beginning of
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Figure 11.12: (a). Temperature dependency on total laser power for the Vortex and
Hybrid MOTs. The measurements are carried out for various detuning values with the
most efficient one proving to be 1.5× Γ. (b). Temperature dependency on detuning for
the Vortex MOT. The measurement was conducted with a constant total laser power of
15.5 mW.

this chapter. This led to the development of what we call the ”Acute Magneto-Optical

Trap” (A-MOT).
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11.2 The Acute Magneto Optical Trap (A-MOT)

The A-MOT is generated by following the example of the Hybrid-MOT through the

displacement of the intersection points of the incident and reflected beams in the vertical

axis, for the geometry presented at the beginning of this chapter. By doing so, due to

spatial invariance in intensity, a scattering force is created in the horizontal plane, which

combined with the vertical standard Zeeman force, enables the creation of an atom

cloud. An analytical simulation of this system, suggested a beam width separation

between the two intersection points and 45° incident angle of the laser beams as being

the most efficient parameters. However this value is highly dependent on beam intensity,

detuning, and magnetic field gradient. Similarly, the optimal functionality of the trap

is dependent by a trade-off between beam width and angle. Thus, the chosen angle for

our geometry was 30° as it is the largest value for which the beam configuration, using

5 mm laser beams, easily passes through a miniaturised device.

11.2.1 Realisation and geometry

We start the realisation of this trap with the laser beams generated by the system

presented in section 9. The last fibre of the system prior to the trapping geometry is

a polarisation maintaining three-way splitter, and this is used for generating the three

incident beams. Once it exits the fibre, each beam goes through a PBS which is used

to calibrate the beam for maximum power transmission, followed by a λ/4 wave-plate

(QWP) used for setting the correct polarisation. Using this optics system at each end

of the fibre, the beam calibration starts with the simple adjustment of the PBS in order

to maximise the output of the beam and to set a linear polarisation for the light. A

QWP and a second PBS are now set in the path of the linearly polarised light and

the QWP is rotated in such way as to have a 50/50 power transmission through the

second PBS. This will set the polarisation of the light to be circular. However, we can

not know the direction of the polarisation. By placing a second QWP in the system

between the QWP and the second PBS, and rotating it in such way in order to get

100% transmission through the second PBS, creates a reference system. If now we place

the remaining beams with their PBS + QWP optical systems in the front of the last two

QWP + PBS placed in the calibration of the first beam, one would only have to ensure

maximum transmittance through the last PBS in order for the light to be circularly
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Figure 11.13: Diagram showing the steps undertook for calibrating the beams for the
AMOT geometry: 1. For the first beam, maximum transmission is set through a PBS;
2. A QWP is placed in the beam path and set so that light has a 50/50 transmission
through a second PBS; 3. A second QWP is placed before the second PBS and set
so that the light has maximum transmission; 4 & 5. The reference system is locked
in place and the trap optics are placed in turn, and their QWP is turned to always
obtain maximum transmission through the last PBS. This calibration will ensure the
same power through the beams and similar circular polarisation.

polarised in the same direction as the first calibrated beam. A step by step instruction

of this calibration is presented in Figure 11.13.

The beams, now set to be circularly polarised in the same direction, are placed at 120°

angle between each other (in an equilateral triangle shape) and at 30° (acute angles to

the normal of the system, hence the name of the trap) to an assumed vertical axis z in

such way so as to intersect above the central point of the equilateral triangle shaped by

the position of their sources. Three mirrors are placed above the intersection point so

as to mirror the beam’s sources position. Using these mirrors, the incident beams are

reflected in order to intersect each other at a distance ∆ below the intersection point of

the incident beams. This geometry is presented in Figure 11.14.
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(a)

(b)

Figure 11.14: Diagrams of the geometry used in the realisation of the A-MOT: (a).
3D, (b). 2D cross section. The beams are arranged at 60°angles to each other, and at
30°angles to the normal of the system. The intersection point of the reflected beams is
displaced downwards from the intersection point of the reflected beams.

11.2.2 Theory

In order to simulate the behaviour of the A-MOT we first had to define the Gaussian

laser beam used in the system as a function of its position around the vertical z-axis in

order to account for the beam position and displacement:

L = 2
I

Isat
exp

[
−
(
xsin(Φ)cos(Θ)− ycos(Φ) + zsin(Θ)

0.5η

)2
]

exp

[
−
(
ycos(Φ)− xsin(Φ)

0.5η

)2
]

(11.6)
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where, I is the intensity of the laser beam, Isat is the saturation intensity, x, y and z are

the beams coordinates which include the set displacement, Φ is the rotation of the beam

around the vertical axis, Θ is the angle between the beam and said axis, and η(= 1/e2)

is the beam width.

Using the definition above, we can now generate an equation for the restoring force of

each laser beam. This force has two main components, one dependent on the magnetic

field and a second one generated only by an optical scattering effect:

F =
~kΓL

2

(
α+

1 + I + 4
Γ2 (δ − ~k · ~v + ~k · ~B)2

+
απ

1 + I + 4
Γ2 (δ − ~k · ~v)2

+ (11.7)

α−

1 + I + 4
Γ2 (δ − ~k · ~v − ~k · ~B)2

)
(11.8)

where α1, α2, α3 are factors that account for the quantization axis of beam polarisation

to the magnetic field, ~k is the wavevector, δ is the detuning from resonance, I is the

beam intensity, Γ is the atom’s natural decay rate, ~v is the atom velocity and and ~B is

the magnetic field. The first and last parameters of this equation account for the Zeeman

force generated by each beam when the atom is coupled in the mF = 1 or mF = −1

states respectively. The middle part of the equation accounts for the scattering force

generated through the displacement of the beams. The factors α1, α2, α3 are imported

from [108], and follow the relation:


α+

απ

α−

 =


1
2(1 + cos Θ′) i√

2
sin Θ′ 1

2(1− cos Θ′)

i√
2

sin Θ′ cos Θ −i√
2 sin Θ′

1
2(1− cos Θ′) −i√

2
sin Θ′ 1

2(1 + cos Θ′)

×

α′+

α′π

α′−

 (11.9)

where Θ′ is the angle between the magnetic field and the propagation direction of the

beam, and α+, α− and απ are right circular polarised, left circular polarised and π

polarised components of the laser beam, respectively. Using equation 11.7 to simulate

the behaviour of the beams and by applying the displacement between the intersection

point of the incident and reflected beams, the geometry shows a restoring force on all

planes. The results are presented in Figure 11.15. For a clearer picture, Figure 11.16

presents the restoring force vectors in x− z plane.
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(a) (b)

Figure 11.15: Analytical simulation of the A-MOT’s restoring forces when the intersec-
tion point of the incident beams is displaced from the intersection point of the reflected
beams. Now, both (a) and (b) images show a restoring force which allows the formation
of an atom cloud.

Figure 11.16: Diagram of the force fields (blue arrows) generated by this trap model if
the intersection points of incident and reflected beams (red arrows) are displaced. It can
be observed that the restoring force is acting in all directions in this geometry.

11.2.3 Results

The characterisation of this trap was completed using the techniques presented in section

10. During these experiments the detuning was kept at −1.5× Γ at all times. The trap

calibration was done not with the goal of achieving a spherical trap, but instead it was

calibrated in order to achieve the highest fluorescence, hence the highest number of

atoms. The trap shape was somewhat disregarded when came to its calibration as it

highly depends on the value of the magnetic field applied. Therefore a spherical trap

can be achieved by adjusting the magnetic field gradient, regardless of other parameters
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used in the trap calibration. To underline this effect, the length (or height) of the trap

was measured as a function of the applied magnetic field. The study and its results are

shown in Figure 11.17 and Figure 11.18.

0.2 mA average current per coil

0.4 mA average current per coil

0.6 mA average current per coil
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0.8 mA average current per coil

1.0 mA average current per coil

1.2 mA average current per coil

Figure 11.17: Variation of the MOT size as a function of magnetic field. On the left,
one can observe the CCD pictures taken for each magnetic field step. On the right, we
fit a 2D Gaussian profile in order to find the trap length.

These results enforce the theoretical prediction of a constant scattering force on the

horizontal plane and a magnetic field dependant Zeeman force in the vertical direction.

The maximum atom number found for this trap was 8× 107 at a detuning of −1.5× Γ

and 50 mW total beam power for which the trap was allowed to reach a steady state

for 10 seconds. The results obtained in this measurement showing the rest of the atom

number dependencies on the total beam power is presented in Figure 11.19.
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Figure 11.18: A-MOT length dependence on applied current in coils.

Figure 11.19: A-MOT atom number dependence on laser power.

As this was the first trap analysed solely by the author, it was decided to measure the

atom number using a second method in order to check if the magnitude of the value

obtained in the previous technique is correct. The method chosen for this verification

step was by finding the absorption of a weak laser beam that propagates through the

atom cloud. The details of this characterisation method are presented in section 10.4.2.

The absorption spectrum obtained in this technique is presented in Figure 11.20a, while

Figure 11.20b presents the normalised data, showing the absorption percentage of the

laser beam. In the case of the A-MOT, for −1.5 × Γ and 21 mW the probe laser beam

showed approximative 80% absorption which lead to an atom number of 4.62 × 107.

Considering the 25% discrepancy between the two measurement methods, the value
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(a)

(b)

Figure 11.20: (a). Spectrum generated by a weak laser beam probe propagating through
the atom trap.(b) Normalised data showing the absorption percentage of the probe beam.

obtained using this technique verifies the validity of the fluorescence characterisation

method.

The temperature of the trap was measured using the ‘release and recapture’ method,

presented in section 10. While keeping the detuning fixed at −1.5 × Γ, the lowest

temperature achieved was of 22µK for the minimum total laser power of 12 mW. The

rest of the temperature dependencies on total laser power are presented in Figure 11.21.

The general behaviour of the trap is to have a temperature below the Doppler cooling

limit and it seems that the temperature follows a similar trend to the number of atoms.
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Figure 11.21: A-MOT temperature dependence on total laser power.

To some extent, this behaviour is feasible as, by increasing the power of the laser system

we increase the effect of radiation pressure. If polarisation gradient cooling is neglected,

the temperature of an atom trap is directly proportional to the radiation pressure [64]. In

our case the dependency is not exactly linear, however it is evident that the temperature

increases at high laser powers. Unfortunately we are limited by the capabilities of our

current system to a maximum of 50 mW total laser power and further analysis in this

respect can not yet be completed. The same measurements showed the loading rate

having a similar dependency on the laser power to the atom number, with an average

lifetime of 1/0.72 ± 0.01 ≈ 1.38 s, and a maximum atom density of 7 × 109cm−3 for an

800µm average cloud radius. The loading rate dependence on laser power is presented

in Figure 11.22.

11.2.4 Summary

The results gathered from the A-MOT characterisation show a good performance of

this geometry in comparison to standard MOTs, and an increased atom number but

lower densities than the two traps previously presented in this thesis. Nonetheless, the

relevant factor of this trap geometry is that it is designed to work for vacuum chambers

with only two optical access points and it has great potential for further miniaturisation.

Beyond this, during the calibration of this trap, it was observed that an atom cloud will
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Figure 11.22: A-MOT loading rate dependence on total laser power.

form for a multitude of polarisations and beam displacements. This would make the

A-MOT geometry an ideal candidate for portable systems. For the aim of having a

portable MOT, Dr. Himsworth designed a 3-D printed mesh of the size of a large glass

that would generate the A-MOT once it is populated with optical components. This

design is presented in Figure 11.23.

Figure 11.23: Picture of the a 3D printed mesh designed to export the A-MOT geometry
outside of laboratory environment.

However, as this device was built towards the end of this project, there was limited time

in testing it. Still, this geometry was used in the attempts of achieving an atom cloud

inside a miniaturised vacuum chamber...but wait!
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11.3 To trap or not to trap? That is the question...

...”Whether ’tis nobler in the mind to suffer

The slings and arrows of outrageous fortune

Or to take arms against a sea of troubles

And by opposing end them.”

(Hamlet-William Shakespeare)

During the realisation of the A-MOT, it was observed that for specific alignments, when

the magnetic field was switched off, the camera was capturing a bright shimmer of fluo-

rescence. For a long time, this was considered to be a reflection of the laser beam inside

the vacuum chamber and it was disregarded. However, upon adjusting the geometry

of the A-MOT while the magnetic field was disconnected, a cloud of atoms started to

take shape. At first, it was thought that a residual magnetic field from the conventional

vacuum chamber that was used in the system at that time was allowing the A-MOT

to partially work. However, upon changing the conventional vacuum chamber with one

made entirely out of glass (described in section 9), the atom cloud did not disappear.

Our next hypothesis was that a stray magnetic field from the laboratory was allowing

the atoms to be trapped. Nonetheless, upon changing the laboratory altogether and

shielding the ion pump, the cloud of atoms did not change. At this stage we started

exploring the possibility that we enabled the formation of a cloud of cold atoms without

the use of a magnetic field.

Exploring different set-ups and polarisations resulted in the generation of a new geometry

that efficiently generates a cloud of cold atoms. In order to achieve this geometry, one

only needs to slightly modify the A-MOT working set-up. Firstly, two of the reflected

beams are set to retroreflect, and in this way the intersection points of the incident and

reflected beams become one. Secondly, the third beam is misaligned in such way so that

the incident beam propagates above the intersection point of the first beams, while its

reflection propagates below it. Thirdly, by using the λ/4 waveplates set in each beam,

the polarisation is set to be elliptical. This geometry is presented in Figure 11.24.
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Figure 11.24: Diagram of the geometry used for obtaining a cloud of atoms without the
use of a magnetic field. Two beams are retroreflected and set to intersect in a single
point, while the third beam and its reflection envelops said intersection point. The
polarisation of the beams is set to be elliptical.

From a theoretical point of view, the mechanism behind this strap is still a mystery.

In the literature we found several attempts of achieving a trap without the use of a

magnetic field. A Höpe et. al. [88] showed the realisation of an atom trap using a

lin − ⊥ − lin geometry that works for a wide range of magnetic fields. This includes

fields generated by the normal anti-Helmholz configuration and a negative anti-Helmholz

configuration respectively. While sweeping from the negative to the normal magnetic

field configuration, it was noticed that the atom cloud did not dissipate, showing an

atom density of ≈ 109 cm−3 when beams of 10 mm diameter were used. In comparison,

for the geometry presented here we observed higher atom densities for smaller beam

widths of 5 mm. In addition, by applying a quadrupole magnetic field the atom cloud,

in our case, dissipates. S. Sharma et. al. [169] showed the development of an all-optical

atom trap that is assumed to use the optical dipole force and the scattering force. Their
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configuration showed an atom number of ≈ 107 and an estimated temperature of 2 mK

for beam widths between 10 mm and 15 mm. In contrast, we noticed a higher number of

atoms and much lower temperatures for our configuration. Similarly, a comprehensive

working mechanism is still unknown for the all-optical atom trap. However, the authors

did mention the resemblance of their findings to the model of ”supermolasses”, to which

our observations match as well. This phenomenon was first observed by Chu et. al.

[42], during the development of the standard MOT. It was described as a very efficient

molasses generated by the misalignment of the MOT configuration, with its highest

efficiency presented when the geometry generates a racetrack. In their findings, the

supermolasses had a lifetime 50 times more than expected from molasses alone. By

comparison the lifetime of our atom cloud is smaller, but this value can be improved

with further calibration of the geometry. Nevertheless, the similarities between the

magnetic free atom cloud presented here and supermolasses are numerous, and this

could provide a starting point for solving the mystery behind the working mechanism

of this geometry. Unfortunately, as stated by Steven Chu in [40] the theory behind

supermolasses is unknown and as far as the author is aware, there has been little progress

in this area [196]. Another example of a trap obtained without a magnetic field was

presented by P. Bouyer et. al. [29] who used optical pumping in order to cool and

trap atoms. This was accomplished through the divergence of the laser beams in order

to generate a non-linear relation between the Poynting vector, radiation pressure force,

and optical pumping, having a high dependence on balancing all beam intensities in

order to create a stable atom trap. As such, this technique requires a complicated

implementation. Their measurements show atom numbers of ≈ 1×107 and temperatures

of ≈ 40µK. In comparison, our measurements show a slightly higher number, and lower

temperature, with a very simple and robust geometry.

We did, however, attempted to replicate the above mentioned mechanisms in an ana-

lytical simulation for our geometry, and in some cases added a dipole trap effect [74]

[69] which we assumed it may be generated by the shape of this geometry, but with-

out success for the moment. Therefore, the theory behind this geometry is still under

development. In order to understand its dynamics better, we proceeded with its charac-

terisation. The most significant assumption made here is that the atom cloud generated

by this geometry behaves in a similar way as a standard MOT. Consequently we applied

the characterisation techniques described in section 10.
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11.3.1 Characterisation

The atom number was measured initially as a function of total laser power. With

detuning fixed at −1.5 × Γ, the maximum number of atoms found was 2.5 × 107 for

a total laser power of 40 mW. The rest of the atom number dependencies on the total

laser power are presented in Figure 11.25. While the shape of the atom cloud is always

oblong, it was noted that with a change in power, the size of the trap slightly changed,

and therefore we proceeded towards measuring the density of atoms as a function of

total beam power. The maximum density found was of 7 × 109 cm−3 for a total power

of 40 mW. The rest of atom densities dependence on total laser power is presented

in Figure 11.26. The evolution of these parameters seem to follow the same trend,

therefore the change of the trap size is not significant upon changing the total beam

power. Nonetheless, the measurements show a saturation in the atom number, and

hence in the density, at laser powers above 40 mW.

Figure 11.25: Atom number dependency on total laser power for an atom cloud generated
without a magnetic field. The data shows a saturation in the atom number for laser
powers aboce 40 mW.

The atom number and density were also measured for different powers at various de-

tuning values. The results of the atom number and density detuning dependency are

presented in Figure 11.27 and Figure 11.28. The highest number of atoms of 1.33× 108

was found for 30 mW power, at the lowest detuning of 6 MHz. This value also corre-

sponds to the highest atom density, which was determined to be 1.8× 1011 cm−3. When

comparing the data from Figure 11.27 and Figure 11.28, it can be observed that the
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Figure 11.26: Atom density dependency on total laser power for an atom cloud generated
without a magnetic field. The data follows the exact same pattern as the atom number
plot which suggests that the change in laser power does not significantly affect the shape
of the AMOT.

size of the trap changes considerably with detuning. The loading rate of the trap, which

has an average of 39 ± 7 × 106 s−1, combined with a lifetime of ≈ 3 sec and high atom

numbers, results in long loading times of over 8 seconds. It is the author’s firm belief

that this value is not ultimate, but can be improved with further calibration of the trap.

Figure 11.27: Detuning dependence of atom number in an atom cloud generated with
no magnetic field.

As in the case of the A-MOT, the atom number was verified using the absorption mea-

surement method. The results showed an approximative 40% absorption which lead to
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Figure 11.28: Detuning dependence of atom density in an atom cloud generated with
no magnetic field. The change in detuning causes significant changes in the trap shape.

atom number of 1.47× 107, for −1.5× Γ detuning and 21 mW total laser power. Here,

yet again, the atom number value verifies the initial measurement. The results of this

study are presented in Figure 11.29.

Following the analysis pattern established previously, the next stage was to determine

the temperature dependency on laser power, and its dependency on detuning. The

lowest temperature achieved for the measurement of dependency on total laser power

was of 6µK for a laser power of 22 mW and −1.5×Γ detuning. When the measurement

for detuning was conducted the lowest temperature value found was 17µK for 30 mW

total power and −1.5 × Γ detuning. This is a significant low temperature in both

cases when compared to temperatures usually obtained in MOTs considering that no

additional cooling steps were applied. The rest of the temperature dependencies on laser

power and detuning are presented in Figure 11.30 and Figure 11.31 respectively. All the

temperature measurements completed on this geometry showed values well below the

Doppler cooling limit. Achieving a low temperature in this case is relatively easy as

there is no magnetic field in the system and it is assumed that the efficiency of Sisyphus

cooling is enhanced. Nonetheless, an interesting factor that results from this analysis is

that the temperature is increasing with detuning. This is contrary to the behaviour of

usual MOTs, supermolasses and the mechanism of Sisyphus cooling. Another contrast

between this geometry and conventional MOTs, is that while a MOT requires specific

circular polarisation of the laser beams in order to work, this geometry was most efficient
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(a)

(b)

Figure 11.29: (a). Spectrum generated by a weak laser beam probe propagating through
the atom cloud generated with no magnetic field.(b) Normalised data showing the ab-
sorption percentage of the probe beam.

for elliptically polarised laser beams.

11.3.2 Summary

In contrast with conventional atom traps, this geometry does not achieve a spherical

symmetric cloud. Therefore, when calculating the trapping volume, the atom cloud

was treated as a cylinder and the measurement was completed on its height and width

rather than the vertical and horizontal axis. Similarly, the characterisation methods



Chapter 11 Southampton trapping geometries 191

Figure 11.30: Temperature dependency on total laser power for an atom cloud generated
without a magnetic field. All the temperatures recorded were under the Doppler limit.
The lowest temperature in the system was of 6µK

Figure 11.31: Temperature dependency on laser power and detuning for an atom cloud
generated without a magnetic field. Contrary to the general behaviour of MOTs, where
the temperature is decreasing with detuning, in this case the temperature increases.

employed here are based on several assumptions such as that the cloud expansion being

symmetrical, which in most cases is not valid here. Additionally, as the laser system has

been upgraded at the time of the measurements, occasionally it displayed instabilities

which effected the accuracy of the experiments. For this reasons, the results presented

must be treated as preliminary. A more comprehensive characterisation of this geometry

will be conducted when the theory behind it will be established.
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It is worth noting at this stage that between the measurement conducted to show this

geometry’s dependency on the total laser power and detuning, the geometry of the trap

was re-arranged, and the laser system was updated. Initially, the system was based

around the ECDL lasers and the stabilisation systems used in the realisation of the

Vortex and Hybrid traps presented in section 11.1. These set-ups were updated to the

system presented in section 9 which is the main system currently used in this project.

It was noticed that this geometry works for a wide range of polarisations and beams

displacements. In consequence, it proved to be difficult to reproduce the same exact con-

figuration, and as the theory of the mechanism behind it is still unknown there was no

reference to base the system on. As such, one can observe a slight difference between the

values obtained in the total power dependency measurement and the detuning depen-

dency measurement. Unfortunately, the discovery of this cooling mechanism was done

towards the end of this project and its analysis was time limited. In order to shed light

on the mechanism behind this geometry, it is proposed to repeat its characterisation

using different analysis methods to verify the values obtained here.

As stated at the beginning of this section, due to the high resemblance to supermolasses,

this system can not yet be classified as a trap. It very much depends on the way we

define an atom trap. On one hand, if it is defined by the fact that is has a restoring

force that behaves similarly to a harmonic damped oscillator, then we can not designate

this geometry as a trap as we are unsure if this mechanism includes this type of force.

On the other hand, if we define an atom trap by the fact that we confine and cool

atoms in a limited volume regardless of its trapping mechanism then we can categorise

this as an atom trap. Nevertheless, regardless of its definition, this geometry proves to

be a versatile and robust source of cold atoms that does not require a magnetic field.

The atom number and low temperatures achieved here show a better efficiency than

conventional traps, thus making it stand out from other attempts of achieving a cold

atom cloud without a magnetic field. Not only is the impact of this geometry on cold

atom based quantum technology significant in terms of miniaturisation, reduced power

consumption and portability, but also it brings novelty in the field of atomic physics.
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Trapping attempts in a

miniaturised device

Once the miniaturised vacuum chambers were completed, the atom sources were acti-

vated and the A-MOT geometry was stabilised, then we were able to test the realisation

of an atom trap in miniaturised devices. For this we used the moving stage of the trap

geometry (presented in section 9) to replace the glass vacuum chamber with one of our

cells. Initially, we undertook a visual inspection for the formation of an atom cloud.

Unfortunately, during the microfabrication process, the anti-reflection thin film which

is used for coating the two optical access points was damaged enough to impair the

direct observation of the inside of the cell as the laser beams scatter in the scratches and

scuffs of the coating. Assuming an approximate 1% reflection of the incident beams on

the damaged coating, the intensity of the scattered light is ≈ 0.12 mW for a total laser

power of 24 mW. Compared with the ≈ 2× 10−3 mW intensity generated by a could of

cold atoms with 108 atoms, it becomes obvious that the atom cloud cannot be identified

by directly imaging the trapping area. We believe that the damage is caused by the

combination of high temperatures and voltages at which the sample is exposed during

the anodic bond process. Nevertheless, there are several methods to circumvent the lack

of optical access in the cell. This chapter will cover these techniques and our attempts

to generate an atom cloud inside a miniaturised device, together with other potential

methods to be applied in the future.
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12.1 A close call

The first method we applied in verifying the presence of an atom cloud inside our devices

was using a CCD camera to capture a first picture of the device’s trapping region without

magnetic field and a second picture when the quadruple magnetic field is applied and the

trap should be generated. By subtracting these images, we can cancel the background

scattering and if a trap is present, its fluorescence will be shown. From the many samples

tested using this method, one produced an interesting result. The image generated from

the background subtraction for the sample in question is presented in Figure 12.1.

Figure 12.1: Image resulted from the subtraction of two images: one with the trapping
area inside the cell without any magnetic field, and the second one with the magnetic
field applied. In this picture one can also observe a contour of the miniaturised device.
The additional fluorescence seen here does not offer enough proof to confirm the presence
of an atom cloud, however it does look remarkably similar.

As it can be observed, the additional fluorescence caused by the addition of the magnetic

field, is similar to the one generated by an atom cloud. However, in order to obtain this

level of fluorescence the resulting image had to be enhanced several times. As the
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background subtraction produced minimal difference, and as the size of it suggests the

trap being of several millimeters in diameter (much too large for a MOT), we can not

state with certainty that this is an atom trap, however it was the result which showed

the greatest resemblance to one. In the same way, the resulting fluorescence can be

simply generated by the Zeeman shift in Rubidium atoms. Additionally this imaging

technique can not be used for any other characterisation as the resulting florescence is

blurred by the damaged anti-reflection coating. The obvious method for solving this

issue is through the fabrication of miniaturised vacuum chambers with no antireflection

coating. The preparation of these samples is time consuming and was not yet completed

at the time of writing this thesis. In consequence, we had to resume to indirect methods

for imaging an atom trap.

12.2 Absorption imaging

Absorption imaging is another relatively straight forward method for imaging a cloud

of atoms. This is remarkably similar to the absorption method used for measuring the

atom number presented in section 10.4.2. In the case of the atom number measurement,

the laser that generates the weak probe beam that propagates through the atom cloud

was set to scan a short range of frequencies around the Rubidium resonant frequency.

By scanning the laser an absorption spectrum was generated, which was later used for

estimating the number of atoms trapped in the system. However, in the case of detecting

the presence of an atom cloud it is sufficient for the laser to be locked at the resonant

frequency of the atom species studied. This will allow the laser beam to be absorbed

as it passes through the atom cloud. The absorption of the beam is then recorded

on a sensitive photodiode and from it, the user can determine the loading rate of the

MOT and thus determining its presence. Upon successfully implementing this method,

a complete trap characterisation can be completed by monitoring the absorption of the

laser beam.

In our system, this technique was implemented by borrowing a portion of the light from

the cooling laser stabilisation set-up. However upon monitoring the results, it was con-

cluded that as the laser beam was transmitted through a polarising maintaining fibre,

the intensity of the light was highly unstable. In consequence no evident absorption

was detected. Another reason for which this measurement method failed in our case
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is that the light borrowed from the cooling laser was detuned and as such it may not

have interacted with the already cold atoms. It would be recommended to retry this

measurement using light from a separate laser dedicated towards imaging. This was un-

fortunately not possible at the time of writing this thesis due to the lack of an additional

laser and the optical components required in its stabilisation. While this technique is

essentially the same as the absorption measurement performed previously for measuring

the atom number, between the moment of that measurement and the implementation

of this technique for the case of a miniaturised device, the ECDL was decommissioned.

As such, the exact experiment could not be reproduced.

12.3 Blue light imaging

This imaging technique is slightly more difficult to implement than the previous methods

presented in this chapter. In order to understand it, we need to look in more detail at

the rubidium atom electron structure. A diagram that shows an extended Rubidium

electron structure is presented in Figure 12.2.

Figure 12.2: Energy level diagram for 85Rb, without the hyperfine levels. If the atoms
are excited to the upper 52D3/2, upon decaying they will emit light at a wavelength of
420 nm [67].
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The atoms in an MOT are set in an excited state 52P3/2. By applying an additional

external laser beam stabilised at a wavelength of 776 nm the atoms are excited in the

5D state. According to the selection rules, the atom can decay in the 6P state. More

precisely, by fine tuning the additional laser to 775.775 nm the atoms are excited to the

52D5/2 energy level. Similarly, if the laser is stabilised for a wavelength of 775.954 nm

the atoms are excited to the 52D3/2 energy level. Upon relaxing, the atoms are allowed

to decay in either 62P3/2 or 62P1/2 energy levels. Upon decaying from these excited levels

to the 52SP 1/2 ground level, the atoms emit photons with a wavelength of 420 nm, in

the blue region of the spectrum. By using this two-step excitation technique, we can

image a MOT despite the scattering produced by the laser which is stabilised at 780 nm,

through the placement of a 420 nm filter in front of a detector or CCD camera.

The system required for generating a stable 776 nm laser beam is presented in Figure

12.3. Firstly, a 780 nm stabilised laser beam is borrowed from the cooling laser system

and it is passed through a rubidium vapour cell. Then, a 776 nm laser beam is split

in two using a λ
2 waveplate - PBS set-up. Part of the beam is directed towards the

MOT geometry for imaging, while the other part is directed through the vapour cell,

counter-propagating relative to the 780 nm laser beam. A CCD camera with a 420 nm

filter is placed on the side of the vapour cell in order to monitor any blue fluorescence.

Upon detecting the fluorescence, one can use its highest value for stabilising the laser.

In our system, a 776 nm laser was not available. Instead, a 780 nm ECDL laser, similar

to the ones used in the realisation of the Vortex and Hybrid MOTs (section 11.1), was

tweaked in order to generate the required wavelength. This was accomplished by cooling

the laser down to 8°C from its normal operating temperature of 18-20°C. Upon achieving

the required wavelength, the author did not observe any fluorescence generated in the

vapour cell. The absence of blue fluorescence in our system can be caused by several

factors. First of all, the ECDL laser was tuned to a wavelength of 776.050 nm as it was

the closest stable value that had been reached with the given laser. This value is quite

far from the values presented in literature [67], however, we found examples of different

values being used [50]. Another reason for which we did not observe any fluorescence

might be the exposure setting on the CCD camera used for monitoring the vapour cell.

Past experiments have shown that sometimes the fluorescence generated by the emission

of 420 nm light can be very dim, and in order to observe it the vapour cell must be heated

and the exposure time of the camera increased [50]. However, due to the extreme low
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Figure 12.3: Set-up used for two step imaging technique. Two lasers, one at 780 nm and
the second one at 776 nm are set to counterpropagate through a rubidium vapour cell.
The first laser excites the rubidium atoms to the 52P3/2 level. The second laser further
excites the atoms to the 5D energy levels. From here the atoms are allowed to decay in
the 6P level. Ultimately upon decaying to the ground level the atoms emit photons at
420 nm.

working temperatures of the ECDL laser, our time was limited for every measurement

as water would form on the surface of the laser diode. Consequently, despite heating

up the vapour cell to ≈ 40° C, the experiment was unsuccessful and the laser could not

be stabilised at the required wavelength. Nonetheless, in order for this technique to be

successful it is recommended for a stable 776 nm laser to be used, for long time exposures

and if necessary, small sweepings across the transition.
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12.4 Summary

Despite the current failure of the imaging techniques attempted for proving the presence

of an atom trap inside a miniaturised vacuum chamber, the results shown in the first

section of this chapter show a lot of promise. The work for further developing the

presented imaging techniques is currently ongoing in our research group and further

miniaturised cells are being fabricated. The only variables that are changed during the

testing process are the baking and post fabrication times of the device. As such, it is

the author’s opinion that, with a stabilised imaging system, it is only a matter of time

until we can present a prototype miniaturised MOT system.
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Conclusion

13.1 General overview

This thesis outlined the progress made towards exporting cold atom systems from labo-

ratory environments into real world, portable applications. The realisation of this goal

will bring us closer to the creation of mass-producible, robust cold atom based quantum

technologies. This will enable better navigation systems, gravity measurements, the

development of high resolution acceleration and rotation sensors, and will enable the

further study of fundamental constants in physics.

The vision of our group is mirrored into a fully integrated atom chip, a device built

around a silicon frame that will enable the cooling, trapping and controlling atoms. The

first steps towards our goal was the miniaturisation of one of the biggest component

of a MOT system, the vacuum chamber. This device was realised by pushing micro-

fabrication techniques to extremes. We started with the construction of a prototype

bonder tool designed for our purposes. Using this machine we applied the anodic bond

technique in order to seal a vacuum environment between a silicon frame and two alu-

minosilicate glass dies. A second version of the device, closer to our ultimate vision, was

fabricated using both eutectic and anodic bonding. Through the eutectic process, a two

dimensional grating is used instead of one of the glass dies. Due to the controversy in lit-

erature on the subject of eutectic bonding, the process proved to be difficult. However,

eventually a recipe was created for the fabrication of miniaturised vacuum chambers

with a two dimensional grating.
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Upon completing the basis of the vacuum chamber, we showed the work carried out on

the miniaturisation of each individual component required by a vacuum chamber to be

functional for atomic physics experiments, and more particularly for MOTs. For main-

taining ultra-high vacuum pressures, a vacuum chamber requires a method for pumping

gases that could possibly arise from permeation. In our system, this is provided through

the use of thin film non-evaporable getter technology. The getter film is deposited

through a sputter coating technique that was tailored for our devices.

Another absolute requirement for vacuum chambers dedicated towards atomic physics

use is the atom sources. While in a conventional vacuum chamber the atom sources

are well defined, for a miniaturised device, their characterisation has been limited until

now. In our system we use pill-like alkali metal dispensers, no larger than 2 mm wide and

1 mm thick, which produce Rubidium vapour when activated with an eternal heating

source. In accordance with the evolution of miniaturised systems that require an atom

source, it is expected that these type of dispenser will be used more often. As such, we

presented a detailed characterisation of their activation process.

An essential element that enables a vacuum chamber to be used for manipulating and

interacting with the studied alkali atom species, are the feedthrough components. While

in conventional vacuum chambers these are represented generally by metal rods, for our

miniaturised system we present a prototype of microfabricated feedthroughs suitable for

maintaining UHV pressures. The fabrication of these component was completed through

the development of a hybrid glass-silicon wafer using the techniques of deep reactive ion

etching and glass reflow.

After completing the development of the miniaturised vacuum chamber, its components,

and their characterisation, we moved on to presenting the progress made towards de-

veloping novel components for the atom trap infrastructure. A new laser stabilisation

system was presented, developed for miniaturisation purposes. Based on the method

of modulation transfer spectroscopy, the presented set-up requires a minimal amount

of electronics which makes it an ideal candidate for portable systems, especially when

considering power consumption.

We next present four new geometries for generating cold atom clouds. The first two

presented traps, the Vortex-MOT and the Hybrid-MOT, were developed by our group

for use with integrated atom chips. From the Hybrid-MOT configuration, we learned
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that through the misalignment of the cooling beams, a purely optical scattering force

can is generated, which can be used in the trapping process. Based on these findings, we

presented the A-MOT, a trapping configuration specially designed for our miniaturised

devices. The results showed a good efficiency of this trap and combined with its increased

robustness, it makes a good candidate for miniaturised and portable systems, regardless

of the use of the microfabricated vacuum chambers. Lastly, we introduce the discovery

of a new, highly efficient method for producing a cold atom cloud without the use of any

magnetic field. Despite the theory behind this mechanism not being fully understood

yet, it shows great promise for future developments and it brings novelty to the field

of atomic physics. Additionally, the use of a robust source of cold atoms that requires

minimum energy for operation can revolutionise the miniaturisation and portability of

cold atom based system.

Finally, this thesis ends with the presentation of the attempts made in achieving an atom

cloud in a miniaturised device. The progress made towards this final goal shows great

promise for future developments. Despite the fact that we can not yet attest the presence

of an atom cloud inside a miniaturised device, at the time of writing this thesis, new

miniaturised vacuum chamber are constantly being fabricated in our group as well as

the imaging systems being constantly improved. In consequence, there is only a matter

of time until the final goal of achieving a miniaturised MOT system is achieved.

13.2 Future work

While we have achieved a lot of advances towards the main goal of this project, there

is still a lot of work to be done on achieving a working miniaturised atom trap. Con-

sidering the results from chapter 7, the main research on the fabrication process for the

miniaturised vacuum chambers has been completed, and it resulted in (at least) func-

tional vapour cells. We can state at this stage that we are encapsulating vacuum inside,

however the quality of it is not good enough for cold atom systems. As such, the pre

fabrication-baking time and post-fabrication getter activation time need to be varied

until the required vacuum is obtained and an atom cloud can be formed.

Further improvements to the cooling and repump laser systems are under consideration.

The electronics behind MTS error signal are to be replaced with new, simpler models.
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Similarly. the stabilisation electronic system of the cooling laser (which currently is

in-house built) is to be replaced with an off-the-shelf component. These changes will

result in a more stable laser system.

The next steps in the magnetic-field-free atom trap are also dependent on the improve-

ment of the cooling and repump lasers. With a more stable system in place, we will

continue the analysis of this new trapping geometry by employing different measurement

methods for all important parameters. The final measurements will be compared with

a theoretical model that is currently under development.

An A-MOT system is being considered as an independent module for testing the minia-

turised vacuum cells as soon as they are fabricated. Having a separate system dedicated

towards miniaturised devices testing has the potential of increasing the productivity and

reducing the testing time, brining us ever closer to achieving an functional integrated

atom chip. Nonetheless, as they we are currently not able to prove the presence of an

atom cloud inside a miniaturised device, there are several questions left unanswered. In

the following, we will attempt to answer a few of them with possible solutions that can

be applied:

• Are there any residual gases in the chamber?

As mentioned in Chapter 7, due to the size of the device, the only comprehensive char-

acterisation method is to obtain a cold atom cloud inside a miniaturised device. This

can then be used as a sensor in order to characterise the encapsulated environment

through its properties, such as loading rate or loss rate. However, following the example

of [156], there is a destructive method in which we can analyse the miniaturised cell for

any residual gases. This can be done by placing a cell inside a large vacuum chamber

with a residual gas analyser and breaking it under ultra-high vacuum. Upon destroying

the sample, the gases trapped inside will be released and recorded on the RGA. This

method presents a minor inconvenience in the form of the glass containing gases that

will be released upon breaking [180]. To circumvent this, a sample of the glass can be

broken separately inside the same chamber. The data obtained from the single piece of

glass can then be subtracted from the data obtained when breaking a miniaturised cell,

providing a insight of only the residual gases inside the device.
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This procedure, while being destructive, can indicate what part of the miniaturised de-

vice impairs its ability to sustain UHV. For example, if krypton is found as a residual

gas, it would point towards the contamination of the getter material during the fabri-

cation process. If nitrogen is found, it would suggest the contamination of the getter

surface after the device was sealed, and consequently the incapacity of the thin film get-

ter to efficiently pump. Similarly, if Argon is found, it would point towards an inefficient

seal. Despite the fact the helium is the biggest concern when it comes to permeation as

suggested in Section 2.1.1, argon can be found in larger quantities in air, therefore we

would expect to see its presence as a residual gas if there are leaks in the seal.

• What is the real leak rate of the anodic bond?

In section 2.1.2, it was stated that the anodic bond is considered to be leak free, regardless

of the size of the bond. However, this assumption is deducted from the studies presented

in reference [124] and reference [125]. These studies where not designed in regards to

UHV and if the bond had any leaks, they were not identified as the leak rates are

lost within the noise o the measurements. For the future work of this project, we

can propose the following experiment in order to quantify the leak rate of the anodic

bond: a miniaturised device can be fabricated with helium as a buffer gas at a known,

controlled pressure. This can then be place in the UHV large chamber of the in-house

built anodic bonder. The partial pressure of this gas in the anodic bonder is generally

under 10−13 mbar. As such, any leak will be identified and recorded on the RGA. The

permeation of helium through the glass can be circumvented by depositing a thin film

of aluminium on the entirety of the glass, with the exception of the seal region. This

way, only leaks will be recorded and not permeation through glass.

• Can the seal be improved with a buffer line?

It can be observed through this thesis that several designs of the silicon frames have

been used in our attempts to create a miniaturised vacuum chamber. More precisely,

if Figure 4.3a and Figure 4.3b are inspected, one can observe that in comparison, the

silicon frame used in Figure 4.3b , has a buffer line along the seal. It was our hope

that this can reduce any possible leaks in the system. The experiment presented in the

answer for the previous question, will also provide a measure of the possible benefits
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of having a buffer along the seal of the device. This could aid in improving the overall

hermetic quality of the device and prolong its lifetime. Similarly, seals with a larger

bonding area can be considered if necessary.

• What gases are released inside the device during the anodic bond?

Section 3.1 mentions the release of gases during the anodic bond process being recorded

with the help of an RGA. However, the recorded gases are generated by the outside edge

of the bonding interface. As such, our assumption that the gases released through the

outside edge are similar to the ones that escape inside the miniaturised device, can be

proven to be false. A method to discover this would be to create an anodic bond using

the same materials and bonding area, but without a cavity inside. This will force all the

gases in the process to escape the bonding interface and will be recorded on the RGA,

allowing a more comprehensive insight to the anodic process.

• Can additional getters improve the performance of the device?

The alloy of Ti-Zr-V chosen for the fabrication of the thin film getters, has the disad-

vantage of not being able to pump nitrogen. On the contrary, as mentioned in chapter

4, nitrogen poisons the surface of the getter and drastically reduced the ability of getters

to pump other gases. There are several other getter materials which can pump nitrogen,

such as lithium [85], which can be used to complement the sputtered getters. Lithium

proved to be difficult to obtain in the duration of this thesis, however it may be a viable

solution if the thin film getters prove not to be efficient in sustaining UHV.

• Would scattered light inside the device affect the formation of an atom cloud?

Scattering of the laser light can influence the formation of a cold atom cloud. In a

miniaturised device, the chance of a scattered beam passing through the trapping region

of the trap increase as the walls of the device are much closer to it. In order to test this,

a larger device can be constructed in which the chances for a scattering beam disturbing

the trap will be reduced. This can be accomplished by simply using a larger silicon

frame. As they are expensive, and machining into silicon is not a easy task, it is advised

for this experiment to be attempted after all the solutions for testing the UHV have

been applied.
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• Are the eutectic bonds hermetic?

There are several advantages in replacing one of the glass dies with a patterned reflective

surface on silicon. The permeation rate of the silicon is negligible compared to glass and

therefore the lifetime of the device will be increased. Similarly, a reflective surface or

a two dimensional grating would aid in the creation of the geometry for obtaining a

cold atom cloud. However, as presented in chapter 3.2, attaching the reflective surface

through eutectic bonding proved a difficult task. Despite the success of achieving a

robust bond, its hermeticity has not been tested. The first step towards accomplishing

this task is to employ the use of a scanning acoustic microscope, which can be used to

test the uniformity of the bonds. Upon obtaining a uniform bond, the same leak test as

for the anodic bond can be applied.

• Would a different getter material be more beneficial?

In their current status of development, our devices have their thermal budget limited

only by the activation of the getter material. This limits the baking temperature during

the last degassing step of the samples. If we consider to use just Zr, the activation

temperature increases, thus allowing for a better degassing of the samples prior to sealing

the device. On the other hand, this will decrease the pumping efficiency of the getter

film. It may be worth employing an experiment to test if the exchange between pumping

efficiency and better degassing is beneficial. This can be accomplished through the

destructive method, described in answering the first question, with samples that only

have one getter material sputtered.

• Is the presence of alkali metal vapour detrimental to the optical view ports?

It has been reported that the interaction between alkali metal vapour and different

glass can damage the glass structure, resulting in unusable optical viewports [76]. This,

however happens at high temperatures (above 400° C). In order to activate or rejuvenate

the getter film, our devices are exposed to maximum 350° C. As such, these effects can

not be observed in this case. Nonetheless, Figure 3.11b shows black/purple deposits

which are assumed to be caused by the interaction between the anti-reflection coating

and the alkali metal vapour. This was only observed in rare occasions, when the device
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was only sealed under mild vacuum and exposed to high temperatures. This process

can not yet be explored further as the exact chemical composition of the coating is not

in the public domain.

• How can the theory behind the magnetic free trap be mapped out?

Starting with the previous attempts presented in Section 11.3, a comprehensive com-

puter simulation can be built. The simulation must contain all the known interactions

and effects in a standard magneto-optical trap, including for example, optical pumping

effects. This model can then be used to compare with the future data that will be col-

lected in regards to this trapping geometry. Based on future findings, this could also be

tailored towards different cooling mechanisms such as optical dipole [74] and polarisa-

tion gradient trapping[44]. At the time of writing this part of the thesis, our group has

started a collaboration with a theoretical focused group which can assist in building the

cold atom model.

In summary, the work presented here is pushing ever closer to a portable, robust, self-

sufficient MOT system, bringing it just months away from realisation. Although this

project did not established a cold atom cloud inside a miniaturised device, it brought

great progress in that direction through the consecration of the microfabrication process

and by increasing its reliability. Similarly, the discovery of a process of efficiently cooling

and trapping atoms without the use of a magnetic field has the potential to transform

the face of the ongoing pioneering wave of making quantum technology accessible for

real life applications.
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Appendix A

Scattering rate derivation [132]

[64]

The derivation of the scattering rate starts with the time-dependent Schrödinger equa-

tion:

Hψ( #»r , t) = i~
∂ψ( #»r , t)

∂t

where H is the Hamiltonian for an atom in a radiation field and #»r is the coordinate of an

electron relative to the atom’s nucleus. For a time independent system, the Hamiltonian

is defined as H0 with eigenvalue En = ~ωn and eigenfunctions Φn( # »r0). Thus

H0ψ( #»r ) = EnΦn( #»r )

The interaction with the field is described by H ′(t). Therefore we can define the Hamil-

tonian for a system in a classical electro-magnetic field as:

H(t) = H0 +H ′(t)

The eigenfunctions Φn( #»r ) form a completed set:

ψ( #»r ) =
∑
K

ck(t)Φn( #»r ) exp(−iωkt)
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and the Schrödinger equation becomes:

H(t)ψ( #»r , t) = (H0 +H ′(t))
∑
K

ck(t)Φn( #»r ) exp(−iωkt)

H(t)ψ( #»r , t) = (i~)(
∂

∂t
)
∑
K

ck(t)Φn( #»r ) exp(−iωkt)

Multiplying on the left by Φ∗j (
#»r ) and integrating over spatial coordinates #»r gives:

i~
dcj(t)

dt
=
∑
K

ck(t)H
′
jk(t) exp(iωjkt)

where H ′jk(t) = 〈Φj |H ′(t)|Φk〉 and ωjk = (ωj − ωk). Now consider a two level system:

1→ g (ground state) and 2→ e (excited state). Using the previous equation:

i~
dcj(t)

dt
= ce(t)H

′
ge(t) exp(iωat) (A.1)

where ωa = ωeg is the atomic resonant frequency.

From [134] and [174] we know that the Hamiltonian for a particle in an electric field is:

H ′(t) = −e #»ε ( #»r , t) #»r

For a plane wave travelling in the positive z direction, the electric field operator becomes:

#»ε ( #»r , t) = E0ε̂cos(kz − ωlt)

where wl is the laser frequency, E0 is the amplitude of the field and ε̂ is the polarisation

vector. In this case the coupling element becomes:

H ′eg(t) = ~Ωcos(kz − ωlt)

where Ω is the Rabi frequency:

Ω =

#    »

deg
#  »

E0

~
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where dii = transition dipole momentum for g-e transition and E0 is the vector electric

field amplitude which includes polarisations. Using equation A.1:

d2cg(t)

dt2
− iδ dcg(t)

dt
+

Ω2

4
cg(t) = 0

d2ce(t)

dt2
− iδ dce(t)

dt
+

Ω2

4
ce(t) = 0

(A.2)

where δ = ωl − ω0 os the detuning from resonance. For getting this result the rotating

wave approximation was used. It states that 1
ωl

is much smaller than 1
δ and therefore is

ignored.

The density matrix of a two level system is:

ρ =

ρee ρeg

ρge ρgg

 =

cece∗ cecg∗

cgce∗ cgcg∗


with the density matrix is defined as the outer product of the wave-function and its

conjugate:

ρ(t) = |ψ(t)〉 〈ψ(t)| .

Using

∂

∂t
|ψ〉 = − i

~
H |ψ〉

and

∂

∂t
〈ψ| = i

~
〈ψ|H

we can find:

∂ρ

∂t
=

∂

∂t
[|ψ〉 〈ψ|]

∂ρ

∂t
= [

∂

∂t
|ψ〉] 〈ψ|+ |ψ〉 ∂

∂t
〈ψ|

∂ρ

∂t
= − i

~
H |ψ〉 〈ψ|+ i

~
|ψ〉 〈ψ|H
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∂ρ

∂t
= − i

~
[H, ρ]

thus:

i~
∂ρ

∂t
= [H, ρ]

Applying equation A.2 for the case of ρgg:

dρgg
dt

=
dcg
dt
c∗g + cg

dc∗g
dt

dρgg
dt

= i
Ω

2
ρ̃eg − i

Ω

2
ρ̃ge

where ρ̃ge = ρge exp(−iδt). The other coefficients can be calculated in a similar manner.

Spontaneous emission can be defined as an exponential decay of ρeg(t) with a constant

rate of Γ
2 :

(
dρeg
dt

)spontaneous = −Γ

2
ρeg

where Γ is the decay rate. The ground state is stable and is not directly affected by spon-

taneous emission, however, the number of atoms from the excited state spontaneously

decay. Adding the spontaneous emission process to the system leads to the well known

optical Bloch equations:

dρ̃ee
dt

= −Γρ̃ee −
iΩ

2
(ρ̃eg − ρ̃ge)

dρ̃gg
dt

= −Γρ̃ee +
iΩ

2
(ρ̃eg + ρ̃ge)

dρ̃eg
dt

= (iδ − Γ

2
)ρ̃eg +

iΩ

2
(ρ̃gg − ρ̃ee)

dρ̃ge
dt

= −(iδ +
Γ

2
)ρ̃eg −

iΩ

2
(ρ̃gg − ρ̃ee)
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Considering the atom in a steady state, the left side of the equations above can be set

to 0, and using ρ̃gg + ρ̃ee = 1, as the total probability of the atom being in any state is

1, the elements are found to be:

ρ̃ee =
1

2

Ω2

2

(Γ
2 )2 + δ2 + Ω2

2

ρ̃eg =
Ω(2δ − iΓ)

2Ω2 + 4δ2 + Γ2

ρ̃ge =
Ω(2δ + iΓ)

2Ω2 + 4δ2 + Γ2

The photon scattering rate is given by the population of the excited state multiplied by

the decay rate:

Rscatt = Γρee

Rscatt =
Γ

2

Ω2

2

δ2 + (Γ
2 )2 + Ω

2

2

Finally, using Isat = π
3
~cΓ
λ3

= 2(Ω
γ )2, the saturation intensity, and I as radiation intensity:

Rscatt =
Γ

2

I
Isat

1 + 4( δΓ)2 + I
Isat





Appendix B

Sample cleaning recipe

Steps to follow for cleaning the samples in preparation for any microfabrication steps:

1. 10 min ultrasonic bath in 10:1 solution of DI water and Galvex (Glavex can be replaced

by any strong industrial soap);

2. 10 min ultrasonic bath in DI water;

3. 10 min ultrasonic bath in acetone;

4. 10 min ultrasonic bath in DI water;

5. 10 min ultrasonic bath in isopropanol (IPA);

6. 10 min ultrasonic bath in DI water;

7. Individual DI water rinse;

8. Nitrogen blow dry;

9. 5 min ozone ash on each side of the sample. If the samples are thick they can be

placed on a side so that all surfaces dedicated towards microfabrication will be exposed

to high energy plasma for the entire duration of the ash. This last stage of the cleaning

process is presented in Figure B.1. The plasma asher used in this project is a 100 watt

40 KHz vacuum plasma generator GaLa Instrumente GmbH, model Plasma Prep 2.

After the sample cleaning is complete, all samples are placed into a vacuum oven for

continuous bake at 125 °C until fabrication begins.
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Figure B.1: Image of the samples during plasma ashing process.



Appendix C

Anodic bond recipe

The samples are mounted in the bonder according to the electrical set-up of the elec-

trodes. The glass in contact with the cathode and the silicon in contact with the anode.

Between the glass and the cathode we place a thin borosilicate glass electrode. The

steps of the process follow:

1. The samples are aligned several mm apart.

2. The tool is evacuated to a pressure between 0.1 mbar and 0.8 mbar.

3. By applying a difference of potential of at least 300 V, nitrogen plasma is generated

in the chamber. The samples are left for ashing under plasma for at least 5 minutes.

4. For achieving UHV, the turbo pump is started.

5. While the chamber pumped down in order to achieve bonding pressure, the samples

are baked at 500 °C in one hour turns. It takes at least 48 hours (depending on the

tool seal) for achieving a base pressure of 5 × 10−8 mbar. Baking the sample at high

temperatures will ensure a proper degassing.

6. Once the base pressure is achieved the system is allowed to cool.

7. Upon reaching room temperature, the samples are brought together.

8. Temperature is set to 350 °C for bonding.

9. Bonding temperature is maintained for 10 minutes to insure uniformity.
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10. The bond starts by applying a difference of potential of 750 V.

11. After the current drops to 10 % of its initial value, the bond is complete by increasing

the current to 1500 V.

For achieving a complete cell, the silicon-glass stack obtained after this first bond is

flipped and mounted in the system on the anode side. A second glass die is placed in

contact with the cathode and the steps presented above are repeated.



Appendix D

Eutectic bond recipe

The eutectic bond in this project was completed using an AML bonder-aligner as it

allows the control of the applied pressure between the samples. The tool also allows

control of the heating rate and has a dedicated plasma generator.

1. The samples are placed on top of each other and aligned inside the bonder tool.

2. The tool is evacuated to a pressure a pressure between 0.1 mbar and 0.8 mbar.

3. The plasma ring is activated and the samples are treated for at least 5 minutes.

4. A pressure of 1000 N is applied, bringing the samples in intimate contact.

5. The temperature is set to 500 °C at the highest heating rate (uncontrolled).

6. Once achieved, the bonding temperature is maintained for 1 hour.

7. After bonding time is finished, the temperature is ramped down to room temperature

values using the lowest possible rate (1 °C/min)
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Thin film deposition recipe

The first anodic bond is completed prior to any deposition, using the recipe presented

in Appendix C and cleaned once more using the cleaning procedure from Appendix B.

The stages used for achieving a thin film getter in this project are as follows:

1. Samples are masked using high temperature kapton tape or adhesive aluminium tape.

The masking is necessary to insure optical access on the side of the chamber where the

getters are being deposited on.

2. Samples and target are mounted in the sputter. For accommodating our chip-size

samples, we developed a custom mount, presented in Figure E.1.

3. The sputter coater is pumped down until a base pressure of at least 10−6 mbar is

reached. At this pressure, we can expect to have 1 Langmuir≈1 monolayer per second of

gas to be absorbed in the getter surface during deposition [10]. Nonetheless, this is not

an issue as our minimal deposition rate is 15 times large than the absorption rate, thus

this effect can be ignored.

4. Once base pressure is achieved, the temperature of the system is set to 350 °C.

5. Upon reaching the desired temperature, the krypton gas is flushed in the chamber.

The flow can be adjusted in order to maintain a constant pressure. In order to avoid the

possibility of contaminating the thin film with noble gas particles, we aim to generate

a stable plasma with the lowest possible flow rate. The value in this experiment using

krypton is 8 sccm. this results in a deposition pressure of 1×10−2 mbar.
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Figure E.1: Image of the samples placed in the custom made mount. The image is taken
after the end of the deposition process. As such, the picture also shows the masking
tapes and getter film.

6. For the same reason as in the previous stage, the aim on imprinting a high kinetic

energy to the bombarding particles. This will cause them to bounce off the substrate

upon reaching it. As such, the power used to generate the plasma is set to 200 W.

6. Deposition process start with the aim of sputtering a film of at least 500 nm thickness.

7. When the target thickness is achieved the system is cooled and the samples are placed

in a vacuum oven.

8. Prior to continuing the fabrication process, the masking is removed from the samples

and the area is gently wiped using acetone, IPA and DI water.



Appendix F

Rubidium transitions

Label Transition Detuning (MHz) Wavelength (nm)

a 85RbF = 3→ F ′ = 4 0 780.244

b 85RbF = 3→ F ′ = 3/4∗ -60.32 780.244

c 85RbF = 3→ F ′ = 2/4∗ -92.02 780.244

d 85RbF = 3→ F ′ = 3 -120.64 780.244

e 85RbF = 3→ F ′ = 2/3∗ -153.34 780.244

f 85RbF = 3→ F ′ = 2 -184.04 780.244

g 87RbF = 2→ F ′ = 3 -1126.49 780.247

h 87RbF = 2→ F ′ = 2/3∗ -1259.81 780.247

i 87RbF = 2→ F ′ = 1/3∗ -1338.28 780.247

j 87RbF = 2→ F ′ = 2 -1393.14 780.247

j 87RbF = 2→ F ′ = 1/2∗ -1471.61 780.247

Table F.1: Rubidium transitions from Figure 7.8. Transitions labelled with a ’∗’ repre-
sent crossover peaks.
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Doppler cooling limit

(alternative) [129] [66]

Atoms inside an optical molasses undergo a diffusion process characterised through the

momentum of diffusion constant:

Dp =
1

2

d 〈p2
x〉

dt
(G.1)

Considering that the atom’s random walk inside the optical molasses is generated by N

absorption-emission cycles, whilst the average value of its momentum is zero if N is a

large enough number, the average of the momentum squared is:

〈p2
x〉 = 2N(~k)2 (G.2)

If we account for both laser beams acting on the particle for a time t, then:

N = 2Rscattt (G.3)

where Rscatt is the scattering rate defined in equation 8.6. This account for a rate of

change in momentum of:
d 〈p2

x〉
dt

= 4~2k2Rscatt (G.4)
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Substituting equation G.4 and equation 8.6 in equation G.1 results in:

Dp = ~2k2Γ(
I
Isat

1 + I
Isat

+ 4( δΓ)2
) (G.5)

The temperature limit of the Doppler process is set through the balancing of the heating

rate of the absorption-emission process and the cooling Doppler effect. The heating rate

is given by:

(
dE

dt
)+ =

Dp

m
(G.6)

while the cooling rate is:

(
dE

dr
)− = Fxvx = −αv2

x (G.7)

where α is defined by equation 8.12. Considering that the total change in energy of the

particle is zero, results in:
Dp

m
− αv2

x = 0 (G.8)

therefore:

v2
x =

Dp

mα
(G.9)

Returning to the definition of velocity defined using the equipartition theorem in equa-

tion 8.3 we obtain:

T =
Dp

αkB
(G.10)

Using equation G.5 and equation 8.12 in equation G.10:

T = −
~Γ(1 + I

Isat
+ 4( δΓ)2)

8kB
δ
Γ

(G.11)

Considering δ = −Γ
2 and that I � Isat result in the Doppler limit temperature:

Tmin =
~Γ

2kB
(G.12)
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Dörscher, et al. isense: a portable ultracold-atom-based gravimeter. Procedia

Computer Science, 7:334–336, 2011.

[55] Argyrios T Dellis, Vishal Shah, Elizabeth A Donley, Svenja Knappe, and John

Kitching. Low helium permeation cells for atomic microsystems technology. Optics

letters, 41(12):2775–2778, 2016.
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[146] Andreas Plößl and Gertrud Kräuter. Wafer direct bonding: tailoring adhesion

between brittle materials. Materials Science and Engineering: R: Reports, 25

(1-2):1–88, 1999.

[147] Michael J Pollack and John Lawson. Sealed electrical feedthrough device, Jan-

uary 1 1991. US Patent 4,982,055.



BIBLIOGRAPHY 243

[148] Samuel Pollock, JP Cotter, Athanasios Laliotis, and EA Hinds. Integrated

magneto-optical traps on a chip using silicon pyramid structures. Optics Express,

17(16):14109–14114, 2009.

[149] Samuel Pollock, JP Cotter, Athanasios Laliotis, Fernando Ramirez-Martinez, and

EA Hinds. Characteristics of integrated magneto-optical traps for atom chips.

New Journal of Physics, 13(4):043029, 2011.

[150] Daryl W Preston. Doppler-free saturated absorption: Laser spectroscopy. Ameri-

can Journal of Physics, 64(11):1432–1436, 1996.

[151] David E Pritchard, Eric L Raab, V Bagnato, Carl E Wieman, and RN Watts.

Light traps using spontaneous forces. Physical review letters, 57(3):310, 1986.

[152] Jonathan Pritchard and Stephen Till. Uk quantum technology landscape 2014.

Defence Science and Technology Laboratory, DSTL/PUB75620, 2014.

[153] M Haque Razi-ul and Kensall D Wise. A glass-in-silicon reflow process for three-

dimensional microsystems. Journal of Microelectromechanical systems, 22(6):

1470–1477, 2013.

[154] Paul Aveling Redhead, John Peter Hobson, and Ernest Victor Kornelsen. Physical

basis of ultrahigh vacuum. 1968.

[155] Jakob Reichel. Microchip traps and bose–einstein condensation. Applied Physics

B, 74(6):469–487, 2002.

[156] RW Roberts. Generation of clean surfaces in high vacuum. British Journal of

Applied Physics, 14(9):537, 1963.

[157] WA Rogers, RS Buritz, and Do Alpert. Diffusion coefficient, solubility, and per-

meability for helium in glass. Journal of Applied Physics, 25(7):868–875, 1954.

[158] Ritayan Roy, Jo Rushton, Andrei Dragomir, Matthew Aldous, and Matt

Himsworth. A misaligned magneto-optical trap to enable miniaturized atom chip

systems. Scientific Reports, 8(1), 2018.

[159] Ritayan Roy, Jo Rushton, Andrei Dragomir, Matthew Aldous, and Matt

Himsworth. A misaligned magneto-optical trap to enable miniaturized atom chip

systems. eprint arXiv:1802.05525, 2018.



244 BIBLIOGRAPHY

[160] JA Rushton, Matthew Aldous, and MD Himsworth. Contributed review: the feasi-

bility of a fully miniaturized magneto-optical trap for portable ultracold quantum

technology. Review of Scientific Instruments, 85(12):121501, 2014.

[161] Jo Rushton, Ritayan Roy, James Bateman, and Matt Himsworth. A dynamic

magneto-optical trap for atom chips. New Journal of Physics, 18(11):113020,

2016.

[162] Joseph Rushton. A novel magneto optical trap for integrated atom chips. PhD

thesis, University of Southampton, 2015.

[163] I Sadaba, Colin HJ Fox, and Stewart McWilliam. An investigation of residual

stress effects due to the anodic bonding of glass and silicon in mems fabrication.

In Applied Mechanics and Materials, volume 5, pages 501–508. Trans Tech Publ,

2006.

[164] B Schmidt, P Nitzsche, K Lange, S Grigull, U Kreissig, B Thomas, and K Herzog.

In situ investigation of ion drift processes in glass during anodic bonding. Sensors

and Actuators A: Physical, 67(1):191–198, 1998.

[165] AG Schott. Schott technical glasses (physical and technical properties). Firmen-

schrift, Oct, 2007.

[166] Karl Ulrich Schreiber and Jon-Paul R Wells. Invited review article: Large ring

lasers for rotation sensing. Review of Scientific Instruments, 84(4):041101, 2013.

[167] James F Shackelford, Perry L Studt, and Richard M Fulrath. Solubility of gases in

glass. ii. he, ne, and h2 in fused silica. Journal of Applied Physics, 43(4):1619–1626,

1972.

[168] Vishal Shah, Svenja Knappe, Peter DD Schwindt, and John Kitching. Subpicotesla

atomic magnetometry with a microfabricated vapour cell. Nature Photonics, 1(11):

649, 2007.

[169] S Sharma, BP Acharya, AHNC De Silva, NW Parris, BJ Ramsey, KL Romans,

A Dorn, VLB de Jesus, and D Fischer. All-optical atom trap as a target for

motrims-like collision experiments. Physical Review A, 97(4):043427, 2018.



BIBLIOGRAPHY 245

[170] Douglas Sparks, Sonbol Massoud-Ansari, and Nader Najafi. Long-term evaluation

of hermetically glass frit sealed silicon to pyrex wafers with feedthroughs. Journal

of micromechanics and microengineering, 15(8):1560, 2005.

[171] Douglas Sparks, Jacob Trevino, Sonbol Massoud-Ansari, and Nader Najafi. An

all-glass chip-scale mems package with variable cavity pressure. Journal of mi-

cromechanics and microengineering, 16(11):2488, 2006.

[172] AM Steane, M Chowdhury, and CJ Foot. Radiation force in the magneto-optical

trap. JOSA B, 9(12):2142–2158, 1992.

[173] JK Stockton, K Takase, and MA Kasevich. Absolute geodetic rotation measure-

ment using atom interferometry. Physical review letters, 107(13):133001, 2011.

[174] Dieter Suter. The physics of laser-atom interactions, volume 19. Cambridge Uni-

versity Press, 1997.

[175] Masao Takamoto, Feng-Lei Hong, Ryoichi Higashi, and Hidetoshi Katori. An

optical lattice clock. Nature, 435(7040):321, 2005.

[176] John A Thornton. Influence of apparatus geometry and deposition conditions on

the structure and topography of thick sputtered coatings. Journal of Vacuum

Science and Technology, 11(4):666–670, 1974.

[177] Michael Trupke, Fernando Ramirez-Martinez, EA Curtis, JP Ashmore, S Eriksson,

Edward A Hinds, Zakaria Moktadir, C Gollasch, Michaël Kraft, G Vijaya Prakash,
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Abstract: The stabilization of lasers to absolute frequency references is a fundamental re-
quirement in several areas of atomic, molecular and optical physics. A range of techniques are
available to produce a suitable reference onto which one can ‘lock’ the laser, many of which de-
pend on the specific internal structure of the reference or are sensitive to laser intensity noise. We
present a novel method using the frequency modulation of an acousto-optic modulator’s carrier
(drive) signal to generate two spatially separated beams, with a frequency difference of only a
few MHz. These beams are used to probe a narrow absorption feature and the difference in their
detected signals leads to a dispersion-like feature suitable for wavelength stabilization of a diode
laser. This simple and versatile method only requires a narrow absorption line and is therefore
suitable for both atomic and cavity based stabilization schemes. To demonstrate the suitability of
this method we lock an external cavity diode laser near the 85Rb 5S1/2 → 5P3/2 , F = 3→ F′ = 4
using sub-Doppler pump probe spectroscopy and also demonstrate excellent agreement between
the measured signal and a theoretical model.
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1. Introduction

Frequency stabilization of a laser to a known reference is a common requirement in a number of
applications, such as atomic laser cooling, absorptive sensing and precision spectroscopy. The
most stable frequency references are atomic transitions and numerous techniques exist to obtain
a suitable ‘error signal’ which can be electronically fed back to the laser to correct for frequency
drift. Effective methods include frequency modulation spectroscopy (FMS) [1], dichroic atomic
vapour laser lock (DAVLL) [2], polarization spectroscopy (PS) [3] and modulation transfer
spectroscopy (MTS) [4]. All of these can be used with sub-Doppler pump-probe methods to
obtain very effective stabilization signals. In many cases one would prefer to avoid modulated
sidebands on the laser spectrum and so there is interest in modulation-free spectroscopy, or
techniques in which the modulation is confined to the spectroscopy system. The available
techniques can be separated into two distinct methods: phase-detection spectroscopy (as used in
FMS and MTS) which detects variation in the phase relationship between modulation sidebands
on different sides of an absorption feature, and frequency differential spectroscopy (found in
DAVLL and PS), where two absorption spectra separated (spatially, temporally, or both) with a
frequency shift are subtracted to generate the error signal.

While both DAVLL and PS are very effective, they produce the differential frequency shift
using the internal structure of the atoms under investigation. This may not always be practical to
access in a species where the electronic structure is not suitable or where one wishes to stabilize
to a non-atomic reference. DAVLL achieves the shift via the Zeeman effect, and polarization
spectroscopy through optical pumping; both measure the offset spectra via orthogonal polariza-
tion states and balanced detection provides common-mode rejection - greatly reducing the effect
of laser intensity noise on the spectra. We present an alternative spectroscopic method that uses
the balanced detection between two spatially- and frequency-separated laser beams to provide a
dispersion-shaped signal across an absorption feature. These beams are produced via the carrier
modulation of an acousto-optic modulator’s (AOM) drive frequency. We demonstrate an example
application of the method using sub-Doppler pump-probe spectroscopy of rubidium (Rb) vapour
as a wavelength reference, but this versatile technique can be applied to any spectroscopic feature
of appropriate width.

2. Carrier frequency modulation of an acousto-optic modulator

In laser cooling experiments, it is common to use AOMs to switch trapping and optical-pumping
beams on and off within short timescales and to provide a tunable frequency offset. An AOM
introduces an angular deviation of the optical path and is capable of providing several deflected
beams which are frequency shifted from the zeroth-order by harmonics of the AOM’s carrier
frequency. Several schemes [5,6] have been proposed to use AOMs to produce dispersion-shaped
spectroscopic features, all using the differential method between the various diffracted orders
or involving multiple AOMs. It is understood that to obtain a well-resolved locking signal, the
frequency difference between absorption spectra should on the order of the width of the feature
of interest. Additionally, the smaller the frequency difference, the steeper the error signal gradient
and therefore the better-resolved the reference.

Commercial AOMs can be found with operating frequencies of several tens to hundreds of
MHz, and for many applications this combination of parameters leads to a large capture range
and good stability. The most demanding stabilization, however, requires locking to a very narrow
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Fig. 1. Diffraction of a laser beam through the AOM in a) normal operation with a drive
frequency f0 and b) with the drive signal modulated at fmod .

absorption feature with a linewidth of a few MHz or below and so the frequency offset between
diffracted orders in the AOM system (equal to n × f0 where n is the order index and f0 is
the AOM carrier frequency) is far too large. Typically, AOMs are operated with a single drive
frequency but if this carrier is modulated it provides sidebands on the diffracted beam with a
bandwidth of a few tens of MHz. This method can be an economic alternative to electro-optical
modulation (EOM) to produce frequency sidebands and has been used as to replace EOMs in
modulation transfer spectroscopy [7]. This ‘carrier modulation’ is a simple method to generate
spatially- and frequency-separated spectroscopic probe beams, which may be detected in a
balanced manner and subtracted electronically to obtain the necessary error signal. For our
application, we see the common mode rejection and simplicity of the optical and electronic
set-up as attractive properties of this apparatus.

The angle of divergence between the 0th and 1st diffracted order from an AOM driven with a
carrier frequency f0 is given by [8]:

θ =
f0λ
vg

,

where λ is the wavelength of the incident beam and vg is the acoustic velocity in the AOM crystal.
If the AOM is driven by two frequencies with a difference of 5 MHz, the angular separation of
the beams would be '0.05◦ (for λ = 780 nm and using a TeO2 crystal with vg = 4200 m/s along
the (110) plane [9]). While these diverging beams may be picked off and directed onto individual
balanced detectors, a segmented photodiode may be more convenient when monitoring beams
with small separations. For a typical quadrant photodiode with segments separated by a 200 µm
gap, the optical path length from AOM to detector must be at least 230 mm in order for more than
half of each beam spot to fall on the correct segment. This length scale is generally acceptable
for most experiments. The distinction between the carrier (drive) frequency and the sidebands
produced by modulation of the Vtune signal is presented in Fig. 1.

The signal strength for small separations is equal to the difference in overlap of the beam
widths, δx, on the detector. Assuming a Gaussian beam shape the signal as a function of frequency
shift ∆ is proportional to:
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Imin (∆) = I0

(
1 − exp

[
−

(
f0λ∆

2vgδx

)2
])

,

where I0 is the maximum optical intensity. The upper bound in frequency would be defined
by the AOM analog modulation bandwidth, the size of the detector or both. The former is a
fundamental boundary and is dependent on the 1/e2 beam width within the AOM, d:

Imax (∆) = I0 exp
[
− 1

8

(
πd∆
vg

)2
]
.

3. Experiment

The laser source used is a 780 nm external cavity diode laser (ECDL) based on established
designs [10, 11] which we use for laser cooling of atomic rubidium and, therefore, must be
locked precisely to a given electronic transition (specifically 85Rb D2(5S1/2 → 5P3/2)) to better
than 1 MHz. Figure 1 shows the layout of the spectroscopy system. An acousto-optic modulator
(Gooch & Housego FS310-2F-SU4), with a center carrier frequency f0 = 310 MHz, is aligned
in the Bragg regime such that only a single diffraction order is produced. Note that the choice
of AOM carrier frequency is arbitrary here, and that similar results were also produced using
an AOM operating at 80 MHz; the only practical difference being the corresponding AOM
modulation bandwidths.

One may produce the necessary RF fields either by modulating the carrier or by using two
distinct carrier frequencies (at f0 ± ∆). Both methods produce similar results and all of the
following data was obtained using the former method by simply modulating the tuning port of
a voltage controlled oscillator (VCO) to produce the RF sidebands. We apply a square-wave
RF signal to the VCO (Mini-Circuits ZX95-330-S+) tuning port using a bias tee (Mini-Circuits

ECDL 

Inst. amp

QPD vapour  

cell

line-

CCD

Bias-T

VCO

Function 

generator

AOM
750mm

150mm
/2

/4
ND

CYL

Fig. 2. The spectroscopy apparatus. The beam from an external cavity diode laser is col-
limated, isolated and focused through a 310 MHz acousto-optic modulator (AOM). This
is driven by an amplified voltage controlled oscillator (VCO). The VCO is tuned with a
square wave modulation combined with a DC offset using a bias-tee. The multiple diffracted
beams from the AOM are passed through a retro-reflected Doppler-free spectroscopy system
including a neutral-density (ND) filter and half- and quarter-waveplates (λ/2, λ/4). The
retro-reflected signal can either be obtained using polarizing optics, or via back-reflection
through the AOM and simplifying the apparatus. The beam shape is also monitored us-
ing a line scan CCD (Thorlabs LC1-USB). The final detection is achieved on a quadrant
photodiode (QPD) after concentration of the sideband beams by a cylindrical lens (CYL).
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ZX86-12G+). The VCO output is then amplified to 27 dBm (Mini-Circuits TVA-11-422) and fed
to the AOM. By modulating the tuning pin of the VCO, ∆ is defined by the modulation amplitude,
not the frequency fmod , with a dependence of ∼ 9 MHz/V (dependent on VCO model). The
modulation frequency fmod need only lie within the bandwidth of the VCO tuning port and
results in a modulation ‘noise’ in the detected signal which must be filtered out. The use of
two distinct drive frequencies avoids this noise but requires a dedicated waveform generator to
maintain the frequency difference between the components. The resulting pair of beams are then
collimated and passed through a sub-Doppler pump-probe apparatus as shown in Fig. 2 and also
directed onto a line-scan charge-coupled device CCD (Thorlabs LC1-USB) for characterization.
For simplicity we use the retro-reflected pump-probe configuration with the probe beam picked
off by polarization optics.

The two beams are detected using a quadrature photodiode (QPD, Centronic QD7-5T), with
two quadrants on each side summed together individually, before subtraction of the pairs to
generated the differential signal. We focus the beams onto the detector using a cylindrical lens,
oriented to increase optical capture on the sensing region without the reduction of spot separation
associated with lateral focusing. The QPD sections are individually biased and the output of
two horizontal sections are subtracted using an instrumentation operational amplifier with 20 dB
gain, before passing through a 100 kHz low-pass filter: this is mandatory in order to eliminate
systematic noise introduced by the VCO tuning pin modulation frequency. As the modulation
frequency has little effect on the spectra one can choose a combination of filter and modulation
frequency to suit the stabilization circuit bandwidth.

4. Results

An example of sub-Doppler spectra detected by each half of the QPD are shown in Fig. 3,
recorded by zeroing the input of each into the instrumental amplifier in turn. The horizontal axis
has been scaled using the known frequencies of each absorption peak fitted using a 4th order
polynomial to mitigate non-linearity of the piezoelectric scan. We also plot the direct subtraction
of the absorption spectra without using the instrumentation amplifier, where the subtracted signal
is very similar to an FMS or PS spectrum. The signal to noise ratio of the subtracted data is
much higher because any intensity noise in the laser is common-mode to both beams and thus
subtracted with the high bandwidth (2 MHz) instrumentation op-amp. We find that the subtracted

Fig. 3. Absorption spectra (blue and green curves) from each half of the QPD and (red curve)
the associated error signal derived from them.
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signal is remarkably insensitive to variations in the laser power, other than changing the overall
signal strength around zero.

We have explored varying both the dither frequency, amplitude, and waveform shape. We
find very little variation between sine and square waves, except at high frequencies where
sinusoidal modulation causes less distortion in the final signal due to the tuning pin bandwidth
filtering the higher modes of the square wave. Modulating with a sinusoidal signal produced
beam profiles with an inferior resolution, as shown in Fig. 4. With modulation frequencies up
to 5 MHz we see negligible variation in the spectra for both modulation waveforms. There is
a slightly greater deflection in the square wave modulation due to the higher amplitude of its
first Fourier component compared to that of the sine wave. This is more apparent at higher
modulation amplitudes at which higher Fourier components experience greater filtering by the
AOM bandwidth.

Figure 5(a) shows the variation with sideband separation (proportional to modulation ampli-
tude), from 2.5 MHz to 20 MHz together with a prediction, shown in Fig. 5(b), using a theoretical
model with no free parameters [12]. The optimum lineshape, where the error signal is most linear
across resonance is found around 8-12 MHz sideband separation for the 85Rb transitions group,
which is close to the saturated linewidth. The 87Rb group exhibits a much lesser dependence of
linearity on modulation frequency, but the error signal produced still has the largest gradient
when in the 8-12 MHz range. This is the saturated linewidth of the sub-Doppler absorption
features used (which is slightly broader than the natural linewidth), as expected from the theoret-
ical model. At lower separations the smaller differences between spectra significantly weaken
the derived signal, and at higher frequencies the separations are greater than the sub-Doppler
linewidths so the different absorption and cross-over peaks begin to overlap.

To test the suitability of this technique for laser stabilization, the AOM-derived error signal was
supplied to a proportional-integral-derivative (PID) controller which in turn fed back to the laser
diode current and the piezo-mounted external grating. A parallel DAVLL setup using the same
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Fig. 4. The beam shape of the first order diffracted beam with different modulation modes,
measured using a line-scan CCD. The upper dashed traces are produced using a sine-wave
modulation of the VCO tuning voltage, the lower solid traces used a square-wave modulation.
The legend indicates the modulation voltage used (at 9 MHz/V), as well as the resulting
angular deviation produced, for each trace. The square-wave spectra show more power in
the sidebands compared to the sinusoidal modulation because the tuning voltage does not
have a significant carrier component (310 MHz at 0◦ in this demonstration).
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(a) (b)

Fig. 5. Measured error signal at the detector for different modulation frequencies (a) com-
pared to a numerical model with no free parameters [12] (b). In our system the optimum
regime in both cases is in the vicinity of 10 MHz.
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Fig. 6. a) Absorption spectrum and error signals used in the time-domain analysis. The
vertical offsets of the signals are for clarity only, and the black line represents a pseudo-linear
fit to the locking region, with an approximate gradient of 0.42 mV/MHz. b) Data showing
performance of the laser system across two separate 25-minute runs, with the AOM system
in free-running (FR) and stabilized (L) mode. The final drifts are ∆ fFR = 54 ± 3 MHz and
∆ fL = 0.66 ± 2 MHz (r.m.s.).

laser was used to characterize the long-term drift of the laser locked using this technique [13].
The DAVLL signal, which in our case is only sensitive to the Doppler-broadened spectral features,
was frequency shifted by a further AOM such that the zero-crossing in its own error signal was
found very close to the center of the reference transition (a crossover resonance in the vicinity
of 85Rb 5S1/2 → 5P3/2 , F = 3 → F′ = 4). This provided a diagnostic signal proportional to
any drift, even if the system was far off-resonance. An overview of the spectra during a single
laser sweep is shown in Fig. 6(a), which includes a saturated absorption spectrum alongside the
modulated AOM and DAVLL error signals.

The drift of the ECDL system was measured over 25 minutes in both free-running and locked
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Fig. 7. Variation of the demodulated error signal with the VCO modulated with a square
wave at 3 MHz as the sideband separation is swept from 9 to 27 MHz.

modes of operation, as shown in Fig. 6(b). The maximum drift in DAVLL signal indicates
the free-running laser naturally drifts on the order of 13 ± 3 MHz during the 25 min recorded
period (' 50 MHz per hour) which is comparable to the stability of similar lasers tested in
the literature [14]. Once the laser is locked there is no significant drift with a r.m.s. frequency
variation of 0.66 MHz, which is approximately equal to the laser linewidth [15]. The lock remains
remarkably secure, even within a noisy laboratory environment and with vibration of the optical
breadboard.

4.1. Application to frequency modulation spectroscopy

Although we have focused on differential methods to obtain the error signal, the use of a
modulated tuning voltage of the VCO offers an interesting version of frequency modulation
spectroscopy. In generating the two 1st-order beams we modulate the VCO with a waveform
whose amplitude defines their frequency separation, and the frequency of the modulation is
essentially a noise source which is filtered out. However, if a single detector is used and we
demodulate at the same frequency with which the VCO tuning port is driven, then we find
that it is possible to produce a FMS error signal whose sideband frequency is decoupled from
the demodulation frequency. Figure 7 shows a selection of spectra with a constant modulation
frequency but a variable sideband separation (via the tuning port modulation amplitude). The
signal strength of FMS spectra typically reduces at higher modulation frequency with narrow
absorption features [16], however one requires the modulation frequency to be above the noise
bandwidth of the laser (typically below 1 or 2 MHz for a external cavity diode laser). Therefore
it may be of interest to exploit this element of the technique if a specific sideband separation,
independent of the demodulation frequency, is required.

5. Discussion

We find the modulation frequency of the VCO tuning port to have little effect on the spectra in
the range 200kHz to 5MHz: an operating range determined by the overlap in the bandwidths
of the bias tee and the VCO tuning. The use of square or sinusoidal modulation waveshapes
also has little effect on the spectra other than changing the sideband separation, however the use
of square waves allows one to alter the duty cycle of the modulation and thus produce small
frequency offsets from the absorption reference.

 
                                                                          Vol 25, No. 11 | 29 May 2017 | OPTICS EXPRESS 12837

 
                                                                          Vol 25, No. 11 | 29 May 2017 | OPTICS EXPRESS 12837



One weakness of the technique proposed here is its sensitivity to fluctuations in the pointing
direction of the beam emerging from the AOM caused by pressure fluctuations in the laboratory,
since the ratio of optical intensities falling on each detector segment may vary, thus producing a
change in the DC offset. Beyond shielding the apparatus, the presence of the focusing lens in
front of the detector (at a distance less than its focal length) serves to mitigate this by reducing
the beam spot size on the detector in comparison to the sensor area.

Since the VCO in our apparatus is not stabilized to the AOM’s center frequency, any slow
drift results in a variation of power in each beam and thus a drift in the error signal’s DC offset.
Therefore, for long term stabilization a precision voltage reference is necessary, or a second QPD
can be used to monitor the power in each beam, feeding back to stabilize the VCO (in much the
same manner as the spectroscopic signal is used to stabilize the laser).

The apparatus can be made more compact if one discards the beam-splitting cube and allows
the retro-reflected probe beam to pass back through the AOM after which its undeflected
component may be focused on the QPD.

6. Conclusion

A new method for wavelength stabilization of a laser diode has been demonstrated that depends
on the carrier modulation of the AOM drive frequency to provide spatially and spectrally
separated sidebands. These are used to jointly probe an absorption feature and the difference
in the detected signals produced an error signal suitable for locking. A simple RF electronic
system was also presented to produce the correct RF drive signal via the modulation of a VCO
tuning port. An advantage of this method is its insensitivity to laser intensity noise, background
electrical or magnetic fields, and optical polarization. Therefore it is suitable for both atomic and
cavity wavelength references, especially where narrow absorption features are required for the
highest precision. The technique was used to lock an external cavity diode laser to a sub-Doppler
absorption line in rubidium and the measured stability, at one part in 109, is suitable for cold
atoms experiments.
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A misaligned magneto-optical trap 
to enable miniaturized atom chip 
systems
Ritayan Roy  1,3, Jo Rushton1, Andrei Dragomir1, Matthew Aldous2 & Matt Himsworth1

We describe the application of displaced, or misaligned, beams in a mirror-based magneto-optical trap 
(MOT) to enable portable and miniaturized atom chip experiments where optical access is limited to 
a single window. Two different geometries of beam displacement are investigated: a variation on the 
well-known ‘vortex-MOT’, and the other a novel ‘hybrid-MOT’ combining Zeeman-shifted and purely 
optical scattering force components. The beam geometry is obtained similar to the mirror-MOT, using 
a planar mirror surface but with a different magnetic field geometry more suited to planar systems. 
Using these techniques, we have trapped around 6 × 106 and 26 × 106 atoms of 85Rb in the vortex-MOT 
and hybrid-MOT respectively. For the vortex-MOT the atoms are directly cooled well below the Doppler 
temperature without any additional sub-Doppler cooling stage, whereas the temperature of the hybrid-
MOT has been measured slightly above the Doppler temperature limit. In both cases the attained lower 
temperature ensures the quantum behaviour of the trapped atoms required for the applications of 
portable quantum sensors and many others.

Progress in science and technology over the last decades has shown that miniaturization and integration can lead 
to robust applications of fundamental physics, be it the miniaturization of electronics by integrated circuits or in 
optics in terms of micro-optical devices and sensors. In atomic physics, atom chip experiments based on neutral 
atoms or ions are starting to be realized in similar scalable quantum-optical systems. An atom chip, at its most 
basic, is a substrate with microfabricated conductors which produce magnetic and electric fields that can be used 
to trap and manipulate atoms and ions. Atom chips enable highly sophisticated experiments to be condensed into 
areas on the order of a few square centimetres and readily lend themselves to the miniaturization and integration 
of cold atom systems for practical applications beyond the laboratory.

The concept of creation of magnetic traps using micro-structured chips was proposed by Weinstein et al.1. 
There followed developments with discrete wires2–6 and permanent magnets7–10, but the first successful realization 
of a trap on an atom chip is by Reichel et al.11 and Folman et al.12 using a technique called the mirror-MOT. The 
beam geometry of the standard mirror-MOT is not ideal for future microfabricated vacuum cells which have 
limited optical access due to the beam propagating parallel to the mirror surface13,14. There are various schemes 
to create a MOT within small volumes15–18, however they require complex and expensive microfabrication proce-
dures and several of these designs are not easily compatible with planar atom chip structures.

Recently, to solve the above limitations, a novel switching-MOT technique (S-MOT)19 was reported which 
relies on the synchronized dynamic switching of magnetic and optical fields. In this scheme, the magnetic fields 
are produced solely from conductors in a single plane, and all beams are incident on the mirror at 45° thus only 
requiring a single viewport. To simplify the S-MOT technique further, we have investigated how it would be 
possible to make a MOT without the switching of the optical and magnetic fields whilst retaining the same advan-
tages. Here, we demonstrate two MOT techniques based on a DC magnetic field with displaced MOT beams 
which are referred to as the vortex-MOT and hybrid-MOT. The vortex-MOT, which is formed by displacing the 
MOT beams in a vortex pattern (see Figs 1(b) and 3(d)), is in a similar vein to an earlier demonstration20 but 
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adopted for a single optical window. In contrast, the novel hybrid-MOT (Figs 1(c) and 3(d)) technique is cre-
ated by an elegant balancing between the trapping forces created via pure optical scattering and Zeeman-shifted 
resonances.

Theory
The S-MOT is based around a quasi-quadrupole magnetic field produced by two orthogonal pairs of separated 
conducting wires. The aim is to find an alternative planar geometry, other than anti-Helmholtz coils, to produce 
the correct field gradients, in much the same manner as in Wildermuth et al.21, but avoiding any external bias 
fields. The lack of rotation symmetry of this geometry resulted in an axis over which no trapping will occur, as 
shown in Fig. 1(a), and so our effort with the S-MOT, and this report, is to explore methods to close off this loss 
channel.

During experimentation of the S-MOT, it was noticed on several occasions that a dense cloud of atoms would 
form when all optical and magnetic fields are static and the beams are not perfectly aligned. Obtaining the cloud 
is surprisingly trivial as it would form quite readily, and significant effort was employed to avoid it whilst demon-
strating the separate S-MOT mechanism. The range of operational parameters over which the static trap worked 

Figure 1. Analytical simulations of the restoring force vectors (blue arrows) on a stationary atom in the xy 
plane. The axes are in units of (1/e2) beamwidth. The red arrows indicate the direction of the beams incident 
at 45° along the z axis out of the page. The tips of the red arrows signify the point of reflection on the mirror 
surface. In (a) there is no misalignment resulting in no restoring force along the diagonal highlighted with a 
dashed line. By misaligning the beams shown in (b) the beams produce a vortex-like restoring force, whereas 
swapping the beams propagating in the y direction results in the ‘hybrid’ restoring force (polarizations remain 
unaltered). The separations between beams along the x and y axes the beams are Δx and Δy, respectively and are 
always symmetrical along the line of zero magnetic field at x = −y = 0.

Figure 2. Comparison between the simple derivation (Equation 4, solid data points) and the full model (open 
data points) for the asymmetry of the trapping force in the hybrid MOT geometry as a function of beam 
separation with various trap parameters. The full model calculates the scattering force on a multilevel atom and 
accounts for saturation effects, beam parameters (shape, geometry and polarization) and an accurate simulation 
of the real magnetic field geometry. It does not assume a specific trapping mechanism and we have found it very 
reliable for a number of trap configurations. The plot calculates the asymmetry, A = (∂uF − ∂vF)/(∂uF + ∂vF) 
between the force gradients ∂u,vF along the u and v axes (diagonal to the x, y coordinate scheme). The simple 
model only predicts the optimum separation where the forces are equal and A = 0. We see remarkable 
agreement and further analysis confirms that the separation is independent of beam intensity. For an accurate 
prediction the magnetic field gradient used in Eq. 4 needs to be that found along the diagonal, not along the 
beam direction. At asymmetry values |A| ≥ 1 the trap is not stable.
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(alignment, polarization, beam intensity, detuning) ruled out a coherent argument for a single mechanism, but 
we believe most effects can be explained via two methods reported here. These trap geometries differ only via a 
small displacement on one pair of counter-propagating beams (see Fig. 1), however their principles of operation 
have a far greater disparity. We note that for both mechanisms, as well as the S-MOT, trapping and cooling in the 
z direction, orthogonal to the mirror, occurs via the usual (Zeeman-shifted) MOT mechanism, and we are only 
concerned here with obtaining trapping in the xy plane above the mirror.

Vortex-MOT
In this geometry, shown in Fig. 1(b), each counter-propagating pair of beams are displaced by the same distance 
perpendicular from the incident plane, but in orthogonal directions. For example, the beam propagating in the 
[+x, +z] plane is displaced by a small distance along the +y axis, whereas the beam propagating along the [−x, 
+z] plane is displaced along −y. The resulting restoring force is not directed toward the trap center but instead 
follows a curl around the center - like a vortex - producing a torque on the atomic cloud. Traps operating in a sim-
ilar manner, albeit not involving a mirror, have been demonstrated several times in the literature, and this mech-
anism is responsible for ‘race track’ patterns occasionally formed during the alignment of standard MOTs22,23. We 
will not discuss the theory here, as this has been thoroughly explored in the literature24–26. For trap parameters in 
which the cooling and restoring forces are greater than the vortex torque, the atoms will spiral in toward the trap 
center forming a spherical cloud. This is typically achieved when the beam separation, Δ, is less than the (1/e2) 
beamwidth, ρ, and is the parameter space this report explores. For weaker traps, greater atom number, and/or 
larger separations the cloud will begin to form rings around a small central cloud, or solely ring-shaped clouds.

Hybrid-MOT
The hybrid mechanism is so-called as it encompasses both the usual Zeeman-shift dependent restoring force of 
the MOT (which we refer to as the ‘Zeeman’ force) along one direction, and the purely optical scattering force 
along the orthogonal direction (referred to as the ‘Optical’ force). In the latter case, by displacing the beams by a 
small amount symmetrically away from the trap center, an atom traversing the beam overlap volume experiences 
a variation in intensity between the two beams. The Gaussian beam-shape results in a local scattering minimum 
at the trap centre and results in a fully restoring force, as shown in Fig. 1(c). This mechanism was described in the 
earlier discussions within the literature of trapping via the scattering force27 and is related to the ‘two-beams-trap’ 
in which both the intensity and wavevector varies across the trap. To achieve a compact and spherical cloud of 
trapped atoms, the Optical and Zeeman force gradients must be balanced at the trap center. To find the optimum 
separation of the beams we simply model the Optical force as two equal and opposite Gaussian beams, with 1/e2 
diameter, ρ, separated by Δ/2 from the trap center. Here, we shall use the [u, v] coordinate system to define the 
orthogonal axes in which the Zeeman and Optical force act independently to simplify the model. In relation to 
Fig. 1(c), the u axis corresponds to the diagonal marked by the dashed line where there is no magnetic field gra-
dient, and v is orthogonal to this
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where k is the beam wavevector, Γ is the natural linewidth, δ is the detuning from resonance (assumed negative 
for cooling), and S is the saturation power. This equation can be simplified to a linear function in u,
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where g is the Landé g-factor, μB is the Bohr magneton, and dB
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 is the magnetic field gradient. We have assumed 
throughout that the beam intensities do not saturate the transition, so that the beams can be treated inde-
pendently, however we find that saturation effects are negligible for intensity-balanced beams. By equating equa-
tions 2 to 3 with |u| = |v|, and solving for Δ we find the optimum separation:



αρ δ µ
∆ =

−

Γ




+




δ
Γ( )

g dB
dv1

,

(4)

B
2

2 2 2

where α is a geometrical factor which takes into account the increase in apparent beamwidth due to the incident 
angle and any variation in separation due to off-axis alignment. For this work in which the [u, v] axes are at 45° to 
the [x, y] axes, α = 1/ 2, and the beamwidth along u remains unaltered from ρ. Equation 4 is valid for Δ ≤ |0.5ρ|, 
within which the Optical and Zeeman forces are approximately linear. As expected, this separation is highly 
dependent on beam width, as well as detuning, but independent of the beam intensity as both Optical and 
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Zeeman forces are mediated by photon scattering and the saturation parameter, S, cancels out. We have confirmed 
this with a more detailed analytically model and have compared the prediction of equation 4 for a number of 
different trap parameters, such as detuning, beam size, and magnetic field gradients. The results are shown in 
Fig. 2. Independence from beam intensity is only true for near perfect balancing between counter-propagating 
beams. The full model does not assume any specific trapping mechanism other than the scattering force and was 
used to calculate the force patterns in Fig. 1, altering only the beam misalignments.

An important aspect to note is the beam displacements should always be perpendicular to the beam wavevec-
tor in the xy plane. From analytical simulations we have found that any misalignment along the wavevector plane 
causes an imbalance of beam intensity orthogonal to the mirror plane, z, thus shifting the trap center out of the 
beam overlap volume. This dependence also requires a high level of power balancing between each beam. The 
vortex-MOT is experimentally easier to produce as the atom cloud forms within a wide range of beam misalign-
ments, even where the x and y displacement are not the same. The hybrid mechanism is far more sensitive to the 
beam separation. For example, in our system, the 7.9 mm diameter beams should be displaced by Δ = 0.5 mm, 
which is quite challenging, with a limit of trapping at Δ < 1 mm after which the Optical force overcomes the 
Zeeman force, as shown in Fig. 4. The sensitivity to misalignment increases with larger detunings and lower mag-
netic field gradients, and decreases for larger beams. Experimentally we expect the misalignment to slightly differ 
from the theoretical value due to intensity imbalances and polarization imperfections.

Methods
The laser setup for the experiment is shown in Fig. 3(a). A home-made external cavity diode laser (ECDL) pro-
vides the cooling light, which is frequency stabilized to the 52S1/2, F = 3 → 52P3/2, F′ = 4 cooling transition of 85Rb 
via modulation transfer spectroscopy (MTS)28,29. The beam from this cooling laser is combined with another 
beam from a similar ECDL, the repump laser. The combined beams are used to seed a tapered amplifier (TA, m2k 
TA-0785-2000-DHP), whose output is cleaned by passing through a single-mode fibre. A portion of the TA’s out-
put is directed onto a fast photodiode (EOT ET-4000) and the resulting beat note is used to offset lock the repump 
from the cooling laser by the method described by J. Appel et al.30.

The cooling laser is detuned from the 85Rb cooling transition using acousto-optical modulators (AOMs). A 
detailed description of the optical setup is provided in the thesis of J. Rushton31. The combined cooling and 
repump beams are then sent to the MOT chamber using a non-polarization-maintaining optical fiber. At the 
other end of the fiber the beams are further cleaned with a spatial filter before being expanded to a 1/e2 diameter 
of ρ = 7.9. The beam is then distributed equally (in power) into four parts using three polarizing beam splitters 
and directed into the ultra-high vacuum (UHV) chamber with an incident angle of 45° to the mirror surface. The 
chamber has a single anti-reflection coated viewport and is maintained at a pressure of 2 × 10−9 mbar as measured 
from the lifetime of the trapped atoms32.

Figure 3. (a) The schematic of the optical setup used to generate the cooling and repump lasers for the MOT. 
(b) The side view of the vacuum chamber with imaging optics. The MOT geometries enables an increased 
imaging capability, as a large solid angle devoid of lasers is available for detection optics. For simplicity only one 
pairs of beams are shown. (c) The beams are cleaned with a pinhole and separated before being directed into 
the vacuum chamber. (d) A diagram of the wires used to generate the quadrupole field for the vortex-MOT and 
hybrid-MOT are shown, in addition to the beam displacements and their directions.
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The quasi-quadrupole magnetic field is generated by two parallel pairs of wires, where both pairs carry current 
in the same direction and are situated inside the vacuum chamber. Each pair produces a two-dimensional approx-
imation to a quadrupole magnetic field with a field zero equidistant between the wires. The addition of another 
perpendicular pair of wires does not produce a full 3D quadrupole magnetic field, only a 2D gradient rotated by 
45° around the axis orthogonal to the mirror plane (see Fig. 1(a)). In effect, one could simplify the system further 
with a single pair wires to create the same field geometry.

An iris is used to reduce the beam diameter from 7.9 to 0.8 mm only for the alignment of the displaced beams. 
With the aid of fluorescence and the scattering of the beams from the mirror surface, the separation of the beams 
are measured to an accuracy of ±0.2 mm. To demonstrate the vortex-MOT, one pair of beams is displaced around 
Δx = 1.3 mm from the intensity maxima where as the other pair Δy = 1.0 mm. In the hybrid-MOT configuration, 
one pair of beams are separated by Δx = 0.7 mm and the other pair by Δy = 0.5 mm. The alignments are chosen 
to maximise the atom number and produce the most spherical cloud of atoms, hence the slight asymmetry, but 
agree with the theoretical optimum displacements within their uncertainty. We suspect these differences are due 
to slight intensity imbalances of the beams which can have a significant effect at differences of a few percent. The 
effect of the residual magnetic fields, such as the unshielded ion pump, is reduced with 3 external nulling coils.

With the atom cloud situated close to the viewport, a large solid angle devoid of lasers is possible for the fluo-
rescence detection. Exploiting the favourable detection condition, as shown in the Fig. 3(b), we obtain a numer-
ical aperture (NA) of ~0.6 using an aspheric condenser lens (Thorlabs ACL5040U-B). The details about the 2D 
quadrupole magnetic field generation is provided in the article19 and the whole experimental setup is summarized 
in Fig. 3. The quadrupole field gradient is estimated to be 9 G/cm along the x and y axes.

Results
In order to characterize the behaviour of the vortex-MOT, the temperature and the number of trapped atoms 
are measured as a function of the total MOT beam power and the detuning of the cooling laser from the 85Rb 
cooling transition. The total MOT beam power consists of the cooling and repump beams in 4.5:1 ratio respec-
tively, which are equally distributed among four MOT beams at 45° to the mirror surface. For the hybrid-MOT 
the temperature and the atom number are measured only as a function of the total MOT beam power, keeping 
the detuning of the cooling laser fixed at −1.5 Γ from the 85Rb cooling transition. This is due to its sensitivity to 
alignments and detuning hence only a single configuration is used to compare with the vortex-MOT. The atom 
number and temperature measured for the vortex-MOT and hybrid-MOT are shown in the Figs 4 and 5 respec-
tively, for comparison.

The atom number for both the MOTs are measured by the well known loading rate technique32. For this 
measurement, the camera (Fig. 3(b)) is replaced with a photodiode (Thorlabs PDA36A) for the detection of flu-
orescence signal. The vortex-MOT is loaded for around 3.3 seconds till the atom number is constant. The mean 
atom number of 10 such measurements represents a single datapoint in the Fig. 4(a). The maximum atom number 
of around 6 × 106 is observed with a red-detuning of −1.5 Γ from the cooling transition and with the maximum 
available total power of 20 mW. We have repeated the hybrid-MOT atom number measurement same way as 
the vortex-MOT, but with the optimum detuning of −1.5 Γ from the cooling transition and the maximum atom 
number of around 26 × 106 is observed. This was due to the difficulty in obtaining a stable spherical cloud in the 
hybrid configuration for other detunings. This agrees for the increased sensitivity to alignments and power imbal-
ances as shown in Fig. 4, although lower detunings should significantly increase the optimum beam separation. 
The full model also predicts this effect but it was difficult to replicate experimentally. We suspect this to be due 
to instabilities and imperfections in the apparatus, such as interference fringes, when exploring this parameter 
space, and not the inaccuracies of the theory. The dependence of the atom number on cooling beam detuning for 

Figure 4. The number of trapped atoms for the vortex-MOT is measured as a function of the total MOT beam 
power and the red detuning of the cooling laser beams from the 85Rb cooling transition. For the hybrid-MOT 
the atom number are measured as a function of the total MOT beam power, keeping the optimum red detuning 
of the cooling laser beams at −1.5 Γ from the 85Rb cooling transition. (a) The mean atom number in the vortex 
and hybrid-MOT as a function of the MOT beam power. (b) The mean atom number of the vortex-MOT as a 
function of the cooling beam red-detuning.
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the vortex-MOT is shown in the Fig. 4(b). The vortex-MOT cloud size is consistently larger than hybrid-MOT, 
with average 1/e2 diameters of approximately 420 μm and 380 μm respectively. This results in a peak atom number 
density for the vortex-MOT of 1.5 × 1011 cm−3, and 9 × 1011 cm−3 for the hybrid-MOT.

The temperature of the atom cloud is measured using the time of flight (TOF) method. The beams are extin-
guished to allow the TOF for up to 5 ms and afterwards an imaging pulse illuminates the expanded cloud so it can 
be photographed by a fast CCD camera. After the image has been taken the cloud is allowed to disperse and then 
a second image is captured to be used for background subtraction. The TOF is limited by the geometry of the 
experimental setup and the imaging beam diameter. The width of the atom cloud after each time of flight is deter-
mined by a 2D Gaussian fit to the background-subtracted image. The temperature is determined by fitting a 
Gaussian distribution to the cloud image and the widths determined by the equation σ σ= + k T m t( / )2

0
2

B
2, 

where σ0 and σ are the Gaussian widths before and after the expansion (TOF), kB is the Boltzmann constant, T is 
the temperature of the cloud, m is the mass of 85Rb and t is the time of flight. Around 50 measurements are taken 
to determine an average temperature of the cloud. The temperature of the vortex and hybrid-MOT atom clouds 
as a function of the MOT beam power is presented in Fig. 5(a). Another plot in Fig. 5(b) represents the depend-
ence of the temperature on the cooling beam red-detuning for the vortex-MOT. The vortex-MOT temperature 
reported here is well below the Doppler limit without any additional sub-Doppler cooling stage, whereas the 
measured temperature for the hybrid-MOT is slightly above.

Discussion and Conclusion
Our results have shown that both the vortex and hybrid-MOT achieve characteristics similar to the conven-
tional mirror-MOTs, with the hybrid-MOT obtaining a greater atom number of the two traps investigated. The 
vortex-MOT trapped nearly identical number of atoms as the S-MOT, but with lower temperatures due to the 
continuous cooling force. For the hybrid-MOT the balance between the Zeeman and the spatially variable opti-
cal force is close to theoretical optimum and within uncertainty. Differences are due to the difficulty in aligning 
beams to such high accuracy and also due to imperfect beam intensity balance and nulling of residual magnetic 
fields. This may have contributed towards the higher temperature, although we believe there may also be optical 
pumping effects preventing efficient sub-Doppler cooling. What is interesting is the nearly order of magnitude 
increase of atoms trapped in the hybrid-MOT compared to the vortex-MOT. This cannot be attributed to sig-
nificantly larger beam overlap volume, nor any other variable which typically result in greater trap loading. The 
mechanism for this is still unclear and is under further investigation. It should be possible to trap more atoms 
with more cooling beam power but unfortunately we are limited to the reported maximum beam power.

In summary, we have successfully demonstrated two simplified mirror-MOTs with misaligned (displaced) 
beam geometries which are suitable for use with microfabricated atom chips and any vacuum chambers with 
restricted optical access. The design is amenable to microfabrication due to the absence of out-of-plane wires or 
coils and does not use any frequency selective optics, permitting it to trap different atomic species simultaneously. 
We have shown the trap parameters closely agree with theoretical predictions and both traps produce comparable 
number of atoms, as well as temperatures, to standard magneto optical traps. These new MOT designs and tech-
niques will enable to build a portable and miniaturized atom chips for quantum sensors, in addition to finding 
applications in quantum optics and information.

Figure 5. The temperature of the vortex-MOT is measured as a function of the total MOT beam power and 
the red detuning of the cooling laser from the 85Rb cooling transition. For the hybrid-MOT the temperature 
is measured as a function of the total MOT beam power, with optimum red detuning of −1.5 Γ from the 85Rb 
cooling transition. (a) An average temperature of the vortex and hybrid-MOT’s atom cloud as a function of the 
MOT beam power. The measured temperature is well below Doppler limit for the vortex-MOT, represented by 
green dashed line, without any additional sub-Doppler cooling stage. The measured temperature for the hybrid-
MOT is slightly higher than the Doppler limit. (b) Temperature of the vortex-MOT atom cloud as a function of 
the of the cooling beam detuning.
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