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Abstract

Integration of Optical Components and
Magnetic Field Sources in Atom Chips

Fernando Ramirez-Martinez

This thesis reports on the integration of optical components and magnetic field
sources on the surface of an atom chip. Pyramidal hollow mirrors with an angle of
70.5° between its opposing faces have been fabricated on the surface of an atom chip to
generate miniature magneto-optic traps. This work demonstrates that magneto optic
traps can be created in these pyramids. An experimental determination of the scaling
laws that govern the capture and loss rates of the 70.5° pyramid MOTs indicates that
the capture rate follows a power law dependence on the position on the pyramid apex,
with a characteristic exponent of 3.4(4). The loss rate has shown to be much less
sensitive to this distance down to 600 um, position below which it increases rapidly.
Based on these measurements, it is estimated that as many as 10* can be collected in
a pyramid with a 1.2 mm side length, while as few as some tenths of atoms would be
trapped in a 200 pm side length pyramid. The first pyramid atom chip is presented
in this thesis. This device includes pyramids sizes which range between 200 pm and
1.2mm in steps of 200 pm. The quadrupole magnetic fields for creating the pyramid
MOTs are generated by micro-fabricated current carrying wires circling around the
pyramid apertures. This thesis also demonstrates that Co/Pt magneto-optic thin films
are particularly suitable for creating tight magnetic traps. These MO films present an
out-of-plane and strong remanent magnetisation, as well as a large room temperature
coercivity. A thermo-magnetic writing apparatus is described. Two examples of the
magnetic patterns written in these MO films are an array of parallel lines and a set
of Z-trap patterns. A numerical calculation demonstrates that with the apposite bias
fields, trapping potentials can be created at a height of 0.75 um from the film surface.



Acknowledgements

In the first place I would like to thank my supervisor Ed Hinds. His vast experience
and passion for Physics have been an example and an inspiration for me.

I will continue by acknowledging the support of the government of México, which
through its institutions, Consejo Nacional de Ciencia y Tecnologia (CONACYT), Banco
de México (BANXICO) and the Secretaria de Educacién Publica (SEP), has provided
the economical support that allowed me to study this PhD.

During the realisation of my PhD, I was fortunate of working with a long list of
postdocs and I would like to thank each one of them for their help and friendship.
They are Stefan Eriksson, Anne Curtis, Jonathan Ashmore, Jonathan Goldwin, Gabriel
Dutier, Athanasios Laolitis. In addition, other members of the Centre for Cold Matter
with whom I did not have the luck to work directly but that have also played a role
in this PhD are Benoit Darquie, Jos Dingjan, Jony Hudson, Ben Sauer, Mike Tarbutt,
and Robert Nyman.

Next, I want to thank my office mates and friends Chris, Paul, Richard, Isabel and
Henry. To Daniel and Oliva I have to thank them for maintaining a little piece of our
University years close to me here in London. I would like to thank Michael, with whom
I shared a desk, an optics table, a lot of coffee and a good friendship, for his contribution
to this research project. A particular mention has to go to Sam Pollock, who brought
a great deal of much needed freshness to the project.

Sanja Maricic has been an interminable source of help and encouragement during
the most difficult stages of this process and because of this, I am in great debt with her.

Most of the components fabricated in the CCM for this project went through the
hands of Jon Dyne or David William, or both. Their extraordinary disposition and
ability is well recognised within the group and I have to thank for their advice and hard
work.

To Gareth Lewis, Dr. Zakaria Moktadir, and Dr. Michael Kraf, members of the
School of Electronics and Computer Science, University of Southampton, that worked
very hard on the development and fabrication of the pyramid atom chips.

To Nacho and Jordi for being our guides in our first few weeks in London. As well,
I would also like to thank Cristina, Gaby, Dani and Emma for your friendship and
company throughout these years.

I want to thank my parents, Lala and Fernando, as well as to Ricardo and Aurora.
The great support and affection you have given to us in these years is invaluable and I
can not express how grateful I am.

At last but definitely not least, I want to thank Julia because this thesis is also her
achievement.



Contents

1 Introduction

1.1 Atomoptics . . . . . . . .
1.2 Atomchips . . . . . . . . .
1.3 Integrated optical components in atom chips . . .. .. ... ... ...
1.4 Magnetic trapping in atom chips . . . . . . . ... oL,
1.4.1 Current carrying wires . . . . . . . . . . ..o e
1.4.2 Permanently magnetised media . . . . . . . .. ... ...
1.5 Overview of the project . . . . . . . . . .. ... . L
1.5.1 Pyramidal hollow mirrors in silicon . . . . ... ... ... ...
1.5.2 Magneto-optic multilayer thin films. . . . . . . .. ... ... ..
1.6 Organization of thisthesis . . . . . . . . . ... ... ... ... .....

Cooling, trapping and manipulating atoms
2.1 The scattering force . . . . . . . ...
2.1.1 Doppler cooling and optical molasses . . . . . .. ... ... ...
2.2 Sub-Doppler cooling . . . . . .. ...
2.2.1 Polarization gradient cooling . . . .. .. ... ... .......
2.3 The magneto-optic trap (MOT) . . . . . ... ... ... ... .. ....
2.3.1 The one-dimensional analysis of the MOT . . . . . .. ... ...
2.3.2 Extension to three dimensions and multiple level atoms . . . . .
2.3.3 The Rubidium MOT . . . . . .. .. .. ... ... .. ......
2.4 The MOT filling rate equation . . . . . .. .. ... ... .. ......
2.4.1 Thecapturerate . . . . . . . . . . . .. ... ... .
242 Thelossrate . . . . . . . . . . e
2.4.3 The steady state number of atoms . . . . . .. .. ... ... ..
2.5 The Pyramid MOT . . . . . . . . .. ..
2.6 Magnetic trapping . . . . . ... Lo
2.7 Magnetic traps in atom chips . . . . .. ... L L oL
2.7.1 Microfabricated current carrying wires . . . . . . . ... ... ..
2.7.2  Permanently magnetised media . . . . . .. ... ... L.

Experimental apparatus

3.1 Vacuumsystem . . . . . . . ... o
3.1.1 The vacuum chamber . . . .. ... ... ... .. ... ...
3.1.2 The Rubidium dispenser . . . . . . . ... ... .. ... .....
3.1.3 The pyramid assembly . . . . . . .. ... ... .. L.

3.2 Laser system . . . . . . . ... e
3.2.1 The Reference laser . . . . . .. ... ... ... ... ......

11
11
13
14
14
15
18
19
19
22
23

25
25
26
27
28
28
30
31
31
32
33
34
35
35
36
38
38
40



CONTENTS 5

3.2.2 The MOT lasers . . . . . . . . . . . . . ... 51
3.2.3 Laser linewidths and stability . . . . .. ... ... ... ... ... 55

3.3 Large scale pyramidal mirrors . . . . . . . . ... ... 56
3.3.1 Macroscopic pyramids fabrication. . . . . . .. .. ... ... 57
3.3.2 The 70.5° pyramid . . . . .. ... o 58
3.3.3 The 90° pyramid . . . . . . . .. ... L 58
3.3.4 Reflective coatings . . . . . . ... oo 60
3.3.5 The masked coating of the 70.5° glass pyramid . . .. ... ... 61

3.4 Magnetic field coils . . . . ... oo 62
3.4.1 Pyramidcoils . . . .. ... oo 63

3.5 Imaging system . . . . . . . ... Lo 68
3.5.1 Fluorescence imaging . . . . . . . . . .. .. .. ... ... 68

4 Experiments in glass pyramids 72
4.1 Magneto-optic traps in 70.5° pyramids . . . . . ... ..o L 72
4.2 The scaling laws in the 70.5° pyramid . . . .. ... ... ... ... .. 77
4.2.1 Varying the MOT' size . . . . . . .. .. ... ... .. ... 7
4.2.2 Captureand lossrates . . . . . . . . ... 83

4.3 SUMMATY . . . o v v e e e e e e e e e e 96
5 The pyramid atom chip 98
5.1 Pyramidal hollow mirrors etched in silicon wafers . . . . . ... ... .. 98
5.1.1 Fabrication details . . . . . . . ... ... .. L. 99
5.1.2 Geometrical characteristics . . . . . . .. ... .. ... ..... 100
5.1.3 Optical properties . . . . . . . . . . . .. ... 100
5.1.4 The creation of MOTs in 70.5° pyramidal hollow mirrors . . . . 108

5.2  Micro-pyramids atom chips . . . . . . ... L oL 110
5.2.1 The square loop magnetic field . . . .. ... ... ... ... .. 110

5.3 The pyramid and wire atom chip . . . . . . ... ... oL 112
5.3.1 Atom chip packaging . . . . . .. ... oL 113
5.3.2  Vacuum tests of chip packaging resources . . . .. ... ... .. 117
5.3.3 The chip package magnetic properties . . . .. ... ... . ... 118
5.3.4 The micro-fabricated current carrying wires . . . . . . . . . . .. 119

5.4 SUMMATY . . . . o o o e e e 122
6 Co/Pt magneto-optic thin films 124
6.1 Magneto-optic multi-layer thin films . . . . . . ... ... .. ... ... 124
6.1.1 Preparation of multi-layer films . . . . . . . ... ... ... ... 124

6.2 The Co/Pt multilayer film . . . . . .. ... .. ... ... ........ 125
6.2.1 Crystal structure . . . . . . . .. 126
6.2.2 Magnetic and optical properties. . . . . . . .. ... ... 126
6.2.3 Characterization of MO films . . . . . .. ... ... ....... 129

6.3 Thermo-magnetic recording technique . . . .. ... ... ... ... .. 130
6.3.1 The writing apparatus . . . . . . . . .. .. ... 130
6.3.2 Writing magnetic patterns . . . . .. .. ..o 132

6.4 Magnetic patterns . . . . . ... Lo Lo 133
6.5 Magnetostatic traps on MO films . . . . . . ... ... ... ... ... 135
6.6 Pyramids and MO films . . . . . .. .. ... o oL 141

6.7 Summary . . . ... 142



CONTENTS 6

7 Conclusions 144
Bibliography 148
A Pumping down procedure 157
B The rate of losses to a wall 159
C Pyramidal micromirrors for microsystems and atom chips 162
D Fabrication of magneto-optical atom traps on a chip 166
E Micron-sized atom traps made from magneto-optical thin films 174



List of Figures

1.1

2.1
2.2
2.3
24
2.5

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22

4.1
4.2
4.3
4.4

4.5

Examples of the three ray types generated in a 70.5° pyramid. . . . . . 20
The time-averaged force on a two-level atom in the 1D optical molasses 26
The MOT diagram . . . . . . . . .. . ottt 29
The rubidium energy levels . . . .. .. .. ... ... ... .. ... .. 32
The 90° pyramid MOT . . . . . . ... ... .. 35
Fictitious current [ in magnetic patterns. . . . . . .. .. ... ... .. 40
The vacuum chamber . . . . . . . ... Lo Lo 43
The Rb dispenser mount . . . . . . . .. .. ... L L 43
The Rb pressure versus dispenser current calibration . . . . . ... ... 44
The atom chip in-vacuum mounting assembly . . . . . . ... ... ... 45
Full optics diagram . . . . . . . . .. Lo oo 47
The Doppler-free polarisation spectroscopy system . . . ... ... ... 49
Polarisation and saturated absorption spectrums . . . .. ... ... .. 49
The saturated absorption system . . . . . . . ... ... ... ...... 50
The DAVLL system . . . . . . . . . .. 52
DAVLL error signal . . . . . . . ... 53
The variation in time of the beat note . . . . . . .. ... ... ... .. 56
The Allan variance of the beat note . . . . . . ... ... ... ..... 56
Glass pyramids fabrication steps . . . . .. ... L Lo L 57
The angle measurement of the 70.5° glass pyramid. . . . . . .. ... .. 59
Beam alignment in the 90° pyramid. . . . . .. ... ... ... .. ... 60
Defect at the 70.5° pyramid apex. . . . . . . . . . . . ... ... ..... 62
Pyramid coils quadrupole magnetic field . . . . . .. ... ... ... .. 63
Axial component of the pyramid coils field. . . . . ... ... ... ... 65
Calibration of the atom cloud position. . . . . . . ... ... .. ..... 67
The axial component of the magnetic field gradient. . . . . . ... . .. 68
The pixel counts to power calibration. . . . . . ... ... ... ..... 71
The dependence of the calibration factor x on the gain G and on the

shutter speed S of the camera. . . . ... ... ... ... ........ 71
A cloud of cold 8Rb atoms collected in a 70.5° pyramid MOT. . . . . . 73
Mask used to block the laser beam sections responsible of type 3 reflections 73

Fluorescence images of the MOT filling in the 70.5° pyramid and mask

arrangement. . ... L. L Lo oL e 75
The filling curves measured in the gold coated 70.5° pyramid and mask
arrangement. . ... ... Lo oo 76

The capture rate versus pressure in the Au coated 70.5° pyramid . . . . 76



LIST OF FIGURES 8
4.6 The platinum coated 70.5° pyramid . . . . . .. .. ... ... 78
4.7 Atom cloud translation in the 70.5° pyramid. . . . ... ... ... ... 79
4.8 The verification of the MOT to apex distance . . . . . .. ... ... .. 80
4.9 The MOT to apex position . . . . . .. .. .. .. .. ... .. ..... 81
4.10 Number of atoms trapped versus distance from the pyramid apex . . . . 82
4.11 The MOT position in the apertured beam case . . . . .. .. ... ... 83
4.12 The filling curves measurement I. . . . . . . ... ... ... 85
4.13 The filling curves measurement II. . . . .. .. ... ... ... ... ... 86
4.14 The Ng, 1/7, and R values obtained by the MOT filling curve measure-

MENES VETSUS Thgp. - « « « = v o v v e e e e e e e e e e e e e e 87
4.15 The proportionality factor ( relating the loss rate and the rubidium

vapour density. . . . . .. .. L 89
4.16 Loss rate versus distance from the pyramid apex . . . .. .. ... ... 90
4.17 Capture rate versus distance from the pyramid apex . . . .. ... ... 91
4.18 The measurement of steady state number of atoms versus rubidium vapour

density at various positions along the pyramid apex . . . ... .. ... 92
4.19 The loss rate as a function of the distance to the pyramid surface. . .. 93
4.20 The steady state number of atoms Ng and the capture parameter « versus

the distance to the pyramid surface. . . . . .. ... ... ... ... .. 94
5.1 SEM images of a micro-pyramid . . .. .. ... ... ... ... ... 99
5.2 The three ray types . . . . . . . . . 100
5.3 The reflected light intensity distribution from an array of 70.5° pyramids. 102
5.4 The linear polarisation rotation in 70.5° pyramids. . . . . .. ... ... 103
5.5 Polarisation phase retardation I. . . . . . . .. ... ... ... .. ... 106
5.6 polarisation phase retardation II. . . . . . . ... ... ... ... .... 107
5.7 Changes in the polarisation state of light caused by the reflections pro-

duced in a gold coated 70.5° pyramid . . . . . . . ... ... 107
5.8 Comparison of type Lrays . . . . . . . . . . .o 109
5.9 Trapping rays in the 70.5° pyramid . . . . . . ... ... ... ... ... 109
5.10 The square loop encircling a pyramid . . . . . . .. ... ... ... ... 110
5.11 The magnetic field generated by a current carrying square loop. . . . . . 111
5.12 The pyramid atom chip . . . . . . . ... .. oo 112
5.13 The 1.2 mm chip pyramidsset . . . . . . . . ... .. ... ... ..... 113
5.14 Bond wires . . . . . . . . .. e 114
5.15 The FR4 board . . . . . . . . . . . . . 115
5.16 The pyramid atom chip mounted in the vacuum chamber . . . . . . .. 116
5.17 Optical microscope image of a microfabricated wire circling the square

pit of a 200 um side length pyramidal pit . . . .. ... ... ... ... 119
5.18 The field generated by the 800 um on-chip square loop . . . . . . .. .. 120
5.19 Blown wires . . . . . . .. e 121
5.20 Safe operation time of micro-fabricated wires. . . . . . . . . .. ... .. 122
6.1 MO film structure . . . . . ... 125
6.2 Face-Centred tetragonal (fct) structure L1g phase. . . . . . .. ... .. 127
6.3 Hysteresis loop of a Co/Pt MO film . . . . ... ... ... ....... 128
6.4 The thermo-magnetic writing apparatus. . . . . . . . . ... .. .. ... 130
6.5 MAG Calibration. . . . . . . . . . . . . ... e 131
6.6 MFM Image of an Array of Lines . . . . . . ... ... ... .. ..... 134



LIST OF FIGURES 9

6.7 The jaggedness along the edge of the lines. . . . . . .. .. ........ 136
6.8 Optical microscope and MFM image of a Z-Trap. . . . . . . . ... ... 137
6.9 Magnetic field of the array of lines trap. . . . . . . .. .. .. ... ... 138
6.10 The Z-trap magnetic field. . . . . . . .. .. .. o oL 140

6.11 Anomalous magnetic field . . . . ... ... o000 140



List of Tables

1.1 Magnetic Specifications of Recording Media . . . . . . . ... ... ...

3.1 Reflectivity of selected materials . . . .. ... ... ... .. ......
3.2 Thebiasfieldcoils . . . . .. .. . .. .. .. ..o

10



11

Chapter 1

Introduction

This chapter explains the motivations behind this research project. Firstly, a brief
overview of the field of atom optics will be provided, including its most recent advances.
In particular, I will centre my attention in explaining how atom optics experiments
are combined with state-of-the-art microfabrication techniques to create atom chips.
Both electromagnets and optical components integrated at a microscopic scale on the
surface of these devices provide a level of simplicity not achievable in any other way.
Consequently, this chapter concludes by describing the contributions that this work
provides to the advance of the field.

1.1 Atom optics

Atom optics is a field of physics in which the motion of atoms is controlled by means
of electric, magnetic and optical fields. The development of techniques for cooling,
trapping and manipulating atoms has been a common task of a growing number of
research groups around the world. The large impact these developments have had in
atomic and molecular physics was recognised with the Nobel prize in 1997. The Nobel
lectures given by the laureates Will Phillips, Steven Chu, and Claude Cohen-Tannoudji
are extraordinary introductions to the research field; they provide not only a broad
overview of the field but also an exciting recount of the first few years of what is now
one of the most fruitful research fields in physics [1, 2, 3]. Since the first demonstration
of laser cooling and trapping of neutral atoms, these techniques have been refined and
several new methods and devices for trapping and guiding atoms have been proposed
and demonstrated. As a result of these advances, a few millions of atoms are routinely
collected in tight traps and cooled down to a few millionths of a degree above the
absolute zero.

Laser cooling of atoms consists of a reduction in kinetic energy of moving atoms by
the mechanical action of laser radiation at a frequency near an atomic resonance. The
idea of laser cooling was first introduced in 1975 by Hansch and Schawlow at Stanford
University and Wineland and Dehmelt at the University of Washington. In particular,
Hansch and Schawlow envisaged an experiment in which a gas of atoms is irradiated from
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all sides by six laser beams along each of the six Cartesian coordinate directions. With
the laser frequency tuned below the atomic resonance, the atoms in the gas experience
a viscous force. The motion of the atoms in the resulting viscous fluid of photons has
been called an optical molasses [4, 5]. The Doppler effect plays a crucial role in this
kind of laser cooling, which is therefore often called Doppler cooling. Various aspects
of this cooling mechanism were studied theoretically by David Wineland [6], including
its characteristic rates and its cooling limit, the Doppler cooling limit [5, 7].

Atoms in optical molasses were first observed by Steven Chu’s research group in Bell
Laboratories [4]. Nearly ten years after Wineland et al. estimated the Doppler cooling
limit, which was widely accepted by the laser cooling community, strong disagreements
between the experimental results and the two-level atom theories were observed. Atoms
laser cooled below the Doppler limit were reported for the first time by Will Phillips’
group at NIST [8], and later confirmed by Steven Chu and his group. To understand
the low temperatures found in these experiments, the Doppler cooling theory had to
be extended to multiple level atoms. The groups of Steven Chu at Bell Laboratories
and Claude Cohen-Tannoudji at the ENS in Paris proposed similar theories based on
the idea of nonadiabatic motion of a multilevel atom through the polarisation gradient
in optical molasses. The new theories of sub-Doppler cooling and polarisation gradient
cooling are the result of these efforts [9, 7].

In parallel with these advances, the group of Steven Chu in collaboration with Jean
Dalibard devised a method for not only cooling but also trapping neutral atoms with
the radiation force. The magneto-optical trap (MOT) was first reported by Raab et al.
in [10] and soon after various groups were already utilising this technique for producing
large collections of cold atoms. Nowadays, laser cooled atoms trapped in magneto-
optical traps provide the starting point for a still increasing number of exciting atomic
and molecular physics experiments. For its simplicity, the implementation reported in
[11, 12, 13] has received particular attention and is now a fundamental element of most
cooling and trapping systems.

Magnetostatic trapping of the laser cooled neutral atom clouds was the next natural
step taken by these pioneer research groups [14]. Magnetic field configurations for
trapping neutrons had been developed previously by Wolfgang Paul [15]. Following this
example, Harold Metcalf and his colleges identified and characterised field configurations
that could be useful for magnetically confining neutral atom clouds [16, 17]. The atomic
magnetic dipole moment interacts with an inhomogeneous magnetic field creating a
potential energy minimum around which sufficiently cold atoms can be confined. The
typical trap depth of a magnetostatic trap for neutral atoms is of just 1 K. Consequently,
owing to the new laser cooling techniques, it was now relatively simple to collect atom
clouds with temperatures of a few microkelvin above the absolute zero.

In these traps, the interatomic distances become of the order of the de Broglie
wavelength of the atomic matter waves. Consequently, the wave properties of matter are
manifested in experiments where atoms are reflected, refracted and diffracted. Moreover,
atom clouds can be cooled down even further and compressed at the point of placing all
of its atoms in the state of minimum energy of the trap, leading to the Bose-Einstein
condensation of the cloud. The groups leadered by Carl Wieman, Eric Cornell and
Wolfgang Ketterle were the first in creating a Bose-Einstein condensate (BEC) [18, 19,
20]. The long range of the coherence effects of a Bose-Einstein condensate has led to the
development of coherent atom optics devices. This achievement has paved the way for
an incredible number of exciting experiments. Owing to the enormous impact that these
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experiments have had on the field of atom optics in particular, and on physics research
in general, the Nobel prize was awarded in 2001 to the leaders of these three groups.
The Nobel lectures of the three laureates provide interesting overviews of the road to
the BEC [21, 22|, and more in depth descriptions of these experimental techniques are
provided in [23, 24].

The advances mentioned so far and many more have opened the door to a long list of
applications. Metrology [25, 26|, measurement of fundamental physics constants, high
precision spectroscopy, interferometry, quantum information and computation [27] are
just some few examples of these applications.

1.2 Atom chips

A new approach to research in atom optics has been adopted by several research groups
(see for example [28, 29, 30, 31, 32, 33]). This approach consists of the development
of miniaturised and integrated atom optical systems based on microfabricated struc-
tures. Compact and reliable atom optical devices promise to expand the applicability
of atom optics in fundamental research and technological implementations. Robust and
highly controllable atom manipulation requires of steep traps or guides to be created
with high precision. This can be achieved by means of standard micro-fabrication tech-
niques. For instance, tight confining magnetic potentials can be realized, in principle, by
miniaturising the elements which generate the magnetic field. Weinstein and Libbrecht
[34] proposed microscopic traps based on combinations of current conductors which can
be made extremely small by standard microfabrication techniques. These authors de-
scribed the first loading of a miniaturised wire trap of this type by means of adiabatic
transport and compression.

State-of-the-art lithographic manufacturing techniques adapted from semiconductor
processing enable to fabricate high resolution structures with dimensions in the microm-
eter range and submicrometer features. As a result of the small scale of these structures,
atoms held a few microns away from a device experience strong trapping gradients and
large trap curvatures. The manufacturing techniques developed by the semiconductor
industry can therefore create very robust, efficient and highly scalable resources for the
manipulation of cold atom samples. In conclusion, these fabrication techniques can
create steep traps and guides with high precision and in a highly scalable fashion.

The techniques of nano-fabrication, micro-electronics and micro optics are being ex-
ploited by several groups in order to built integrated mesoscopic matter wave surface
devices. The name of Atom Chip has been given to devices that combine the unique
features of techniques based on the quantum mechanical behaviour of atomic matter
waves with the potential of micro- and nanofabrication technology. Among the new and
exciting quantum devices that can be created with integrated atom optics are minia-
ture atom interferometers, ultra-sensitive measuring devices, and quantum information
processors. These micro-fabricated devices may integrate sources of electric, magnetic
or optical fields with the aim of confining, controlling and manipulating cold atoms.
According to Folman et al. [30]: “A final integrated atom chip should contain a reliable
source of cold atoms, with an efficient loading mechanism, single mode guides for co-
herent transportation of atoms, nanoscale traps, movable potentials allowing controlled
collisions for the creation of entanglement between atoms, extremely high resolution
light fields for the manipulation of individual atoms, and internal state sensitive detec-
tion to read out the result of the processes that have occurred. All of these, including the



1. Introduction 14

bias fields and probably even the light sources, could be on the board of a self-contained
chip.”

1.3 Integrated optical components in atom chips

Atom optics and laser cooling techniques are based on the optical manipulation of atoms
[35, 36]. In an atom chip, the quantum states of a few atoms in very tight traps only a
few micrometers away from the chip surface need to be detected and manipulated. Most
experiments to date deliver the light required for these operations by means of external
mirrors and lenses. This makes difficult to detect and manipulate atoms, as well as
to address individual atoms on the chip. Lithographic manufacturing techniques allow
for the creation of structures with dimensions in the micrometer scale and features in
the sub-micron scale. The flexibility of these manufacturing processes can give rise to
complex optical elements which would create light fields not achievable with standard
optical components. Additionally, these structures can be reproduced in a scalable
fashion in such a way that many identical elements could be fabricated in parallel in
the same substrate. In conclusion, the application of microfabricated optical elements
for manipulating atoms and atomic matter waves with laser light is a natural route in
the development of atom chips.

Integrated atom optical devices can be created in a compact fashion, therefore al-
lowing one to scale, parallelise, and miniaturise atom optics devices. New compact
sources of ultracold atoms, compact sensors based on matter wave interference, and
new approaches towards quantum computing with neutral atoms are all examples of
the possibilities that can be realised by integrating optical components in atom chips.
In particular, the steps required for quantum information processing with neutral atoms
in atom chips, as identified by Birkl et al. [36], include preparation, manipulation and
storage of qubits, entanglement, and efficient read-out of quantum information. All
these tasks can in principle be performed using microfabricated optical elements inte-
grated on the surface of an atom chip.

An important step towards fully integrated atom optical systems is the development
of miniaturised sources of cold atoms. The efficient operation of these devices would
benefit greatly from the development of new compact sources of ultracold atoms. Prepa-
ration techniques for cold atomic samples are based on optical manipulation. Therefore,
microoptical components can be used to achieve this goal. Among the microoptical el-
ements that can be used for atom optical applications are micro mirrors. In addition,
these microoptical components can also be complemented with miniturised magnetic
trapping structures to generate the initial cooling and trapping stages of these inte-
grated cold atom sources.

1.4 Magnetic trapping in atom chips

There are two main methods for creating magnetic trapping potentials in atom chips:
mesoscopic designs of current carrying wires and permanently magnetized surfaces. In
the next two sections I will give a short introduction to the principles of trapping atoms
with microfabricated electromagnets and permanently magnetised recording media.
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1.4.1 Current carrying wires

The research in miniaturised atom optics has evolved rapidly and there are plenty of
examples of this in the literature. In the following lines I give some few examples of
this evolution. An atom chip consisting of surface mounted current carrying wires was
presented in [30]. Atoms trapped and manipulated close to the surface of this atom chip
are shown in the paper. Similarly, Muller et al. [28] report that laser cooled neutral
atoms from a low-intensity atomic source have been guided via magnetic fields generated
between two parallel wires on a glass substrate. The guiding of neutral atoms by the
magnetic field due to microfabricated current-carrying wires on a chip is demonstrated
in [37]. Two guide configurations are used in this work: the first one consists of two
wires with an external magnetic field, and the second consists of four wires without an
external field. It is pointed out that atom based splitters for interferometry are exten-
sions of these chip-based guides. A simple splitter for guided atoms has been designed
and experimentally studied in [38]. This splitter was realized with a current carry-
ing Y-shaped wire nanofabricated on a surface. This splitter design ensures symmetry
under a wide range of experimental parameters. Atom chips with these and more so-
phisticated designs can be integrated into surface mounted atom optical devices at the
mesoscopic scale. Single mode propagation (12 mm) of Bose-Einstein condensates has
been produced by [39]. Using optical tweezers, these condensates are first loaded into a
microfabricated magnetic trap, and then released along homogeneous segments of the
waveguide. It was observed that, due to geometric deformations of the microfabricated
wires, inhomogeneities appear in the guiding potential which cause strong transverse
excitations.

The possibility of creating a miniature de Broglie wave guide formed by two parallel
current-carrying wires and a uniform bias field is presented in [40]. This waveguide can
be split in a highly controlled way and manipulated on the submicron scale. Hinds et
al. derive analytical expressions to describe this guide, together with a quantum theory
to show the range of possibilities of atom manipulation on the submicron scale [40].
Cooling and trapping atoms, controlled splitting of the wave function, and exceedingly
sensitive microscopic atom interferometry are examples of the possibilities proposed in
this letter.

A microstructure which consists of microfabricated linear copper conductor of widths
ranging from 3 pm to 4 um is used in [41] for generating a strongly anisotropic potential.
Bose-Einstein condensation has been achieved in this magnetic surface microtrap. An
overview of atom chip magnetic micro traps is given in [42], where particular emphasis
is given to the discussion of the use of microscopic lithographic conductors for the
generation of Bose-Einstein condensates.

The formation of a BEC in surface micro traps was soon achieved by several groups
[41, 43, 44, 45]. Furthermore, in [43] it is shown that the formation of a condensate can
be greatly simplified using a microscopic magnetic trap on a chip. Hansel et al. have
achieved Bose-Einstein condensation inside the single vapour cell of a magneto-optical
trap in as little as 700 ms. This is more than a factor of ten faster than typical BEC
experiments. A review of the use of microchip traps for Bose-Einstein condensation
is provided by Jakob Reichel in [42]. Various publications since the first BECs were
produced in atom chips have confirmed the suitability of these microfabricated devices
for atom optics research [41, 46, 47]. Moreover, the atom chip BEC tool box keeps
growing. Examples of new improvements on the manipulation of BECs on atom chips
include magnetic waveguides [48], single-atom detection schemes [49], and long distance
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magnetic conveyor belts [50].

The creation of Bose-Einstein condensates on atom chips and the highly controlled
manipulation of atomic motion in these devices opened the door to a series of promising
applications. The creation of quantum gates, quantum information processing devices,
highly precise interferometric measurement devices, magnetometers, and accelerome-
ters are some of the applications that have been identified. Treutlein et al. [51] have
demonstrated the coherent manipulation of internal atomic states in a magnetic mi-
crochip trap. These authors have shown that a portable atom chip clock with a relative
stability in the range 10713 is a realistic goal. In addition, for applications in quantum
information processing, this paper authors propose to use microwave near fields in the
proximity of chip wires to create potentials that depend on the internal state of the
atoms.

Undesired effects

In order to benefit from quantum mechanical effects manifested in atom optic exper-
iments, the coherence of the matter waves and of their internal degrees of freedom
must be maintained as long as possible. However, when quantum-degenerate gases are
prepared in electromagnetic solid-state hybrid surface traps, such as atom chips, the
maintenance of this coherence is highly non-trivial. The coupling of an atomic sample
at a temperature of a few micro-Kelvin with a room temperature surface located a few
micrometers away leads to heating of the sample, splitting of the clouds, and losses
induced by thermal fluctuations on the surface.

A theoretical study of the lifetime and loss rate for a trapped particle coupled to
fluctuating fields in the vicinity of a room temperature metallic surface is provided in
[52]. This paper shows how the Zeeman coupling of the atomic magnetic moment to
a fluctuating magnetic field leads to an enhancement of the trap loss rate at distances
of a few tens of microns from a room temperature surface. Firstly, this investigation
considers the atom-surface coupling leading to heating of the trapped atom; secondly,
transitions to untrapped atomic internal states are also considered. These authors
conclude that the effect of the near-field fluctuations is much stronger than that of the
blackbody radiation.

A transport theory for atomic matter waves in low-dimensional waveguides is out-
lined in [53]. This study leads to an estimation of the thermal spectrum of magnetic
near fields leaking out of metallic microstructures. Henkel et al. show that the coher-
ence of cold atom clouds is limited by the scattering from thermal magnetic near fields
generated by metallic microstructures at room temperature. These results imply that
decoherence may be reduced by working with smaller metallic structures, reducing their
temperature and their specific conductivity.

Bose-Einstein condensates and cold atom clouds held by a microscopic magnetic trap
near a room temperature metal wire 500 um in diameter were experimentally studied
in [54]. Three surface-related decoherence effects are identified by the authors of this
paper. Firstly, atom clouds break into fragments as a result of small spatially alternating
magnetic fields parallel to the wire. This is presumably due to a small transverse
component of the current. Secondly, the atom clouds are heated by audio frequency
technical noise present in the currents that form the microtrap. In the third place,
atoms trapped some tens of micrometres above a metal interact with the thermally
fluctuating near field of the surface. In accordance with [52], the surface near-field
induces spin-flips in the trapped atoms. These spin flips are induced by radio-frequency
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thermal fluctuations of the magnetic field near the surface. The loss of atoms from the
microtrap due to these spin flips was observed over a range of distances down to 27 um
from the surface [54]. However, atoms trapped in a chip should approach much more
closely to the surface than ~ 10 pm. Consequently, the observed coupling between the
atoms and the substrate represents a technical difficulty for the development of atom
chips.

The limitations of coherent manipulations of neutral atoms with wire-based magnetic
traps on atom chips are investigated in [55]. The magnetic noise originating from
the surface of the chip is identified as the dominant decoherence mechanism. The
contribution of fluctuations in the chip wires at the shot noise level is not negligible.
Then, the coherence times are estimated and ways to increase them are discussed. It
is shown that the spatial correlation length of magnetic fields due to shot noise is fixed
by the distance between the micro-trap and the chip wire. In this paper is suggested
that substrates with a permanent magnetization may provide the required low-noise
environment.

Similarly, the behavior of Bose-Einstein condensates and ultracold atoms were in-
vestigated in the vicinity of a surface magnetic microtrap by Fortagh et al. in [56].
They report that the lifetime of cold atoms prepared near copper conductors shows a
linear dependence on the distance from the surface. Additionally, a periodic fragmen-
tation of the condensate and thermal clouds was detected above the surface. These
same authors reported a characterisation of the magnetic field near the surface of room
temperature copper conductors using ultracold atoms [57]. Kraft et al. have also found
a longitudinal field 10® — 10* times smaller than the usual circular field around the con-
ductor. The presence of the anomalous longitudinal magnetic field produced near the
conductor is manifested as fragmentation of the atom clouds when the distance from the
conductor is < 100 um. The atomic samples for these experiments have been prepared
both above and below the critical temperature for Bose-Einstein condensation, and the
fragmentation of the atomic distribution has been observed in both cases. The potential
responsible for this fragmentation is shown to be of a magnetic nature and caused by a
longitudinal field component, which in turn is caused by the current in the wire rather
than by permanent magnetic inhomogeneities of the conductor. In addition, the results
presented in this letter suggest that the field is generated at the surface rather than
inside the conductor. This work represents an example of how ultracold atoms can be
used as a sensitive probe for magnetic fields.

The weak magnetic field component previously observed in [54] has been probed
with a cold atom cloud in the Centre for Cold Matter [58]. In agreement with Kraft et
al. results, Jones et al. have found that the anomalous magnetic field has an average
period along the wire of A = 230 um. Over the range of distances investigated in this
work (y = 250 — 350 um), the decrease of this field with the distance from the centre
of the wire is well described by the modified Bessel function Ki(27y/\). Jones et al.
explain, in accordance with [56, 57], that the current follows an oscillatory or helical
path along the wire with wavelength A.

In conclusion, the coherent manipulation of cold atom clouds with surface mounted
micro-fabricated current carrying wires is limited by two fundamental processes. In the
first place, the trajectories of the charges flowing through the conductor seem to oscillate
in the direction perpendicular to the main current flow. This current component is
responsible for the fragmentation of the atom clouds when the distance to the surface is
of the order of a few tens of micrometres. The second decoherence effect is a consequence
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of the thermal fluctuation of charges in the room temperature surface. The near field
generated by this fluctuation can drive spin flip transitions in the trapped atoms, causing
atom losses and limiting the life times of these traps. For a review of the progress
regarding the manipulation of atoms using microscopic atom-optical elements using
current-carrying wires refer to Folman et al. [59]. Groth et al. have created a set of
guidelines for minimising losses and related decoherence in atom chips [60]. Similarly,
a study of the reduction of magnetic noise in atom chips by material optimization is
provided in [61].

1.4.2 Permanently magnetised media

Three alternatives have been proposed to overcome the limitations that the experiments
performed with current carrying wires had shown. First, Scheel et al. [62] have explored
the possibility of reducing the spin decoherence due to surface fields by making metallic
surfaces thin; second, Hohenester et al. [63] state that superconducting surfaces can be
used to achieve low spin-flip rates in an atom chip; finally, it has been proposed to use
instead permanently magnetised surfaces.

An extensive characterisation of the interaction between cold atom clouds and the
field of periodically magnetised data storage media has been developed by our group.
The interaction of cold rubidium atoms with media such as the audio-tape, the flexible
computer disk (‘floppy disk’) and the video tape has been extensively studied [64, 65, 29].
For instance, these works have permitted the demonstration of an efficient magnetic
reflector above the surface of a periodically magnetised piece of video tape. This is a
particularly interesting and representative result of the work that has been developed
by our research group.

A method for creating traps for neutral atoms above magnetic surfaces was presented
n [66]. This method relies on the shift of the hyperfine sublevels that a paramagnetic
atom experiences due to an external magnetic field. The magnetic field produced by
the magnetisation of the surface can be optimised for trapping paramagnetic atoms
with hyperfine structure. Very strong confinement and high vibrational frequencies
perpendicular to the surface can be achieved. The Zeeman effect surface trap (ZEST)
presented in [66] can be used to create a 2D waveguide. Due to the large mode spacing,
the propagation of de Broglie waves in a single-mode is feasible.

Jones et al. [54] recommend to avoid the use of current-carrying wires on the sur-
face of the chip. As an alternative for cooling the chip, permanent magnets, such as
the surface of magnetic recording media, are suggested as substitutes for current car-
rying wires. The videotape and magneto-optical (MO) thin films are suggested for this
applications. Atoms clouds have already been loaded into microtraps formed above a
sinusoidally magnetised piece of videotape [67]. The characteristic length of the struc-
tures recorded in the videotape is ~ 5 pm. MO films are proposed in [54] for reaching
an even smaller length scale and then producing deep traps a few microns away from
the surface.

Sinclair et al. [67] describe the array of micro-traps formed by a pattern of magneti-
sation on a piece of videotape. A magnetic sine wave with a period of 106 um creates
highly anisotropic (aspect ratio as large as 40 kHz x 4 Hz) micro-traps in which cold
atom clouds have been successfully loaded. A measurement of the dependence of the
atom-surface distance on the applied bias field allowed for the determination of the mag-
netic field present at the surface of the videotape, which is found to be of 11 &1 mT.
This is half of the field expected by the saturated magnetisation of the magnetic me-



1. Introduction 19

dia, reported to be of 2.3 kG. When maintained at a distance of 100 um, where the
trap radial frequency f,. is < 1 kHz, the traps are smooth and the atom clouds do not
show signs of undesirable structure. Nevertheless, microscopic wells of order 1 uK deep
are revealed at a distance of 50 um from the video tape surface, where f, < 10 kHz.
These wells cause the atom cloud to break into pieces when it approaches the video tape
surface.

A Bose-Einstein condensate containing 8 x 10* atoms has been produced in the
videotape micro-traps [68]. The longitudinal and radial frequencies of the trap were
15 Hz and 320 Hz respectively. Measurements of lifetimes for the loss of atoms trapped
above the videotape atom chip show that the spin flip rate should be due entirely to
the 400 nm gold film on the surface. The videotape does not contribute appreciably to
the loss rate, showing that permanent magnets may be preferable to metal atom chips
in applications where the decoherence caused by magnetic field fluctuations needs to be
avoided.

1.5 Overview of the project

In this project we have developed two new tools that can be integrated on an atom chip.
Firstly, I have explored the possibility of integrating pyramidal hollow mirrors on the
surface of a silicon based atom chip. Secondly, I have demonstrated how the remarkable
properties of high density magnetic recording media can be utilised for creating a new
kind of atom chip based on permanently magnetised media.

1.5.1 Pyramidal hollow mirrors in silicon

In this project we have explored the possibility of integrating optical components in
atoms chips with the aim of overcoming the difficulties and disadvantages of the methods
that are usually followed for loading cold atom clouds in the chip trapping potentials. In
a typical atom chip experiment, an atom cloud is initially collected in a mirror magneto-
optic trap. In this mirror MOT, cloud-surface distances are usually on the order of two
or three millimetres and the temperature of the cloud is approximately 100 uK. Next,
the collection of atoms is compressed down into a cylindrical cloud in what is called
a compressed MOT [69]. For this purpose, the magnetic field utilised for creating the
mirror MOT is replaced by a two dimensional quadrupole field. The 2D quadrupole is
generated by a single current carrying wire and a bias field which creates a line of zero
magnetic field parallel to the chip surface. In order to keep the loss of atoms as low
as possible, the new 2D quadrupole has to be closely matched to the original MOT 3D
quadrupole field. The temperature of the cloud in this stage is nearly 50 uK and the
cloud-surface distance has been shifted down to around 800 pm.

After the compression stage, the cloud is transferred to a purely magnetic trap.
The atomic population in the compressed MOT is distributed over a set of magnetic
sublevels. In order to maximize the number of atoms confined in the magnetic trap,
the atoms are optically pumped into a low-field seeking state. The magnetic trapping
potential is obtained by combining the centre wire and bias fields, with the field of two
auxiliary current carrying wires which close the ends of the 2D guide. The magnetically
trapped atom cloud is then taken closer to the chip surface by increasing the bias field
and reducing the current running through the centre wire. When the distance between
the cloud and the chip surface becomes less than 100 pm, the collection of atoms begins
to interact with the chip trapping potentials.
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Type (1) Type (2) Type (3)

Figure 1.1: Examples of the three ray types generated in a 70.5° pyramid. In
these images, a top view of a hollow 70.5° pyramid is presented with the paths
that light incident parallel to the pyramid axis can follow as it is reflected
from the hollow surface. Type (1) and type (2) rays are only reflected by two
opposing faces of the pyramid, while type (3) rays suffer reflections on three of
the four pyramid faces.

As both the loss of atoms and the heating of the cloud are desired to be kept as
low as possible, properly matching the different stages of the loading process turns
out to be a very meticulous, tedious, and time consuming task. As the atom chip
fabrication techniques have been refined, it has been possible to attain atom-surface
distances on the order of a few micrometers. This also means that tighter traps are
created and consequently, fewer number of atoms are held in these traps. In order to
detect, manipulate and controllably modify the internal states of atoms in these tiny
clouds it is necessary to make them interact with light. In the experimental sequence
outlined before, the laser light is delivered to the chip by means of external mirrors and
lenses. As the atom-surface distance becomes small and fewer numbers of atoms are
confined in these traps, detection and further manipulation tasks become very difficult.
In response to these complications, the necessity of integrating, not only the sources
of the trapping potentials, but also optical components into the atom chip has been
pointed out in various publications [35, 36, 59].

Arrays of pyramidal pits have been fabricated in silicon wafers. A gold coating was
laid on these pyramids to create an array of pyramidal hollow mirrors. We believe that
these pyramids can be the main building block of an efficient mechanism for loading
cold atom clouds right at the surface of an atom chip. We have studied in detail the
optical properties of the pyramids fabricated in silicon wafers. Firstly, the angle between
opposite faces in these pyramids is of 70.5°, instead of 90° as in the usual pyramid MOT
arrangement [70, 71]. This has consequences on the light force balance produced inside
the micro-fabricated mirrors. To begin with, a ray tracing analysis of this pyramidal
geometry allowed us to identify three different types of pyramid reflections. An example
of these ray types is given in figure 1.1. Type (1) and type (2) rays, those which are
reflected exclusively by opposing faces of the pyramid, create a force balance along
the pyramid axis and can therefore generate magneto-optical traps. In contrast, the
third reflection type is reflected by three of the four pyramid faces. This type of ray is
severely affected both in its propagation direction and in its polarisation state along its
path inside the pyramid. The reflected intensity pattern generated when a laser beam
is shone parallel to the pyramid axis shows contributions from the three ray types, as
anticipated by the ray tracing analysis.
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We have studied both theoretically and experimentally the appropriateness of the
70.5° pyramidal geometry for the generation of magneto-optical traps [72]. For this,
we fabricated a large scale glass replica of the geometry generated in the silicon micro-
mirrors. In addition, for comparison purposes, we also fabricated a pyramid with a 90°
angle between its faces. We have proved that in order to create magneto-optical traps in
silicon pyramids, it is necessary to eliminate or reduce the third type of rays. The first
method that we proposed for this is to lay a low reflectivity coating on the surface of
these pyramids. The third ray type is reflected three times by the pyramid faces before
crossing through the pyramid axis, where the MOT is supposed to be generated. On
the other hand, the first two ray types cross twice through the trapping region, the first
time after just one reflection and the second after being reflected twice. Consequently,
if a low reflectivity coating is utilised, the intensity of the third ray type, in comparison
with the other two ray types, is severely reduced before reaching the trapping region.
In our large scale replica of the silicon pyramid we tested various reflectivity coatings
and found that an ~ 80% reflectivity gives the best results.

The second method that we proposed for taking care of these undesired light com-
ponents consists of completely eliminating the areas of the light which give rise to these
reflections. We first demonstrated the efficacy of this approach by placing a mask on
the trapping beam utilised for creating the MOT in the large pyramid replica. In this
experiment we found that a high reflectivity gold coating, which does not generate a
MOT in the 70.5° when the full beam is shone into it, can be made to work if the
type three ray areas of the beam are masked. We confirmed this result both by placing
a mask on the trapping beam and by masking the pyramid surface at the moment of
laying down the metallic coating.

We have also estimated the number of atoms that can be collected in a miniature sil-
icon pyramid. We modelled numerically the scattering forces generated in the volume of
these pyramidal hollow mirrors when circularly polarised light is shone perpendicularly
to the chip surface and a quadrupole magnetic field is generated in the pyramid region.
To confirm these estimations, we have mimicked experimentally the tiny pyramids us-
ing the large scale pyramid replica. Taking advantage of the pyramidal symmetry, we
have placed the centre of the MOT magnetic quadrupole a few millimetres away from
the pyramid apex. Then, scaling laws for the number of atoms collected in pyramids
of different sizes have been determined by displacing the quadrupole centre positions
along the pyramid axis. These experiments have allowed us to establish an empirical
scaling law for the number of atoms that can be collected in a 70.5° pyramidal MOT.
In addition, we have studied in detail the capture and loss rates as a function of the
pyramid size, for pyramids which side length goes from 16 mm and down to about 3 mm.
With this scaling law we anticipate that these traps can in principle collect as many as
a few hundred atoms and as few as a single atom.

The first prototype of an atom chip with pyramids integrated on its surface has
been designed and fabricated. Together with these micro-fabricated pyramids, this
atom chip integrates also micro-fabricated current carrying wires circling the pyramid
square openings. We show that the field generated by these wires is equivalent to square
closed loops running along the edge of the pyramid apertures. Therefore, a bias field
perpendicular to the chip surface can be utilised together with these wires to generate
an spherical quadrupole field inside the pyramid. This configuration creates two points
of zero magnetic field. Both points are located on the pyramid axis, one inside of the
pyramid and the second one outside of the pyramid. This extra feature can in principle
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Table 1.1: Magnetic Specifications of Recording Media [29, 75, 67].

Recording Remanent Magnetic Room
Medium Field Layer Temperature
Thikness Coercivity

(G) (pm) (Oe)

Audio tape

Denon HD-M 3500 4.0 1200

51/4 inch floppy disk

Sony MD-2D 700 2.5 290

Video Tape

Ampex 398 Betacam SP 2300 3.5 1500

MO Multi Layer Film

15 x (44 Co/10 A Py) 23000 0.021 1600

be utilised for controllably extracting the atoms from the hollow pyramid volume. This
atom chip has been mounted and wire bonded to an electronics industry standard
ceramic pin grid array chip carrier.

1.5.2 Magneto-optic multilayer thin films

The second part of this research project is related to the testing of new magnetic ma-
terials suitable for using in atom chip applications. New materials with high room-
temperature coercivity, strong remanent magnetisation and small domains are devel-
oped for the production of high density magnetic recording media [73, 74]. Curiously,
the requirements of this later application are very much the same as those for applica-
tions in atom optics. An example of these novel magnetic media is the Co/Pt multilayer
thin film.

The properties of high density magnetic recording media seem to be ideal for the
creation of atom chips. Well defined microscopic patterns of magnetisation can be cre-
ated with sub-micron resolution on the surface of these media. In addition, long term
stability and robustness of a signal recorded in these media, as in the storage of informa-
tion, results particularly interesting for atom optical applications. The magnetic field
produced above the surface of a patterned Co/Pt multi-layer thin film, together with
suitable external fields, has been proposed for trapping Rb atoms [54]. The properties
of Co/Pt MO films represent clear advantages over other magnetic media that, never-
theless, have already shown their suitability for reflecting, guiding, and trapping neutral
atoms. In table 1.1, these MO films properties are compared with those of other mag-
netic media that our group has previously used. Co/Pt MO films present perpendicular
magnetic anisotropy. Therefore, arbitrary two-dimensional patterns can be created in
the plane of the film. To continue, the strong remanent magnetisation together with
the small scale of the structures imply that large magnetic field gradients of the order of
10* T/m can be produced above the surface of these films. The high room-temperature
coercivity of these films guarantees the stability of the magnetic patterns even in the
presence of the magnetic fields utilised in a typical atom chip experiment.

We have built an apparatus for writing magnetic patterns in these films [73]. The
patterns are determined by areas of opposite magnetisation within the film surface. We
have shown that patterns with features in the micrometre scale can be written. These
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patterns can be scaled up to millimetre dimensions. Two different patterns have been
created. The first consists of a large array of parallel lines such as the signal recorded in
the video tape atom chip. However, the features recorded in the Co/Pt film are much
smaller than those present in the video tape and the high remanent magnetisation of the
MO film promise higher trap frequencies. The second pattern that we have created is an
array of Z-like patterns, which result in Ioffe-Pritchard type traps above the film surface.
We have performed numerical estimations of the atom traps that can be generated above
these magnetic patterns.

We demonstrated that magnetic micro-traps can be generated above the surface
of magneto-optical Co/Pt thin films [76]. In this thesis, I will describe the apparatus
used for writing the magnetisation patterns on the surface to these MO films. These
patterns have features of a few microns and numerical calculations of the steep trapping
potentials that can be generated above them has been developed. At a distance of
750 nm from the chip surface, these traps can be as deep as 3 mK and have harmonic
frequencies of up to 1.1 MHz. The domain structure of these magnetic films seems to be
the limiting factor of the patterns quality. We show that the borders between regions of
opposite magnetisation present transverse oscillations which dimensions are comparable
to the domain structure observed in a demagnetised sample.

1.6 Organization of this thesis

In the following paragraphs I describe the contents of this thesis.

To begin with, the theory of laser cooling and trapping of neutral atoms is given in
chapter 2. The scattering force is the starting point for explaining the concept of Doppler
cooling. Next, the processes involved in subDoppler cooling are briefly described. To
continue, the magneto-optic trap (MOT) operation principles are introduced. Particu-
larly, the filling dynamics of the MOT are studied in some detail. Finally, some relevant
concepts regarding magnetic trapping of neutral atoms are studied with the aim of
setting the basic requirements utilised in the design of atom chips.

Chapter 3 contains a description of the experimental resources that have been built
as part of my research project. This begins with the design and construction of both
the vacuum and the laser systems; next, the procedure for making glass pyramids is
described together with the analysis of the resulting hollow mirrors; in the third place,
I present the various magnetic field sources utilised in our experiments and how they
were used for achieving the required field configurations; this chapter concludes with a
description of the methodology used for imaging of cold atom clouds.

Chapter 4 reports the experiments performed to determine the suitability of the
silicon hollow pyramidal mirrors for applications in atom optics. In this chapter I first
demonstrate that cold rubidium clouds can be magneto-optically trapped in a 70.5°
pyramid. Then, I also present the results obtained by coating both the 70.5° and
the 90° pyramids with different metallic coatings. Here, it is also shown under which
circumstances the MOT works in a 70.5° pyramid covered with a highly reflective gold
coating. Next, the chapter continues with an experimental determination of the scaling
laws for the number of atoms versus the size of the pyramids. Capture and loss rates
measurements are then provided and these results are used to estimate the number of
atoms that can be trapped in an atom chip pyramid.

Chapter 5 begins with a brief description of the fabrication of pyramids in silicon
wafers. Then, the chapter continuous analysing both the geometrical and optical prop-
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erties of the resulting pyramids, as well as these properties implications on the MOT
performance. The first prototype of a pyramid atom chip, which integrates micro-
fabricated pyramids and wires, is shown next. This is accompanied with a detail de-
scription and characterisation of the resources utilised for incorporating the atom chip
into our vacuum system.

An introduction to the physics of magneto-optic thin films is provided at the begin-
ning of chapter 6. After this, the focus of the chapter is narrowed around the charac-
teristics of the Co/Pt multilayer films that we have fabricated. The thermo-magnetic
recording technique utilised for writing magnetisation patterns in these MO films occu-
pies a separate section of the chapter. Then, I present the two different patterns that
we have created. A detailed analysis of the magnetic trapping potentials that can be
generated above these patterns is provided.

To conclude, chapter 7 summarizes the most important results of this research
project. Here, I discuss the place that these achievements occupy in atom optics re-
search, and particularly in the development of atom chips. In addition, this chapter
identifies the future directions of this research and the challenges that this particular
project faces.
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Chapter 2

Cooling, trapping and
manipulating atoms

In this chapter, I describe the basic theory involved in atom optics. Firstly, the two-
level atom laser cooling model is used for introducing the concepts of Doppler cooling
and optical molasses. Then this model is extended to multilevel atoms for explaining the
sub-Doppler cooling mechanisms. Next, I explain how a magnetic field can work together
with the optical field for trapping atom clouds in a magneto-optical trap (MOT). Then,
the MOT filling dynamics are analysed. In addition, I also provide an introduction to
the Physics of magnetostatic trapping neutral atoms. Finally, I conclude this chapter
by discussing the miniaturization of MOTs and magnetic traps.

2.1 The scattering force

The scattering force that a laser light field exerts on an atom is the basis of a method for
cooling atoms. As Metcalf and Van der Straten explain in [77], when an atom absorbs
a photon, it gains a momentum Ak in the direction of the laser beam, where k = 27”12
is the wave vector of light with wavelength A\. Over many absorption cycles, the time-
averaged force exerted on an atom by a laser beam is equal to the momentum kick ik
each photon exerts on the atom times the rate at which the absorption and emission
process takes place. This force is then F = hkT', where T' is the total scattering rate.
In sponataneous emission however, the time-average momentum gain experienced by
this atom is zero because photons are emitted symmetrically in all directions. The total
scattering rate I' can be expressed in terms of both the laser intensity I and the detuning
from the atomic transition A as measured in the atom frame of reference:

Y I/Isat

P ) = T T/ T + @A)

(2.1)

In this equation, v is the spontaneous emission rate (7 = 1/v is the excited state
lifetime) and I,q is the saturation intensity of the atomic transition, which is defined
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Figure 2.1: The time-averaged force on
a two-level atom in a 1D optical molasses.
The forces exerted by each light beam in-
dividually are shown as blue dotted lines
and the solid line corresponds to the total
force given by equation 2.4. The linear ap-
proximation (equation 2.5) is represented
as a dashed straight line.
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as the laser intensity value which generates an excited state population fraction of 1/,
at zero detuning. For a two level atom, I44; is given by

whey
Isat — W (22)
In conclusion, the scattering force experienced by an atom at rest turns out to be
hk

2 1+s9+(2A/7)°

where the on-resonance saturation parameter is so = I/Igq4.

2.1.1 Doppler cooling and optical molasses

The scattering force depends on the Doppler shift w, of the laser frequency as experi-
enced in the reference frame of a moving atom. The wavelength of the light measured in
the reference frame of an atom moving away from the source of the light is longer than
the actual wavelength measured in a reference frame at rest. Similarly, an atom moving
towards the light source witnesses the opposite shift of the wavelength of the light. As
a result of this shifts, the scattering rate depends on the velocity of the atom and on
the detuning of the laser frequency from the atomic transition. The laser frequency in
the reference frame of the moving atom is Doppler shifted, which results in a detuning
Ap = (wr —w,) — k- v with wy as the laser frequency, w, as the atomic transition fre-
quency in the absence of a magnetic field, and k - v as the first order Doppler shift. For
red detuned light (w; < w,) the atom is more likely to absorb photons from the beam
whose propagation direction opposes the motion of the atom. Therefore, a detuning of
the laser frequency around the atomic transition can be used to selectively reduce the
velocity of those atoms moving against the light. This method for reducing the kinetic
energy of a sample of atoms is known as Doppler Cooling [77].

Let 6 = wy—w, be the detuning of the laser frequency from the atomic transitions as
measured on a reference frame at rest. Then, the one-dimensional time-averaged force
on a two-level atom due to a counter-propagating pair of beams can be written as

Dk 50 50

20 \ s+ 20wl g g gy 4 20w

Fy

(2.4)
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This force can be expanded as a Taylor series in v, around v, = 0. Retaining only the
linear term of this expansion gives

 8hok2 5
T (1s+ 47)

This shows that the average force tends to damp the motion of atoms in the direction
of the laser field, where we have defined 3 as the damping constant. The total force
expressed in equation 2.4 is plotted in figure 2.1 as a solid curve, together with the
contributions from each one of the two laser beams that are shown as dotted curves.
The dashed straight line is the first order Taylor expansion (equation 2.5) which shows
the restoring nature of this force.

If the laser field consists of three pairs of counter propagating beams, each pair
aligned orthogonal to others, the force acts on each of the three spatial degrees of
freedom of these atoms. The analysis presented previously can be easily extended
to three dimensions. This creates a region, the intersection of the six laser beams,
where the motion of the atoms experiences a viscous damping. This is known as an
optical molasses [5]. A cold atom cloud forms in the optical molasses having a velocity
distribution which is generally Maxwellian. A temperature T' can be assigned to the
velocity distribution, which for an n-dimensional trap is

F, =

5V = —Bvg (2.5)

n

e =N "2
Sk = ; 5 Ui (2.6)

Here, the thermal energy per degree of freedom is %kBT and v; is the r.m.s. velocity in
the ¢th direction.

The minimum temperature achievable with Doppler cooling is reached when the rate
of removal of kinetic energy by the damping force is balanced by the heating rate due
to the random nature of the absorption and emission of photons. Due to the discrete
nature of atom-photon interaction, the cycles of absorption and emission of photons are
seen by the atom as two steps of a random walk in momentum space [77]. The size
of these steps is given by the momentum kick fk induced in the atoms. After N such
kicks, the atom r.m.s. momentum grows as v/ Nhk. Therefore, the condition of balance
between the damping force and the heating rate leads to the Doppler Temperature [77)

_ Ty 14 T s + (26/7)?

Tr —
P kg 2/6]/y

(2.7)

In the low intensity limit and for § = —v/2, the Doppler temperature is minimal and
is reduced to Tp = hy/2kg. For example, the 5P /2 state of 8Rb and 8Rb are char-
acterised by spontaneous decay rates equal to v = 5.98 MHz and v = 6.07 MHz respec-
tively. Correspondingly, the minimal Doppler temperature associated to the D2 line of
these two rubidium isotopes is Tp = 143 uK and Tp = 145 uK respectively.

2.2 Sub-Doppler cooling

The variety of processes taking place in optical molasses is much richer than this two level
atom model. In a real atom, energy shifts in the hyperfine sublevels can be induced by
perturbing fields, such as light or an external magnetic field. The multilevel atom picture
is then more adequate for distinguishing the more subtle details of these experiments.
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2.2.1 Polarization gradient cooling

When considering the multilevel atom, temperatures below Tp can be achieved through
the interaction between the atom hyperfine structure and the spatial variation of the
light polarisation in optical molasses. This mechanism, called Polarization Gradient
Cooling, operates in low magnetic fields (| B |< 100 mG) and with an optimum detuning
greater than that for Doppler cooling. Polarisation gradient cooling can lower the
minimum temperature by a large factor compared to that predicted by Doppler cooling
theory [7, 77].

The variation of the light intensity in optical molasses induces AC Stark shifts in the
atomic energy sublevels. Due to these shifts, atoms experience an exchange of kinetic
for internal potential energy as they move through the light field. As the atoms move
across the polarisation gradients of the light field, the shift tunes the atomic energy
levels to the frequency of the light and, at the point of maximum potential energy,
these atoms are optically pumped into a state of lower energy. The energy stored in the
internal structure of the atom has now been liberated and its initial kinetic energy is
lost. As the atom moves trough the changing polarisation of the light field, it continues
losing energy in successive cycles of shifts and optically pumped transitions. A detailed
description of this cooling mechanism is given in [7]. The recoil of one photon then
corresponds to the lowest theoretically achievable temperature by sub-Doppler cooling:

n%k?

Trecoil = m (28)
B

For 8"Rb Thecoi = 361 1K and for ®Rb Thecoii = 370 nK. Note that this new limit is
four hundred times lower than the one given by the Doppler temperature.

2.3 The magneto-optic trap (MOT)

In a magneto-optic trap (MOT), the exchange of momentum is produced in a wide range
of distances and velocities. The change in the Doppler shift of the decelerated atoms is
compensated by introducing a Zeeman shift [77]. A spherical quadrupole magnetic field
is in general utilised for generating this compensation. This field consists of a point of
zero magnetic field located in the centre of the quadrupole, with the field increasing
linearly with position as one moves radially from the centre. Consequently, the Zeeman
shift is induced by the movement of the atoms in the inhomogeneous magnetic field.
The Zeeman interaction energy is given by —u-B, where B is the spatially varying
magnetic field and p is the atomic magnetic dipole moment. Therefore, the effective
detuning between the atomic cooling transition and the laser field in this situation is
given by

Ay,=0—k-v—pu-B (2.9)

Substituting this detuning in equation 2.3 results in a force that depends on both the
velocity and the position of the atoms.

Provided that the magnetic field magnitude B is < 300 Gauss, the interaction of a
moving atom with the magnetic field can be approximated by the first-order Zeeman
shift. The splitting between a pair of magnetic sublevels can be written aswz = —pu/B/h,
where (/' = (mege — mggy)pp is the effective magnetic moment of the transition. Here,
mg.e and gq . are the magnetic quantum numbers and the Landé factors of the ground
g and the excited e states respectively.
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Figure 2.2: The Zeeman splitting tunes the atomic transition energy as the
atom moves across the inhomogeneous magnetic field. In this graph, the right
hand side scale indicates the magnetic field (dashed light blue line) that in-
creases linearly with position having a gradient of 10 G/cm. The left hand side
scale shows the corresponding splitting of the m; = 41 magnetic sublevels
(solid black lines). Finally, the red dashed horizontal line denotes the trap-
ping light frequency, which is tuned below the resonance with the unshifted
transition my =0

A scheme of transitions between hyperfine levels for magneto-optic trapping can be
summarised as follows: | F,mg) —|F',m’) =|F',mg),|F',my+1), where m, and m/,
are respectively the ground and excited states projections of the total atomic angular
momentum, F', onto the quantization axis defined by the magnetic field direction. In
the one-dimensional case, in which the field B can be written in terms of a constant
gradient 0, B = 88—5, the energy shifts grow linearly with the field magnitude and the
Zeeman induced tuning of the atomic transition is

/ /
v, — _WB _ _uaxBx
h h
This tunes the atomic transition around the laser frequency as the atom moves away
from the trap centre. The blue dashed line superimposed in figure 2.2 represents a
linearly increasing magnetic field, whose magnitude is given by the right hand axis
of the graph. The left hand axis on this graph represents the Zeeman tuning of the
magnetic sublevels m = +1 with respect to the unshifted |0,0) —|1,0) transition.
Each photon carries an angular momentum A. The projection of this angular mo-
mentum on the quantisation axis defined by the magnetic field direction can be 0, or
£1. In the MOT diagram given in figure 2.2 we have assumed that the quantisation
axis is defined locally by the magnetic field direction B. In this basis, o denotes light
for which the projection of its angular momentum along the magnetic field direction is
positive (right hand circularly polarised light with respect to B), o_ corresponds to light
for which this projection is negative (left hand circularly polarised light with respect to
B), and 7 refers to linearly polarised light with angular momentum equal to zero.
The conservation of angular momentum establishes that the absorption of a photon
must be accompanied by the corresponding change of the projection of the atomic angu-
lar momentum. This imposes a set of selection rules on transitions driven by circularly
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and linearly polarised light. Firstly, o4 light drives Ampr = +1 transitions; next, o_
light drives Amp = —1 transitions; and finally, for 7 light Amp = 0. The dashed
horizontal line included in figure 2.2 represents light that is red detuned (detuning o)
from the |0,0) —|1,0) transition. Then, if an atom moves away from the trap centre
in the positive direction it preferentially absorbs o_ photons from the beam travelling
towards the left. Likewise, if the atom moves away from the trap centre along the
negative direction it will preferentially absorb o_ photons from the beam that travels
towards the right.

2.3.1 The one-dimensional analysis of the MOT

The one-dimensional treatment of the optical molasses introduced in section 2.1.1 can
be extended to take into account the Zeeman shift generated in the presence of an
inhomogeneous magnetic field. The linearly increasing field strength creates a spatial
dependence in the detuning term of the scattering rate given in equation 2.1. This
produces a confining force that points towards the centre of the trap and makes it
possible to cool and trap atoms simultaneously. Including the first-order Zeeman shift,
the detuning term becomes

Ay =5Fkv+y'B/h

where the 4+ and — subindexes refer to the right going and the left going beams respec-
tively. Equation 2.3 can be used to write down the force exerted by each beam on the
atoms

hk~y S0
+ 35
2 1+So+(2Ai/’y)

Fi= (2.10)

and the total force would be
F=F, +F_

A first order series expansion in v around v = 0 of this force results in a velocity
independent term that can be identified with a restoring force characterised by a spring
constant

8k805
29
7 (1450 +45)

Similarly, as found in the analysis of the optical molasses (see equation 2.5), the velocity
dependent term is identified with a damping coefficient

k= u'0,B

(2.11)

8]{}280(5h
8= . (2.12)
402
7 (1450 +45)
The force around the MOT centre is therefore approximated by
F ~ —fpv — Kz, (2.13)

which leads to damped harmonic motion of the atoms. For 8°Rb atoms with sg = 1,
a detuning § = /2 and a field gradient 9,B = 10 G/cm, the damping rate of this
motion (I'yor = /M) is 21 kHz and the oscillation frequency (wyor = v/k/M) is less
than 5 kHz. This corresponds to overdamped motion with a restoring time to the trap
centre 2k/1/9, B = 1.8 ms. In addition, under this simplified model of the MOT we can

conclude that a trap of radius R has a depth U, = %K,RQ and a capture velocity v, = ﬁWR.
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2.3.2 Extension to three dimensions and multiple level atoms

A complete treatment of the MOT has to consider the spatial variation of the light
intensity, the angle between the light propagation direction and the local magnetic field
direction, as well as optical pumping processes between multiple atomic levels. Lindquist
et al. [78] have derived an extension to the MOT force for the two-dimensional case. A
further extension to three dimensions and Ng....s laser beams can be written as

NBea'm.s hk "}/ Am=+1 mp= +F (r)
F = =Y Y PRumomlORT P
i=1 Am=—1mp=—F sat(Am mF) (2 14)
o 1
I(r) 4A2
1 + I a,«(Am mp) +

The dependence of the light intensity I(r) on the three-dimensional position r = (z,y, 2)
is now explicitly introduced and the saturation intensity now depends on each individual
transition and on the initial my level. Similarly, the square of the Clebsch-Gordan
coefficients ]C’,%Fm|2 provides the probability for each my to my transition. Finally, to
account for the different orientations of the light propagation direction and the local
magnetic field, in [79, 80, 81] it is shown that the fraction of light Pg;:o 4, that drives
Am = —1,0, or +1 transitions is given by 7

1 1
PZ;ZH = Z(l + cosh)?, PZ;:_l = 1(1 T cosh)?, .15)
1 :
P = sin0

where 6 represents the angle between the local magnetic field and the propagation direc-
tion of each laser beam. The effective detuning A needs to be computed in accordance
with equation 2.9.

2.3.3 The Rubidium MOT

Because of the large number of absorption and spontaneous emission cycles that are
required for laser cooling, a closed transition between atomic states needs to be selected.
The large hyperfine energy splitting of alkali atoms allows large laser detuning from
a given transition, while transitions to unwanted energy levels are minimised. The
D2 transition (see figure 2.3) is used for cooling and trapping either of the two most
abundant isotopes of rubidium, 8’Rb and 3Rb.

Two laser sources are required to magneto-optically trap rubidium atoms. Firstly,
a closed atomic transition that can be excited repeatedly needs to be selected. For the
most abundant Rubidium isotopes, 8"Rb and %Rb, 5251/2; F=2— 52P3/2; F =3 and
525, 2 F=3— 52P; s2; F = 4 are, respectively, cycling transitions. The light used for
generating this excitation can also drive off-resonant transitions to the 52P; s =2
state in 8Rb, or to the 52P3/2; F = 3 state in ®Rb. Atoms in these states can decay to
the complementary F states of the 525 /2 level. Once in this state, these atoms can not
be excited by the cooling laser and therefore, a second laser, the repumper, is required
for pumping them back into the cycling transition.
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Figure 2.3: The rubidium energy levels [82].

2.4 The MOT filling rate equation

The change in the number of atoms N collected in a MOT is equal to the difference
between the rate at which atoms are captured and the rate at which atoms are lost.
The MOT filling rate equation can be expressed [79, 83] as

2

N _p N e 210

dt T |4
The capture rate and the trap lifetime are represented as R and 7 respectively. The third
term in eq. 2.16 corresponds to the losses resulting from two-body collisions between
atoms in the trap, where V is the volume occupied by the atom cloud. Steane et
al. [79] explain that this term is significant at high densities of trapped atoms. In
contrast, when 77N72 is insignificant compared with the first two terms in eq. 2.16, the
loss rate is independent of the number of atoms contained in the trap. Under these
circumstances, the capture rate R and the trap life time 7 determine the MOT filling
dynamics. Neglecting the third term in the rate equation, the solution to eq. 2.16 is

N(t) = N,(1— e t/7) (2.17)

where Ny = R is the steady state number of atoms in the MOT.
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2.4.1 The capture rate

To estimate the capture rate of a MOT we first consider that the rubidium vapour
is in thermal equilibrium with the vacuum chamber walls. This gas can therefore be
described by a Maxwell Boltzmann distribution and the flux of atoms entering into the
MOT capture region can be easily calculated. We begin by defining the capture velocity
Ve as the maximum velocity an atom entering into the capture region can have in order
to be trapped. The capture rate is then estimated by determining the number of atoms
with velocities lower than or equal to v, crossing through the surface that delimits the
trapping volume. Hence, the summation which makes up the atom flux entering into
the capture region is limited to the interval 0 < v < v,.

For a gas at a temperature 7', the mean number of atoms per unit volume n(v) with
a speed v = |v| in the range between v and v 4 dv is given by the Maxwell Boltzmann
distribution of speeds [84]

2

m N2 e
n(v) dv = 4mn (27rkBT> e 28T du

where the atom mass is denoted by m and n is the gas density. The number of atoms
®. with velocities lower than or equal to v, entering the trapping region per unit area
and per unit time is

1 [ve m (kT — _—m2 (kT 1
¢, = 4/0 n(v)vdv=n ST [; —e 28T <fn + 21}3)} (2.18)

Only the slowest atoms are collected in the trap. Consequently, equation 2.18 can be
simplified by expanding it into a power series in v, around v, = 0. Truncating the series

at the fourth term yields
3/2
n m
D, ~ — ] 2.19

‘T 8Ver (kBT) ¢ (2.19)
The MOT capture rate R can then be obtained by multiplying the flux ®. by the area
A that bounds the trapping region. In the case of the six beam MOT this region would

be defined by the intersection of the six laser beams. Consider for example that the
trapping region is a sphere of radius r, in which case the capture rate is

3/2
_ ~ m 4 2
R=?.A~ Wors <k:BT> v, (47r*) (2.20)

The capture velocity

As an initial estimate of the capture velocity, let us consider the point where the Doppler
shift takes the atom out of resonance with the trapping beams [11]. If laser light
of wavelength A is detuned by one natural linewidth from the atomic resonance, this
estimate would correspond to v, = yA. Here, v is the velocity at which the Doppler
shift is equal to the natural linewidth v of the transition. In the case of ®*Rb atoms,
for which v = 27 5.98 MHz, v, =~ 9m/s.

However, Steane et al. [79] pointed out that the force is still significant at velocities
above a few Doppler widths. Instead, these authors suggest that a typical value of v,
can be estimated by considering a force equal to half the maximum scattering force,
which would correspond to a deceleration a = hk~y/4m. Then, the capture velocity is
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identified with the velocity of an atom that is stopped in a distance equal to the radius
r of the trap, v, = (2ar)1/2. For a 8Rb atom and considering a trap radius of 4 mm,
this estimation results in v. = 21 m/s.

We can take now this estimate of v. to express the capture rate derived before
(equation 4.2) in terms of the spherical trapping region radius

/o m \3/2 ik 2 ,
—Vor (- il 2.21
R=van (/-cBT> ( 4m ) nr (2:21)

If we consider again a 4 mm in radius spherical trapping region for 8Rb atoms, a capture
rate of 4 x 107 s™! for a rubidium partial pressure of 4 x 1079 mbar (n ~ 10" m~3) is
obtained by this relation.

2.4.2 The loss rate

The loss mechanisms that normally determine the value of 7 are due to collisions with
Rb and non-Rb background atoms. Equation 2.16 with no loading term and neglecting
the two body loss term reduces to

dN N

b 2.22

dt T ( )
This indicates that the number of atoms in the trap decays exponentially with time
after the loading is switched off

N(t) = Noe /7

where Ny is the initial number of atoms in the trap.

Losses from a trapped atom cloud occur due to collisions with room-temperature
background atoms. The losses caused by collisions with background Rb atoms can be
expressed in terms of the rubidium atom density,

1 3ky T\
—— = NRLOry Vth = NRH Oy <B> (2.23)
TRb M Rp

where og, is the cross section for collisions between a cold trapped atom and a fast back-
ground rubidium atom. In addition, this equation makes use of the definition of the
mean velocity of thermal atoms vy, = \/3 kg T'//mpy. Similarly, other species contribut-
ing to the background pressure can eject atoms out of the MOT. The characteristic time
of these processes is such that

1 3k T\ /2

Consequently, the total amount of losses caused by collisions with all varieties of hot
background atoms is characterised by the !/, time in which atoms are ejected from the
MOT:

== (2.25)
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Figure 2.4: The longitudinal cross section
of the 90° pyramid MOT shows that the
light polarisation configuration is equiva-
lent to the six beam MOT. Therefore, to
create a MOT inside of a 90° pyramidal
mirror it is only necessary to use a single
circularly polarised beam and to generate a
quadrupolar magnetic field with its centre
inside the hollow volume of the pyramid.

2.4.3 The steady state number of atoms

Since the pressure of background vapour is much less than the rubidium pressure when
loading the MOT, let us assume that 7, > 7gp. Then, the combination of the results
obtained in the previous two sections (equations 2.21 and 2.23) can be used to estimate
the steady number of atoms that are collected in the MOT

or 1 [ m \? [hky\? 4

This equation demonstrates the strong dependence of the steady state number of atoms
on the size of the trap, which is usually determined by the size of the laser beams. In
addition, note that on the approximation 7, > 7, the number of atoms collected in
the MOT is independent of the gas density.

To conclude, we can use this last result to estimate the steady state number of 8°Rb
atoms that could be trapped in a MOT characterised by a 4 mm in radius spherical re-
gion. For this purpose, we take that the Rb-Rb collision cross section is 3.2 x 107 cm?,
which is the value measured by Rapol et al. [85] in a 8"Rb MOT. This way, we find
that 4 x 107 atoms could be trapped in this MOT.

2.5 The Pyramid MOT

Hollow optical systems provide a very simple way to generate the correct MOT light
configuration [71, 80, 86, 87, 88]. As shown in figure 2.4, a single circularly polarised laser
beam shone with its direction of propagation parallel to the axis of any of these hollow
systems generates automatically all the 3D MOT light components. The functioning
of these hollow optics MOTs relies on the fact that a circularly polarised light beam
changes helicity upon reflection from a mirror. Consequently, the reflections from the
various faces automatically prepare the three orthogonal pairs of counter propagating
laser beams having opposite angular momentum, hence preparing the light polarisations
required for laser cooling and trapping atoms.
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Figure 2.4 also shows the field lines of the quadrupolar magnetic potential generated
by two circular coils running current in opposite directions. The coils are coaxial with
the pyramid axis and are located at opposite sides of the hollow pyramid. This creates
a point of zero magnetic field inside the hollow pyramid and the magnetic field strength
grows linearly with position as one moves away from that point. In order to create a
MOT, it is only necessary to ensure that the direction in which these coils current runs,
as shown in the scheme, opposes the helicity of the light component that travels towards
the point of zero magnetic field.

This arrangement represents a great simplification of the MOT system. While in the
usual six beam configuration it is necessary not only to align the six light components
but also to prepare properly the polarisation of each one of the six beams, in the
pyramid MOT it is sufficient with aligning and preparing the circular polarisation of
a single beam. As a result of the inherent simplicity and robustness of these MOTs,
90° pyramidal hollow mirrors are used in several atom optics research groups as highly
reliable and extremely robust sources of cold atoms [89], and even in laser cooling and
trapping apparatus for undergraduate laboratories as valuable teaching resources [90].

2.6 Magnetic trapping

Magnetic trapping of neutral atoms depends on the interaction between an inhomoge-
neous magnetic field and the atomic magnetic dipole moment. The potential associated
with this interaction is given by the projection of the atomic magnetic dipole moment
o along the direction of the field B:

U=—-pn-B (2.27)

There are two important consequences of magnetically trapping neutral atoms: first,
the atomic energy levels will necessarily shift as the atoms move on the trap; second,
practical traps for ground-state neutral atoms are necessarily very shallow compared
with thermal energy because energy levels shifts are considerable smaller than kg7 for
T = 1K [77]. Therefore, atoms must have been collected in a MOT and prepared in
the required state.

The Hamiltonian of the interaction between an atom and a magnetic field consists
of two terms. The first term corresponds to the interaction of the nuclear magnetic
moment with the magnetic field generated by the electrons, or hyperfine interaction.
The second term describes the interaction between the magnetic field B and the atomic
magnetic moment p, the Zeeman interaction. In the basis of the total electronic an-
gular momentum J and the nuclear angular momentum I states |J,mj; I, mr), this
Hamiltonian is

H=

I.J—u-B 2.28
T+ 1 p (2.28)
The hyperfine splitting A/h between the F' = 1 and F' = 2 levels of the 55, state of
8TRb and ®°Rb atoms is 6385 MHz and 3036 MHz respectively. The Zeeman interaction

contains electronic and nuclear contributions
= — J— I
2 giuB Q/IMN (2.29)
= —gsuBd + gruBl,

where pup = eh/2m. is the Bohr magneton; pn = eh/2m,, is the nuclear magneton;
gy is the Landé g-factor, which represents the total electronic angular momentum; and
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gr is the nuclear angular momentum g-factor. For 8"Rb, I = 3/2, g; = 2.751 and
g} = 0.995 x 1073; while for 85Rb, I = 5/2, g; = 1.353 and ¢} = 0.293 x 1073 [82, 91].
Taking g5 ~ 2, the Landé g-factor is

J(J+1) = L(L+1) +S(S +1)
27(J + 1)

g =1+ (2.30)

For the 55 /; ground state this results in g; = 2 and for the 5P, state in g; = 4/3. For

J= %, the interaction Hamiltonian can be analytically diagonalised and the energies of

the magnetic sublevels are given by the Breit-Rabi formula [92]:

hA hA 2mF
Ely=1/2mp51m1) = oI+ ) grnpBmy + (—1)F2\/1 + 7110 +a2? (2.31)
2
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where ©x = WA .

In the limit of low magnetic field (B < 300 G), the Zeeman interaction lifts the
degeneracy in mp and the resulting energy shift can be approximated to first order to
obtain

AE(y 1) Fmp = HBIFMFDB (2.32)
where
g (F(F+1)+J(J+1) —I(I—I—l))—l—%(F(F—l—l)—J(J—I—l)—I—I(I—i—l))
2F(F + 1)

gr =

(2.33)
Since the ratio px/pp ~ 5 x 1074, the second term in this last expression is negligible
compared with the first term and this formula can be rewritten as

gy(F(F+1)+J(J+1) — I(I+1))
2F(F +1)

An atom polarized in a particular Zeeman sublevel is driven by the Stern-Gerlach

force,
F=-VE=—-grmpurVB (2.35)

Then, atoms for which grpmp > 0 are attracted to regions of low magnetic field. These
atoms are therefore low field seekers and can be trapped in a minimum of the magnetic
field. In addition, the highest mp states are trapped most strongly. For example, 8"Rb
atoms prepared in the |F,mp) = |2,2) state by optical pumping are trapped more
strongly in a magnetic field minimum than in any other state. On the other hand,
atoms in a state such that grmp < 0 are high field seekers.

The adiabatic condition

The confining force an atom experiences in a magnetic trap originates from the in-
teraction between the atomic magnetic moment and the nonuniform static field. The
confinement depends on the maintenance of a given orientation of the atomic moment
with the local field. The energy shift as stated in equation (2.32) is only valid if the pro-
jection of the atomic magnetic moment, mg, on the direction of the field is a constant of
the motion. This implies that to keep an atom trapped, it has to remain adiabatically
in a given Zeeman sublevel.
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When the precession frequency is not large compared with the frequency of orbital
motion, the desired orientation is lost. This means that spin-flipping transitions between
magnetic sublevels do not occur. These transitions are often called Majorana spin flips
and they cause the particle to escape from the trap [16]. Therefore, the atom should
move slowly enough to follow the field adiabatically [93].

Let v = (vg, vy, v,) be the velocity of the atom. Then, the variation of the magnetic
field in the reference frame of the moving atom is given by

dB 9B 9B OB

E = %’Ux 87y’Uy + E'Uz (236)

This can be expressed in two components, one parallel and one orthogonal to B:

dB

E = u)lB +w X B, (237)

where B 4B

- — .= 2.38

LT B g (2.382)

and B 4B
=— X —. 2.38b
TR (2.38b)
The atomic magnetic moment, p, precesses about B with the instantaneous Larmor
frequency wg = |grmpup/hl. To avoid any transition between spin states, the field

direction has to change slowly enough for the magnetic moment of the atom to be able
to follow it adiabatically. The adiabatic condition is then

lw| < wp

This is,
B dB
= w2 2.39
52 X < wo ( )
A general interpretation of wq is that it is the minimum value of the angular fre-
quency of the different allowed transitions between the levels of the quantum systems.
The adiabatic condition is generally fulfilled for cold atoms in magnetic traps since the
rate of change of the magnetic field that any atom experiences is limited by its low
velocity.

2.7 Magnetic traps in atom chips

There are two main methods for creating magnetic trapping potentials in atom chips:
current carrying wires and permanently magnetized surfaces.

2.7.1 Microfabricated current carrying wires

The most elementary tool that can be included in an atom chip is a single straight
current carrying wire. Provided that the distance r from the centre of the wire is small
compared with the wire length, the magnitude of the magnetic field produced by this
straight flowing current [ is simply pol/27r. The direction of the magnetic field vector
is determined by the right hand rule. Therefore, a homogeneous bias field pointing in
a direction orthogonal to the wire can be used to create a 2D quadrupole field with a
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line of zero magnetic field running next to the wire [59]. The bias field, here denoted
by Bpias, determines the distance of the zero magnetic field line as measured from the
centre of the wire

poy\ 1
o — (7) 2.40
0 27/ Bhias ( )
Similarly, the gradient of the magnetic field around this line is
aB| <27T> Bjias _ Bbias (2.41)
dr o 140 I 70

The 2D field minimum generated by the wire can be used to guide neutral atoms in
a low field seeking state. To avoid Majorana spin flips at the centre of this guide, where
the field magnitude is equal to zero, an additional field needs to be included along
the wire direction. The new field, which we will denote as By, curves the magnetic
potential minimum and creates a loffe-Pritchard trap. At the field minimum position,
the curvature of the field in the direction perpendicular to the wire is given by

2
— <27T> Blilias — Bl?ias (242)
o o 30[2 T%Bo

d’B
dr?

For an atom of mass M in a low field seeking |F, my) state, the harmonic oscillation
frequency at the centre of this guide is

fr_

o om

Wy _ 1 w (d23> ]' HBgrp (Bgias)

— | = 2.43
dr? 3By (243)

T or M

In consequence, high trap frequencies are achieved when By;,s places the guide close to
the wire. Additionally, the magnitude of By must be kept as low as possible in order
to obtain the highest possible frequencies. The depth of this trap is proportional to the
difference in magnitude between the field at the centre of the trap, By, and the field far
from the wire, Bp;qs. Consequently, the depth of the trap that a low field seeking atom
experiences is

Uo = ppgrme (Bbias - BO) (244)

The guiding potential can then be transversally closed with the field of two parallel
wires running perpendicularly to the direction of the guide. In this way, a new degree
of confinement is imposed on the atomic motion. The axial harmonic frequency of the
trapping potential is given by

fz_

_ w1 Jpsgrmy (d2B (2.45)
2 27

dz?

The magnetic field generated by a current carrying wire bent in a Z-like shape is
similar to the previous example. In this occasion, a loffe-Pritchard type trap is formed
on top of the wire when a bias field is added in the direction perpendicular to the central
segment. This configuration has the advantage that it is not necessary to apply any
further bias fields. The contributions from both extremes of the Z wire provide an axial
bias which is high enough for maintaining the atoms in a strongly trapped state.
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Figure 2.5: Equivalent current I that
runs along the boundary of a pattern writ-
ten on an MO film. The equivalent current
along a border between regions of opposite
magnetisation is found to be 22 mA.

2.7.2 Permanently magnetised media

As shown by Hinds et al. [29], a periodic signal recorded in a piece of video tape
produces a magnetic field that can be used as an atomic mirror. The addition of a
uniform bias field creates tube-like guides above the surface of the tape. These run
parallel to the mirror surface and can be longitudinally closed to produce confinement
in that direction too. Similarly, patterns resembling a Z shaped current carrying wires
can also be created on magnetic media.

Modelling magnetic traps

Fictitious equivalent currents are utilised for calculating the magnetic field produced
above the surface of a patterned MO film, such as the Co/Pt film described in chapter
6. These currents are the result of replacing the magnetisation M by an equivalent
current density V x M. The magnetization vector of Co/Pt MO-films is normal to
the surface. Figure 2.5 shows an example of a square of downward magnetisation in a
background of upward magnetisation. In this case, the fictitious current runs along the
edge of the square. The magnitude of the current is obtained by considering the change
of magnetisation AM across the boundary and the thickness ¢ of the magnetic layer:

I=AMXt (2.46)

Assuming that the magnetisation at either side of a boundary is =M, then the change
across a boundary is 2M.

The magnetic field present above the surface of the film can be calculated with the
aid of the Biot-Savart law. According to this law, the magnetic field dB produced of a
location r by a wire segment ds, carrying a current I is given by:

wo\ Ids x r
daB=— | ——— 2.47
(47r> |r‘3 ( )

For the calculation of the magnetic field above the surface of the MO film, the
patterns are assumed to lie entirely in the zy-plane and the current lines used to model
them are either parallel to the z-axis or to the y-axis. Therefore, the field produced by
a current carrying wire parallel to the z-axis is:

I 21 g
Bowire = (“”) V x / sy (2.48a)

47 . 1Tl
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Similarly, the field produced by a wire parallel to the y-axis is:

/,Lof Y1 ds “
Byyire = | 222 |V i 2.48b
v (47r> " / EK (2.48b)

In equations (2.48), (xo,x1) and (yo,y1) represent the extension of segments of wire
along the x-axis or along the y-axis respectively.
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Chapter 3

Experimental apparatus

This chapter contains a description of the apparatus that was developed throughout
this project. I provide a description of an entirely new vacuum system that was build
explicitly for testing atom chips. I also describe the dichroic atomic vapour laser locks as
well as polarization and saturation spectroscopy systems that were built for stabilizing
the frequencies of the radiation emitted by three extended cavity diode lasers. Magnetic
field sources and electronics for controlling and stabilizing the currents supplied to them
are also described in this chapter. Additionally, I describe the imaging system that is
essential for the operation of our experiments.

3.1 Vacuum system

To evaluate the different elements of the new generation of atom chips and ultimately
for testing our atom chip, we built a new vacuum system. A vacuum on the order of a
few 10~ mbar had to be easily achieved with the atom chip inside the vacuum chamber.

3.1.1 The vacuum chamber

The main element of the vacuum system (figure 3.1) that has been built is an extended
octagon, multi-CFTM fitting (Kimball Physics Inc., MCF800-E0200080.16-A) UHV
vacuum chamber. This chamber includes two 87, eight 2 3/,”, and sixteen 13" CF
ports. With a large internal volume (7.1” diameter spherical workspace) and wide
optical access, this extended octagon is particularly suitable for our application. This
vacuum system routinely operates at a base pressure below 102 mbar and the pumping
down procedure followed for achieving this pressure is described in appendix A.

Three aluminium posts support the vacuum chamber, placing its geometrical centre
approximately 35 cm above the optics table surface. The two 8” ports of this chamber
are parallel to the table surface and a CF anti-reflection coated viewport is attached to
the bottom port. Similarly, CF anti-reflection coated viewports cover seven of the 23/;”
chamber ports, and a combination of CF anti-reflection coated viewports and blank
flanges close the sixteen 11/ ports. A four way cross is attached to the remaining 23/;”
port and the opposite side of this is connected to a 20 Ls~! ion pump (Vaclon Plus 20
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Figure 3.1: The vacuum system. The oc-
tagon vacuum chamber rests on three alu-
minium posts and the ion pump (on right)
is attached to one of the chamber ports.
The viewports that seal most of the vac-
uum 2 3/4” ports provide appropriate view
access to our experiments.

Figure 3.2: The Rubidium dispenser is
held on a macor mount, which is in turn
attached to a long aluminium leg by a sin-
gle bolt and screw set. Wires on the back
of this holder supply electric current to the
dispenser. The dispenser terminals and
the wires are sandwiched between copper
washers to guarantee good electrical con-
tact. Finally, a thin and straight copper
wire in front of the dispenser screens the
rubidium effusion.

StarCell). An all-metal CF angle valve and a CF blank flange seal the remaining two
23/,” ports of the four way cross. Finally, the top 8” port is used for loading the atom
chip assembly into the vacuum chamber. This assembly is described in section 5.3.1.

The laboratory coordinate system

We defined a left hand coordinate system with respect to the vacuum chamber with its
origin at the centre of the octagon. The z axis is vertically upward; the x and y axes
are horizontal oriented and the former points towards to the ion pump.

3.1.2 The Rubidium dispenser

We use current heated rubidium dispensers (SAES Getters Rb\NF\4.5\12\FT 10 + 10).
This method is suitable for controlling the rubidium partial pressure because the rate
of evaporation is reproducible and can be controlled at will. The evaporation process is
activated by heat, which in turn is generated by running current through the dispenser
body. An insulating macor!' block, shown in figure 3.2, was designed for holding the
rubidium dispenser in the atom chip testing experimental apparatus. This block holds
the dispenser and directs the atom effusion. Current carrying wires attached to the
back of this block provide electric current to the dispenser, and a wire located in the
front of the block screens the atomic flux. A detailed description of the dispenser holder
will be given in section 3.1.3.

!Macor is a machineable glass-ceramic with good thermal properties and low outgassing rates
(www.corning.com).
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Figure 3.3: The Rubidium partial pres-
a 100 - 1 sure versus dispenser current calibration
E i 1 curve is shown along with the experimen-
= i | tal data used to deduce the dependency.
3,2 To generate the calibration curve, the data
~ - { points were fitted to a simple exponential
n | | growth formula.
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Dispenser current (A)

The dependence of rubidium pressure on dispenser current was carefully calibrated
by means of an absorption experiment. A laser beam tuned to the 525, 2 =3 —
52 P, s2; F' = 4 transition of 85Rb was sent through the vacuum chamber. Then, the
fraction of light absorbed by the Rb vapour was recorded as a function of the current
supplied to the dispenser.

According to the Beer-Lambert law [94], the fraction of light that is let through a
volume filled with an absorbing medium is given by

I
= e~ (3.1a)

Provided the vapour is optically thin, the absorbance is

Here, [ is the path length that the beam travels through the absorbing medium, ng, is
the rubidium density, and « is the absorption coefficient. Our calibration determines the
dependence of the absorbance A on the current supplied to the rubidium dispenser. For
this purpose, the laser beam was sent through the 23 cm length of the vacuum chamber
and reflected back into it, taking care that the two paths were not overlapped. The laser
beam attenuation after crossing twice through the vacuum chamber was determined by
means of a photodetector. The voltage V recorded by this photodetector is proportional
to the laser intensity and therefore, the ratio I/, is equivalent to the ratio V/Vj.

The absorption coefficient a was independently estimated by repeating the absorp-
tion experiment in a 2.5 cm long rubidium cell. The rubidium vapour in the cell is in
equilibrium with the solid phase and the experiment was realised at room temperature.
Hence, the rubidium pressure in the cell, P = 3.9 x 107° Pa [95], corresponds to a
rubidium atom density of ng, = P/ksT = 9.6 X 10 m™3. The absorption coefficient
determined in this way is o = 1.94 x 10716 m?2,

The calibration consisted of measuring the light attenuation factor, V/V, in this
case, for a series of dispenser current values. Then, the rubidium partial pressures in
the vacuum chamber corresponding to each one of the measured attenuation factors
were calculated by means of equation 3.1 with the aid of the a value determined before.
As shown in figure 3.3, the resulting Rb pressure values Pgy, (in mbar) were then plotted
against the dispenser current I and an exponential curve fitted to them, which resulted
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Figure 3.4: The in-vacuum elements of our apparatus are attached to the
multiport 8” flange. Four stainless steel posts and an aluminium ring hold the
atom chip mounting elements in place. The rubidium dispenser, which is held
by its macor mount, can be precisely positioned and oriented with the aim of
properly directing the atom effusion. Finally, this image also shows how the
large scale pyramid and coils set was included in the atom chip testing system.

in
Ppy (I) = 4 x 107162970 1 (3.2)

where the dispenser current is given in Amperes.

3.1.3 The pyramid assembly

A multiport 8” flange which includes six 1 14” ports equally spaced around a 2 3/;”
port (Del-Seal CF Fittings Multiport Angled Flange Part # 409011 by MDC Vacuum
products, LLC) is used for supporting the atom chip in the vacuum chamber. In figure
3.4, we show how four stainless steel posts screwed to the flange surface support an
aluminium ring. This in turn holds the atom chip and associated components which
will be described in section 5.3.1. Four holes on this ring allow us to slide the atom
chip arrangement up and down on the posts. Peek? spacers between the posts and the
ring guarantee smooth sliding of the ring, avoiding the friction between the metallic
surfaces of the posts and the ring. Threaded holes on the side of the ring at the posts

2Peek stands for Polyaryletheretherketone (www.victrex.com) and is a semi-crystalline thermoplastic
with good mechanical and thermal properties.
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positions go through not only the ring but also through the peek spacers. Grub screws
on these holes fix the location of the ring along the posts, by engaging with a series of
dimples. There are 14 of these dimples equally spaced along the full length of the posts,
the first being 15 mm away from the flange surface, with 5 mm of separation between
consecutive dimples.

The rubidium dispenser is mounted on a macor holder. This can be seen on the
right hand side of figure 3.4 and a picture of the holder is provided in figure 3.2. The
dispenser terminals go through holes on the macor piece and each one of them is sepa-
rately sandwiched between a pair of copper washers. As the operation temperature of
these dispensers can be as high as 600 °C and currents of up to 8 A are required, a 1 mm
cross section diameter wire has been utilised for supplying the current to the dispenser.
To avoid undesired electrical connections between these wires and the rest of the com-
ponents in the vacuum chamber, insulators were threaded along the entire length of
these wires. Then, the ends of these wires are sandwiched between copper washers, one
of which is in contact with a dispenser terminal. This guaranties good electrical contact
between the dispenser terminals and the wire. In addition, the macor holder includes a
piece of 0.5 mm in diameter wire located in front of the rubidium dispenser. This wire
screens the emission of fast atoms expelled in the direction of the atom chip. A leg
attached to the flange is used for holding the macor piece in the vacuum chamber. A
slit that runs along the length of the leg is used for setting the height and orientation
of the dispenser.

The left hand side of figure 3.4 also shows a glass pyramidal mirror and an anti-
Helmholtz coil pair, which are described in sections 3.3 and 3.4.1 respectively. In this
case, the pyramid and coil composite system has been attached to one of the steel posts.
The support holds these pieces in place taking advantage of the post dimples.

Three ten-pin feedthroughs on the 1'/3” CF ports of the miltiport flange feed current
to the atom chip. In the in-vacuum terminal of these pins, beryllium/copper barrels
provide the aims for connecting 1 mm in diameter polyimide insulated copper wires. The
opposite end of these wires is connected to barrels attached to the atom chip assembly.

3.2 Laser system

The laser system includes three extended cavity diode lasers (ECDL), the tools for
stabilising and tuning these lasers, means for preparing and delivering the light to the
experiment chamber, and methods for determining the frequency and the stability of
the light. A diagram of the laser system and associated optics is given in figure 3.5 and
is described in the following sections.

This laser system fulfils a series of basic requirements set by our experiments. First,
we needed a trapping laser for driving the cycling transition of either 3Rb or 8"Rb
atoms. Next, a complementary repump laser had to be incorporated for maintaining
the atoms cycling into the cooling transition. In the third place, a laser precisely locked
to the centre of the cycling transition was needed to establish a stable frequency reference
for measuring the detuning of the trapping laser and for performing various detection
tasks. Finally, methods for making fast broad changes of the trapping and the repump
frequencies were also necessary in our experiments. These changes could be of just some
few tens of megahertz for the production of molasses stages, or as large as hundreds
of megahertz for experiments in which it was necessary to take the light as far from
resonance as possible, but keeping the lasers locked.
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Figure 3.5 shows three lasers labelled Reference, Lion and Lynxz. The Lion and the
Lynx drive the trapping and repump transitions of Rb atoms respectively. Means for
stabilising and locking these lasers, as well as for controllably varying the frequency of
their emissions are mandatory. The Reference laser is used to determine the detuning
of the light generated by the Lion with respect to the centre of the cycling transition.
This third laser is locked to the centre of the cooling transition and is beaten against
the trapping laser. Although there are other methods for determining the frequency
difference between two laser, this is a simple and low cost solution which fulfils our
experimental requirements. Beside stabilising and locking this third laser, an indepen-
dent method for precisely identifying the location of the cooling transition centre is also
utilised. Finally, we also monitored the stability of the three lasers during the operation
of our experiments.

The first of the three lasers, the Lion shown in red in figure 3.5, is stabilised around
the cycling transition of 37 Rb or 85 Rb atoms; the second laser, the Lynz, is locked to the
corresponding repump transition; and finally, with the aim of quantifying the detuning
of the Lion with respect to centre of the chosen cycling transition, a third light source,
the Reference laser, is locked to this spectroscopic feature. Locking signals for the
trapping and repump lasers are derived from two dichroic-atomic-vapour laser locks
(DAVLL). A Doppler free polarisation spectroscopy apparatus is utilised for stabilising
the reference laser. The first locking scheme not only stabilises the first couple of lasers,
but also allows one to controllably vary their frequencies in the vicinity of the atomic
transitions. On the other hand, the polarisation spectroscopy system provides a stable
frequency reference. Finally, a saturated absorption spectroscopy system is used for
accurately determining the location of the atomic features to which the reference laser
has to be locked.

3.2.1 The Reference laser

Let us start with the Reference laser system. A home built extended cavity diode laser
in Littrow configuration provides a stable frequency reference for the experiment. This
laser is based on the design presented by Arnold et al. [96] and a similar system was
described in [75]. The back facet of a diode laser has a highly reflective coating and the
light emitted from the front facet, which has an anti-reflection coating, is first collimated
and then coupled into a diffraction grating. The first-order diffracted light is sent back
into the diode and the zeroth-order is coupled out. The wavelength of the output light
is tuned by adjusting the external cavity created by the grating and the laser diode.
This is done by tilting horizontally the grating either manually or by varying the voltage
applied to a piezo-stack between the grating mount and its adjust screw.

Doppler free polarization spectroscopy

The beam generated by the reference laser, shown in orange in figure 3.5, is first divided
in two beams by a non-polarising beam splitter. The light transmitted by the splitter
goes into a Doppler free polarisation spectroscopy apparatus. This has been built for
locking the reference laser to the centre of either the 5251/2;F =2 — 52P3/2;F =3
transition of ¥Rb or the 525 j9; F' = 3 — 52P35; F = 4 transition of *Rb. In this
method, an error signal is obtained by detecting a rotation of the polarisation direction
in a linearly polarised beam, or probe beam. This rotation of the direction of polarisation
is induced by the presence of a more intense beam, the pump beam, when both beams
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A4 Figure 3.6: The Doppler-free polarisation
O spectroscopy system used for locking the

reference laser to the two cycling transi-

tions in the Dy line of both Rb isotopes.
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Figure 3.7: The error signal used for locking the reference lasers. Graph
A shows the error signal obtained from the polarisation spectroscopy system,
and graph B corresponds to the saturated absorption spectrum. The centre
of the trapping transitions in ®Rb and 8"Rb are identified on the saturated
absorption spectrum and then used to lock the reference laser. These locking
points are identified by the vertical lines included in the figure.

are overlapped in an atomic vapour cell.

The principle of polarisation spectroscopy is to induce a birefringence in a medium
with a circularly polarised pump beam and to interrogate this with a counterpropagating
weak probe beam [97]. Figure 3.6 shows the Doppler-free polarisation spectroscopy
system for locking the reference laser. First of all, the input beam is separated into two
linearly polarised components by a polarising beam cube. Before this cube, a */ plate
(not shown in the figure) can be used to control the relative power of these two beams.

The beam transmitted by the beam cube is sent through a */; plate, which prepares
the circularly polarisation () of the pump beam. This light beam is then sent through
a rubidium cell. The probe beam, which is the beam reflected by the first cube, travels
through the rubidium vapour intersecting the pump beam inside the cell with the two
beams travelling nearly in opposite directions. Then, the birefringence induced by
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Figure 3.8: The saturated absorption

PD spectroscopy system used to ensure that
the locking frequencies of the reference and
® \ the repump lasers are located in the centre

of the corresponding transitions.

A4 PBS

the intense pump beam produces a rotation of the probe beam polarisation ({+ ®).
This rotation can be detected by sending the probe beam through a second polarising
beam splitter (PBS). The light components transmitted and reflected by the PBS are
then sent into separate photodetectors PD1 and PD2. The difference in intensity of
the two components, which is proportional to the difference of the signals of the two
photodetectors, gives the polarisation spectroscopy signal. Finally, the %/ plate included
between the Rb cell and the analyser PBS can be used to carefully tune the zero crossing
point along the discriminant slopes shown in figure 3.7, graph A.

In [97] it is demonstrated that for a closed transition, the polarisation spectrum
has a derivative lineshape, which is ideal as a signal for actively stabilising the laser
frequency. The error signal generated by this polarisation spectroscopy apparatus (see
figure 3.7, graph A) is fed into PID servo electronics, which in turn provide the feed
back for the laser grating. This slow control of the grating is sufficient for producing a
laser linewidth of a few hundred kilohertz.

Graph A in figure 3.7 shows the signal generated by the polarisation spectroscopy
apparatus when the laser frequency is scanned across the cooling transitions of 8°Rb
and 8"Rb atoms. The error signal generated by this spectroscopic device is fed back into
the piezo electric that controls the laser grating. We also add a voltage offset to this
error signal to carefully tune the zero crossing position along the discriminant slopes.
As shown by the vertical dashed arrows included in figure 3.7, this allows us to lock the
reference laser to the cycling transitions of ®Rb or 8’Rb atoms.

Saturated absorption spectroscopy

Assuming that the reference laser has been precisely locked to the centre of the cycling
transition, the absolute detuning of the trapping beam with respect to this feature can
be determined. Nevertheless, the reference laser can be locked to any point over the
dispersion slopes shown in figure 3.7, graph A. These dispersion features can be as wide
as 90 MHz for ®®Rb and 40 MHz for 8’Rb. In our experiments, we need to establish
detunings on the order of only some few MHz. Therefore, we required an additional
method for verifying that the reference laser locking position is located at the centre of
the cycling transition.

The light reflected by the first beam splitter is divided a second time, sending one
beam into a saturated absorption spectroscopy system. We use this system to determine
the central frequency of either of the rubidium cycling transitions. Therefore, the satu-
rated absorption apparatus and the polarisation spectroscopy locking system result in a
reliable method for measuring the detuning of the MOT light with respect to the centre
of the cycling transition.
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Figure 3.8 shows the saturated absorption spectroscopy system that we built. To
begin with, a light beam is sent into a polarising beam cube (PBS). Then, the beam
transmitted by the PBS is sent through both a rubidium vapour cell and a */; plate. The
My plate fast axis is set at 45° from the initial direction of light polarisation. Next, this
light is reflected back into its path, crossing first through the */; plate and then through
the Rb cell. Therefore, two light beams travelling in opposite directions both linearly
polarised in mutual orthogonal directions cross through the rubidium vapour cell. These
two beams do not interfere between each other but both interact with the rubidium
atoms. The reflected light reaches the PBS and is reflected towards a photodetector
(PD), which is used for recording the absorption experienced by this beam. If the laser
frequency is swiped across the ®Rb or the ’Rb Dy lines, and the input beam intensity is
high enough for saturating the corresponding hyperfine transitions, the signal recorded
in the PD is a profile that shows the saturation features.

The spectrum generated by this system is given in figure 3.7B. The signal obtained
by means of the saturated absorption spectroscopy system is displayed alongside the
Doppler-free polarisation spectroscopy spectrum (graph A). The precise location of the
cycling transitions can be spotted in the saturated absorption spectrum and the refer-
ence laser can therefore be carefully tuned to this feature centre.

The beam reflected by the second splitter goes through a %4 plate and a polarising
beam splitter cube, where it is combined with the MOT light. Then, the combined light
beam is sent both into a photodetector and into a Fabry-Perot etalon. The signal given
by the photodetector, the beat note, is used to determine the difference in frequency
between the reference and the MOT beams. This is explained in greater detail in
section 3.2.2.

3.2.2 The MOT lasers
The trapping laser

The Lion is an external cavity diode laser in Littman/Metcalf configuration (Sacher
Lasertechnik GmbH, TEC 320). This laser is capable of emitting up to 500 mW within
a 2.0 GHz bandwidth centred around a 780 nm wavelength. In the Littman/Metcalf
lasers produced by Sacher, the front facet emission of the laser diode is collimated and
coupled into a diffraction grating. Then, the first order diffraction is sent towards a
tuning mirror, which reflects the light back into the diffraction grating. This light is
coupled back into the laser diode chip whose rear facet emission, after being collimated,
forms the output laser beam. Wavelength tuning of the laser in this configuration can
be performed by rotating the tuning mirror. Fine tuning with resolution < 10 MHz is
achieved via a piezo actuator. Narrow linewidths (< 300 kHz) can be achieved with this
laser [98].

To filter the output beam of the laser and obtain a gaussian beam, figure 3.5 shows
that the light emitted by the Lion is first coupled into an optical fibre. Then, the output
of the fibre is divided in two beams by a polarising beam splitter cube. The light reflected
by this cube is sent into a second beam polarising cube which both combines the MOT
and the reference beam, and sends light into the locking system that is described in the
following section.
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The dichroic atomic vapour laser lock (DAVLL)

The Lion is locked to the 5251/2; F=2—> 52P3/2; F = 3 transition of ®'Rb or to the
525’1/2; F=3— 52P3/2; F = 4 transition of ®Rb. A dichroic atomic vapour laser lock,
known as DAVLL, is used for stabilising and locking this laser, which allows for the
tuning of its frequency around anyone of the two transitions.

A magnetic field induces dichroism in a rubidium atomic vapour. This dichroism
is a result of opposite shifts generated in the absorptions signals of two opposing cir-
cular polarizations [99]. To describe this phenomenon, consider first of all that the
handedness of the circular polarisation is defined with respect to the quantisation axis,
which in turn is determined by the direction of the applied magnetic field. In this basis,
right hand circularly polarised light is denoted as ¢+, and o~ corresponds to left hand
circularly polarised light. Then, the selection rules dictated by the conservation of an-
gular momentum establish that o light drives Amp = +1 transitions; o~ light drives
Amp = —1 transitions; and Ampg = 0 transitions are driven by linearly polarised light,
denoted as m light. In addition, the applied field induces Zeeman shifts on the atomic
magnetic sublevels. In consequence, the resonance frequency for o light is displaced
towards higher frequencies and towards lower frequencies for 0.

In the DAVLL technique, a linearly polarised beam is sent through a Rubidium
vapour cell and a magnetic field is applied parallel to the light wave vector. A diagram
of the DAVLL optical system is provided in figure 3.9. Linearly polarized light ((®) can
be decomposed in two opposing circularly polarised waves of equal amplitude (O+Q).
A quarter wave plate (%) and a polarising beam cube (PBS) are then placed after the
vapour cell. The */; plate, whose fast axis is set at 45° from the direction of initial
polarization, decomposes the light in its two circularly polarised components: the o™
component comes out linearly polarised along the initial polarization direction (®),
while o~ is transformed into light linearly polarized along the orthogonal direction (}).
In consequence, the polarising beam cube separates these two contributions into two
different beams that can be detected independently.

In the absence of a magnetic field, the two circularly polarized components are
equally absorbed by the medium. When the magnetic field is applied, the absorption
signals corresponding to these two circular polarizations are shifted in opposite direc-
tions. An error signal can be generated by subtracting the two absorption signals, which
results in a wide dispersion feature. Moreover, a voltage offset can be added to this error
signal for shifting the zero crossing position. Consequently, the dichroic-atomic-vapour
laser lock (DAVLL) allows one not only to lock the laser frequency to the desired tran-
sition, but also to tune the laser over a wide frequency range without using additional
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Figure 3.10: The error signal used for locking the trapping and the repump
lasers. The blue and green curves shown in the bottom of this figure are the
absorption signals measured by the photodiodes in the DAVLL system shown
in figure 3.9. The red curve in the graph results from subtracting the two
absorption signals, giving rise to the four locking points marked here as A, B,
C and D. Each one of these four locking points are shown in detail at the top
of the figure, where the tuning ranges have been included for each transition.
The axes units in these four graphs are the same as in the bottom graph.

optical elements like acoustic-optic or electro-optic modulators.

The plot shown at the bottom of figure 3.10 is an example of the trace observed
when implementing the DAVLL technique. The red line corresponds to the DAVLL
dispersion signal obtained when the frequency of the trapping laser is scanned across
the D2 line of 8°Rb and 8"Rb atoms. This signal results from subtracting the signals
registered by each one of the two photodiodes, shown as blue and green lines in the
plot. The insets on the top of this figure show the width of the linear regions that can
be used to lock and tune this laser, in addition to the corresponding slopes of these
features. The red curve shown in the bottom graph of figure 3.10 represents the error
signal utilised for locking the Lion. This figure also shows the DAVLL locking positions
and wide tuning ranges associated to the repump and cooling transitions of rubidium
atoms. In particular, graphs A and B demonstrate that the tuning ranges for locking
the Lion to the trapping transitions of 8’Rb and 8°Rb are 300 MHz and 250 MHz wide
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respectively.

The light transmitted by the first polarising cube is the beam that is sent into the
experiment vacuum chamber. This goes through a pair of lenses which create a small
focus in which a shutter is used for interrupting the trapping light whenever necessary.
Then, the trapping light is combined with the repump light (see next section) and
send into two paths. The first constitutes the single beam required for trapping atoms
into the hollow pyramids and the second has been used to create a 2D molasses below
the pyramid atom chip. The beam responsible for trapping atoms in the pyramids is
expanded by a pair of lenses. The diameter of the beam after this stage is approximately
2 cm. Then, this beam is sent through a )‘/4 plate whose fast axis is oriented at 45° from
the light polarisation direction defined by the polarising beam cube. This prepares the
circular polarisation required for creating the MOT light configuration in the pyramid
volume.

The repump laser

The Lynz (Sacher Lasertechnik GmbH, TEC 100), which is the laser we use for gener-
ating the repump light, is an external cavity diode laser in Littrow configuration. The
maximum power of this laser is 65 mW and can also be tuned to the Dy line of the
two Rb isotopes. In the lasers produced by Sacher in this configuration, the radiation
emitted from the antirreflection coated front facet of a laser diode is first collimated
and sent towards a holographic grating. The first order diffraction is reflected back into
the diode and this creates the cavity of the laser. The light that is coupled out of the
rear facet of this diode constitutes the output light of the laser. Wavelength tuning of
the laser in this case is performed by moving the diffraction grating. In addition, high
frequency tuning of the laser can be achieved by means of current modulation. The
linewidth of this laser is of the order of 1 MHz [98]. The Lynx is also called the repump
laser and a second DAVLL has been built for locking it to the mentioned transition.
Dispersion features similar to those shown in figure 3.10 are used to tune and lock the
Lynx around the repump atomic transitions.

The light emitted by the Lynx (the green beam in figure 3.5) goes into a beam
splitter that sends a small portion of light towards the DAVLL. This is then used to
stabilise and lock the Lynx to the required repump transition. The light reflected by
the beam splitter goes through a pair of lenses with a shutter located in the focal point.
This has been used in experiments in which we needed to interrupt controllably this
light. Then, we use a polarising beam cube for sending some of the Lynx light towards
the same saturated absorption apparatus utilised for locating the centre of the cycling
transitions. As done with the reference light, we use this spectroscopy tool to determine
the centre of the repump transition where the Lynx has to be locked. The reference
and repump beams are sent into the same path by a polarising beam cube. Next, a
plate selects which of this two light components is analysed in the saturated absorption
system.

Finally, some of the Lynx light is combined with the trapping light generated by the
Lion to form the single beam used to trap atoms in the glass pyramids and to create
a 2D molasses below the pyramid atom chip. This combined Lynx and Lion light is
also mixed with the reference laser and monitored in a Fabry-Pérot etalon, described
in page 55.
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The beat note

As we have shown, the reference laser is precisely locked to the trapping transition and
can therefore be regarded as a reliable frequency reference. The detuning of the trapping
laser from the atomic transition is determined by measuring the frequency difference
between this light and the reference laser light.

The difference in frequency between two oscillatory signals can be established by
making them interfere. The frequency of the resulting signal, called the beat note signal,
is equal to this frequency difference [100]. Consequently, light from the trapping and the
reference lasers is carefully overlapped in order to make them interfere. This generates
a beat note signal that is used for determining the detuning of the Lion with respect
to the reference frequency. After the two beams are combined, the resulting beam is
sent into a fast photodetector (Thorlabs DET110). Next, the photodetector output is
firstly connected to a high frequency amplifier (Melles Griot, model 13AMPO007) and
then to a frequency counter (TECSTAR FC 2500). The photodetector capacitance is
C'; = 20 pF and the amplifier input and output impedance is R, ..o = 50 2. This results
in a photodetector bandwidth fzy = (27 R10.sCy)~ ' ~ 160 MHz, which allows us to
measure the frequency difference between two lasers. The resolution of this system,
which is limited by the linewidth of the two laser beams, allows us to obtain sub-MHz
frequency difference measurements.

The Fabry Pérot etalon

Light from the three laser sources is combined and sent into a Fabry Pérot etalon
(Toptica Photonics. Series DL100, FPI 100 01094). This interferometer has a free
spectral range fsr = 1 GHz and a finesse F 2 400. This means that the resolution of
this device is R = fsr/F 2 2.5 MHz.

The three light components can be resolved in the interferometer. This provides
a method for verifying the trapping light detuning that is initially determined by the
frequency counter. The frequency difference between the repump light and the trap-
ping and reference beams can also be measured with this etalon. To determine this last
frequency difference, the interferometer free spectral range needs to be taken into con-
sideration. The linewidth of each one of the three laser beams was found to be narrower
than the resolution of this resonator.

3.2.3 Laser linewidths and stability

The frequency stability achieved by the DAVLL system has been evaluated by looking
at the variation in time of the beat note frequency produced between the trapping and
the reference lasers. The results of this measurement are shown in figure 3.11. The beat
note frequency measurements were taken in intervals of one second and for a period of
up to 2600 seconds. The average value (9.42 MHz) of all these values and the standard
deviation (0.69 MHz) of the data set are shown as a dashed horizontal line and as a
light red interval respectively.

The stability of the trapping and the reference lasers has been evaluated by calcu-
lating the Allan variance [101] of the beat note signal shown in figure 3.11. The Allan
variance, which is shown in figure 3.12, allows us to conclude that the best stability of
the laser is achieved in a time scale of approximately 3s, for which we found that the
detuning variation of a few hundred kilohertz.
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Two different methods have been utilised for measuring the linewidth of our lasers.
First, in the optics plan given in figure 3.5 it is shown that light from the three lasers is
shone into the Fabry Pérot etalon. This way, each one of the three light components can
be monitored in real time. The resolution of this etalon has been shown to be limited
to ~ 2.5 MHz, and the linewidth of the three lasers has been found to be consistently
below this limit. Secondly, the resolution with which we are capable of determining
the detuning between the trapping and the reference light components is well below
1 MHz. The linewidth of the beat note signal is the sum of the linewidths of the two
oscillatory signals. Assuming that the linewidths of these two lasers are comparable, we
can conclude that these lasers are characterised by a linewidth of less than 500 kHz.

3.3 Large scale pyramidal mirrors

Two large-scale glass pyramids were fabricated for performing tests on the particular
geometry obtained when pyramidal pits are etched on a silicon surface. The first of



3. Experimental apparatus 57

1 2 3 4
. ! . o
‘\ h

Figure 3.13: The fabrication of the two glass pyramids can be summarised
in five steps. 1 The procedure begins with a set of four glass cubes. 2 One
corner of each cube is milled off at the desired angle; the resulting surface is
polished to produce a mirror quality surface. 3 The machined cubes are cut
in half and 4 the resulting pieces are glued together to form the pyramid. 5
Finally, a metallic coating is sputtered over the hollow glass pyramid to create
a good quality mirror.

these two pyramids is a replica of the 70.5°silicon geometry, while the second one is
a simple 90° pyramidal pit. The initial goal of these experiments was to demonstrate
that, in spite of the deviation from the usual 90° geometry, cold atom clouds can still
be collected with the pyramidal mirrors fabricated in silicon wafers. We used the two
pyramids for comparing the efficiency of the 70.5° pyramid with that of a 90° pyramid
of similar dimensions. We also used these pyramids for studying the effect of various
metallic coatings with different reflectivities. This was done with the aim of determining
which material should be used in the fabrication of atom chips containing chemically
etched pyramids. Besides demonstrating that magneto optical traps can be generated
with 70.5° pyramidal mirrors and determining which metallic coatings maximise the
efficiency of these MOTs, we have also found that blocking the light that is firstly
reflected in the vicinity of the pyramid edges greatly improves the trap efficiency. We
have used this full replica of the atom chip pyramids to study the effect that reducing
the pyramid size has on the resulting trap.

3.3.1 Macroscopic pyramids fabrication

The fabrication of the glass pyramids is schematically represented in figure 3.13. The
manufacture of each one of the two large scale pyramids began (1) with a set of four
glass cubes, each with a side length of 13 mm. In step 2, the four internal surfaces
of the hollow pyramids were obtained by polishing down one of the corners of each
cube. The corners were polished to create an optically smooth surface at an angle of
either 35.25° or 45° with respect to the chosen edge. The angle that the cutting plane
makes with this edge is simply one half of the angle that the opposing pyramid faces are
expected to subtend. A lapping machine was used for this purpose and the orientation
of the flat pyramidal faces was achieved by maintaining the glass cubes fixed during the
polishing process. A strong steel holder kept the orientation of the four glass cubes fixed
in the lapping machine and a layer of wax held the four glass cubes firmly attached to
the holder during the polishing process. The four glass cubes were polished in this way
simultaneously, which guaranteed that the four mirrors share the same orientation. The
third step (3) of the manufacturing process consisted in milling off one half of the glass
cubes. The goal of this step was to keep the resulting pyramid as compact as possible,
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allowing the magnetic field coils (see section 3.4.1) to be located close to the pyramid
square aperture. The hollow pyramid was then created by gluing together the set of
four glass cubes, as shown in the figure step 4. In this step, the four pieces were also
glued to an aluminium disk necessary for integrating the pyramid into the experimental
apparatus. Finally, a reflective layer was sputtered onto the four polished surfaces (5)
and the pyramid was ready for creating MOTs.

3.3.2 The 70.5° pyramid

Once the macroscopic replica of the silicon etched pyramids was fabricated, it was
necessary to corroborate that its internal angle was indeed close to 70.5°. For this
purpose, a well collimated IR laser beam having a gaussian profile with a radius of
5 mm was shone into the replica with its propagation direction carefully aligned to the
pyramid axis. A sheet of graph paper was then placed 54 mm away from and parallel
to the plane defined by the pyramid entrance. This paper acted as a screen in which
the beam reflections generated by the pyramid faces were imaged.

Three features can be distinguished in the reflection pattern. These features are
analysed in detail in section 5.1.3. For the moment it is sufficient to mention that type
1 reflections are the result of the sections of light that are firstly reflected in the middle
of the pyramid faces; light in type 2 reflections is initially reflected in the close vicinity
of the pyramid apex; and light in type 3 reflections is firstly reflected on the vicinity of
the pyramid edges.

As shown in figure 3.14, the pyramid internal angles can be estimated once the
distance between the two features originating from type 1 reflections has been measured.

f = % [w ~tan~! (MQ; aﬂ (3.3)

The grid on the graph paper allows for the determination of the spot position with
millimetre accuracy.

The angles determined in this way have been found to be 68.4 + 1.7° and 67.9 + 1.1°.
The deviations of these angles with respect to the desired value of cos™* (1/3) = 70.5°
is probably due to the layer of wax used for attaching the glass blocks to the steel
holder during the polishing of the mirror faces. Nevertheless, these deviations are small
compared to the difference in angles between the usual 90° pyramid and the structure
obtained by etching silicon. Therefore, the macroscopic glass pyramid that we fabricated
is sufficiently representative of the silicon pyramid geometry.

3.3.3 The 90° pyramid

The first and probably most important step when preparing a pyramid MOT is to verify
that the input laser beam is properly aligned to the pyramid axis. Figure 3.15 shows
that the laser beam alignment can be done by looking at the images generated on a
plane perpendicular to the pyramid axis and ensure that these are symmetrical with
respect to the pyramid axis. In the case of a pyramid whose internal angle is exactly
90°, the reflected light forms a beam which travels along the same path of the input
beam but in the opposite direction. However, none of our pyramids has an angle of
exactly 90° between its opposing faces. In consequence, a well collimated laser beam
that is shone into any of these pyramids is decomposed in a number of reflections which
then travel in different directions. When the angle is smaller than 90° and the input
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Figure 3.14: The method utilised for measuring the internal angle of the
silicon pyramid replica made on glass. A laser beam propagating parallel to the
pyramid axis crosses through a hole made on a piece of millimetric paper, which
is located at a distance d from the pyramid entrance. The light is reflected by
the pyramid faces and creates spots on the paper, which are identified with type
1 and type 2 reflections. The distance between the spots which correspond to
type 1 reflections (M), the square aperture side length (a), and the distance d
can be used to determine the angle « that the outgoing type 1 ray makes with
the pyramid axis. Finally, a zoom into the pyramid apex region allow us to
establish the relation between the angle o and the pyramid internal angle 6.




3. Experimental apparatus 60

Figure 3.15: A HeNe laser beam was
shone into the ~ 90° pyramid and the re-
flected light was imaged in a white paper
screen placed ~ 20 cm away from the pyra-
mid entrance. An image of the input beam
has been superimposed over the circular
hole (white dashed line) on the screen.
A schematic of the pyramid orientation is
shown in grey. When the beam propa-
gation direction is aligned to the pyramid
axis, the image formed in the screen is sym-
metric with respect to this axis.
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beam is properly aligned to the pyramid axis, the reflections generated by the pyramid
surfaces diverge symmetrically from the pyramid axis.

The internal angle of the nominally 90° pyramid was also determined following the
procedure described above. In this occasion, a HeNe laser beam was shone into the
pyramid and a screen located approximately 20 cm away from the pyramid entrance
was used to image the reflection pattern shown in figure 3.15. This pyramid is 10 mm
deep and its aperture length is either 20.5 mm or 21.1 mm. The internal angles of this
pyramid resulted to be 88.5° and 87.1° respectively.

3.3.4 Reflective coatings

Experiments in this thesis were done with a variety of reflective coatings. In a 70.5° pyramid,
the trapping beam sections which are firstly reflected next to the edge of the pyramid
faces experience a total of three reflections before crossing through the pyramid axis,
where atoms can be trapped. These light components produce an imbalance in the trap-
ping force and unless attenuated or eliminated, the imbalance is sufficient for hindering
the MOT functioning. Before crossing through the trapping region, these parasitic rays
suffer one more reflection on the pyramid surface than the rest of the trapping beam.
Consequently, we proposed that the reflectivity of the mirror surface can be utilised for
reducing the undesired effect of the parasitic light sections. In this thesis we have tested
four different reflective coatings: aluminium, gold, platinum and chromium.

The information contained in table 3.1 provides the means for estimating the min-
imum thickness of the metallic layer that should be achieved during the deposition
process. The parameter 1/, :)‘/47rk, with « being the absorption coefficient, is known
as the skin depth. This parameter is a measure of how deep an electromagnetic wave
with wavelength A penetrates into a material whose extinction coefficient is k:

1 A
= 3.4
a  Arnk (34)
The first reflective coating used in both of our pyramids consisted of an aluminium
layer covered by a magnesium fluoride (MgF3) protective layer. The reflectivity of
this coating was determined by shining a HeNe laser beam onto each one of the four
pyramid mirror faces. The power of the incident beam was compared to the power of
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Table 3.1: The real n and imaginary k parts of the complex index of refraction;
the normal incidence reflectivity R; and the skin depth !/, exhibited by selected
materials for A = 780 nm (~ 1.6 eV) light [102].

Material n k R(¢=0) (i/rrcf)
Aluminium | 2.625 | 8.597 0.8794 7.220
Gold 0.08 4.56 0.986 13.61

Platinum 2.76 4.84 0.706 12.82
Palladium 2.08 4.95 0.755 12.54
Chromium | 4.097 | 4.342 0.6351 14.295

the light coming out of the pyramid and, taking into account that this beam suffered
two reflections in the pyramid, an average reflectivity of 78% for a single reflection was
found. The two pyramids with this aluminium reflective coating were loaded separately
in the vacuum chamber and cold atom clouds were trapped in them. These experiments
are described in chapter 4.

Next, we decided to investigate the effect that a high reflectivity gold coating has on
the trapping performance of the 70.5° pyramid. For this purpose, a thin 5 nm chromium
adhesion layer and then a 100 nm thick gold coating were deposited on the surface of
both pyramids. We measure that the reflectivity of this coating for infrared light is of
94%. With this new reflective coating the pyramids were once more loaded into the
vacuum chamber and used for trapping cold atom clouds.

Metallic coatings which result in intermediate reflectivities, such as chromium and
platinum, were also utilised. The reflectivity of the materials that we have considered in
our experiments is given in table 3.1. We measure the reflectivities of the chromium and
platinum coatings deposited in the two pyramids and the values obtained are consistent
with the values reported in the table. The pyramids with these coatings were also loaded
in the vacuum chamber and used for trapping rubidium atoms.

3.3.5 The masked coating of the 70.5° glass pyramid

In chapter 4 we demonstrate that in order to create a MOT using a 70.5° pyramid with
a highly reflective gold coating, it is necessary to eliminate the light beam sections
firstly reflected in the vicinity of the pyramid edges. We first eliminated this parasitic
reflections by masking the laser beam shone into the pyramid. However, this method
can not be applied easily to each on-chip pyramid. Therefore, instead of masking the
trapping beam, the mask was created in the coating laid on the atom chip pyramids.
This way, these undesired reflections were practically eliminated. In order to perform
further tests on the operation of these MOTs, this masking of the pyramid surface was
also incorporated into the 70.5° glass pyramid.

Firstly, the 70.5° macroscopic replica was stripped of all the previous coating layers
and, as it was desired to create MOT's as deep into the pyramid as possible, the apex was
carefully cleaned. We have already pointed out in section 3.3.1 that during the polishing
of the pyramid mirror surfaces, a layer of wax was used for holding the four glass cubes
in the lapping machine. Unfortunately, as demonstrated also in section 3.3.1, this wax
layer resulted in a slight deviation of the pyramid internal angle with respect to the
desired value of 70.5°. This deviation can also be appreciated in the optical microscope
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Figure 3.16: The 70.5° pyramid axis has a defect at its apex.

image shown in figure 3.16, which was taken before depositing a reflective coating on
the pyramid surface.

The regions of the pyramid internal surface which would give rise to a force imbalance
were covered by four small triangular pieces of metal before depositing the new reflective
coating. These were made by cutting a 500 pm thick feeler gauge. The four pieces were
laid inside the pyramid along each of the edges with their tips touching at the apex. A
microscope and a micrometer translator were used to do this. The four isosceles triangle
masks were bent at the base so they could be glued to the rim of the pyramid. With the
four masks in place, a 5 nm thick adhesion chromium layer and a 100 nm gold reflective
layer were sputtered on these pyramid.

The image in figure 3.16 shows not only that the feature at this pyramid apex is
not entirely symmetrical but also that there has been some damage inflicted in the
apex tip of the four pyramid faces. The small 1.5 mm sections exhibited in figure 3.13
steps 2 and 3 were extremely fragile. These are the sections of glass located in the
pyramid apex region of the four pieces. Although the most likely cause of the damage
is the unavoidable rubbing of these small corners during the glueing process, these
fragile corners might have been broken as early as in the polishing of the faces. The
magnification utilised for taking this picture was large and correspondingly the depth
of field is evidently short. To measure the dimensions of the apex defect, the focal plane
was carefully located at a position where the most damaged of the four mirror surfaces,
the right hand side face, is interrupted. This allows us to estimate that along its longest
side, the length of this defect is approximately 500 um, while along the other direction
it is 200 pm.

3.4 Magnetic field coils

In this section, I describe the pair of coils that has been attached to either of the two
glass pyramids to make the MOT field. Next, I provide the main characteristics of
three bias coils and explain how these have been used for controllably displacing the
MOT positions. This has been a fundamental tool for measuring the scaling law that
determines the number of atoms as a function of the pyramid size.
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Figure 3.17: A pair of circular coaxial coils generate a quadrupole magnetic
field in the hollow pyramidal mirrors. Both coils are supported by a single
aluminium former, which is in turn attached to the pyramid base. This not
only gives rigidity to the design, but also has allowed us to switch between the
two pyramids and still trust in the reproducibility of the field. When operating
in the anti-Helmholtz configuration (1.7 A in this case), these coils generate a
point of zero magnetic field 4.25 mm away from the pyramid entrance.

3.4.1 Pyramid coils

In order to make a MOT in either of the two glass pyramids, it was necessary to generate
a quadrupole field in the pyramids, roughly half the way between the pyramid entrance
and its apex. The coil pair used to make the MOT field has already been shown on
the left hand side of figure 3.4, and figure 3.17 provides a detailed diagram of these
coils and of the quadrupole field generated inside the glass pyramids. In continuous
operation a field gradient of up to 20 G -cm™! had to be maintained along the pyramid
axis. In addition, it was also required to create a design which allowed us to exchange
the pyramids while ensuring the reproducibility of the field.

Our initial set of pyramid MOT experiments were performed in a CF 23/;” six way
cross. Consequently, the pair of coils was originally designed to fit in the 114" internal
diameter of this cross. In view of this space restriction, we decided to use a wire with
a cross section diameter of 0.5 mm (£10%) and a 0.06 mm polyimide insulation layer.
Although a wire of this diameter can widthstand up to 5 A of current without suffering
any damage, in designing these coils it had to be taken into account that the polyimide
coating suffers physical damage when it reaches a temperature of approximately 120 °C.
The cross sectional cut of these coils provided in figure 3.17 shows that each coil has
a total of 40 turns of wire distributed in four layers consisting of ten turns each. The
middle point of one of the two coils was positioned slightly above the plane which defines
the pyramid entrance. The second coil position was then determined in such a way that
the middle point of the coil pair was located 4.25 mm away from the pyramid entrance.
The median radius of these coils is 1.6 cm and the distance between their middle points
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is 0.9 cm.

A single aluminium former, also shown in figure 3.17, supports both coils, giving
rigidity and stability to the design. The coil former can be firmly attached to the alu-
minium base of either pyramid. Once the pyramid and coil set is loaded into the vacuum
chamber, the position of the trap is known accurately and the field characteristics are
completely reproducible, regardless of the pyramid under investigation.

Figure 3.17 shows the quadrupole magnetic field generated in either of the two
pyramid volumes when a current of 1.7 A is run through the anti-Helmholtz pair. The
formulas reported by Bergeman et al. [16] for the field of a circular coil were used for
creating this plot. The magnetic field from a coil is obtained by integrating the vector
potential A over elements of each loop and then applying V x A = B. In cylindrical
coordinates {p, ¢, z}, for a single coil of radius R perpendicular to the z axis and centred
at z = A, By =0, and
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where K and F are the complete elliptic integrals of the first and second kind respec-
tively
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whose argument k2 is given by
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In vacuum, this field is given in tesla with pg = 47 x 107 NA~2. In continuous opera-
tion under vacuum conditions, a current of 1.7 A can be run through these coils without
increasing the temperature of the wires above 100 °C, and currents of up to 5 A can be
run through the coil pair for short periods of time. The image also indicates schemat-
ically the position of the glass pyramid (the 70.5° one in this case), the disk to which
the pyramid is bonded, the coil former and the coils.

A numerically calculation of the field generated on axis, B,, when a 1.7 A current
is applied is shown in figure 3.18(a). Also, a single wire approximation of this field
component is presented in the graph (dashed line). In addition, graph (b) in this figure
shows that the coil pair can produce an axial gradient of 22 G-cm™! at the position
where B, = 0. This is the position where the MOT is formed and is indicated by a
solid red line in the plots. In addition, blue dashed straight vertical lines indicate the
position of the pyramid apex to the left, at z = 1.15 cm, and the position of the pyramid
entrance at z = 0.

Section 4.2 describes the experiments we did to measure the scaling laws for the
number of atoms that can be trapped in pyramids of different sizes. To do this we
placed the MOT position a various positions along the pyramid axis, and particularly



3. Experimental apparatus 65

B, (G)

z(cm) z(cm)

Figure 3.18: The component of the magnetic field that points along the axis
of the pyramid and its gradient. These curves were calculated by considering a
current of 1.7 A running through the pyramid coils. The solid curve corresponds
to calculating the field considering the 40 wire loops that constitute the real
coils, and the dashed curve is a single wire loop approximation of the real coils.
The vertical red solid line indicates the centre of the coil arrangement and
consequently the position where the MOT is normally generated. The vertical
dashed lines indicate the position of the pyramid entrance and of its apex.

Table 3.2: Basic parameters of the three large circular coils used for gener-
ating bias magnetic fields. These coils axes are aligned to the axes of a left
hand coordinate system whose origin is located at the geometrical centre of the
vacuum chamber. The coils are labelled in accordance with this alignment.

Coil X Y Z
Radius 22 cm 13.6 cm 13.6 cm
Position —15.45 cm 14 cm 6.7 cm
Field at origin | 325 mG/A | 1.72G/A | 2.75 G/A

at short distances from the pyramid apex. With the aim of creating MOTs in the
vicinity of the 70.5° pyramid replica apex, we modified the original pyramid and coil
arrangement. As pointed out before, the depth of the replica is approximately 11.5 mm
and the zero of the magnetic field was originally located 4.25 mm away from the pyramid
entrance. With respect to its original configuration, the pyramid position relative to
the anti-Helmholtz coils was displaced by 4.25 mm. This displacement was achieved by
replacing the aluminium disk to which the 70.5° pyramid is bonded. The new disk has
practically the same characteristics as the previous one but includes a step only in the
area where the pyramid is glued. This way, the pyramid position was offset with respect
to the coil former. Consequently, the magnetic field zero is now located only 3 mm away
from the pyramid apex.

For some experiments it was necessary to adjust the position of the MOT either
horizontally or vertically. In a MOT, the position where the cold atom cloud is generated
is closely linked to the centre of the quadrupole magnetic field, where |B| = 0. Once that
the pyramid position relative to the anti-Helmholtz coils has been set, the location where
|B| = 0 can be controllably displaced along the pyramid axis by means of additional
magnetic fields. Three coils have been placed outside the vacuum chamber with their
axes arranged in such a way that they are mutually orthogonal and all intersect at the
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geometric centre of the vacuum chamber. Additionally, these axial directions have been
oriented parallel to the directions of the laboratory coordinate system described in 3.1.1.
Table 3.2 summarises the basic characteristics of the three bias field coils. The position
of each coil plane as measured from the coordinate system origin is given in this table.

The anti-Helmholtz coils utilised for generating the MOT quadrupole field are com-
pact and the magnetic field gradient does not remain constant over the entire pyramid
axis. Similarly, the sources of the bias field required for displacing the MOT position
introduce a certain amount of gradient. Consequently, it is necessary to calibrate the
MOT position with respect to the bias field. The three circular bias coils have been used
for controlling the trap position. The pyramid opening faces down and its axis is aligned
to the z direction of our coordinate system. Therefore, the MOT vertical displacement
was produced by means of the z bias coil. Although the axes of the pyramid and of
the z bias coil are parallel, they do not overlap. Consequently, as the current applied
to the vertical shim coil increases, the atom cloud position is pushed not only along the
pyramid axis direction but also in a direction perpendicular to it. In order to maintain
the trap position on the pyramid axis, the horizontal field component generated by the
vertical shim coil needs to be compensated. The two additional circular bias field coils,
the x and y coils, are used for compensating the off axis field components generated by
the z bias coil.

For a given current running through the pyramid anti-Helmholtz coils and at a
given position along the pyramid replica axis, setting the three components of the total
magnetic field equal to zero results in three simultaneous linear equations in the external
coil currents. The solutions to these equations can be used for determining the currents
that need to be applied to the bias coils for placing the atom trap at different positions
along the pyramid axis. The set of curves shown in figure 3.19A correspond to the
vertical magnetic field component B, obtained at various z bias coil currents. The
positions at which these curves cross the B, = 0 axis represent the locations where the
MOT is formed and demonstrate the vertical displacement of the MOT centre.

Each colour in this graph corresponds to a different set of currents applied to the
bias field coils. Also in figure 3.19 and following the same colour code, graph B shows
the positions along the z direction, i.e. the pyramid axis direction, for which B, = 0.
These positions are given as a function of the current applied to the z bias coil. The aim
of these calculations is to establish the calibration that has to be used for determining
the trap position given the value of the vertical bias coil current. To complement
this information, graphs C and D show the x and y bias coil currents required for
compensating the off axis field components and maintaining the cloud over the pyramid
axis. The currents supplied to the two horizontal bias coils have been given in terms
of the vertical coil current because the later one is the parameter that determines the
atom cloud position over the pyramid axis.

The solid lines included in figure 3.19 graphs B, C, and D are polynomial fittings
of the coloured point sets. While the fitting in graph B was done to second order with
the aim of accounting for a slight curvature in the point set, in graphs C and D a first
order fitting was enough for reproducing the trend followed by the set of points. The
position where the magnetic field magnitude is equal to zero can therefore be expressed
in terms of the current applied to the vertical shim coil:

Zyor = +3.0+1.327(5) I, — 7.7(3) x 1072 71,2 (3.6)

Here, Z,,or is the distance in millimetres between the zero magnetic field point and
the pyramid apex. Once that the MOT position has been set, I, can also be used to
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Figure 3.19: The z bias coil current was used for controlling the position of the MOT.
The off-axis field components generated by the z coil were compensated for keeping the
MOT over the pyramid axis. (A) The axial component of the total magnetic field B,
as a function of the position along the pyramid axis. Each curve colour in this graph
corresponds to a different set of bias coils currents and shows how the trap position is
dragged towards the pyramid apex located at z = 0. (B) gives the calibration for the
position of the MOT in terms of the z bias coil current. The corresponding = and y
coils compensation currents are given in (C) and (D) also as a function of the current

applied to the z bias coil.
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determine the amount of current that has to be applied through the two additional bias
coils. This compensates the horizontal component of the magnetic field and keeps the
atom cloud over the pyramid axis:

I, = —1.923(2) I (3.7a)

I, = +62.81(5) x 1073 I, (3.7b)

It is important to ensure that the factors responsible for the generation of the MOT
are recreated as closely as possible in all the positions investigated. Therefore, it has
to be borne in mind that as the bias field increases, the magnetic field zero not only
moves towards the pyramid apex but also towards the upper anti-Helmholtz coil. In
consequence, the magnetic field gradient is bound to drop as the point of zero magnetic
field is displaced towards the pyramid apex. In addition, although much smaller than the
gradient variation just mentioned, the three bias coils also introduce a certain amount of
gradient to the total magnetic field. The sets of currents used for obtaining the graphs in
figure 3.19 have also been used for tracking the vertical component of the total magnetic
field gradient. The graph in figure 3.20 shows the results of this calculation. With a
current of 1.7 A running through the pair of anti-Helmholtz coils, the magnetic field
gradient generated along the pyramid axis reaches its maximum value of 22.1 G cm™! at
the middle point between the coil pair. Based on this calculation, a maximum 14.75%
drop in this gradient component is estimated for the relevant range of trap positions.

3.5 Imaging system

We image the atom cloud by focusing its fluorescence in a CCD camera. From this
image we deduce the size of the atom cloud and the number of atoms contained on it.
3.5.1 Fluorescence imaging

Consider a cloud of N, atoms collected in a pyramid MOT. Below saturation (Ip/Isq <
1) and averaging over standing waves and polarisation gradients, each atom is being
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continuously excited by the trapping light and therefore is emitting photons at a rate

T 111,/
214101, /1., + (2A,/T,)%

(3.8)

The factor II accounts for all the different light contributions interacting with the atom.
In a MOT formed by six beams of equal intensity, this factor would be equal to 6. In
a perfect 90° pyramidal mirror with reflectivity p, IT would be equal to (1 + 4p + p?).
Finally, in a 70.5° pyramid also characterised by a reflectivity p, II = (1 + 4p + 4p?).
Each radiated photon carries an energy "“/y. Hence, the energy radiated per atom
per unit time is R"¢/,. Consider a CCD camera located at a distance D from the cloud
centre, whose lens defines an aperture diameter d. Then, for D <« d, the solid angle

subtended by the camera lens is:
4O — nd?
©4D%’
The detection efficiency 7 of the camera, in counts/Joule, is required for relating the
number of atoms N, collected in the cloud with the total number of counts N in a
MOT image. Via this efficiency, the energy emitted by the atom cloud in the direction

of the solid angle subtended by the camera produces an image with

he dQ
Ne = Ny\R— —nre.
c . NTe
where 7, is the exposure time of the camera. In conclusion, if the efficiency of the CCD
chip is known, the number of atoms collected in the cloud can be determined by means

of the following relation:
A dr 1

Camera calibration

Three different cameras have been utilised in our experiments. An AVT Marlin (AL-
LIED Vision Technologies) is a particularly representative example of these cameras.
As this is the camera that we have used in our latest experiments, we will limit ourselves
in this section to explaining the calibration method for this camera. Nevertheless, this
procedure is completely generic and, with minor modifications, it has been applied for
calibrating the other cameras.

The calibration of the CCD camera consists of determining its efficiency 7, which
is the number of counts stored in a given pixel per unit of energy landing on it. Two
parameters influence the operation of the AVT camera, the shutter speed S and the
gain G. These two parameters are set by the computer that controls the CCD camera.
Although the exposure time is proportional to the shutter speed, 7, o< S, the factor of
proportionality is determined by the camera electronics and is not known. Because of
this, we were not able to determine directly the efficiency 7 of the camera. Instead, we
performed a counts to power calibration. Therefore, if the total number of pixel counts
stored in an image is N, the calibration of the camera should allow us to determine
the corresponding total amount of power detected by our imaging system.

The camera calibration procedure consisted of taking an image of a laser beam of
known power that is shone directly into the CCD chip. This is repeated for several
combinations of shutter speed, gain, and laser powers. During this process, care must
be taken to ensure that the entire laser beam profile fits into the CCD chip area. Next,
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we summed the pixel counts contained in each image and plotted them against the
corresponding laser powers, as shown in figure 3.21. Provided all the pixels in the
image are unsaturated by the light and for each pair of shutter speed and gain values,
the total number of pixel counts in the image is proportional to the power of the beam.
When the CCD pixels become saturated, the total number of counts drops off the
linear tendency and levels down below the maximum number of pixel counts. The solid
straight lines included in the figure are linear fits to the data on the unsaturated region
of our measurements. The slope of these lines is the calibration factor k. Then, figure
3.21 shows that the proportionality factor s relating the number of counts with the
power in the laser was found to be proportional to the shutter speed value, but follows
a quadratic dependence with the gain values. To simplify the analysis, the power to
counts calibration factor was first divided by the corresponding shutter speed value and
then a quadratic expression was fitted to the dependence of the resulting values with
the gain values.
This procedure resulted in the following camera calibration factor

k= (75.93 4+ 0.1114G + 0.0015G?)S (3.10)

The solid lines in figure 3.21 are the result of plotting equation 3.10 separately for each
one of the shutter speed values used in our calibration. The units of k are pixel counts
per nanowatt. In terms of the CCD efficiency, the factor k is equivalent to the product
(n7e) in equation 3.9. Consequently, the number of atoms collected in a MOT is found
by integrating the pixel counts of the entire image and substituting the result in

A Ar 1
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Figure 3.21: For each pair of gain G and shutter speed values S and before
saturating the pixels in the image, the total number of pixel counts is propor-
tional to the power of the laser beam. The proportionality factor was obtained
by fitting a straight line to the unsaturated region of each one of the data sets.
The solid lines included in the graph are the result of this fitting. The slopes
of these lines are then plotted in figure 3.22 as a function of gain and shutter

speed.
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Figure 3.22: We found that the propor-
tionality factor x follows a quadratic de-
pendence on the gain G, and a linear de-
pendence on the shutter speed S. This
graph shows the dependence of this cali-
bration factor on the parameter G for two
shutter speeds. The solid lines are the re-
sult of evaluating equation 3.10.
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Chapter 4

Experiments in glass pyramids

This chapter describes the experiments that we have performed to investigate whether
the 70.5° pyramidal geometry generated when etching silicon is suitable for laser cooling
and trapping atom clouds. We measured rates for atoms to be captured by and lost
from the MOT and we studied how the number of atoms into the MOT depends upon
pyramid size.

4.1 Magneto-optic traps in 70.5° pyramids

A 90° pyramid MOT is a simple way to cool and trap neutral atoms, and the six
beam MOT has proven to be robust against misalignments of the light beams. On the
other hand, the pyramidal geometry created when etching silicon is characterised by an
internal angle of 70.5° (see chapter 5). Therefore, it was not clear that this nearly 20°
difference in the internal angle of the pyramidal mirror would still generate a laser light
configuration useful for cooling and trapping atoms.

We began our experiments by loading in the vacuum chamber the 90° pyramid and
the anti-Helmholtz coil pair described in section 3.4.1. This pyramid MOT allowed us to
set up and optimise our experiment. After successfully trapping a cloud of atoms in the
90° pyramid, we replaced it with the 70.5° glass pyramid. We kept all the experiment
parameters the same as those used for trapping atoms in the 90° pyramid, and found
that the 70.5° configuration is also capable of trapping 8'Rb atoms.

Figure 4.1 shows a fluorescence image of a cold atom cloud trapped in the glass
70.5° pyramid. The blue solid line in this image delineates the square base of the pyramid
and the blue dashed line shows the edge between each pair of pyramid faces. Three
images of the cloud can be seen in the pyramid; the one at the centre is the cloud
itself and the other two are reflections generated on the pyramid faces. The two lines
of scattered light that appear between the three images of the cloud are reflections of
the pyramid edges on the mirror faces. The elliptically shaped yellow line indicates
the profile of the single trapping laser beam, which can also be seen at the rim of the
pyramid where a section of the beam was scattered by the unpolished glass surface.

The clouds formed in either of these two pyramids contained a few 107 atoms and no
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Figure 4.1: A cloud of cold 8"Rb atoms
collected in a 70.5°pyramid magneto-
optical trap. The fluorescence image of
the cloud, which was located on the axis
of the pyramid, is accompanied by reflec-
tions generated on two of the pyramid mir-
ror surfaces. The outline of the single laser
beam utilised for creating the trap is su-
perimposed on the image, together with
lines that represents the shape of the hol-
low pyramid.

Figure 4.2: Mask used to block the unde-
sired laser beam sections (see sections 1.5.1
and 5.1.3). We found that this mask is re-
quired when the 70.5° pyramid has a high
reflectivity coating. A rotatable mount was
used to hold and position this mask in the
path of the trapping beam and with its cen-
tre aligned to the pyramid axis. Next, the
mask was rotated and a cold atom cloud
formed in the pyramid when the unbalanc-
ing light sections were covered.

appreciable difference between the MOTs generated in each of these two pyramids was
found. In this initial set of experiments, both pyramids had an aluminium reflective
coating with a magnesium fluoride over-layer. We measured the reflectivity of the
coating of these two pyramids. A small laser beam was sent towards one of the pyramid
faces and parallel to the pyramid axis. This beam was reflected twice by the pyramidal
mirror before abandoning the pyramid. Hence, to determine the reflectivity of these
pyramids, we compared the intensity of the input beam with the intensity of the light
that comes out from the pyramid. Taking into account that this light suffered two
reflections in the pyramid, a reflectivity of 78% at each reflection was computed, which
is low compared with the normal incidence value of 87.9% reported in table 3.1. This
difference is mainly due to the protective MgFy over-layer, but is also related to the
fact that the pyramid reflectivity measurement involved reflections at various incidence
angles. The incidence angles of the reflections produced in a 70.5° pyramid are carefully
analysed in section 5.1.3.

Next, we recoated both pyramids with gold by sputtering 5 nm of chromium and
100 nm of gold on top of the previous coating. This increased the reflectivity of the pyra-
mid mirror faces to 95%. However, this high-reflectivity coating was unable to produce
trapped atoms in the 70.5° pyramid MOT. As I disscus in chapter 5, we had anticipated
that this might happen because the unbalancing effect of the light components firstly
reflected in the vicinity of the pyramid edges. We therefore made a mask out of black
paper in order to block the input light beam sections which would generate these reflec-
tions. This mask, shown in figure 4.2, was placed in a rotatable mount. We first ensured



4. Experiments in glass pyramids 74

that the centre of this mask coincided with the pyramid axis and next, we rotated the
mask around this axis until the pyramid sections responsible for these reflections were
entirely covered. The result of this experiment was surprisingly satisfactory. The mask
was put in place after the rest of the experimental parameters were ready for making a
MOT. Then, the mask was rotated until a cloud of atoms clearly formed in the pyramid,
which was only possible once the pyramid corner areas were entirely covered. It was
even possible to corroborate that the spots normally seen on the optics table surface
as a result of these undesired reflections had entirely disappeared when the atom cloud
reached its maximum brightness.

We used the gold coated 70.5° pyramid and mask arrangement for measuring a set of
MOT filling curves at various rubidium pressures. As an example of these filling curves,
figure 4.3 shows some of the fluorescence images obtained at a pressure of 10~® mbar.
These curves (see figure 4.4) were obtained by switching on the current applied to the
pyramid anti-Helmholtz coils and then recording a series of fluorescence images as the
trap filled with a cold atom cloud. Each image is accompanied by a horizontal profile
of the cloud which is taken at the middle of the trap. The vertical scale in these graphs
corresponds to the number of pixel counts registered by the CCD camera chip. The
number of atoms contained in the trap at any given time was obtained by adding up
all the pixel values in the MOT image and then substituting the result in equation 3.9,
using the camera calibration given by equation 3.10 in page 70. The shutter speed S
utilised in this experiment was equal to 60, the gain G was equal to 200 and the camera
was run at 60 frames per second.

For these experiments we trapped 8"Rb atoms and then analysed the recorded curves
using equation 2.17, which written in terms of the capture rate R and the loss time 7
is

N(t) = Rr(1— e ¥/7) (4.1)

Figure 4.4 shows various examples of the filling curves that we measured. The sets of
points are the number of atoms captured in the MOT at each frame recorded by the
camera. The solid lines are the result of fitting the filling equation to the data points
with R and 7 as the fitting parameters. These curves show that as the pressure increases
so it does the MOT capture rate R. However, the loss time 7, which is also the loading
time in this curves, decreases with increasing the pressure.

An interesting result of this experiment is shown in figure 4.5. In this graph, the
capture rate values obtained by means of the filling curve measurements are given as a
function of the pressure in the vacuum chamber. As mentioned when discussing the set
of filling curves of figure 4.4, the capture rate increases with the rubidium pressure. In
section 2.4.1, equation 2.21 expresses the MOT capture rate in terms of a characteristic

distance r 3/2 )
m hk~y 4
=Vo2r [ — —_— 4.2
R=+ F(kBT> <4m> nr (4.2)

The rubidium atom density in this expression is proportional to the rubidium back-
ground pressure. Therefore, the slope of the linear fit shown in figure 4.5, which is
equal to 5.5(3) x 10 s~ mbar~!, can be used to estimate an effective atom stopping
distance r in the pyramid MOT. In this particular case, we found that » = 3.4(1) mm.

This result gives us an idea of the limiting factors that determine the MOT func-
tioning in a pyramid. Let us compare this with the scale of the glass pyramid. The
full pyramid depth is D = 11.5 mm. Since the cloud was located roughly at the middle
point of the pyramid depth, the perpendicular distance between the cloud centre and
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Figure 4.3: A series of fluorescence images of the filling of the MOT in the Au
coated 70.5° pyramid and mask arrangement. The time at which each picture
was recorded is indicated in the top right corner of each image, where t = 0
is defined by moment when the trapping light was let through by a shutter.
A horizontal profile taken at the middle of the atom cloud accompanies each
frame. The vertical scale on these graphs is the number of pixel counts given
by the CCD camera.
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Figure 4.4: The filling curves measured in the gold coated 70.5° pyramid
and mask arrangement. The CCD camera recorded 60 frames per second and
the number of atoms imaged at each frame in represented by the points in
the graph. The solid lines are the result of fitting the MOT filling equation
(eq. 4.1) to each data set, each of which corresponds to a different pressure
indicated by the colour table included on the right of the figure.
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the pyramid surfaces is simply
1 1
§D sin (270.50) = 3.3 mm.

This seems to suggest that the distance to the nearest surface determines the length
scale that can be considered for effectively cooling and trapping atoms. This is a very in-
teresting result and we will come back to it when analysing the capture rate dependence
on the size of the pyramid in section 4.2.2.

Having looked at pyramids with 78% and then 95% reflectivity, we decided to try
a coating with 70% reflectivity. This was motivated in part by our hopes for making
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a microfabricated MOT on a chip. The method used for fabricating current carrying
wires in an atom chip consists of laying a seed layer of the chosen material and then
electroplating more material on top of the seed layer until the desired wire thickness is
achieved. This seed layer is laid on top of all the chip surface, including the pyramids,
and therefore becomes the reflective layer. The standard options for this seed layer
include palladium, which according to table 3.1 has a 70% reflectivity. Although we
had no palladium for our coating plant, we did have a platinum source. According
to the values given in table 3.1, the reflectivities of platinum and palladium are very
similar. For this reason, we decided to evaluate the possibility of utilising a palladium
coating on our chip pyramids by laying a platinum coating on the glass 70.5° pyramid.
First, a 5 nm thick chromium adhesion layer was sputtered on both pyramids and then
100 nm of platinum were sputtered on top of the chromium layer. We measure a 70.5%
reflectivity for the platinum coated pyramid, which is in very good agreement with the
value quoted in table 3.1. Figure 4.6 shows a picture of the platinum coated pyramid
and the anti-Helmholtz coil pair which constituted the heart of our experiments at that
time. Via a couple of posts, the pyramid and coil set is attached to an 8” blank flange,
which allowed us to load them into the vacuum chamber.

We demonstrated that a MO can also be created in the platinum coated 70.5° glass
pyramid, both including the mask in the input beam and with the entire beam uncov-
ered. Although the efficiency of the MOT seemed to improve with the inclusion of the
beam mask, neither of these two configurations trapped more than 10% atoms. We also
tested the 90° pyramid with a platinum coating and found that the number of atoms
was also low.

Likewise, as we also had the option of sputtering a chromium coating in our atom
chip, we later coated both glass pyramids with this material and attempted to make
MOTs in both of them. Once more, MOTs were generated in the two pyramids and
the effect of masking the beam in the case of the 70.5° pyramid was also tested. These
pyramid MOTs trapped even fewer (~ 10°) atoms than the platinum coated pyramid
and masking the input beam when using the 70.5° pyramid once more proved to be
slightly more efficient than not masking it.

As a result of the effort invested in testing all these different materials, we concluded
that the 70.5° pyramid works more efficiently either when is coated in aluminium (re-
flectivity ~80%) or when a high reflectivity gold coating and a mask are utilised.

4.2 The scaling laws in the 70.5° pyramid

We turn now to how the size of the pyramidal mirror influences the efficiency of the
MOT. Using the gold coated 70.5° glass pyramid with the type 3 ray areas blocked,
we made two types of measurements. First, we placed the MOT position at different
locations along the pyramid axis and determined how this changes the number of atoms
that can be collected in the trap. In these experiments, the laser light illuminated the
entire surface of the pyramid. In a second set of experiments, we cropped the cross
sectional area of the laser beam with the aim of recreating the situation of having
pyramids of various sizes.

4.2.1 Varying the MOT size

Let us begin with describing the trap displacement experiments. The position of the
trap was controllably displaced by means of a uniform magnetic field parallel to the
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Figure 4.6: This image shows the
70.5° pyramid coated with platinum and
mounted inside the coil pair, ready to be
loaded into the vacuum chamber. The side
length of this pyramidal mirror is shown to
be 16.6 mm

pyramid axis. As described in section 3.4.1, this field was generated by the z bias
coil and the x and y bias coils were used to compensate any off-axis field components
introduced by the z coil. Consequently, the position of the MOT as measured from the
pyramid apex was determined by the current I, supplied to the z bias coil according to
graph B in figure 3.19 (page 67). Similarly, graphs C and D in the same figure show the
currents required for compensating the off-axis field components at each MOT position.

A set of fluorescence images of cold atom clouds trapped at different positions on
the pyramid axis is shown in figure 4.7. The cold atom cloud at the centre of these
images is surrounded by a series of its reflections on the pyramid mirror faces. To
distinguish between the atom cloud and its reflections, we displaced the position of the
MOT perpendicularly to the pyramid axis. We observed the displacement of the cloud
and of their images and found that depending on the position of the cloud, some of this
reflections disappear while the original image moves accordingly with the field applied
to displace the MOT. These images are accompanied by plots of the corresponding
magnetic field, which were obtained by calculating the total magnetic field generated
by the anti-Helmholtz coil pair and the bias field coils according to the calibrations
given in section 3.4.1. The position of the cloud relative to the pyramid apex, which is
identified with the point where the magnetic field strength is equal to zero, is given in
figure 4.7 for each image in the array. Hence, this figure shows that, as the position of
the point of zero magnetic field is displaced by the axial bias field, the location where
the cold atom cloud forms is also displaced.

The position calibration given in section 3.4.1 is summarised by equation 3.6

Zuor = +3.0 + 1.327(5) I = 7.7(3) x 107 I.?

To verify the validity of this calibration, we measured the MOT to apex distance directly
from the set of fluorescence images shown in figure 4.7. This procedure is exemplified
in figure 4.8, which corresponds to an estimated distance of 3.0 mm from the apex.
We first obtained a pixels to mm calibration by taking a picture of a ruler. Without
modifying the CCD camera settings used to image the atom clouds, we placed this ruler
at a distance from the camera comparable to the separation between the cold atom
cloud and the camera. This resulted in a conversion factor of 0.036 mm/pixel. Next,
the position of both the cloud and the pyramid apex was located on each image (red
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Figure 4.7: The position of an atom cloud can be translated along the 70.5° pyramid
axis. A bias magnetic field applied parallel to the pyramid axis can be used to move
the position where the field goes to zero. Fluorescence images of trapped atom clouds
at different positions over the pyramid axis are shown along with the corresponding
magnetic field plots. The distance between the cloud and the pyramid apex is also
shown and, as in figure 4.1, the image of the cloud is accompanied by its reflections on
the pyramid mirror faces. In the top left image, the real cloud appears at the centre
of the image (see figure 4.8) and in the rest of the images, its position gradually moves
down towards the pyramid apex.
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Figure 4.8: The calibration of the dis-
tance from the MOT to the pyramid apex
was verified by measuring this distance in
the MOT fluorescence images. A conver-
sion factor of 0.036 mm/pixel and a cam-
era viewpoint angle of approximately 35°
with respect to the pyramid axis are used
to calculate the cloud to apex distance in
these images. The cold atom cloud, which
in the laboratory is identified by moving
the cloud position throughout the pyramid,
is denoted as MOT in this image.

spots) and the distance between these two points (dashed line) was computed. Then,
it was also necessary to consider that the camera was looking straight into the pyramid
apex almost at a grazing angle from one of the pyramid faces, which is located at the
bottom of the fluorescence images. This implies that, with respect to the pyramid axis,
the camera was oriented at an angle of approximately 35°.

The result of repeating this procedure for various MOT positions is shown in figure
4.9 together with a solid line which represents the position calibration based on the
current applied to the z-bias coil. This graph demonstrates the good agreement that
exists between the two methods used to determine the MOT to apex distance. The
differences between these two methods is considerable only at the extremes of the plotted
region. Nevertheless, this is due to the difficulty of extracting the position of both the
atom cloud and the pyramid apex from the fluorescence images. When far from the
apex, the clouds are big and it is not possible to identify the centre of the trap; similarly,
the broad feature generated by the light scattered from the pyramid apex makes difficult
to identify with precision its position in these images. When the trap is close to the
apex, the clouds are small and dim, and their position can not be easily determined. In
addition, the pyramid apex can not be located with precision and at such small distances
the extent of the apex scatter region becomes comparable to the distance that needs
to be determined. In spite of these limitations, the agreement in the middle sector of
the investigated range justify using the numerical calculation as a reliable method for
determining the MOT to apex distance.

The uncertainty in the determination of the MOT position is estimated by con-
sidering the standard deviation associated to the three coefficients on the calibration
formula, as well as the uncertainty associated to the current applied to the z bias coil
(AI, = 10mA). This results in uncertainties which are of the order of 0.1 mm. This
initial set of experiments established the settings needed to achieve any desired MOT
position along the pyramid axis.

The brightness of the fluorescence images displayed in figure 4.7 is a clear indication
of the changes in the MOT efficiency. In figure 4.10, the red squares correspond to the
number of atoms contained in MOTs generated at various positions over the pyramid
axis. The number of atoms contained in the trap was extracted once more from the
fluorescence images by means of the camera calibration given in section 3.5.1. Three
different regions can be distinguished in the trend followed by the red squares. First,
between 0.5 mm and 2.0 mm, the number of atoms in the log-log scale follow a linear
tendency. The linear fit shown in the graph indicates that the number of atoms trapped



4. Experiments in glass pyramids 81

1 35
3 Figure 4.9: The position of the cloud as
b s Z determined from the fluorescence images
’ S shown in figure 4.7 is compared to the cal-
2 ibration given in section 3.4.
15 &
=
¢ Image 1 E
— Calibration ) ~
1 0.5
L 1 1 1 Il Il Il 1 ] 0

-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1

z-coil current (A)

in these MOT's obeys a power law. The slope of this line, which is found to be equal to
4.0(1), establishes that the number of atoms in the MOT is proportional to h*, where h
is the distance to the pyramid apex. This result not only suggests that this distance is
proportional to the characteristic stopping distance r, but also agrees remarkably well
with the dependence given by equation 2.26 (page 35) for the steady state number of
atoms on the distance r that was derived in section 2.4.

The second region corresponds to the points above 2.0 mm. In our experiment, the
number of atoms that can be trapped at these distances is limited by the size of the
gaussian laser beam. The side length of the 70.5° pyramid is 16.3 mm, but the gaussian
radius of the trapping light beam was approximately 10 mm. Consequently, in this
region of the graph the MOT characteristic length r instead of being determined by the
size of the pyramidal mirror, is given by the size of the gaussian profile of the trapping
laser beam.

Finally, for distances below 0.5 mm atoms interacting with the trapping light in the
vicinity of the MOT begin to explore areas in which the apex defect shadows the light.
The capture rate of MOTs generated in this region will necessarily be influenced. We
believe that this is the reason why the last point in our graph appears slightly below the
linear tendency discussed before. The defect shown in figure 3.16 acts as a region next
to the pyramid apex in which light is not reflected. In terms of the light force balance
that generates the trap, this means that there is a point along the pyramid axis beyond
which it is not possible to create a MOT. Imagine an atom that the light pushes into the
trap centre. If this atom explores the region shadowed by the defect, it will experience
a force imbalance that will push it away from the trap.

Next, we looked at the effect of limiting the diameter of the MOT laser beam, which
is equivalent to varying the size of the pyramid. We placed a circular iris in the beam
path with its centre point carefully aligned with the pyramid axis. This way, only the
portion of the pyramid that is illuminated by the laser contributes to the MOT. Thus, a
variation of the pyramid opening was simulated by changing the iris aperture diameter
to limit the diameter of the laser beam. With the aim of finding the optimal MOT
operation at each pyramid size (iris aperture diameter), we found the height where the
number of atoms collected in the trap was maximum by varying the current of the z-bias
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Figure 4.10: Number of atoms trapped versus distance from the pyramid
apex. The results obtained when all the pyramid surface was being illuminated
by the trapping beam are displayed together with those for which the size of
the beam was limited by an iris. This results suggest that the reduction in the
number of trapped atoms in the apertured case is mainly due to a change in
the capture rate of the MOT.

coil. The smallest iris aperture utilised in these experiments was approximately 5 mm.

The effect the aperture shadow has on the MOT functioning is similar to that of
the defect. Consequently, the section of the pyramid axis where the light forces are well
balanced is limited. In this situation, the cloud of atoms is located between two regions
in which not all the light components required for trapping are present. The section of
space in which atoms can be cooled and trapped is severely reduced and therefore, less
atoms are collected in the trap. Furthermore, even those atoms that are successfully
collected in the trap can leak out as a result of an increase in the possibility of they
exploring a not trapping region. This probably results in lower capture rates and higher
loss rates, both of which are reflected in a reduction in the number of atoms collected
in the trap.

The number of atoms collected in the 70.5° pyramid MOT with the beam diameter
clipped by the iris are shown as blue dots in figure 4.10. In both experiment sets, the
position of the trap was determined by displacing the point of zero magnetic field along
the pyramid axis. Therefore, the magnetic field potentials responsible for the generation
of these traps are the same in the two data sets. Similarly, the proximity of the pyramid
faces should have the same effect in each data set. The difference between the two sets
of data shown in figure 4.10 is just the diameter of the light beam. When an atom
enters the pyramid from above, the distance over which it can be decelerated is limited
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by the size of the beam. As this is clipped by the iris, the distance along which these
atoms can interact with the light is reduced. In consequence, the MOT capture velocity
is expected to show a dependence on the beam diameter and a reduction in the MOT
capture rate can be anticipated.

The results shown in figure 4.11 are the distances above the apex at which the
MOT contained the largest number of atoms versus the aperture radius. The linear fit
shown in the figure suggests that the optimum MOT height h above the pyramid apex
is proportional to the radius A of the laser beam: h ~ 0.62A. This means that the best
place for the MOT is roughly half way between the top and bottom of the illuminated
section of pyramid. The dispersion of the experimental data around the linear fit can be
understood by considering that instead of being a single point, there is a small region
in the pyramid volume in which the MOT is optimal. Even if there is indeed a point in
which the number of atoms collected in the trap is a global maximum, the sensitivity of
our experiment would not allow us to determine this position. Nevertheless, these results
are sufficient to identify the approximate location where the MOT is more efficient.

Possible causes for the drop in the number of trapped atoms exhibited by the red
squares in figure 4.10 can include a diminution in the flux of atoms reaching the trapping
region; a reduction in the distance along which fast atoms can be slowed down and
trapped; and loss of atoms from the trap as a result of collisions with the neighbouring
pyramid mirror faces. In order to understand the dependence of the number of atoms
on the size of the pyramid, we decided to investigate how the capture and loss rates
change as the trap position approaches to the pyramid apex.

4.2.2 Capture and loss rates

Consider first of all that the loss rate in equation 2.16 has three components: losses
caused by collisions with fast rubidium vapour atoms; losses due to collisions with other
species of atoms; and losses due to the proximity of the pyramid walls. The new loss
rate is

1
p = npp + 7, (4.3a)

1/2
B=om <3 b TRb) (4.3b)

Mgy

where
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Y =N, 0 <3 £ b) + —. (4.36)
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Similarly, the capture rate given in equation 2.16, can be explicitly expressed in terms
of the rubidium atom density
R = OMNpp (43d)

With these definitions the MOT filling rate equation is

dN

o = Y [Brg, + ] N (4.4)

which, with the initial condition N(0) = 0, has the solution
N(t) = N, (1 - e—w“Rbﬂ)t) (4.5)

where, the steady state number of atoms is

QNpy

= B 7 o

s

We have measured the capture and loss rates from MOT loading curves (figures 4.12
and 4.13) taken at different positions along the pyramid axis and at various rubidium
pressures. As before, the position of the cloud was controlled by the application of
appropriate bias fields. The rubidium pressure was controlled by varying the current
supplied to the rubidium dispenser and its value was determined with the calibration
given in section 3.1.2

Py (I) = 4 x 10716297 1 (4.7)

where the current is given in Amperes and the pressure in mbar. The loading curves
were obtained by first switching on the anti-Helmholtz coils and then capturing series of
fluorescence images as a cold atom cloud was collected in the trap. Firstly, a background
light image was taken immediately before feeding current to the coils. Then, the first
image of the filling curve was taken immediately after the coils current was switched
on and then a new image was captured every 50 ms, until a total of 20 images (950 ms)
had been taken. This sequence of images was taken several times for each pair of MOT
position and pressure values.

The number of atoms as a function of time was extracted from each sequence of
images. First, the background image was subtracted from each image in the filling
sequence. In addition, to minimise the noise introduced by variations of the background
light between the filling curve images and the background image, a region of interest
containing exclusively the section of the image where the MOT is visible was selected.
To determine the number of atoms in each frame of the filling, all the pixel values in the
subtracted image were summed and the resulting value was substituted in the camera
calibration formula deduced in section 3.5.1.

Figures 4.12 and 4.13 contain the MOT filling data sets that we measured. Each
colour in these graphs corresponds to a single MOT filling sequence. The solid curves
are the result of a least-squares fitting of equation 4.5 to each filling sequence, with the
steady state number of atoms N and the 1/e life-time 7 as the fitting parameters. For
each MOT filling sequence, the standard deviation associated to the estimate of N is
typically a 4% of the estimated value. Similarly, a typical standard deviation of 10% is
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Figure 4.12: The filling curves measurement I. MOT filling curves obtained
at various positions over the pyramid apex and at various Rb pressures.
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Figure 4.14: The mean values of (a) the steady state number of atoms Ny,
(b) the loss rates 1/7, and (c) the capture rates R obtained from the analysis
of the MOT filling measurements are shown as a function of the rubidium
density ng, for the series of positions investigated. The capture and loss rate
parameters «, 8 and 7 extracted from the linear fits shown as solid lines in
graphs (b) and (c) have been used to evaluate equation 4.6 and generate the
solid lines included in graph (a).
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associated to the determination of 7. However, the spread of the filling curves shown in
the two arrays of graphs represents larger uncertainty intervals than these values. This is
a consequence of a build up of the rubidium pressure during the recording of the various
filling curves which is not considered in equation 3.2. Consequently, the values of both
N, and 7 that have been assigned to each position and pressure are the averages of the
results obtained by the various measured sequences, and the corresponding uncertainties
are identified with the standard deviations of these values from their averages.

Figure 4.14(a) shows the steady state number of atoms N; collected in the MOT as a
function of the rubidium pressure at the various positions measured. These values were
obtained by averaging the results of the least-squares fitting of the MOT filling curves
at each position and pressure investigated. The uncertainty intervals included in this
graph are the standard deviations of the various numbers of atoms from the mean value
reported in the graph. These error bars reflect the spread of the various filling curves
measured at each pressure and position. The extent of these bars demonstrate that the
uncertainty in our determination of Ny is in general dominated by the spread in the
various MOT filling sequences and not by the typical 4% value indicated by the curve
fitting procedure. This graph clearly shows the strong dependence that the number of
atoms has on the position of the MOT, but also gives an indication of to which extent
the rubidium partial pressure can be used to feed the trap with atoms. The solid lines
included in this graph are the trends predicted by equation 4.6. The values of «, G, and
~ utilised for ploting these curves are the results of the rest of this analysis, which is
described in the following paragraphs.

The loss rates 1/7 shown in figure 4.14(b) as a function of the rubidium pressure
for the MOT positions investigated are also the average of the values given by the
fitting of the filling curves. Once more, the error bars are the standard deviation of
the various loss rates corresponding to each of the filling sequences from the mean
value represented by each point in the graph. In accordance with equation 4.3a, the
data sets which correspond to each position have a linear dependency on the rubidium
density. Therefore, we have utilised these results to determine the dependency of the
loss parameters § and v on the distance to the pyramid apex. The solid lines included
in the graph are the linear fits corresponding to each MOT position and the fitting
parameters are presented as green points (@) in figures 4.15 and 4.16.

The capture rates R = N,/7 were then obtained for each one of the MOT filling
sequences shown in figures 4.12 and 4.13. The values of Ns; and 7 obtained by fit-
ting equation 4.5 to each filling sequence were utilised for calculating these capture
rates. Figure 4.14(c) presents the average value of R obtained from the various im-
age sequences taken at each position and pressure. In addition, the uncertainty was
determined by calculating the standard deviation from the mean value. This graph
demonstrates, as proposed in equation 4.3d, that the capture rate R is proportional
to the rubidium density and that the proportionality factor av depends on the position
of the MOT. The solid lines included in this graph are the result of performing linear
regressions on each set of capture rates. This therefore resulted in a single a value for
each trap position, which was then displayed as a green point (@) in figure 4.17. The
uncertainty assigned to each point in this last graph is the standard error associated to
the corresponding linear regression.

Finally, as mentioned before, the solid lines included in figure 4.14(a) are the result
of substituting in equation 4.6 the values of «, §, and ~ that are displayed as green
points (@) in figures 4.17, 4.15 and 4.16 respectively. Now that we have described the
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Figure 4.15: The proportionality factor § relating the loss rate and the ru-
bidium vapour density for each of the MOT positions investigated.

methodology followed for obtaining the data contained in these three graphs, in the
following paragraphs we will discuss these results.

The factor of proportionality between the MOT loss rate and the rubidium density 5
is displayed as a function of the distance from the apex in figure 4.15. These points and
their error bars, as we have already mentioned, are the slopes obtained from the linear
regressions shown in graph 4.14(b) and their corresponding standard errors respectively.
At the beginning of this section we presented a model in which the dependence of the
MOT loss rate on the pyramid walls is absorbed on the term led by the parameter ~.
However, the growth on the value of 8 as the MOT approaches to the pyramid apex
suggests that there is a dependence of the rubidium atom density on the distance to
the pyramid surfaces. Rubidium atoms in the vapour are continuously being absorbed
and desorbed from these surfaces and this could have lead to an enhancement of the
loss rate caused by collisions with the desorbed atoms.

The results shown in figure 4.15 can be used to estimate the cross section for collisions
between background vapour rubidium atoms and trapped atoms. To keep this simple,
we have calculated a single 8 value by averaging the data points shown in figure 4.15,
which results in a value of (7.9 £1.4) x 10" m3s~!. We then obtained the Rb-Rb
collision cross section by dividing this average value of § by the mean velocity v of the
non-trapped, room temperature rubidium atoms, which we assumed to be at a pressure
of 1072 mbar. In addition, for simplicity we restricted ourselves to considering collisions
between ®°Rb atoms. This way, the average of 3 results in a collision cross section of
2.7(5) x 10713 cm?. This value is in good agreement with the value of 3 x 10713 cm?
reported by Rapol et al. [85].

Note that in the range of distances investigated, the parameter that determines the
loss rate dependence on the distance from the pyramid apex -, which is given in figure
4.16 also as green points (®), does not show a significant change. As a result of the
limitations imposed by the quality of the pyramid replica, the shortest distance to the
apex achieved in our experiments was approximately 1 mm. Let z = h be the position
where the cloud sits as measured from the pyramid apex. Then, the perpendicular
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Figure 4.16: The loss rate as a function of the distance from the pyramid
apex. This data shows that the loss rate does not exhibit a considerable growth
over the range of distances from the pyramid apex that we have studied. As in
figure 4.17, the green dots correspond to the measurement of the MOT filling
curves (®) and the red dots (®) are the results of the number of atoms versus
rubidium pressure experiment.

distance between the pyramid mirror surfaces and the cloud is given by:

l, = hsin B cos ! <?1))] (4.8)

This implies that in this last set of experiments, the closest the atom cloud got to the
pyramid faces is such that [, ~ 577 um. Also, for the longest distance from the apex
reported in these graphs [, was 1.73 mm. The radius of the atom clouds collected in
both the 90° and the 70.5° pyramids far from the apex was typically 600 pm. Therefore,
the minimum distance from the wall that was possible to investigate is comparable to
the maximum cloud radius. Furthermore, as a result of the drop in the capture rate,
which is presented in figure 4.17, and the corresponding reduction in the number of
trapped atoms, the size of the cloud became smaller as the trap position got closer to
the pyramid apex. This suggests that in our latest experiments, the size of the cloud
was certainly not limited by the proximity of the pyramid walls. This statement is
confirmed by the small variation of the loss parameter v on the range of distances that
we have investigated.

The dependence of the capture parameter o on the trap position is reported in figure
4.17. In this graph, it is shown that the parameter that determines the MOT capture
rate shows a clear drop in the ~ 2 mm measured range. The tendency of the data in this
log-log scale suggest that there is a power law governing the number of atoms trapped
at various positions on the pyramid axis. Together with the red points which will be
discussed later in this text, a power law has been fitted to these points. This is shown
as a blue solid line in the graph. As a result of this, we found that o o h%53). This
dependence of the capture rate on the distance to the pyramid apex seems to be the
most likely cause for the drop in the number of atoms in figure 4.10. In addition, this
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Figure 4.17: The dependence of the capture rate on the distance from the
pyramid apex. In contrast to what happens to the loss rate, the capture rate
exhibits a drop over the range of distances that were investigated. The MOT
filling curves and the number of atoms versus rubidium pressure results are
represented by green (®) and red (®) dots respectively. In addition, the blue
curve represents a power law fitting of this data, which resulted in an 73-503)
dependence.

result seems to be consistent with the r* dependency anticipated for the capture rate
R.

An alternative method has been utilised for studying the capture and loss rates in
pyramid MOTs of different sizes. This time, the number of atoms collected in MOTs
located at various positions along the pyramid axis were determined as a function of the
rubidium pressure in the chamber. In equation 4.6, the steady state number of atoms
N is equal to the ratio of the capture rate to the loss rate. If the loss of atoms from the
MOT is dominated by collisions between atoms in the trap and fast rubidium atoms in
the background vapour, N is independent of the rubidium pressure. However, this is
not always the case as there are other sources of loss in the MOT. For instance, we are
interested in determining the dependence of the capture and loss parameters with the
distance from the pyramid walls.

Figure 4.18 shows the steady state number of atoms measured as a function of
the rubidium atom density for various positions over the pyramid axis. This density
is determined from the rubidium partial pressure, which in turn is controlled via the
current applied to the rubidium dispenser as given by equation 3.2. The rubidium
vapour is assumed to be in equilibrium with the chamber walls at room temperature,
T = 295 K. Hence, the rubidium density is given by

10% Py,
Ny = ——
Rb len T
where the pressure Py, is expressed in millibar. With the aim of extracting o and v from

these data sets, it was necessary to use the average value of 8 = (7.9 & 1.4) x 1071 m3s~!
that was found in our previous experiments. This way, the latest measurements can be
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Figure 4.18: The steady state number of atoms was measured as a
function of the rubidium density ng, at various positions along the pyra-
mid axis. These measurements were used together with the value of (3
((7.9 4 1.4) x 1071° m3s~!) obtained in our previous experiment to determine
the capture « and loss v parameters. The curves included in the graph are the
result of substituting «, 8 and ~ in equation 4.6.

o0

fitted to equation 4.6 and the remaining capture and loss parameters can be determined
as functions of the trap position. The solid lines included in the graph are the result
of substituting the fitting parameters into equation 4.6. The corresponding values of «
and ~ are shown as red dots (®) in figures 4.17 and 4.16 respectively. The uncertainty
bars of these measurements correspond to the standard errors associated to the fitting
represented by the solid curves in figure 4.18.

This second set of measurements are consistent with our previous observations. The
loss parameter ~ appears to be nearly insensitive to the position along the measured
range. It is only when this distance approaches to the minimum values in the range
that the proximity of the mirror surfaces might be influencing the values measured for
this parameter. This could be the cause of the increase in the dispersion of the two
sets of data points included in figure 4.16. The two sets of the capture parameter «
measurements, on the other hand, show a clear drop along the range of distances that we
measured. The linear fit indicated in the graph includes the two sets of measurements.
The red points in the bottom of the scale drop below the linear tendency. This is
probably a consequence of the use of an average value of § at the moment of analysing
our measurements. At shorter distances from the pyramid apex, the values of 3 are
above the average value utilised in the latest analysis. This higher loss rate value
resulted instead in a drop on the capture parameter a.

Losses to a room temperature surface

The defect at the pyramid apex prevented us from creating MOTs closer than 1 mm or
so to the pyramid apex. In order to study loss to the wall at shorter ranges, we studied
the MOT loss rate independently of the capture rate by displacing the trap position
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Figure 4.19: The MOT loss rate is as a function of the distance to the
pyramid surface. Beginning at three different positions over the pyramid axis,
the MOT was displaced towards one of the pyramid walls. This data shows
that regardless of the axial position of the MOT, the loss rate increases only
when the distance to the surface is < 600 um. The solid lines represent the
result of a theoretical analysis of the problem taking into account that the cold
atom cloud is either in the temperature limited regime (TL) or in the multiple
scattering regime (MS). The details of this analysis are given in appendix B.

towards only one of the four pyramid faces. New sets of trap filling curves were recorded
at different distances from this pyramid mirror face, while the height of the trap position
along the pyramid axis was kept constant. This way we aimed at maintaining the MOT
capture rate nearly constant while the change in the loss rate due to the proximity of the
mirror surface was investigated. We also attempted to maintain the rubidium partial
pressure constant so that we could isolate the effect of proximity to the wall. These
experiments were repeated at various positions along the pyramid axis.

The MOT displacements (< 1 mm) were small compared with the anti-Helmholtz
coil pair dimensions. Hence, it is reasonable to assume that the shape of the magnetic
field potential is the same for each data point and only the position of the zero field
point is displaced. In addition, the laser light components responsible for confining the
atoms are not modified as the MOT position is displaced. Consequently, the trapping
potential is not modified by the displacement. Moreover, the capture volume is not
greatly modified by the trap displacement in the y direction. In conclusion, we expected
the trap capture rate not to show a significant change with respect to its value at the
centre of the pyramid volume.

Once more, the cold atom cloud position was associated with the place where the
magnitude of the magnetic field goes to zero. Hence, the MOT horizontal displacement
was achieved by applying a bias field pointing along a direction perpendicular to the
pyramid axis. This displacement was done along the y direction of our coordinate sys-
tem. We firstly considered that the z component of the trap position in each experiment
was entirely determined by the current applied to the z bias coil. Next, we assumed that
the trap did not leave the x = 0 plane. Although both the y and the z bias coils gener-
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Figure 4.20: The steady state number of atoms Ng (top graph) and the
capture parameter o (bottom graph) versus the distance to the pyramid surface.
The steady state number of atoms drops as a result of the rapid increase in
the loss rate when the distance to the pyramid surface is < 600 um. The
capture parameter «, on the other hand, does not show a clear dependence
on the distance to the surface. We believe that the variations of o are due to
deviations of the rubidium density from the values utilised when analysing the

data.

ate a certain amount of magnetic field along the x direction, small displacements of the
cloud in the x direction do not have a decisive role in the determination of the distance
to the pyramid mirror surface. This reduces the problem of finding the position of the
trap to the determination of the y component of the position, which can be established
by locating the place where the y component of the total magnetic field is equal to zero.
Then, the MOT position was associated to each pair of z and y coil currents. Next, the
distance of separation between the atom cloud and the pyramid walls was estimated by
finding the minimal perpendicular distance between the estimated cloud position and

the four pyramid faces.
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The results of this last set of experiments are shown in figures 4.19 and 4.20. The
procedure for recording the filling curves was the same as the one explained in section
4.2.2. The first thing to note in figure 4.19 is that the contribution to the MOT loss
rate that results from the interaction between trapped atoms and a neighbouring surface
becomes important when the distance of separation between the centre of the cloud and
the surface becomes < 600 um. This threshold was already anticipated when discussing
the results obtained by displacing the MOT towards the pyramid apex and the new
results are in good agreement with our previous observations.

The loss rate value at which the experimental data approaches when the MOT
was located away from the mirror surface is also consistent with the results obtained
before. The average of the results shown in figure 4.15 resulted in a value of § of
(7.9+£1.4) x 10~ m3s~!. The current supplied to the Rb dispenser during the realisa-
tion of these experiments was kept constant at 5.5 A, which corresponds to a sustained
Rb pressure of 5.4 x 10~? mbar and to a Rb density of 1.3 x 10% cm~3. This implies that
the loss of atoms from the trap caused by collisions with background Rb atoms is char-
acterised by a rate of Bng, ~ 1.04s~!. Similarly, in figure 4.16 the loss rate component
that is independent of the Rb vapour density v when the cloud is far from the pyramid
faces is also of the order of 1s71. These two rates add to a value of (Bnp, +75) ~ 251,
which can also be seen in figure 4.19 as the value at which the total loss rate levels off
for the highest values of the distance from the surface.

The two solid curves included in figure 4.16 are the result of a theoretical estimation
of the loss rate caused by the interaction of the trapped atoms and the surface of the
pyramid. The details of the theoretical treatment of this problem are given in appendix
B. Two different regimes of MOT operation have been studied, the temperature limited
regime (TL) and the multiple scattering regime (MS). While in the temperature limited
regime, as more atoms are added to the trap, the cloud radius remains constant and
the density is determined by the total number of trapped atoms; in the multiple scat-
tering regime, the density remains constant as the cloud grows and the cloud radius is
determined by the total number of trapped atoms [103]. The red solid line included in
figure 4.19 corresponds to the tendency predicted for the temperature limited regime
(equation B.4).

T)e_%(g)z

Sro [1 + Erf(ﬁ)}

Yr = (4.9)

where Erf(x) denotes the Gauss error function

2 €T
Erf(x) = ﬁ/o e dt

In the range of positions investigated, our measurements (bottom graph in figure 4.20)
indicate that the capture parameter o takes a typical value of 107 m3s~!. This, to-
gether with the Rb density at which these experiments were performed, results in a
capture rate of 1.3 x 10° s~1. In addition, we measured the 1/e radius of atom clouds
with small numbers of atoms both along its shortest and its longest directions, resulting
in 80 um and 120 um respectively. Finally, (8ng, + v5) was taken to be 2s~!. The
blue solid line is the result of considering a MOT in the multiple scattering regime (see
equation B.7). The capture rate used to generate this curve was the same as the one in
the temperature limited case. The trap density in this case should be independent of the
total number of atoms contained in the cloud; its value was estimated by considering an
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elliptical cloud containing 3 x 10% atoms and extending over the same space considered
in the temperature limited case.

The differences on the trends followed by each set of loss rates is a result of a
dependence of the loss to the wall on the capture rate R. We have already shown that
the capture rate is a function of the trap position along the pyramid axis. Each of
the data sets shown in figure 4.19 was taken with a different value of current running
through the z bias coil. Therefore the component of the trap to apex distance that
points along the pyramid axis direction was different in each case. This distance has
been given for each data set at the top right corner of the figure. Similarly, although
care was taken in ensuring that the Rb partial pressure in the chamber, and therefore
the capture rate R, was maintained constant during the recording of the filling curves,
there was a small variation between the recording of the different data sets.

The values of the capture parameter o which correspond to each data set in figure
4.19 are shown in the bottom graph in figure 4.20. It is possible to appreciate that
for each set of points, o remains relatively constant as the trap position approached
the mirror surface. We attribute the variations of this parameter to deviations of the
Rb density from the value of ng, = 1.3 x 108 cm ™2 used for analysing the data. Even
for each z bias coil current, a build up of the Rb pressure in the chamber during the
recording of the filling curves could have been responsible for a variation of the capture
rate and consequently of the resulting trend followed by each set of loss rates.

The steady state number of atoms Ng as a function of the distance to the mirror
surface is shown in the top graph in figure 4.20. This graph reflects the variation of the
loss rate. In the range between 600 pm and 1 mm, where the loss rate is nearly constant,
the number of atoms also appears to be insensitive to the distance to the mirror. On
the other hand, at distances below 600 wm the number of atoms collected in these traps
drops as the position of the MOT approaches to the mirror surface. This is clearly a
consequence of the steep increase in the loss rate value as the capture rate does not
show any appreciable change in this same range of distances.

4.3 Summary

We have demonstrated that the geometry of the pyramidal mirrors fabricated in silicon
wafers is suitable for cooling and trapping atoms. For this purpose, we fabricated a glass
replica of the silicon pyramid. A detailed numerical and experimental investigation of
the optical properties of these pyramids led us to conclude that light firstly reflected in
the vicinity of these pyramid edges induces an imbalance in the MOT forces. Both the
orientation and the polarisation state of this light when it crosses through the trapping
region are responsible for this imbalance. We also found that this undesired effect
can be either significantly reduced by depositing a limited reflectivity coating on the
70.5° pyramids, or completely eliminated by patterning the reflective coating with the
aim of suppressing these reflections. We tested a series of different reflectivity coatings
and concluded that a ~ 78% reflectivity gives the best results, generating a trap with 107
atoms, while a highly reflective (95%) gold coating prevented the MOT from functioning.
To make a MOT in a 70.5° pyramid with such high reflectivity, we avoided depositing
the reflective layer in the area sections which produce these imbalancing reflections.
This procedure was also succesful and resulted in MOTSs that collected up to 107 atoms.

To estimate the number of atoms that can be trapped in micro-pyramids fabricated
on the surface of an atom chip, we used the glass replica to measure the scaling law for
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the number of atoms trapped at various distances from the pyramid apex. We found
that the number of atoms can be described by a power law N o h*°() where h is
the distance from the MOT to the pyramid apex. We next studied the capture and
loss rates of the pyramid MOT at various distances from the apex. In the range of
distances investigated h € [1.25,3] mm, the loss rate term that is independent of the
rubidium density v was found to be insensitive to h, and the term proportional to this
density 3 increased at the bottom end of the measured range. The capture rate, on
the other hand, showed a dependence comparable to the one obtained for the number
of atoms, R o h*53). These results were corroborated in two different measurements.
In addition, we studied the loss rate dependence on the distance to a single pyramid
surface. The results of this indicate that the interaction between the trapped atoms
and the surface becomes important at distances below 600 pm.

In the introductory chapter of this thesis, it is explained that the MOT capture rate
is estimated by summing up the atoms crossing through the surface that delimits the
trap volume. When the cloud is far from the apex, atoms are pushed towards the trap
centre from all directions and the assumptions that lead to this estimation remain valid.
However, when the trap is located at a short distance from the pyramid apex, the flux
of atoms seems to be limited to those atoms that come from outside the pyramid.

Another factor influencing the drop in the number of trapped atoms observed in
our experiments can be a reduction in the space available for cooling down atoms. The
deceleration resulting from the scattering of photons saturates at a maximum value of
@ynaw = liky/2M [77]. For instance, this deceleration would require approximately 3 mm
for bringing down to rest a 8°Rb atom initially moving at a velocity of 10 m/s. As long
as the distance of separation between the atom cloud and the pyramid walls is such
that there is still enough space around the trap for cooling down atoms moving at the
capture velocity, the trap will continue capturing atoms from all directions. However, if
this separation is shorter than the minimum distance required for capturing these atoms,
the rate at which the trap collects atoms will decrease. With the atom cloud located
3mm away from the pyramid apex, the distance to the mirrors is already 1.7 mm.
Therefore, the reduction in the space available for cooling down atoms can definitely be
considered as a cause for the drop in the number of atoms represented as red squares
in figure 4.10.

A cold atom in a MOT which collides with a room temperature surface would either
receive enough thermal energy to escape the trap or be absorbed by the surface. In
any case, the atom would be definitely lost from the trap. Hence, if the trap position is
located in the vicinity of the pyramid apex, the possibility of losing atoms as a result
of collisions with the surrounding walls increases. Consequently, the rate at which cold
atoms are lost from a MOT located in the vicinity of the pyramid apex is enhanced
as a result of the proximity of the four pyramid faces only when the distance to these
surfaces is comparable to the size of the cold atom cloud.

The results of the scaling law measurements allowed us to estimate that as many as
a few 10% atoms can be trapped in a pyramid characterised by a 1.2 mm side length, and
as few as some tens of atoms can be trapped in a pyramid with a 200 um side length.
Consequently, this is the range of pyramid side lengths that we decided to include in
the pyramid atom chip that is described in the next chapter of this thesis.
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Chapter 5

The pyramid atom chip

In this chapter, I present a method for integrating arrays of micromirrors into the
surface of an atom chip. We have designed this device with the aim of creating magneto-
optic microtraps on the surface of the chip. We have proposed that this atom chip can be
used to load atoms in an array of traps directly on the chip surface. The main elements
of this design are micro-fabricated pyramidal hollow mirrors. The fabrication procedure
of the first prototype of an atom chip with hollow pyramids integrated on its surface is
presented in the first part of the chapter. The steps followed in the fabrication process,
as well as the specific features of the device design are included in this description.

These pyramidal mirrors are created by chemically etching silicon wafers and de-
positing a reflective coating on their surface. In addition, we have explored two different
methods for integrating sources of magnetic field on the surface of these silicon devices.
In the first place, micro-fabricated current carrying wires have been integrated on the
surface of silicon wafers in which pyramidal pits have been previously etched. Secondly,
a method for creating square openings on the active layers of a magneto-optic thin film
has been developed. This procedure exposes the silicon surface on top of which the
MO film was grown, and creates the possibility of etching pyramidal pits through these
openings.

5.1 Pyramidal hollow mirrors etched in silicon wafers

The silicon micro-fabrication techniques developed by the microelectronics industry over
the past twenty years provide wide control on the characteristics and properties of micro
and mesoscopic structures. In particular, the surface roughness of a device micro-
fabricated in silicon approaches the scale of the constituent atoms, which results in
extremely smooth surfaces ideal for creating high quality reflective devices. Although
alternative materials could provide geometrical features more suitable for atom optics
applications, these materials building blocks would most probably be more complicated
molecular structures which would result in surfaces not as smooth as that obtained with
silicon wafers.
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Figure 5.1: SEM images of the micro-fabricated pyramids. (a) Top view
showing pyramids in a rectangular array with a pitch of 100 um. These pyra-
mids base has a side of length 30 wm, corresponding to a perpendicular depth
of 21.3 um. (b) Cross-sectional view of a single pyramid. The crystal structure
of silicon is face-centred cubic (FCC), hence the pyramids that result from the
etching process are characterized by an angle of 70.5° between opposing faces.

5.1.1 Fabrication details

It is a long known fact that anisotropic etching of silicon results in pyramidal pits [104].
This is a standard technique widely used in the fabrication of Micro-optoelectromechanical
systems (MOEMS). For instance, de Lima Monteiro et al. [70] state that anisotropic
etching of (100) silicon through a mask produces a pyramidal pit formed by four (111)
planes.

The array of microscopic hollow pyramids shown in figure 5.1 was fabricated by
selectively etching the surface of a silicon substrate. The fabrication of an array of
pyramids begins with a 4 in, 1 mm thick silicon wafer cut on the (1,0,0) plane. After
cleaning the wafer using standard RCA and fuming nitric acid,! a 170 nm thick silicon
dioxide insulation layer is deposited by wet oxidation in a furnace at 1000 °C. Next,
50 nm of low-stress silicon nitride are deposited on top of the silicon dioxide layer by
Low-Pressure Chemical Vapor Deposition (LPCVD). Then, alignment marks are etched
into the back side of the wafer using reactive ion plasma etch.

Square openings are made in the silicon nitride using optical lithography. First,
a 1 um layer of photoresist AZ6612 is spun onto the wafer. Next, the photoresist is
patterned using a photomask which has to be precisely aligned to the wafer crystal
structure. Then, the silicon nitride and dioxide layers are etched through the square
openings down to the silicon wafer using dry plasma etch. Finally, the resist is stripped
in a plasma asher. In order to create the hollow pyramids, the wafers are etched through
the square openings in the anisotropic etchant potassium hydroxide (KOH) at a concen-
tration of 33% by volume and at a temperature of 80 °C for 19 hours. In this process,
the Si(100) plane is attacked more rapidly than the Si(111) plane. This results in pyra-
midal pits bounded by planes whose normal directions are given by (1,1,1), (1,1,1),
(1,1,1), and (1,1, 1).

!Standard RCA is a procedure for removing organic residue and films from silicon wafers. In the
process, the silicon is oxidised and a thin oxide layer is left on the wafer surface. (RCA-1 Silicon Wafer
Cleaning. INRF application note. Mark Bachman, Fall 1999.)
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Type 1 Type 2 Type 3
Figure 5.2: In (a), The reflection areas were each one of the three ray types are
produced are shown in a top view of the pyramid. (b), (c), and (d) represent
examples of the paths followed by these rays, which are sketched in a cross
section of the pyramid.

The oxide layer is then stripped away and finally a metallic reflective layer is sput-
tered on the sample. As gold is a good reflector for infrared (IR) light (see table 3.1),
a 5 nm adhesion chromium layer and a 100 nm gold layer were sputtered on top of a
pyramids array sample. In conclusion, an array of hollow pyramidal highly reflective
mirrors has been fabricated on the surface of a silicon wafer. The next step of this
project was therefore to determine the optical properties of these mirrors.

5.1.2 Geometrical characteristics

The angle between the opposing faces of the pyramids etched in silicon can be easily
calculated. Take for example the {1,1,1} and the {1, 1,1} planes of the silicon crystal.
The angle 6 between the two vectors (1,1,1) and (—1,—1,1) is given by:

(1,1,1)- (=1,-1,1) = (v/3)% cos 6.

Therefore
0 =cos™' (') =~ 70.53°, (5.1)

which is the value quoted in figure 5.1. This is also the apex angle of the pyramid
studied in chapter 4.

5.1.3 Optical properties

With respect to the optical reflections that these pyramids generate, their surface can be
separated into three regions, schematically represented in figure 5.2(a). A ray parallel to
the axis of the pyramid is first reflected at the point marked (T) in diagrams (b),(c) and
(d). It then travels along a diagonal line which points down to the pyramid apex and
towards the opposite pyramid face. The propagation direction after the first reflection
makes an angle of m — 6 with the pyramid axis. Light that is first reflected in the middle
of a pyramid face travels through the pyramid internal volume and reaches the opposite
face. These rays are reflected a second time, as represented by points @ in diagrams
(b) and (c). The direction of propagation after this second reflection is also diagonally
oriented, but this time it points away from the pyramid apex. This new direction
makes an angle of m — 20 with the pyramid axis. This angle is bigger than the 35.25°
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angle between the pyramid faces and axis. Consequently, the ray has to intersect the
plane defined by the pyramid face at some point. Beams that follow this two reflection
pattern and leave the pyramid without suffering a third reflection have been denoted as
type 1 reflections (diagram (b)). When there is a third reflection inside the pyramid,
as shown in diagram (c), the ray is denoted as type 2. Only the central region of the
incoming beam, the one that is firstly reflected near the pyramid apex, gives rise to type
2 reflections. Rays initially reflected close to the pyramid edges intersect the adjacent
pyramid face before reaching the opposite one. The path followed by such ray, called
type 3, is represented in diagram (d). The second reflection, point @ in this diagram,
is on the adjacent mirror. After the third reflection, which is shown as point @, these
rays finally leave the pyramid volume, crossing through the pyramid axis at an angle of
31.59°.

Type 1 and 2 reflections

A ray contained in the section of light that makes up a type 1 or a type 2 reflection
remains in its initial plane of incidence. The incident light propagates parallel to the
pyramid axis. Consequently, an incident ray makes an angle of 6/2 = %008*1(1 /3)
with the pyramid face and the angle of incidence is 7/2 — /2 = L (7 — ). This firstly
reflected section of light crosses through the pyramid internal volume making an angle
of m — @ with a vector pointing out of the pyramid and along its axis. A ray that crosses
through the pyramid axis forms a triangle with the lines generated by the intersections
of the pyramid faces and the plane of incidence. In consequence, the angle this ray
makes with the pyramid face in which the second reflection is produced is m — %0.
Correspondingly, the second reflection angle of incidence turns out to be % (30 —m). A
new triangle can now be used to deduce the angle that this secondly reflected ray makes
with the pyramid axis. This time, the sides of this triangle are formed by the pyramid
axis, the pyramid face in which the second reflection was produced, and the secondly
reflected ray itself. From these considerations we conclude that the secondly reflected
ray makes an angle of m — 260 with the pyramid axis.

Type 3 reflections

In contrast to what happens in a 90° pyramid, after the first reflection into the pyramid,
light travels diagonally towards the pyramid apex. Because of this, some light intersects
the pyramid face that is adjacent to that of the first reflection. The normal to this new
reflection plane is not longer parallel to the plane defined by the first reflection. This
complicates the derivation from simple geometrical arguments of the second reflection
angle of incidence. However, a ray tracing analysis of the pyramid allows us to calculate
both the incidence angles and the angles at which type 3 reflections cross the pyramid
axis. The angle of incidence at the second reflection has been calculated to be 78.9°,
while for the third reflection the angle of incidence is 33.49°. After suffering this third
reflection, a type 3 ray escapes the pyramid crossing through its axis at an angle of
31.59°.

The reflected light intensity distribution

The first test we made on an array of pyramidal micromirrors, (see figure 5.1) consisted
of shining a collimated 1 mm-diameter laser beam on the surface of an array pyramidal
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Figure 5.3: The intensity distribution of light reflected from the array of
pyramids, when it is illuminated at normal incidence. The orange circles in
(a) show the reflection pattern expected for a perfect pyramid, while the or-
ange circles in (b) indicate the calculated reflection pattern for a pyramid with
rounded corners. Size indicates expected relative intensity.

micro-mirrors. The wavelength of this light was 633 nm and it was incident perpen-
dicularly to the silicon wafer surface. We then imaged the reflected intensity pattern
generated on a screen located 7cm away from the wafer surface. The result of this
experiment is given in figure 5.3. Along with the reflected intensity image, the results of
a ray tracing analysis of the 70.5° pyramidal geometry are also included in these images.

The reflection pattern features corresponding to each of the three ray types can
be identified with the help of the ray tracing model. First, in figure 5.3(a) perfect
70.5° pyramids with sharp edges are considered in the ray tracing model. The orange
circles superimposed on this image represent the reflection positions predicted by this
simplified model. The size of these circles indicates the relative intensity predicted by
the model for each one of the different reflections. For instance, the predicted intensity
of a type 2 reflection is approximately 100 times smaller than that of a type 1 ray.
The reason for this is that the surface area of the region which gives rise to type 2
rays is limited to a small section around the pyramid apex. Consequently, the small
contribution of type 2 rays in this intensity distribution is hidden on the diffracted wings
of the type 1 reflections.

In spite of the insight gained with this simple ray tracing calculation, this model
is not enough for describing with detail the features observed in the reflected intensity
pattern. The background of light between the features caused by the three ray types is
caused by the round corners of the micro-pyramid. This roundness, which can be clearly
seen in figure 5.1, is a consequence of the particular etching mechanisms that gave rise
to the pyramidal pits. This additional feature needs to be taken into account when
analysing the reflected intensity pattern. Figure 5.3(b) shows the result of considering a
pyramid with rounded edges in the ray tracing model. The roundness is approximated
by means of cone sections whose radii is 2.5 um at the pyramid entrance and 0.825 pm at
the apex. The features predicted by the new ray tracing analysis recreate more closely
the photographed intensity distribution. The features corresponding to the type 2 rays
are hidden behind the diffracted wings of the type 1 reflections.
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(a) (b) (c)

(d) () (f)

Figure 5.4: The polarisation orientation of a linearly polarised light beam
suffers rotations when reflected in a 70.5° pyramid. The top row of images
shows the result of a ray tracing analysis of the reflection pattern. The bottom
row is an optical microscope measurement of a micro-pyramid. The microscope
images show first (d) the reflected light irrespective of its polarisation state,
then (e) the light for which the initial direction of polarisation is preserved,
and finally (f) the light that suffers a rotation of the polarisation direction.
The results of the ray tracing analysis are in very good agreement with the
microscope observations: (a) shows all the reflected rays; (b) shows only the
rays that come out polarised in the same direction as the input light; and (c)
shows the rays for which the polarisation is rotated.

Linearly polarised light

The rotation induced in the polarisation of linearly polarised white light as a result of
the multiple reflections that occur in the 70.5° pyramid faces is shown in figure 5.4. The
light once more propagates perpendicularly to the wafer surface and we looked at one
of the silicon hollow pyramids under a microscope. The focal plane in these microscope
images is located at the apex of the pyramid. A pair of linear polarisers is used to
investigate the polarisation rotation induced on the different types of rays. The first
polariser defines the polarisation of the incident light, which was set to be parallel to
one of the pyramid entrance sides, while the second polariser analyses the polarisation
of the light that comes out from the pyramid. The results of these tests were also
compared to the predictions of a ray tracing analysis. In this analysis, the incident light
is set to be linearly polarised parallel to one side of the pyramid square aperture and
the reflection pattern is generated by selecting the point where each ray crosses through
a plane located at the entrance of the pyramid.

Images (a) and (d) in figure 5.4 show respectively the ray tracing and microscope
results for the total reflected intensity distribution. The features corresponding to type
1 and type 3 reflections can be easily discerned in the ray tracing results shown in figure
5.4(a). In contrast, the type 3 rays contributions to the reflection pattern shown in
figure 5.4(d) can not be easily distinguished. The type 3 features are not as intense
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as the type 1 light components. Therefore, the former are hidden in the total intensity
distribution between the contributions of the type 1 rays.

Next, the polarisation state of the reflection pattern was analysed with the linear
polariser. Firstly, the polarisation axis of the analyser was set parallel to the initial
direction of light polarisation. The result of this experiment is given in figure 5.4(e)
and can be compared to the result of the ray tracing model presented in figure 5.4(b).
The later image shows bright type 1 reflections, but the type 3 features have been
severely dimmed. This is the result of the polarisation rotation induced by the multiple
reflections undergone by type 3 rays. This effect can be fully appreciated in figure
5.4(b) by comparing it with figure 5.4(d). The type 3 contributions to the reflection
pattern are evidently blocked by the analyser, resulting in dark areas between the type
1 reflection features.

The polarisation rotation induced in the type 3 rays becomes much more evident
when the analyser polarisation direction is rotated until the image shown in figure
5.4(f) is obtained. At this point, the analyser polarisation direction is aligned to the
final polarisation direction of a type 3 ray and blocks almost entirely all the type 1 rays
contributions. This is once more confirmed by the results of our ray tracing analysis,
which is shown in figure 5.4(c).

By means of the two methods exemplified in figure 5.4, we have been able to quan-
tify the polarisation rotation induced in the light reflected by the 70.5° pyrmaid. First
of all, we have found that type 1 and type 2 reflections do not modify the polarisation
state of linearly polarised light initially directed parallel to the pyramid entrance sides.
In contrast, type 3 rays generate rotations of £53° or £78° in the polarisation direc-
tion of this light. We used the optical microscope to determine these rotations. They
correspond to the orientation of the second polariser at which the visibility of the type
3 rays is maximum, as measured with respect to the orientation of the first polariser.

Circularly polarised light

Upon reflection from a metallic surface, the state of polarisation of light is modified.
According to Friedmann et al. [105], the phases of the electric field components which
are parallel and normal to the plane of incidence suffer changes which depend on the
angle of incidence. In consequence, the phase difference A = ¢ — d, between parallel
and perpendicular components of the light polarisation also depends on the angle of
incidence. Near normal incidence, the electric field component which is perpendicular
to the plane of incidence (6, ) suffers a phase change of 7w radians while the parallel
component (J)) suffers no phase change. This therefore implies that at normal incidence
there is a phase change of A = —7. At grazing incidence both components suffer a phase
change of m and consequently there is no phase difference induced by the reflection. As
the angle of incidence increases from 0° to 90°, the reflection induces a phase difference
which varies continuously between —m and 0. At a certain value of the incident angle
which is called the principal angle of incidence, the phase difference is equal to —/.
The phase shifts induced upon specular reflection on the mutually orthogonal light
polarisation components, o) and d,, can be expressed in terms of the real n and imagi-
nary k parts of the complex refractive index of the reflecting medium [106, 107, 108]:

2cost [(n? — k%) t — (2nk) s
(n? + k2)% cos? ¢ — (s2 + 12)

tan 5“ = (5.2&)
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2t cos
t = .2b
anoy cos?p — (82 + t?) (5.2b)
where
252 = \/(nQ — k2 — sin? 1/))2 + 4n?k2 + (n2 — k% — sin? 1/1) (5.3a)
2 = \/ (n2 — k2 — sin® ¥)* + 4n2k2 — (n® — k? — sin®¢)) (5.3b)

With the aim of confirming this information and characterising the metallic mirrors
fabricated in the Centre for Cold Matter, we made a measurement of the retardation
induced between the two mutually orthogonal components of a circularly polarised laser
beam upon reflection from a gold mirror. The mirror utilised in this experiment was
fabricated by sputter deposition of the metallic material on the surface of a glass slide.
To begin with, a thin chromium adhesion layer (5 nm) was laid on the surface of the
glass slide. Then, an optically thick 100 nm layer of gold was sputtered on top of the
chromium layer. This is the standard method used in our laboratory for fabricating
gold mirrors and results in highly reflective (~ 95%) surfaces for infrared light.

In this experiment, a circularly polarised beam was reflected by the gold mirror
and the reflected beam was analysed by means of a quarter wave plate and a linear
polariser. The procedure was repeated for various angles of incidence. A laser beam in
a linear horizontal polarisation state was firstly obtained by taking the light transmitted
through a polarising beam cube. The circular polarisation was next prepared by sending
the horizontally polarised light beam through a quarter wave plate whose fast axis was
oriented at an angle of 45° with respect to the initial light polarisation state. This
circularly polarised light beam was then reflected by the gold mirror, which was held on
a mount that allowed us to vary the angle of incidence 1. Finally, the reflected beam
was sent through a second quarter wave plate and a horizontal linear polariser before
reaching a detector in which the transmitted power was measured. For a given angle of
incidence, the polarisation state of the reflected light can be determined by measuring
the dependence between the power transmitted through the linear polariser and the
orientation of the second quarter wave plate.

Using the Jones Matrix formalism, the polarisation state of the beam before the

reflection is given by [100]:
1 1
J=— | -
2 ( j >

The effect that the mirror has on the polarisation state of the light can be expressed
as a wave retarder having a fast axis parallel to the plane of incidence. This way, the
polarisation state of the light after the reflection can be expressed in the following way:

JR<¢>:TM<¢>~J1=6‘”'¢/2<3 ! > %(; )=f;<]1¢>

Next, the polarisation state of the reflected beam is interrogated by means of a
quarter wave plate T /4 and a horizontal linear polariser Ty,

J5(,0) = Tip-Tyu(0) - Ir

e (2)

where
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Figure 5.5: Measurement of the phase retardation induced on circularly po-
larised light upon reflection from a gold coated mirror. The red points on each
graph represent the experimental data points for the light intensity as a func-
tion of the reflection angle of incidence 1y and the angle # between the quarter
wave plate fast axis and the polariser transmission axis. The blue curves on
each graph are the result of fitting this data to equation 5.4 with the phase ¢
as the fitting parameter. The value of ¢ quoted on top of each graph is the
absolute value of the induced phase. The polarisation state of the reflected
light is depicted next to each graph.

and
T 4(0) = 1 1+ jcos(20)  2jcos(6)sin(6)
A4 V2 \ 2jcos(f)sin(d) 1 — jcos(26)

Then, the polarisation state of the light before it reaches this quarter wave plate and
the angle 6 that the quarter wave plate fast axis makes with the polariser transmission
axis determine the amount of light that goes through the linear polariser. Consequently,
the light intensity measured by the detector depends on both the orientation 6 of the
quarter wave plate fast axis and the phase ¢ induced by the reflection

I1(¢,0) = é;ﬂ — jcos(260) + €7 sin(26))? (5.4)

where 7 is the impedance of the medium, which in this case is taken to be free space.
The results obtained by means of the experiment detailed before are shown in figure
5.5. Each graph refers to a particular incidence angle 1) where the red points correspond
to the measurement of the light intensity transmitted through the linear polariser as a
function of the quarter wave plate orientation angle #. The blue curve in each graph is
the line shape described by equation 5.4 with the phase retardation ¢ given by a least-
square fitting of the data. These graphs show that the fitted curves closely reproduce
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Figure 5.7: This figure compares the changes induced in the polarisation state
of type 1 and type 3 rays. In the first place, the phase retardations induced on
the polarisation of type 1 rays are small. Consequently, the polarisation state of
type 1 rays does not deviate substantially from the initial circular polarisation.
On the other hand, the second reflection suffered by type 3 rays induces a large
phase retardation in the light polarisation. This leaves the light nearly linearly
polarised, state which is maintained after the third reflection.
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the experimental data in all instances. The ellipticity of the reflected light on a plane
{z,y} perpendicular to the light propagation direction is shown to the right of each
graph. This shows that the polarisation of the reflected light goes from circular, at
normal incidence where the retardation is ¢ = m, to almost linear, at ¢ ~ 78° with a
phase retardation ¢ ~ /2.

To compare these experimental results with the theoretical phase shifts predicted by
equations 5.2 and 5.3, in figure 5.6 I have plotted the phase retardation values obtained
in the experiment, together with the curve generated when the real and imaginary
parts of the refractive index of gold,? n = 0.08 and k = 4.56, are substituted in these
equations. The agreement between experiment and theory is surprisingly good.

At the beginning of this section, when describing the three types of rays, I men-
tioned the various incidence angles involved in the reflections that take place in the
70.5° pyramid. To see how these reflections affect the polarisation of the light, some of
the measurements shown in figure 5.5 correspond to these incidence angles. These an-
gles are o(m—0) ~ 55°, 15(30 — ) ~ 16°, 78°, and 34°; they correspond respectively to
the first reflection incurred by all rays, the second reflection suffered by type 1 and type
2 rays, and the second and third reflections of type three rays. These measurements
demonstrate that the polarisation of type 1 and type 2 rays after the first and second
reflections is still characterised by a strong circular component, as it is also shown in
figure 5.7. In contrast, figure 5.7 also shows that as a result of the large incident angle of
the second reflection incurred by type 3 rays, the light becomes nearly linearly polarised.
This is the cause of the imbalance effect that type 3 rays have on MOTs generated in
these pyramids.

5.1.4 The creation of MOTs in 70.5° pyramidal hollow mirrors

A comparison of the two very different light configurations generated by the 70.5° pyramid
type 1 rays and the 90° pyramid can be seen in figure 5.8. These ray sketches are the
result of cutting in half a pyramid with a plane parallel to the pyramid axis. In the
90° pyramid geometry, the scattering force balance necessary for creating a MOT is
automatically produced over the entire volume of the pyramid, as seen in figure 5.8 (b).
By contrast, figure 5.8(a) is the ray geometry obtained in the silicon pyramids. This
light configuration creates the required scattering force balance only where the three
arms of the type 1 reflections are present. For this reason, while in the 90° configuration
the magnetic field zero position can be located anywhere in the volume of the pyramid,
in the 70.5° pyramid care most be taken to ensure that the point of zero magnetic field
is located within the region in which the three light components are present.

To complement this information, the diagram given in figure 5.9 shows some useful
scale considerations. In this sketch, the horizontal and vertical dimensions of the most
important features of the type 1 rays configuration are respectively expressed in units of
the pyramid side length s and the pyramid depth d. Considering exclusively generating
the trap on the pyramid axis, the middle point of the line section in which the scattering
force is balanced is located at a distance equal to 0.42d from the pyramid apex. This
geometric estimate of the MOT optimal position is consistent with the measurements
described in the previous chapter. In section 4.2.1 we showed that the MOT optimal
position A is such that h ~ 0.62A, where the radius of the circular aperture A in this
experiment can be related to the corresponding pyramid depth by A = d/v/2. Hence,

2These values were taken from table 3.1
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this measurements indicate that the MOT is optimal when h ~ 0.62d/ V2 = 0.44d,
which is in very good agreement with the value given in figure 5.9. For simplicity, in the
following we will consider that the optimal trap position is d/g away from the pyramid
entrance.

AT A
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Y

Figure 5.8: Comparison of type 1 rays in
the (a) 70.5°and in the (b) 90° pyramids.
In the 70.5° pyramid, there might be an im-
balance of the force in the trap due to the
misalignment of the rays that arise from

first and second reflections. In contrast to

(b)

what happens in the 90° pyramid, atoms

can only be trapped in a limited region of

the pyramid internal volume.

RO

1.0d
0.67d

Figure 5.9: The ray geometry generated in a 70.5° pyramid when illuminated
with collimated light propagating along the pyramid axis direction produces a
diamond shaped region in which the scattering force is balanced. This trapping
region is generated by the type 1 rays.
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Figure 5.10: A current carrying square loop encircling the pyramid aperture
can be used in combination with a bias field perpendicular to the loop plane
to generate an spherical quadrupole inside of the pyramid.

5.2 Micro-pyramids atom chips

Together with the arrays of pyramidal mirrors described in section 5.1, we have inte-
grated magnetic field sources on the surface of our atom chips. As explained in the be-
ginning of this chapter, two different method have been contemplated. The first method
consists of including a current carrying wire loop around the entrance of each pyramid.
The second method aims at exploiting the magnetic properties of magneto-optic thin
films.

5.2.1 The square loop magnetic field

The two methods proposed for integrating magnetic field sources on the surface of the
pyramid atom chips are equivalent. The magnetic field generated by either of these two
methods can be recreated by considering a current-carrying closed loop running around
each pyramid square opening. Then, a quadrupole field can be generated by adding up
a uniform bias magnetic field parallel to the pyramid axis, as schematically shown in
figure 5.10. With the appropriate choice of loop current and bias field, a point of zero
magnetic field is produced on the pyramid axis. From this point, the field magnitude
increases linearly with position. Additionally, a complementary mirror image of the
quadrupole field generated inside the pyramid is also created on the opposite side of
the loop plane. We have anticipated that the pair of zero magnetic field points can be
a useful feature of our devices. A cold atom cloud initially magneto-optically collected
inside the pyramid can then be held in a purely magnetic trap and transferred to the
field minimum located outside of the pyramid.

Consider a current-carrying square loop of side length s encircling the aperture of a
pyramid. When a current [ is running through this loop, the magnetic field generated
at the intersection point of the pyramid axis and the loop plane is

C2V2pol
o s

B[) (5.5&)
The axes of the pyramid and the loop coincide. From now on, we will identify this
axial direction with the coordinate z. The red curve shown in figure 5.11A corresponds
to the magnitude of the magnetic field that the square loop generates on the pyramid
axis as a function of distance from the loop plane. In this graph, the field magnitude is
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Figure 5.11: The magnetic field generated by a current carrying square loop
in a hollow pyramid. The curve in graph A shows the axial component of the
square loop field as a function of the distance from the loop plane. In this
graph, the position along the pyramid axis is presented in units of the loop side
length and the field axial component is given in units of its value at the loop
plane. The loop plane position and the pyramid axis middle point are marked
with ® and @ respectively. Graph B shows the magnitude of the magnetic field
generated per Ampere at the pyramid axis middle point (®) and on the loop
plane (®), both as a function of the pyramid side length. Graph C gives the
axial gradient of the magnetic field at the mid-point on the pyramid axis per
unit current, also as a function of the pyramid side length.

normalised to the value that it takes on the loop plane, By, and the distance from the
loop plane is normalised to the pyramid side length s.

Let us consider generating a MOT on the pyramid axis, approximately at the middle
point of the pyramid depth, as illustrated by the contour plot in figure 5.10. The loop
field magnitude at this position is given by:

By = V25l _ 4 g (5.5b)
37 S 3v5
In order to position the zero of magnetic field here, we need to apply a uniform bias
field equal to —Bp and directed along the pyramid axial direction. The dependences
expressed by equations 5.5a and 5.5b are both shown graphically in figure 5.11B. The
blue curve corresponds to By; By is represented by the dark red curve; and both curves
are the field magnitudes generated per ampere applied to the square loop. Similarly, the
blue (®) and the red (®) dots included on top of the curve 5.11A indicate, respectively,
the positions to which By and Bp correspond to.

Finally, the axial field gradient generated by the square loop at the trap position is
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Figure 5.12: The pyramid atom chip is shown mounted on the CPGA.

given by
416 ,u(]I _ 208 BQ

= 45Br 2 45V10 s
The dependence of this gradient on the square loop side length is represented graphically

in figure 5.11C. As we did with the field magnitudes plotted in 5.11B, plot C presents
the field gradient generated per current unit.

3. B (5.5¢)

5.3 The pyramid and wire atom chip

The first prototype of a pyramid atom chip was fabricated in the Nanoscale Systems
Integration (NSI) group in the School of Electronics and Computer Science at the Uni-
versity of Southampton. A photograph of this prototype can be seen in figure 5.12.
Pyramid sets of six different sizes have been fabricated on the surface of this atom chip.
The side length of these pyramids range from 200 pm to 1.2 mm in steps of 200 pm.
The pyramids of a single size are grouped in two sets, one containing five pyramids and
the second containing three pyramids.

This atom chip includes square loops of current-carrying micro-fabricated wire cir-
cling around the pyramid apertures. The wires are made of gold and constitute the
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Figure 5.13: A magnified view of the 1.2 mm pyramids set of the atom chip
shown in figure 5.12. This image shows in detail the internal features of the
chip pyramids, the current carrying wires that run around the square pyramid
apertures, the 2 mm wide contact paths, and the sets of nine bond wires that
connect these paths to the chip carrier paths.

main magnetic field source. As I have previously shown, these wires in combination
with a bias field perpendicular to the chip surface can generate the magnetic field re-
quired for creating the pyramid MOTs on the chip pyramids. Twelve wire loops have
been included in this atom chip. These loops run along the pyramid square entrances,
closely recreating the loop presented in section 5.2.1. The five pyramid sets and the
three pyramid sets of each side length count with separate wire loops. In figure 5.13 we
show exclusively the 1.2 mm five-pyramid set with the micro-fabricated wire running
around the pyramids. Wide contact paths are included at the terminals of this wire,
around which the blue naked silicon surface can be seen. In addition, also evident in
this image is the masking in the pyramid internal surface.

In chapter 4 we showed that in order to create a MOT in a 70.5° highly reflective
pyramidal mirror it is necessary to remove or at least greatly reduce type 3 rays. We
found that masking the sections of the input beam which would give rise to type 3
reflections gives very good results. However, masking the input beam to such an array
is obviously highly impractical. An alternative is to pattern the reflective coating that
is laid on the micro pyramids. The pattern imprinted in the silicon pyramids has to
recreate the sketch shown in figure 5.2(a). This Maltese cross shape can be seen in each
of the pyramids in figure 5.13. A detailed description of the fabrication procedure of
this atom chip is beyond the scope of this thesis. We have published this description in
[109] and this paper has been included in Appendix D.

5.3.1 Atom chip packaging

The first prototype of the pyramid atom chip contains a total of 12 connection path
pairs. These paths are only 2 mm wide and there are no more than 300 um of separation
between them. Usually in atomic physics experiments, in-vacuum electrical connections
are created by mechanically attaching bulky connectors to the device. However, with
many connections, the processes of mounting and replacing the atom chip would be a
tedious and time consuming task. Therefore, we found ourselves needing to explore new
methods for incorporating our atom chips into the experimental apparatus.

We packaged the chip into a ceramic pin-grid array (CPGA) chip carrier (CPG18023,
Spectrum Semiconductor Materials, Inc.). The body of this carrier is made of Alumina
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Figure 5.14: Bond wires.

(Aluminium oxide, AlO3), which is a ceramic electrical insulator that has a relatively
high thermal conductivity. Alumina is widely used in vacuum technology owing to
its low outgassing rate 1072 — 107 Wm~2 after bakeout [110]. Both the atom chip
mounting area, known as the die attach area, and the carrier connection pads are covered
with a 60 — 200 pin (1.5 — 5. pm) gold plate (99.9% minimum pure Gold, Type II, Grade
A) over a 50 — 350 pin (1.3 — 8.9 um) layer of nickel. Owing to the magnetisablity of this
nickel layer (see section 5.3.3), the metallic coating which covered the die attach area
was completely removed from the carrier that we utilised for mounting our atom chip.
A two part epoxy glue, which has demonstrated being suitable for UHV applications,
was utilised for bonding the atom chip to the chip carrier. Finally, the chip carrier pins
are made of Kovar, a Fe-Ni-Co alloy.

Bond wires provide the electrical contact between the atom chip and the CPGA
connection paths. In contrast to the electrical current requirements in micro-electronics
applications, where some few mA are sufficient for operating a device, several hundreds
of mA need to be supplied to the on-chip wires. For instance, to generate a 30 G - cm™*
axial gradient in the 1.2 mm pyramids, it is necessary to run 250 mA through the wire
that surrounds the pyramid aperture. We performed a preliminary test of the in-vacuum
current-carrying capabilities of 50 um in diameter and 2 — 3 mm long bond wires. We
found that these wires can sustain a current of 1.5 A indefinitely, but a current of
more than 1.75 A destroys the wire in a few seconds. Unfortunately, as a result of the
limitations of the machine utilised for wire bonding our first prototype, the bond wires
in this chip are only 25 pm in diameter.

To enhance the current carrying capabilities of each circuit we decided to connect
a total of nine bond wires to each atom chip pad. These nine wires are distributed
over three carrier pads, as shown in figure 5.14. The three microscope photographs in
this figure show how the atom chip connections were made. The image on the right
shows the two connection paths corresponding to the 1.2 mm pyramid set (shown before
in figure 5.13), the CPGA contact paths, and several bond wires connecting the atom
chip and the carrier contact pads. Next, the central image in this figure shows a single
2 mm-wide chip contact pad and the nine bond wires attached to it. The opposite ends
of these wires go to three different CPGA contact paths. These CPGA pads are only
380 um wide and it was not possible to fit more than three of the 25 um in diameter
bond wires to each carrier pad, as shown in the leftmost image provided in figure 5.14.

The industry standard method for incorporating a CPGA mounted chip into a larger
system is to use a pin grid array (PGA) socket bed. We have also adopted this solution
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Figure 5.15: We have used standard elec-
tronics industry techniques for fabricating
a vacuum compatible printed circuit board.
The PCB design imprinted in the copper
layer of the FR4 board gathers sets of three
pin sockets and connects them together in
a single copper strip. Each strip can then
be accessed individually via copper barrel
connectors in order to supply electric cur-
rent to the atom chip wires.
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because it simplifies not only the electrical connections but also the chip replacement
procedure. Different CPGA mounted atom chips can be easily plugged and unplugged
into the PGA sockets without the need of taking apart or replacing any other elements of
the design. The terminals of the PGA sockets are made of a brass-copper alloy (C36000
ASTM-B-16; Cu 62.0%, Zn 35.5% and Pb 3.0%) and the contacts are made of beryllium-
copper. The sockets are gold plated and include a lead-free (95.55n/4.0Ag/0.5Cu) solder
preform.

In combination with the PGA socket bed, we have used an FR4 (Type 4 flame
retardant) board for fabricating a printed circuit in which the sockets can be soldered.
FR4 is made of an epoxy resin reinforced with woven fiberglass. Rouki et al. [111, 112]
have demonstrated that with the proper treatment, this material is suitable for UHV
applications. Some relevant physical properties of this composite material are reported
in [113], including a thermal conductivity of [0.25 — 0.29] Wm~!K~!. In addition, this
data sheet states that the epoxy resin undergoes a glass transition at a temperature of
135 °C. This establishes the maximum temperature at which these boards can be baked
without damaging them.

Standard electronics PCB fabrication techniques have been used for etching copper
tracks on these boards, as shown in figure 5.15. We have used PCBs with a 70 um thick
copper layer. Each copper track connects together sets of three CPGA pins, with the
exception of the CPGA corners where six pins are connected together. As described
above, each on-chip wire connection path has been wire-bonded to three different CPGA
pads. The PCB tracks gather together these three CPGA pins in a single connection
that can then be easily accessed from the edge of the board. To avoid oxidation of the
copper surface, a tin plating stage was added to the PCB fabrication procedure. The
tin plate ensures good electrical connection between the copper tracks and each socket
solder preform. The opposite end of each PCB copper track includes a 2 mm hole, in
which a stainless steel M2 socket head cap screw can be attached. These screws, whose
heads make good electrical contact with the copper tracks, are screwed into threaded
beryllium/copper barrels. For this purpose, the internal surface of Be/Cu in-line barrel
connectors (Kurt J. Lesker Company, part number FTAIBC041) was threaded and the
two cross-screws were replaced by a single stainless steel grub screw. Then, Kapton
insulated copper wires, 1 mm in diameter, are plugged into the opposite end of the
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Figure 5.16: The pyramid atom chip mounted in the vacuum chamber. The
atom chip is attached to the purple-coloured CPGA, that is in turn plugged
into a sockets bed (not visible in the image). The sockets are soldered into the
FR4 board, which is held from its corners by an aluminium ring. In addition,
four copper strips are connected at each side of the FR4 board.

copper barrels. In order to limit the number of wires loaded into our vacuum system,
we decided to create a common connection among the six different micro-fabricated wire
sets on each side of the pyramid atom chip. This common connection was established by
connecting together the corresponding PCB tracks. A set of four thick oxygen-free high
conductivity (OFHC) copper strips (shown in figure 3.4, in page 45) were fabricated for
this purpose.

The photograph in figure 5.16 shows the first prototype of the pyramid atom chip
as seen from the bottom 8” viewport of the vacuum chamber. The pyramid atom chip,
mounted on the purple-coloured CPGA, can be seen in the centre of the image. This is
plugged into a PGA socket bed on the FR4 board which has four copper strips attached
to its edges. All these elements are held by an aluminium ring, which in turn is attached
to four steel posts. In the bottom of the image, it can also be seen that the dispenser
holder position was set slightly over the atom chip surface.

This packaging has been extensively tested for compatibility with the requirements
of our experiments. Both the vacuum compatibility and the magnetic properties have
been evaluated. Although pressures below 107! mbar are normally required in the
most demanding cold atoms experiments, a pressure of 10~ mbar is sufficient for less
stringent experiments such as creating a MOT. With a modest 20 Ls~! vacuum pump,
this vacuum level requires the total gas load in the system to be maintained below
2 x 1072 Pa-m3s~!. Secondly, the small scale of the micro fabricated pyramids makes
their operation somewhat sensitive to stray fields. For instance, consider the operation
of the 200 pm pyramid row. If these MOT's are generated by quadrupole magnetic fields
with 30 Gem ™! of axial gradient, a stray field of 150 mG would push the magnetic field
zero positions out of these pyramids volume. Similarly, to create MOTs simultaneously
in all the pyramids in this row, a field variation of less than 75 mGem™' must be
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guaranteed across the atom chip surface.

5.3.2 Vacuum tests of chip packaging resources

The bottom end of a CF full nipple (Kurt J. Lesker Company, FN-0600) was connected
to a turbomolecular pump (TurboVac 150). The nipple top end was sealed with a 6”
to 23/, CF reducer flange (Kurt J. Lesker Company, RF600X275). A 23/;” CF tee
(Kurt J. Lesker Company, T-0275) connected to the reducer was used for connecting
a pressure gauge (Pfeiffer Vacuum, Compact Full Range BA Gauge, PBR 260) to the
chamber. The measurement range of this gauge spans from 5 x 1071 to 103 mbar.

In order to prepare this chamber for testing the atom chip packaging resources, it
was pumped down while still empty. Before baking and after 12 hours of pumping time,
a pressure of 107 mbar was reached. Next, a single heater tape wound around the top
6” blank flange was used for maintaining this section of the chamber at 100 °C. After 24
hours of baking at this temperature and allowing the flange to cool back down, a final
pressure of 2 x 1078 mbar was obtained. If the nominal pumping speed of the turbo
~ 100 Ls~! is put together with this pressure, a ~ 1076 Ws~! outgassing rate is deduced
for the stainless steel chamber after baking. This value is still high compared with the
range reported by Delchar after bake-out ([1071* — 1078] Wm~2) [110]. However, it has
to be taken into account that only a small portion of the chamber was kept at 100 °C
during the bake-out period. In fact, to avoid any damage to the gauge, the 2 3/, tee
port connecting to the gauge had to be kept at no more than 50 °C.

To continue, we loaded into the test chamber a 7 x 7 cm? FR4 board patterned as
shown in figure 5.15. Two aluminium posts attached to the reducer flange were used for
holding this PCB into the vacuum test chamber. After 2.5 hours of pumping down, a
pressure of 2 x 107% mbar was reached. Next, two heater tapes were wound around both
the reducer flange and the top section of the nipple. The nipple top section and reducer
flange were then covered with aluminium foil and the test chamber was heated until the
temperature of the reducer flange reached 130 °C. After baking at this temperature for
three and a half days, the minimum pressure attained while baking was 2 x 10~ mbar.
Next, the system was allowed to cool down to room temperature and a final pressure of
10~® mbar was recorded. We were also interested in evaluating the amount of humidity
absorbed by the FR4 board when exposed to air after being baked out in vacuum.
Therefore, we continued our tests by venting the system to nitrogen and then to air.
The chamber was left open to air for one hour and afterwards the system was pumped
down again. The 10~® mbar pressure found before was recovered after just one day of
pumping without needing to bake the test chamber again.

Finally, the PCB was replaced by a new FR4 board which included PGA sockets
and a CPGA. A pressure of 1.5 x 1075 mbar was reached after pumping for two days
without baking the system. Next, the chamber was baked at 130°C for two days
and a minimum pressure of 8.6 x 1077 mbar was obtained while baking. When the
system was allowed to go back down to room temperature, we measured a pressure of
3 x 1078 mbar. The chamber was then vented to air for a couple of hours and pumped
back down again. A pressure of 2 x 10~® mbar was recovered in 4 hours. Baking the
system by heating the 6” nipple at 150 °C for up to 5 days resulted in a final pressure,
after cooling down, of 3 x 107 mbar. The chamber was opened, closed and pumped
down once more. A pressure of 1078 mbar was recovered in one day, but it finally came
down to 3 x 1072 mbar in a week.

Thus, the vacuum compatibility of each element of the chip packaging arrangement
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has been thoroughly assessed. The vacuum compatibility of both FR4 and Alumina
has been studied elsewhere [111, 110]. The authors of [111] established that, with the
appropriate treatment, the FR4 outgassing rates can be reduced to a few 107 Wm—2.
The PCBs fabricated for our atom chips are squares with a 7 cm side length. A board
like this, according to [111], would result in a gas load on the order of 1071 Pa-m3s~1.
Similarly, the chip carriers have roughly a total area of 50 cm?. This surface area, com-
bined with the 3.7 x 1077 Wm™?2 outgassing rate suggested in [111] for Alumina, results
in a gas load of 1.5 x 1072 Pa-m3s™!. The results of our independent assessment of the
chip packaging arrangement vacuum compatibility were consistent with this estimate.
Moreover, when the PCB board, PGA sockets and CPGA composite system was loaded
into the test vacuum chamber, a pressure as low as 10~ mbar was obtained after bak-
ing out at a temperature of 100 °C for 5 days. In addition, the entire chip packaging
solution described in this section has been loaded into the definitive experiment vacuum
chamber, and a pressure below 10~ mbar is routinely maintained by a single 20 Ls~!
ion pump.

5.3.3 The chip package magnetic properties

Unfortunately, there are some ferromagnetic materials in the PGA sockets and CPGA.
The CPGA pins contain Kovar, the CPGA chip attachment area has a thin nickel layer,
and the PGA sockets contain a brass-copper alloy, all of them known to be magnetic. We
have therefore performed detailed measurements of the magnetic field present above an
FR4, CPGA and PGA socket arrangement. Particular attention was paid to the region
where the atom chip would be located.

An FR4 board was mounted approximately 10 cm away from, and oriented parallel
to the surface of an optical table. A Hall probe was then mounted on a 2D translation
stage and placed approximately 5 mm above the FR4 surface, allowing this way enough
space for later including the PGA sockets and the CPGA. The Hall probe tip position
was scanned horizontally over the central area of the FR4 board. The investigated region
comprised one quadrant of the board section covered by the CPGA, including a portion
of the area occupied by the CPGA pins. Although particular care was taken in deter-
mining the field component perpendicular to the board surface, B,, the complementary
B, and B, components were also monitored.

We first created a map of the magnetic field above the FR4 surface exclusively. The
field variation registered in this measurement recreated closely a previous measurement
of the ambient field. To continue, we included the PGA sockets and measured the
magnetic field present above the composite system. Although a difference of approxi-
mately 20 mG was registered between the values obtained with and without including
the sockets bed on top of the FR4 board, these discrepancies were observed exclusively
on top of the areas occupied by the sockets. In the middle of the FR4, which is the area
where the atom chip would be located, the two measurements resulted in values whose
differences are well within the uncertainty of the measurement of a few mG. Next, the
CPGA was put on top of the FR4 and sockets arrangement and a new field measure-
ment was performed. This showed that on top of the carrier pins the magnetic field
is strongly modified. In this region, the field contribution of the carrier pins can be as
high as 170 mG. Nevertheless, in the chip attachment area this strong field contribution
was not observed. Moving away from the carrier pins towards the centre of the chip
attachment area, the measured field went back to the ambient field values in less than
500 pm.
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Figure 5.17: Optical microscope image
of a microfabricated gold wire circling the
square pit of a Si etched pyramid. This
pyramid side length is of 200 pm and the
wire width is 25 um. The distance between
the pyramid edge and the wire is 20 pm. A
reflective gold layer can be observed on the
corners of this image (light grey sections).
The dark grey areas around the wires in-
dicate that the metallic layer is completely
isolated form the current carrying wires.

Finally, in order to test the magnetic susceptibility of the CPGA materials, the
carrier was taken away and placed in the vicinity of a strong magnet. Then, this CPGA
was put back on top of the FR4 and socket bed to repeat the field measurement. We
observed that the carrier pins and, more importantly, the nickel layer present in the die
attach area acquired a certain amount of magnetisation. In this case, a field variation
of up to 1 G was measured in a distance of 3.5 cm, between the carrier pins and the
centre of the chip attachment area. In view of this, we decided to remove the metallic
layer included in the die attach area. For this purpose, the connection paths were
carefully protected while the Ni+Au layer in the die attach area was sand blasted until
the alumina surface was completely exposed. After removing the Ni+Au layer, the field
variation over the chip attachment area remained below 5 mG.

Under typical experimental conditions, the atom chip package is exposed to magnetic
fields of the order of one Gauss. Consequently, we performed a new set of measurements
with the aim of determining the magnetising effect a 1 Gauss field has on both PGA
sockets and CPGA. A large circular coil coplanar with the FR4 board was used to
generate a 1 Gauss magnetic field at the centre of the board. Initially, a magnetic field
measurement was made over the FR4 board surface both with and without including
the socket bed. While the field was present, the Hall probe position was scanned across
the board central region. Variations of less than 25 mG were observed over the die
attach area. The biggest variations were found when the probe position was scanned
on top of the pin rows, where changes of up to 100 mG were registered. After turning
off the applied field and repeating the magnetic field measurement, the values obtained
before applying the field were closely reproduced.

To continue, the CPGA was included in the arrangement and new scans were per-
formed both before and after a 1 Gauss field had been applied. No traces of magneti-
sation were found as the differences between the two measurements were below 5 mG.
We concluded that over the CPGA dip attach area, even while the 1 Gauss field was
present, field variations are below 25 mG with the FR4, PGA sockets, and CPGA set.

5.3.4 The micro-fabricated current carrying wires

The wires integrated in this atom chip are 3 pm thick. This thickness was achieved
by electrodepositing gold on a 100 nm base layer of sputtered gold. With the aid of
equation 5.5¢ we can see that in order to generate the same gradient in, for example,
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Figure 5.18: The magnetic field generated when running a 480 mA through
the 800 pum on-chip square loop. For the measurement represented by the open
red circles (O) the loop plane was oriented horizontally and the out of plane
component of the field was measured with a Hall probe. The probe position
was displaced vertically along the loop centre and horizontally at a distance of
(0.7 mm) from the loop plane.

a 1.2mm pyramid as in a 200 pm pyramid, 36 times more current needs to be run
through the wire loop circling the former pyramid. Given that the thickness of all the
wires is the same, a method for enhancing their current-carrying capabilities is to vary
the wire width. At the same time, it is also important to keep these wires widths small
compared to the corresponding pyramid side length. Taking these considerations into
account, wire loops with two different wire widths were included on the pyramid atom
chip. The wires encircling the 200 um, 400 pm and 600 um pyramids are 25 um wide,
while the remaining wires are 50 pm wide. In addition, the separation between the
pyramid aperture sides and these wires is as small as 20 pm in all instances.

The optical microscope image given in figure 5.17 is an example of a pyramidal pit
plus electroplated wire composite system. In this case the 200 pm square entrance of this
pyramid is surrounded by a 25 pm wide gold wire. This image also shows that these
wires have been separated and, consequently, completely isolated from the reflective
layer that was laid over the entire chip surface.

With the aim of carefully assessing the characteristics and limitations of the wires
included in the pyramid atom chip, an additional chip containing exclusively the micro-
fabricated wires arrangement has been fabricated. This test chip has also been packaged
into a CPGA and nine-bond wires, each of which is 25 um in diameter, provide good
electrical contact between chip and carrier contact pads.

We have verified that the field generated by the micro-fabricated wires agrees with
the prediction of the Biot-Savart law for a closed square loop. The results of this
comparison are shown in figure 5.18. The magnetic field generated by the 800 pm on-
chip wire loops was measured with an axial Hall probe (Lake Shore Gaussmeter model
421, axial probe MNA-1904-VH) whose active area is 760 pm wide. A 480 mA current
was run through the wire and the field component perpendicular to the chip plane
was measured. With the test chip surface oriented horizontally, the probe position was
scanned both vertically (left graph) and horizontally (right graph) on top of one of the
800 pum square loops. These measurements are represented by open red circles (O) in the
graphs. The solid curves are the prediction of the Biot-Savart law for the axial magnetic
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Figure 5.19: The micro-facricated wires blow up just as if they were fuses.
The 50 pm-wide wire blows with a current of 1.8 A and the 25 pm-wide wire
can not withstand more than 0.8 A. These optical microscope images of the
failure points in each case clearly indicate that the 50 um-wide wire melted
before a short circuit destroyed it; the 25 um-wide failure on the other hand
was probably originated from a small defect in the electroplated wire.

field component generated by a closed 50 um wide wire loop, centred on a 895 um square
and running a current of 480 mA. There is an excellent agreement between the theory
and experiment.

We have also determined the maximum current that can be run through the atom
chip micro-fabricated wires, and how long currents can be sustained without damaging
the chip wires. For this purpose, we performed a series of tests under moderate vacuum
(~ 1075 mbar) conditions. The temperature variation at three different points of the
chip packaging arrangement was closely monitored. Thermocouples located on top of
the test chip surface, next to the CPGA pins and on the edge of the FR4 board were
used for monitoring the temperature. In addition, the change in the resistance on the
current carrying wires was also monitored.

The maximum current that can be applied through the chip wires was determined
by increasing the current in small ~ 10 mA steps. After each increment, we waited for
the temperature of the wire to stabilise before going to the next current. We repeated
this procedure in a 50 um-wide wire and in a 25 um-wide wire. The former blows at
approximately 1.8 A and the latter at 0.8 A. The images shown in figure 5.19 are optical
microscope images of the points were the failure of the wires took place. The cause of
the failure in the 25 um-wide wire could have been a defect of the wire, while in the case
of the 50 wm-wide wire seems clear that the heat dissipated was enough for melting the
gold and producing a short circuit between the two wires. Note the differences in the
wire surface roughness between the regions where the wire exploded and where it still
shows the result of the electroplating process.

Figure 5.20 shows the time during which a given current can be applied through a
25 pm-wide wire (O) and through a 50 um-wide wire (®) before its temperature reaches
120 °C, which is the safe operation limit determined by the chip packaging materials.
The epoxy glue used for bonding the pyramid atom chip to the CPGA suffers a glass
transition at a temperature of approximately 120 °C. Similarly, the FR4 data sheet
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Figure 5.20: Time taken for the chip
10 o 2 wire temperature to reach 120 °C for var-
ious currents. The filled circles (®) are
the result of running current through a
30 o ° 50 um-wide wire; the open squares (0) cor-
responds to the measurements made on the
25 pm-side wires.
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states that these boards also suffer a glass transition at a temperature of 135°C. Al-
though the melting point of the gold wires is much higher and the wires could in principle
withstand higher temperatures, these glass transition temperatures set the maximum
temperature for safe operation of the atom chip. Our wire-blowing results established
that a current of 1.5 A can be run indefinitely through the 50 pm-wide wire, although
for avoiding damage to the chip packaging materials it is recommended that this high
current should not be run for more than 10 seconds. Similarly, the 25 pm-wide wire can
be safely operated at 0.5 A for an indefinite amount of time, but currents of 0.7 A need
to be limited to short 10 s periods.

5.4 Summary

In this chapter, I have shown the details of the first prototype of a silicon based atom
chip that incorporates micro-fabricated hollow pyramidal mirrors and current carrying
wires. As a result of the crystallographic structure of the silicon wafers in which these
atom chips have been developed, the pyramidal mirrors present an internal angle of
70.5° .

The optical properties of the resulting geometry has been studied thoroughly. In
particular, we have gained insight into the properties of the optical field generated
inside these pyramids when a circularly polarised light beam, travelling parallel to the
pyramid axis, is shone into these mirrors. Three types of rays have been identified
according to the reflections that they suffer inside of the pyramid. The polarisation
state of the first two ray types is not severely modified by the reflections. Hence, these
rays generate a scattering force balance over the axis of the pyramid that can be used
to create magneto-optical traps. On the other hand, the third type of rays suffers
one reflection at near grazing incidence that modifies substantially the polarisation
state of the light. These rays destroy the force balance generated in the pyramid and
hinder the functioning of the MOT. We have presented two strategies for eliminating
these undesired reflections: utilising a limited reflectivity coating in the pyramids, and
masking the reflective coating.

To generate the quadrupolar magnetic field required for creating a MOT inside the
chip pyramids, current carrying wires have also been integrated into our atom chip.
These wires run around the square openings of the pyramids and with the addition of
an homogeneous magnetic field, points of zero magnetic field can be generated along
the axis of the pyramids.
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Finally, micro-electronics industry standard micro-chip packaging tools and tech-
niques have been utilised for loading and holding the pyramids and wires atom chip
into the vacuum chamber, as well as for supplying current to the on-chip wires. Ex-
tensive vacuum and magnetisability tests were performed to ensure the compatibility
of these elements with the requirements of cold atom experiments. As well, the flow of
the heat generated by the chip wires through the experimental apparatus was carefully
studied with the aim of establishing the safe operation limits of the device.
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Chapter 6

Co/Pt magneto-optic thin films

In this chapter I describe the properties of a permanently magnetised medium that
is suitable for applications in atom chips. The magneto-optic thin films composed
by alternating layers of cobalt and platinum (Co/Pt MO films) can be engineered to
produce a medium that retains a large amount of magnetisation. Hence, the Co/Pt
magneto-optic thin films are strong enough to make magnetostatic atom traps and
could replace the current carrying wires in future integrated pyramid MOT chips.

To begin with, I provide a brief introduction to the physics of magnetic thin films
and the required fabrication techniques. These concepts are necessary for evaluating
the potential uses of these films. Then, the properties of the Co/Pt multilayer structure
will be outlined to show why these films are particularly suitable for creating cold atom
micro-traps. To continue, I describe the thermomagnetic recording technique that we
have used for creating microscopic magnetic patterns on the surface of Co/Pt MO thin
films. Finally, the results obtained by means of this technique are shown together with
numerical estimates of the corresponding magnetic fields.

6.1 Magneto-optic multi-layer thin films

Magneto-optic (MO) films have been commercially used to produce high density record-
ing media such as the minidisk. According to [114], the high anisotropy of these films
allows thermally stable magnetic grains with sizes below 10 nm. Among other interesting
properties, these magnetic films are characterised by a large out-of-plane magnetisation,
an exceptionally strong remanent field, a high room-temperature coercivity and a large
Kerr angle at short wavelengths. These properties make MO films technology specially
suitable for applications in atom optics.

6.1.1 Preparation of multi-layer films

A magneto optic thin film is composed by a series of material layers. First of all, a
substrate provides a surface that can be assumed as perfectly smooth. Then, a seed
layer or insulation layer provides an initial texture and grain growth templates. This
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Figure 6.1: The structure of the MO
film that has been used in this experiment.
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is still assumed as a smooth surface and it may also provide an epitaxial growth surface
condition for obtaining the desired crystallographic orientation of an underlayer, also
known as base layer. This orientation is transferred to the magnetic layer through the
underlayer via epitaxial growth. Therefore, the grain sizes of the underlayer mainly
determine the grain size and the grain size distribution of the magnetic layer.

The structure and final properties of a magneto optic thin film are strongly influenced
by the manufacturing conditions. Parameters such as the growth rate, the pressure
in the vacuum chamber during the evaporation process, and the temperature of the
substrate must be optimized [74, 73]. The purpose of the thin film multi-layer structure
is to obtain a controlled grain size, grain isolation, low intergranular exchange coupling,
high coercivity, and the preferred crystallographic orientation on the magnetic layer
[114].

There are several methods for the fabrication of multi-layer thin films. In the tech-
nique used to prepare the Co/Pt films for this research, the materials that constitute
each of the layers are evaporated onto the film. The energy required to evaporate the
material is supplied by an electron-beam. Therefore, this technique is called FElectron-
Beam Evaporation. Crucibles inside a vacuum chamber contain the materials that are to
be deposited. An electron gun produces a beam whose path can be controlled by means
of a uniform magnetic field, allowing the electrons to be directed towards either of the
crucibles. The material contained in the crucible is heated up by the electron-beam and
the evaporation is produced. The material vapour rises until it reaches the substrate,
where it is finally deposited. The rate at which the material is deposited on the sub-
strate, known as the growth rate, can be controlled by the power of the electron-beam. If
the growth rate is kept low, the thickness of each layer can be carefully regulated. Once
the desired thickness of a given layer has been attained, a shutter is interposed between
the crucibles and the film holder. Then, the magnetic field magnitude is changed for
directing the electron beam to a different crucible. Finally, the shutter is re-opened and
the deposition of the second material begins.

6.2 The Co/Pt multilayer film

The magnetic, magneto-optical and structural properties of Co/Pt multilayers have
been extensively studied by several authors over the last two decades [74, 115, 116]. In
particular, Lin et al. presented Co/Pt multilayer thin films as a potential material for
fabricating magneto-optical recording media. In their 1991 publication, these authors
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explain that the largest perpendicular anisotropy occurs for Co layer thickness of 1-2
monolayers and that perfectly square hysteresis loops are obtained for multilayers of
Co3 A /Pt10 A with thickness up to about 10 periods. Similarly, the domain structure
and magnetisation reversal processes in these films have been extensively studied [117,
118, 119, 120].

The fabrication of the Co/Pt multilayer thin films in this thesis was optimised for cre-
ating microscopic atom traps and guides. We wanted a large perpendicular anisotropy
to allow the creation of well defined patterns with extremely thin boundaries between
regions magnetised in opposite directions. We also wanted strong saturation magnetisa-
tion and coercivity. These allow tight atom traps to be generated at very short distances
from these films.

As shown in Fig. 6.1, the magneto-optical films were deposited on silicon substrates
with a 550 A silicon-nitride (SiN) insulation layer. The insulation layer was held at
200 °C while a thick platinum base layer of 50 A established a good 111 texture. Later,
15 bi-layers of alternating Co (4 A) and Pt (10 A) were prepared by electron-beam evap-
oration onto the 111 base layer. In order to ensure good control of the layer thickness,
the evaporation rate was kept as low as 0.1 As~1.

6.2.1 Crystal structure

The magnetic properties of the Co/Pt thin films and particularly its magnetic anisotropy
depend strongly on the crystallographic orientation of the layers. In a ferromagnetic
crystal, the magnetisation is directed along certain definite crystallographic axes, called
directions of easy magnetisation or just easy directions. For example, while bulk plat-
inum establishes a cubic close-packed (ccp) crystal structure, the crystal structure
adopted by bulk cobalt is hexagonal closed-packed (hcp). The hep structure of bulk
cobalt has an easy direction along its hexagonal axis.

In our case, the platinum underlayer is used to provide epitaxial growth conditions
for face-centered tetragonal (fct) CoPt grains. These grains grow with their magnetic
easy axis perpendicular to the film plane. The cobalt layers in our multi-layer films
are extremely thin and are sandwiched between layers of platinum with well established
111 texture. The growth conditions should assure that the good 111 texture established
on the platinum base layer is transferred by epitaxial growth to the CoPt layers. In
CoPt alloys, the ordered face-centered tetragonal structure (L1y phase) is adopted in
the composition range that goes from 40 to 60 at. %Co [114]. The crystal structure
of this fct phase is shown in figure 6.2. It has a superlattice structure consisting of Co
and Pt monoatomic layers stacked alternately along the c-axis, which is the magnetic
easy axis. This ordered phase can be obtained by deposition of the films on a heated
substrate [114].

6.2.2 Magnetic and optical properties

The ferromagnetic component of Co/Pt MO films exhibits a spontaneous magnetisa-
tion. This suggests that electron spins and magnetic moments are arranged in a regular
manner within the multi-layer structure of the film. Microscopically, even in the unmag-
netised state, the magnetisation of a film is not uniform. The entire magnetic layer is
divided into magnetic domains, each with its own magnetisation state. These domains
are tiny volumes uniformly magnetised with a spontaneous magnetisation M in an easy
direction, which in our case is perpendicular to the film surface. The transition volumes
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Figure 6.2: The face-Centred tetragonal (fct) structure L1, phase ensures
that the CoPt grains grow with their magnetisation axis perpendicular to the
film surface [114].

between domains of different magnetisation are called domain walls, also known as Bloch
Walls. The typical width of a magnetic domain is between 10 and 100 um, while the
typical domain wall thickness lies between 10 and 100 nm [114].

Domain structure has its origin in the possibility of lowering the energy of a sys-
tem by going from a saturated configuration with certain magnetic energy to a domain
configuration with a lower energy. Domain structure is therefore a consequence of the
various contributions to the energy of a ferromagnetic body. Walls need energy to be
established and the energy of a reversed magnetised domain has four major contribu-
tions: the external field energy, the anisotropy energy, the exchange energy and the self
(demagnetising) energy. The contribution of each of these sources to the total energy of
the system depends on the size of both domains and walls, as well as on the thickness
of the film and of its multiple layers.

The external field energy is the difference between the energy in the absence of
magnetic domains and the energy in the presence of a domain. The anisotropy energy
is a consequence of the deviation of the magnetisation vector from the easy axis, which
in the case of the Co/Pt MO film is perpendicular to the film surface [114]. This is also
called magnetocrystalline energy because in a ferromagnetic crystal, this energy directs
the magnetisation along certain definite crystallographic axes. For example, bulk cobalt
forms an hexagonal crystal and, at room temperature, the hexagonal axis corresponds
to its direction of easy magnetisation [121]. The exchange energy consists of an increase
in the free energy when a domain appears in a magnetic medium; it can be described in
terms of the variation in the direction of magnetisation across the plane of the film [114].
The exchange field is an internal interaction tending to line up the magnetic moments
parallel to each other. The orienting effect of the exchange field is opposed by thermal
agitation, and at elevated temperatures the spin order is destroyed [121]. Finally, the
self (demagnetising) energy is a long range interaction that tends to take the system
to a demagnetised state. The change in the direction of the magnetic moments within
a domain wall is gradual over many atomic planes. The distribution of the change of
the direction of magnetisation over many magnetic moments results in a decrease of the
exchange energy.
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Figure 6.3: Hysteresis loop of one of our Co/Pt MO films.

Two processes contribute to the magnetisation reversal of the magnetic layer of MO
films: nucleation and wall motion. Nucleation is the process in which the magnetisation
within the volume of a domain is reversed. Wall motion is responsible for the growth
of domains already formed at the expense of the volume of neighbouring domains. The
processes of nucleation and wall motion are very complex. Several factors may influence
them: an external magnetic field; defects, impurities or any kind of anisotropy in the
crystal structure; temperature changes, among others. Magneto crystalline anisotropy
and exchange energy are important in wall energy. In a magnetisation reversal process,
domain walls move to increase domains volume. This motion is caused by the torque
acting on the magnetic moments within the tiny volume of the wall, where the exchange
and the anisotropy energies are in balance.

The surface magneto-optic Kerr effect (SMOKE)

The polar and longitudinal Kerr effects consist of a complex rotation of the plane of
polarisation of linearly polarized light upon reflection from the surface of a ferromagnetic
material. This rotation is directly related to the magnetisation of the material within
the probing region of the light. If the magnetisation increases, so does the Kerr rotation
angle, thought not linearly. When this magneto-optic Kerr effect is produced by a
magnetic surface, then the phenomenon is known as Surface Magneto-Optic Kerr Effect
(SMOKE) [122, 123].

Magneto-optic effects can be described by either macroscopic dielectric theory or
microscopic quantum theory. Macroscopically, these effects arise from the antisymmet-
ric, off-diagonal elements in the dielectric tensor. On the other hand, microscopically
these effects are related to the coupling between the electric field of the light and the
electron spin within the magnetic medium [122, 123].

In a magnetic high density recording medium such as the Co/Pt film, the readout
is done by detecting changes in the rotation of the plane of polarisation of light upon
reflection from the film surface. In our experiment the SMOKE can be used as a tool
for analysing the patterns written in an MO film.
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6.2.3 Characterization of MO films

The magnetic properties of the films used in this experiment were determined using an
alternating gradient force magnetometer (AGFM) [118]. The sensitivity of this device
is on the order of 107® emu = 1073 A -m?. In the AGFM, the sample to be analysed
is initially magnetised by a field produced by an electromagnet. At the same time, the
sample is subject to a small alternating field gradient on the order of a few Oe/mm
to a few tens of Oe/mm. This alternating gradient field exerts a force F, = u% on
the sample, which rests on one end of an extension cantilever. The opposite end of this
cantilever is held by a piezo-electric biomorph unit, which senses the force exerted on the
sample and converts it into an electric signal. The proportionality between the force and
the field gradient, which is given by the magnetic moment p of the sample, is determined
by this measurement. The magnetisation is in turn defined as the quantity of magnetic
moment per unit volume. Consequently, the AGFM allows us to determine a direct
relation between the electric signal produced by the piezo unit and the magnetisation
of the sample [114].

A set of key properties of a magnetic sample can be determined by analysing the
curve obtained for the magnetisation of the sample versus the applied field, namely
hysteresis loop. Figure 6.3 shows an example of the hysteresis loop for one of our MO
films. If the sample is initially demagnetised and a low magnetic field is applied, a
magnetisation is induced on the sample by means of a reversible domain wall motion.
This means that, if this field is turned off at this point, the sample will recover its
unmagnetised state. By increasing the applied field above this reversible stage, the walls
will move further away and a state of irreversible magnetisation is reached. This happens
because the magnetisation rotation has to be done against the anisotropy energy. Then,
once the magnetisation has been reversed, the anisotropy energy prevents the magnetic
moments from relaxing to its initial direction. A further rise of the magnetic field will
eventually make the sample reach its saturation magnetisation Mg. At this point, the
sample has been fully magnetised in the direction of the field and its magnetisation
does not grow further on increasing the magnetic field. Moreover, after the saturation
has been reached and the magnetic field has been turned off, the magnetisation of the
sample will relax to its remanent magnetisation My.

The ratio S = %—}; is known as the squareness of the hysteresis loop and is a measure
of the relaxation of the magnetisation that the sample suffers when the magnetising
field disappears. If the field is now applied in the opposite direction and gradually
increased as before, the magnetisation of the sample will eventually be reduced to zero
again. The value of the applied magnetic field at which the magnetisation is reduced
to zero is called the coercivity of the film. From the hysteresis loop shown in figure 6.3,
the film coercivity is found to be pgH. = 0.16 T, while the saturation magnetisation
poMs = 2.3 T. This represents a magnetisation ~ 30% higher in the Co layers than
that of bulk Co. This occurs because the cobalt layers polarise the nighboring platinum
atoms, which in turn contribute to the magnetisation of the sample. In addition, the
squareness of this hysteresis loop (S ~ 1) guarantees that the sample remains in a
highly magnetised state (uoMpz ~ 2.3 T) even after the magnetising external field has
been removed.
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Figure 6.4: Diagram of the apparatus used for writing magnetisation patterns
on the Co/Pt MO film surface. The Co/Pt film is suspended on top an elec-
tromagnet (MAG). An aspheric lens (AL) focused down a laser beam creating
an intense light spot on the film surface. Then, a translation stage (XYZ) is
used to translate film.

6.3 Thermo-magnetic recording technique

The next step of this project was to write well defined magnetic patterns on these
films. With features on a scale of a few microns, the full size of these periodic patterns
should extent up to a few millimeters. The thermo-magnetic recording technique used
for this purpose relies on the thermal modification of the magnetic properties of the
recording medium [73]. Particularly, the coercivity of the MO film decreases when the
temperature rises. According to this, a laser beam can be used to transfer energy to a
very small area of the magneto-optic film. This small surface section is heated up by
the beam hot spot and the coercivity is locally decreased. If a magnetic field lower than
the room temperature coercivity of the sample is simultaneously applied in a direction
opposite to that of the initial magnetisation of the sample, the magnetic domains can
be controllably reversed. Finally, an appropriate displacement of the position where the
laser heats the surface creates the desired magnetisation patterns. The physics involved
in the thermo-magnetic recording process are beyond the scope of this thesis. However,
this is the subject of a long list of publications [124, 125, 126, 127, 128, 73].

Due to the nature of this procedure, the main parameters involved in thermo-
magnetic recording are, firstly, the magnitude of the magnetic field to which the mag-
netic medium is exposed during the recording process and, secondly, the amount of
energy transferred to the magnetic medium by the laser beam. As the position where
the laser hits the surface is not fixed, not only the power of the laser is important, but
also the velocity at which the laser hot spot travels across the film surface has to be
taken into account.

6.3.1 The writing apparatus

The experimental apparatus used to write magnetic patterns in the MO films is shown
in figure 6.4. First, a frequency doubled Nd:YVO laser operating at 532 nm on a single
transverse mode (TEMjgg) delivers the energy needed to decrease the coercivity of the
film. The beam is focused to a small spot, filtered through a small aperture, and then
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brought to its original diameter by a pair of lenses (L), both with the same focal length
(f ~4.5cm). In the focus of this spatial filter, a mechanical shutter (S) is responsible
for the interruption of the beam. This allows the writing to be interrupted while the
film is translated to a position where the writing has to be re-established. When the
shutter is opened, the beam travels through a non-polarising beam-splitter. Then, a
pair of mirrors direct the beam to the film surface and a final aspherical lens (AL),
f = 4.51 mm, is used to create a tight focus on the surface of the film. The MO film
rests on translation stages denoted by XYZ in figure 6.4. These are used not only to
perform the displacements which give rise to the magnetic patterns, but also to ensure
that the beam focus is uniform all over the surface of the film. Finally, an electromagnet
(MAG) placed directly below the film produces a homogeneous magnetic field of up to
0.4 T over the area heated by the laser. The data resulting from the calibration of the
electromagnet can be seen in figure 6.5. A linear fit was performed to this data. As a
result of this, the empiric relation between the current applied to the electromagnet in
Amperes and the corresponding magnetic field in kGauss is:

B =—0.04(1) + 1.79(3) I (6.1)

This accurate calibration of the electromagnet is essential for the operation and char-
acterisation of the thermomagnetic recording technique. The magnetic field present at
the surface of the MO film is one of the main energy sources that act against the initial
magnetisation the film.

The focal spot

To evaluate the capabilities of the writing apparatus described in the previous section
and to define a base scale for analysing the magnetic patterns presented in section 6.4,
it is necessary to estimate the size of the laser beam spot formed at the film surface.
According to [94], the radius w of a Gaussian beam, also known as the spot size of the
beam, is defined as the radial distance r = /22 + y2 from the axis of the beam where
the amplitude has decreased to a fraction 1/e of its value on the axis. In accordance
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with this definition, the intensity of the beam at w has decreased to a ratio 1/e? from
its value on the axis. For a Gaussian beam propagating along the z direction, the spot

size is such that
Az \2
w?(z) = wd (1 + <2> ) (6.2)
Twg

In the focal plane of the beam, this radius is minimum and its value is called the
waist of the beam, wg = w(z = 0). In order to analyse the profile of this beam when is
focused by a lens of focal length f, we define the spot size at the lens w; as the value
of the 1/e radius w at the position of the lens,

2 __ 2 2 )\f 2
wy = w(—f) = wy <1+<7rw§> >

This results in a fourth order equation in wg

2
w(wd —w?) = - (”) ,

™

which has the following four solutions:

2 1 AF\2
w2 = %i§ w§—4<:> (6.3)

The 532 nm green light laser used in our experiment produces a spot with a 1/e?
radius of ws; ~ 1.3 mm at the lens. Then, for a focal length f = 4.51 mm, one of
the solutions of equation (6.3) can be used to estimate that in the writing apparatus
wo ~ 0.584 um. Therefore, the 1/e? beam diameter in the focal plane is 1.168 um.

The waist length or Rayleigh length zr of the beam is defined as the distance from
the waist where the spot size has increased to v/2wg. This means that

w(zr) = V2w,

which yields

2
T Wy

R (6.4)

For the waist estimated before, the resultant Rayleigh length is zg = 2.016 um. Finally,
the MO-film surface reflectiveness was measured to be around 54% at the working
wavelength of 532 nm.

6.3.2 Writing magnetic patterns

In the thermo-magnetic writing device described above, the magnetisation reversal pro-
cess depends on several factors. The external magnetic field applied in the direction
opposite to that of the initial magnetisation of the sample is the primary energy source
that works against the domain internal energies. Remember that these internal energies
are responsible for the orientation of the magnetic moments and, consequently, for the
creation of the magnetic domains. Consequently, the energy supplied by the external
magnetic field has to balance these internal energies in order to reverse the direction of
the magnetic moments and modify the domains.
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The laser beam is used to locally decrease the coercivity of the film. Thermal
agitation acts against the orienting effect of the exchange field energy. Hence, the laser
beam intensity is also an important parameter that has to be taken into account during
the process of thermo-magnetic writing. As a matter of fact, the laser intensity is so
important that small displacements of the film surface from the focal plane of the beam
are enough to prevent any writing on it.

Additionally, the temperature increase of a region of a film is a function of the time
that the beam spends on it or near it. Due to the displacement of the film during the
writing process, the time that a section of area of the film is illuminated by the laser
depends on the velocity of the translation stage. Once that the beam has transmitted
energy to the surface of the film and produced certain amount of heating, the energy
diffuses through the crystal structure of the film.

6.4 Magnetic patterns

We have successfully written two different patterns on the surface of our Co/Pt films.
Figure 6.6 shows a section of the first pattern, an array of parallel lines. The second
pattern, shown in figure 6.8, is analogous to a wire Z-trap. A step-like pattern based
on a 40 x 40 pm? square is the elementary brick that builds up this periodic structure.

The images given in figures 6.6(a) and 6.8 (b) correspond to Magnetic Force Mi-
croscope (MFM) measurements of the magnetic patterns. The MFM is a powerful tool
for analysing the small-scale features of a magnetised surface; it measures changes in
the vibration of a magnetic tip induced by the gradient of the force that the magnetised
surface exerts on it. This tip is magnetised and held by a cantilever that sustains the
tip vibration near its resonance frequency. Simultaneously, the vibrating tip closely
scans the surface of the film. Then, the tiny vibration of the tip is registered by a laser
beam that is reflected on its upper surface. After this reflection, the beam reaches a
photo-detector that measures the changes of the vibration of the tip. The resolution
of this microscope allows us to detect sub-micron features. Consequently, this device is
the main tool used in the analysis of the written patterns.

A set of 100 lines is particularly representative of my work. A reverse field of 500 G,
a laser power of 74.7mW and a translation speed of 0.25m-s~! were used to write
these lines. This is equivalent to the magnetic mirror described in [29]. The MFM
measurement of this pattern (figure 6.6(a)) shows that these lines are ~ 1 pm wide and
are 2 um away from each other. In addition, in this case each line was 200 um long. To
analyse the periodicity of this array, I have taken a single line of pixels perpendicular
to the written lines, as indicated by the vertical red line included in the middle of the
MFM image. The result of this is given in the graph (b) in figure 6.6. The nearly square
steps demonstrate that each line is fully magnetised in a single direction and that, at
the border of these lines, the magnetisation is reversed in a thin section of surface that
is not wider than 200 nm. The Fourier transform of the plot given in figure 6.6(b) can
be used to determine the period of the array of lines. This is shown in graph (c), figure
6.6. The narrow peak clearly indicates that the period A of this array is ~ 2 um

An additional feature of these lines can be seen in figure 6.6(a) and in more detail
in figure 6.7(a). The edges of the lines, which are the boundaries between regions of
opposite magnetisation, are not straight. On the contrary, they oscillate along the line
direction creating a jagged boundary between regions of opposite magnetisation. The
inset shown in figure 6.6(a) is an MFM measurement of the unmagnetised MO film
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Figure 6.6: (a) Magnetic force microscope (MFM) measurement of an array of
lines written at the Centre for Cold Matter. This array presents a spatial period
of 2 um and each line is ~ 1 wm wide. The oscillation along the edges of these
lines is a consequence of the magnetic domains on the multilayer structure. The
typical size of these magnetic domains can be appreciated in the inset, which
corresponds to an MFM scan of an unmagnetised sample. (b) The plot of a
single line of MFM signal values taken perpendicularly to the array of lines and
indicated by the red solid line in the MFM image. The plot demonstrates that
each line is fully magnetised and that at the edge of the line the magnetisation
is fully reversed. (c) The spectral density (SD) of the list of MFM signal values
given in (b) confirms that the period of the array is of 2 um.
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and demonstrates that the scale of the features observed along the edges of the lines
is equivalent to the scale of the film domain structure. The features of the jaggedness
along these edges can be seen more clearly in figure 6.7(a), which is also an MFM scan
of the magnetisation pattern. This measurement allows us to determine two important
characteristics of these oscillations: their periodicity and their amplitude. For this
purpose, the Fourier transforms of pixel lines running along the lines in the MFM image
are calculated. This is shown in the five plots included in figure 6.7(b), which correspond
to the range of positions between the red dashed lines drawn on the MFM image.
Similarly, the third plot corresponds to the Fourier transform of the pixel values along
the red solid line. These series of plots show a strong short scale periodic component
Aj ~ 400 nm appearing in the Fourier transform when scanning through the lines edge.
In addition, the amplitude of these oscillations results to be of the order of 200 nm, as
indicated by the red dashed lines in figure 6.7(a).

Figure 6.8(a) is an optical microscope image of the second pattern that we have
written. We used the optical microscope to verify that the writing attempt was success-
ful and to locate the position of the magnetisation patterns on the surface of the film. A
rotation of the plane of polarisation is induced on linearly polarized light by reflection
upon the surface of the magnetic film (SMOKE). This is a result of the magnetisation of
the film layers [122, 123] and areas of opposite magnetisation produce opposite rotations
of the plane of polarisation. Therefore, the optical microscope must include a pair of
crossed polarisers. The first polariser defines the linear polarisation of the light that
illuminates the sample. Then, changes in the magnetisation of the surface are detected
by adjusting the polarisation direction of the second polariser to maximise their visibil-
ity. Although the shape of the written patterns can be distinguished by means of the
optical microscope, its spatial resolution is not high enough to resolve the sub-micron
features of the microtrap patterns. Nevertheless, we have used this tool to locate the
position of the patterns on the surface of the film and remains a useful tool for seeing
the long scale characteristics of these patterns.

The image given in figure 6.8(a) shows a set of Z-trap patterns written at our
laboratory and figure 6.8(b) is an MFM measurement of the top left pattern. The brown
areas are magnetised in one direction, while the lighter area is oppositely magnetised. A
10 um long Z-trap segment has been written at the middle of the left side of a 40 um by
40 um square pattern. The trapping segment is 20 um away from the top and bottom
sides of the square, and 30 um away from the right hand side of the square. The laser
power applied for writing this pattern was 79 mW and the reverse field was 1 kG. Note
that these values are higher than those used for writing the set of lines shown in figure
6.6. To create these patterns, areas of homogeneous reversed magnetisation have to
be written. This represents the main challenge of writing this new pattern, and it was
overcome by writing sets of lines so close of each other that their magnetisations are
superimposed until they are indistinguishable.

6.5 Magnetostatic traps on MO films

In this section I show that the inhomogeneous magnetic field required for trapping neu-
tral atoms can be mainly supplied by the magnetisation of a Co/Pt MO film. Auxiliary
magnetic fields are used to mould the shape of the field present above the film surface.
The magnetic field produced by the film, together with the auxiliary magnetic fields,
should create local field minima where cold atom clouds prepared in a weak field seeking
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y (um) Figure 6.8: (a) An optical microscope im-
' age of an array of Z-trap patterns written
in an MO film at the Centre for Cold Mat-
ter, and (b) an MFM measurement of one
of these patterns. The magnetisation in-
side each Z-trap pattern is uniform.
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state can be confined. The field magnitude at the centre of the trap has to be enough
to lift the degeneracy between magnetic sublevels to avoid Majorana transitions. We
will consider the potential depth, the trap frequency and the field magnitude at the
bottom of the trap. We will also show that the roughness of the trap potential becomes
significant when these traps are created close to the film surface.

Due to the squareness of the hysteresis loop that characterize the Pt/Co MO-films
fabricated for our experiment, the saturation and remanent magnetisations are practi-
cally equal, poMs = 2.3 T. In addition, the thickness of the active layers of our Pt/Co
MO-films is 6 nm. Hence, equation 2.46 can be used to establish a fictitious current of
I =22 mA across boundary wires.

The array of lines

The anisotropy of the video tape, instead of being perpendicular as that of the Co/Pt
MO films, defines an easy direction of magnetisation along the surface of the film.
Nevertheless, a resource equivalent to the magnetic mirror presented in [29] can be
created with an array of parallel lines written in an MO film.

In order to create trapping potentials with a set of parallel lines such as the one shown
in figure 6.6, it is necessary to write longer lines without modifying the wavelength of
the pattern. To model the characteristics of these traps, we have performed a numerical
calculation of the magnetic field produced above the surface of an MO film patterned
with a set of 2 mm long lines. These lines extend along the z-axis and, as in the set of
lines shown in figure 6.6, the wavelength of the model pattern is 2 pm.

The results of our magnetic field estimations are summarised in the plots given in
figure 6.9. The contour plots in this figure show three elongated traps located at the
middle of the magnetic pattern. The first plot is a transversal cut of these traps and
the second one is a longitudinal cut taken at the height at which these traps form. This



6. Co/Pt magneto-optic thin films 138

100 Y T I ST RN Ay A

IB] (mT)

o
P I S TP S L Y

-
SenliafaticsianieaoiianBadianth

T

-
3
b
3
3
-
3
5
3

I 0.5 0 0.5 1 0.5 . 1.5 2.
v (prm) z (prm)

T T T T T T T

= 0
-~ ~1

M

-3

] 5 T T T T L 1 '

1.2 -
= 09} .
E | !
E 0.6 - —

03 -

L 1 L i 1 L 1 1 1
-1 -0.5 0. 0.5 l.
X (mm)

Figure 6.9: The trapping magnetic potential created above the surface of
the MO film patterned with an array of lines. The high curvatures generated
along the y and z directions, combined with the low residual field at the bottom
these traps, results in high harmonic frequencies at the bottom of the elongated

confining potentials.
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calculation suggests that atom guides form at a height of z = 0.75 mm above an array
of lines written in an MO film if a bias field Bp;,s = —2.644 mT perpendicular to the
lines is applied. Two parallel wires have been included in the calculation to provide
confinement along the z-axis. Each wire carries a current of 10 A along a direction
perpendicular to the written lines. These wires are 2 mm away from each other and are
located at a distance of z = 750 um below the film surface. In addition, a small field
0.1 mT is included along the x direction to maintain the quantisation at the centre of the
trap. The series of tube-like trapping potentials that run along the x direction present
high curvatures along the y and z directions, as indicated by the blue and green curves
shown in the figure. This together with the residual field at the centre of these traps,
which is By = 0.1 mT, produce strong confining potentials. The harmonic frequencies
around the minimum of these traps are higher than 1.1 MHz in the direction that is
perpendicular to the surface (z) and in the direction perpendicular to the written lines
(y). In the longitudinal direction of these elongated traps, which corresponds to the red
curve given at the bottom of the figure, the harmonic frequency is found to be 122 Hz.
The depth of these trapping potentials is given by the difference between the bias field
and the residual field at the centre of these traps, which results to be ~ 2.5 mT. Finally,
these traps have a depth of 1.7 mK.

The Z-Trap

Figure 6.10 shows that, according to a calculation, a loffe-Pritchard trap is formed
at a distance of z = 0.75 um from the surface when a bias field Bpj,s = 5.79 mTy is
applied. The three contour plots given in this figure are cuts of the magnetic field that
cross through the centre of the trap. The field magnitude at the centre of the trap
is 0.12mT. At long distances from the film surface, the field magnitude converges to
the magnitude of the bias field, which in this case is 5.79 mT. Therefore, the depth of
this trap is approximately 3.8 mK. The harmonic frequencies of this trap are calculated
according to equations 2.43 and 2.45. In the radial direction, the trap frequency is found
to be as high as w, = 0.9 MHz. This tightly confining potential can be appreciated in
the red and green curves presented in the figure. In the axial direction, a much broader
field profile, represented by the blue curve included in the figure, results in a much lower
frequency w, = 19.3 kHz. In the Z-trap patterns, the jaggedness of the edges appears
to be bigger than in the case of the array of lines. This is related to the longer periods
of time that the laser spends heating the surface and the differences in the applied
magnetic field and laser power during the writing period.

Roughness of trapping potentials

The MFM measurements provided in figures 6.6 and 6.8 show that the boundaries
between regions magnetised in opposite directions are not straight lines as assumed
in our field calculations. The structure on the boundaries between areas of opposite
magnetisation is a consequence of the mechanisms by which the heat diffuses through
the multilayer structure and of the strong internal energies that sustain the magnetic
domains inside the film [129]. The inset included in the top right corner of figure 6.6 is
an MFM measurement of a demagnetised sample. This demonstrates that even in its
demagnetised state, the MO film is naturally divided in domains with magnetisations
pointing in opposite directions. This inset has the same scale as the main picture. The
jaggedness along the edges of the lines written in the MO film can therefore be compared
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Figure 6.10: Plots and contour plots of the trapping field created above the
surface of the MO film patterned with the equivalent of a Z-current.
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with the characteristic length scale of the domains in the unmagnetised sample. This
comparison suggests that the quality of the magnetisation patterns created in the Co/Pt
MO films is limited by the size of the magnetic domains formed in the material.

As a result of the boundary jaggedness, the fictitious currents oscillate in the plane
of the film. As we reported in [76] (see Appendix E), the analysis of our MFM mea-
surements has allowed us to estimate that the typical amplitude of these oscillations is
a; = 125 nm and the typical wavelength is A\; = 300 nm. Previous work in our group
has demonstrated that the anomalous field generated in the vicinity of a current carry-
ing wire can be represented with a periodic function multiplied by the modified Bessel
function [58]. An example of such anomalous field is shown in figure 6.11. The oscil-
lation of the fictitious currents in the MO films is analogous to the anomalous current
generated by a wire. In consequence, we have proposed that at a height z > a; above
the boundary of two regions with opposite magnetisations the main field component is
given by

By ~ pogl 27z

Meanwhile, the transverse oscillations along the edges of the magnetic patterns produce
a field which here we approximated by an oscillating field along the wire

1
B, ~ /;LkQaKl(k:z) cos(kx)
i

where k = 27/)\; and K is the modified Bessel function.

As demonstrated in figure 6.11, the magnetic field generated by this idealised anoma-
lous oscillation of the pattern boundaries has an amplitude at the trapping height
z = 0.75 um of 24nT. This corresponds to corrugations in the trapping potential
with a characteristic depth of 16 nK. To get an idea of what this means in terms of
the latest advances on cold atoms research, let us compare this depth with the chemical
potential x of a BEC. According to Ketterle et al. [24],

Arnah?
p= (6.5)

m

where n is the condensate density; a is the s-wave scattering length; and m is the mass
of the atom. For a 8Rb condensate, n is typically 10™ atoms/cm?, and a ~ 100ag, with
ap = 0.529 A. This leads us to a chemical potential of y/k; ~ 37 nK. Although this
value is higher than the potential depth estimated for the corrugations in the trapping
potential, these values are of the same order of magnitude and is reasonable to believe
that a Bose-Einstein condensate confined in these traps would exhibit fragmentation at
such short distances from the film surface.

6.6 Pyramids and MO films

The Co-Pt multilayer thin films can also be combined with the micro-pyramids presented
in the previous chapter; the multilayer film in this case would be used as the primary
source of magnetic field for generating the magneto-optic traps. A new procedure for
selectively etching small areas of a Co-Pt multilayer thin film, without substantially
modifying its magnetic properties, has been demonstrated. The Co-Pt multilayer struc-
ture of these Magneto-Optic (MO) films was deposited on a silicon under layer. The
etching process used to make apertures in the MO film leaves this under layer unaf-
fected. Hence, a further process of chemical etching can be applied to these substrates
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in order to create micrometric pyramids on the silicon under layer. Finally, a thin re-
flective coating can be deposited on top of the array of pyramids and the remaining MO
film.

Due to the perpendicular magnetisation of the Co-Pt multilayer structure, the mag-
netic field created at an aperture made on them can be thought as that produced by
a single closed loop. The corresponding magnetic field circulates around the fictitious
current loop and right at the surface it is always perpendicular to the film. Conse-
quently, an external magnetic field can be applied in order to create and move a point
of zero magnetic field strength along the axis of each aperture. In addition, due to the
small scale of these features and the strong remanent magnetization of the MO film,
high gradients can be produced in the region of the hollow pyramid. Therefore, it is
justified to believe that magneto-optic traps can be created with these resources.

Let us consider a saturation magnetisation poMg = 2.3 T/m and a cobalt total
thickness ¢ = 6 nm (see figures 6.3 and 6.1 in pages 128 and 125 respectively). Then,
with the aid of equation 2.46 (page 40) we estimate that the fictitious current running
through the edge of a square aperture made on the MO film is 11 mA. If we now
substitute this value in equation 2.46, we find that to obtain a gradient of 20 G/cm we
need to create a square opening and a silicon pyramid with a side length of approximately
300 um. This length scale is well within the fabrication capabilities of the techniques
described at the beginning of chapter 5.

6.7 Summary

Here I have shown that the remanent field generated by the Co/Pt MO films is as high
as 2.3 'T. This is ten times higher than the one that is present above the video tape atom
chip used in the work reported by Sinclair et al. [68, 67]. In addition, I have shown that
the periodic patterns written on the surface of the MO films have features of just a couple
of micrometres. Compared to the patterns that have been utilised in the video tape
experiments, which have a period of approximately 100 um, the Co/Pt films represent
an important improvement in the development of atom chips based on permanently
magnetised media. This is reflected in the numerical calculations of the micro traps
that have been presented in this chapter and reported in [76] (see appendix E), where
the resulting trapping frequencies have been estimated to be as high as one megahertz
in the radial direction and several hundred kilohertz in the longitudinal direction.

As a result of the domain structure of the Co/Pt films, on the edges of the written
patterns we have observed features with a length scale on the order of hundreds of
nanometres. We have estimated that these features would produce corrugations in the
trapping field. For an atom cloud located at distance of 750 nm from the surface of the
film, we calculated that these corrugations would have a characteristic depth of 16 nK.
These kind of corrugations have also been observed in the video tape micro traps, but in
this case these appeared as far as 50 pm away from the chip surface and had potential
depths of up to 1 uK.

This work has demonstrated the potential that MO films have for creating cold
atom micro traps. In spite of this, an atom chip based on this technology has not yet
been fabricated and loaded into a cold atom experiment. Our numerical estimations
allowed us to predict the details of the interaction between a cold atom cloud and the
field generated above the Co/Pt MO films. These results are sufficient for establish-
ing the adequacy of this technology. In conclusion, Co/Pt magneto-optical thin films
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are presented in this chapter as a powerful tool that can be incorporated into future
generations of atom chips. For instance, we have proposed that an atom chip com-
bining micro-fabricated optical components, such as hollow pyramidal mirrors, and a
permanently magnetised medium like the Co-Pt magneto-optic film can be fabricated.
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Chapter 7

Conclusions

We have built an experimental apparatus for testing new generations of atom chips.
This apparatus consists of a vacuum system, three laser light sources, magnetic field
sources, and an imaging system. The vacuum chamber is characterised by a large
internal volume and wide optical axis. Sets of coils for the generation of the magnetic
fields required for creating magneto-optic traps in macroscopic hollow pyramidal mirrors
have been designed, built, and incorporated to the experimental apparatus. In addition,
coils for balancing stray fields and for manipulating the position of the MOT were also
included in the experimental apparatus.

Three external cavity diode lasers were incorporated to the experimental appara-
tus. The optics and electronic devices required for locking these lasers, as well as for
preparing and delivering the laser beams to the main experimental chamber were also
built. Locking signals for the three lasers are derived from Doppler free polarization
spectrums and a dichroic-atomic-vapor laser lock (DAVLL). The first scheme provides
an stable frequency reference for determining the detuning of the trapping light. The
two DAVLL locks provide in addition the means for tuning the trapping and repump
light.

We have demonstrated that in spite of the angle difference between a 90° pyramid
and the 70.5° of chemically etched pyramids on silicon wafers, the latter are still capable
of generating magneto-optical traps. For this we fabricated on glass two pyramidal
hollow mirrors, the first with an angle of 70.5° between its opposing faces and the second
one with an angle of 90°. The side length of these two pyramids is approximately 16 mm.
To identify possible causes of imbalance in the MOT forces as a result of the pyramidal
geometry generated in silicon, the optical properties of the these pyramids were carefully
studied, both numerically and experimentally. We found that the pyramid surface
sections located next to the edges of the pyramid faces are responsible for the generation
of light rays with the wrong polarisation. After going through three reflections, these
light component cross through the pyramid axis creating a force imbalance that is
sufficient for destroying the trap.

In view of these results, we have identified methods for reducing and eliminating the
undesired effect of these light sections. First, as this light suffers one more reflection
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from the pyramid faces than the rest of the light components contributing to the trap,
we proposed to use a limited reflectivity coating in the pyramid faces. This way, we
found that an aluminium based coating characterised by a reflectivity of 78% takes
care efficiently of the imbalance generated by these parasitic light components. We
demostrated that as many as 107 rubidium atoms can be trapped in our 70.5° glass
pyramid coated in aluminium. We compared the MOTs generated in this pyramid
with the one formed in the 90° pyramid, both of comparable sizes and both coated
with aluminium, and found no appreciable differences in the MOTs generated in these
two pyramids. A summary of these results and a complete optical characterisation of
the 70.5° pyramidal geometry has been published in [72] and this paper is included in
appendix C.

We have also shown that the undesired reflections generated in a 70.5° pyramid can
be eliminated if the surface of the pyramid is appropriately masked during the deposition
of the reflective coating. The regions where the undesired reflections originate, which
were identified by means of a ray tracing analysis, can be covered with these masks.
This method gives satisfactory results when a high reflectivity gold coating (p ~ 95 %)
is deposited in the regions not covered by the masks.

We measured scaling laws for the parameters that determine the MOT dynamics in
70.5° pyramids. We found that the number of atoms that can be trapped on pyramids
of different sizes is mainly determined by the MOT capture rate. As anticipated in
section 2.4.1, the change of the capture parameter with the pyramid dimensions can
be described by means of a power law. To begin with, a measurement of the capture
rate far from the pyramid apex allowed us to corroborate the validity of this power
law. Based on this measurement, we suggested that the perpendicular distance from
the MOT centre to the pyramid surface is the defining distance on the operation of
these MOTs. Next, the experiments performed in the vicinity of the pyramid apex
also resulted in a power law dependence of the capture rate on the distance to the
pyramid apex. In this case we found that the capture rate divided by the rubidium
vapour density, which we denoted as «, is proportional to R35G) p being the distance
between the cold atom cloud and the apex of the pyramid. Also, our experiments have
shown that the loss rate parameter is practically insensitive to the size of the pyramid
as long as the trap to surface distance is > 600 um. Below this limit, we found that
the increase in the loss rate can be appropriately described by considering that the
cloud remains in the temperature limited regime and that atoms colliding with the
room temperature pyramid surface are irremediably lost from the trap. Based on these
scaling law measurements, we concluded that on the order of 10* atoms can be trapped
in pyramids with a 1.2 mm side length, and some tens of atoms can be trapped in
200 um side length pyramids.

In this thesis I have presented an atom chip that integrates pyramidal micro-mirrors
and sources of magnetic field. Standard silicon micro-fabrication techniques have been
used to create an array of pyramidal pits, which coated with the appropriate metallic
material, can create high quality optical components on the chip surface. I have given a
complete characterisation of the resulting micro-mirrors, including their most relevant
physical and optical properties. These micro-fabricated optical components have been
combined with surface mounted wires to create a hybrid new device. In this chip, square
current currying wire loops run around the pyramid apertures. Then, the magnetic field
generated by these loops can be complemented with an homogeneous magnetic bias
field perpendicular to the chip surface. With the right choice of current and bias field
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magnitude, spherical quadrupole potentials are created inside the atom chip pyramids.
Both the reflective coating and the wires are made of gold. Hence, the masked coating
of the pyramid faces that was tested in the glass 70.5° was recreated in the atom chip
fabrication.

I have described how the pyramid atom chip was mounted and bond wired in a
CPGA chip mount. Extensive thermal, electric, magnetic and vacuum compatibility
characterisations of the full chip arrangement have been carried out. Vacuum tests
and magnetic field estimations and measurements have been performed with the aim of
establishing the conditions under which the chip mount elements can be used. We have
demonstrated that pressures below 10~? mbar can be achieved in a vacuum system in
which a set composed by a ceramic pin grid array (CPGA), a sockets array and a printed
circuit board has been loaded. Also, it has been verified under which circumstances
the stray magnetic field generated above the chip carrier is low enough to allow the
creation of the micro-MOTs. In particular, we found that in order to keep the stray
magnetic field generated in the chip attachment area of the CPGA at an acceptable
level, it is necessary to remove the nickel layer present in this area. A paper that
describes the pyramid atom chip fabrication procedure and the characterisation of the
full packaging solution has been recently accepted for publication in the Journal of
Microelectromechanical Systems. This paper (see reference [109]) has been included in
appendix D.

Co/Pt magneto optic thin films have been fabricated with the aim of determining
how suitable is this media for creating a permanently magnetised atom chip. I have
shown that these films are characterised by a large perpendicular anisotropy, a high
remanent magnetisation, a large room temperature coercivity, and the squareness ratio
of its hysteresis loop is close to one. Then, a thermo-magnetic writing apparatus was
built and magnetic patterns for creating local field minima were successfully created on
the surface of these films. We have demonstrated that atomic micro-traps based on these
magnetic patterns can be produced. The large remanent magnetisation of these films,
given by poMs = 2.3 T, combined with micron-sized features, permit trap frequencies
of up to 1.1 MHz. In addition, the high room-temperature coercivity of these films not
only allows the creation of well defined micron sized magnetic patterns, but also assures
that the patterns will remain intact even under the influence of an external magnetic
field. This represents an important improvement with respect to the performance of the
video tape atom chip.

Two magnetic patterns have been written in the Co/Pt MO films. An array of lines
can be used to create a series of elongated atom traps above the chip surface. The second
pattern consists of an array of Z-traps, which can be used to create cigar shaped traps
above the film surface. These patterns were carefully analysed via optical and magnetic
force microscopy. These patterns consist of well defined and uniformly magnetised areas
in which the direction of the magnetisation vector was reversed. The borders between
regions magnetised in opposite directions present jaggedness, which we have shown to be
a result of the film domain structure. As a consequence of this, the trapping potentials
generated above these films would have a corrugated structure. We have estimated that
this corrugation would produce 16 nK deep wells at the bottom of a trapping potential
located 0.75 um above the film surface. Although lower than the self interaction energy
of atoms in a BEC (~ 40 nK), this potential wells could generate fragmentation of the
atom cloud. The results presented in this thesis allowed us to estimate the performance
of the Co/Pt in atom optics applications so accurately that we decided not to attempt
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loading an atom chip made exclusively of this magnetic material into a cold atoms
experiment. However, these MO films remain as a an extremely versatile and powerful
tool for more complicated atom optics devices. Further optimisation of these MO films
would require a reduction of the length scale of their domain structure with maintaining
both the strong remanent magnetisation, and the large coercivity that characterise these
magnetic films. The most important results of this investigation were published in [76].
This paper is included in appendix E.

This thesis concludes with the fabrication of the first pyramid atom chip and its
incorporation into the experimental apparatus. Naturally, the steps that follow in this
research project include testing the functioning of this atom chip and determining its
optimal operation parameters. Therefore, the creation of magneto optical traps on the
surface of this atom chip is being currently investigated at the Centre for Cold Matter.
At the time of writing this thesis, no atoms have been observed in the atom chip pyra-
mids. The causes for this are been investigated in order to optimise loading and imaging
systems, and even the micro fabrication process. Once that MOTs have been produced
in the atom chip pyramids, it will be necessary to determine the currents required for
optimal operation of each one of the various pyramid side lengths included in this atom
chip. This information results particularly interesting because it will determine the
possibility of integrating both micro-fabricated pyramids and magneto-optic thin films
in a future atom chip. An additional feature of these micro-MOTs that would need to
be properly characterised is their sensitivity to magnetic fields. It has been proposed
that a highly sensitive magnetometer can be fabricated utilising these micro-fabricated
pyramid MOTs. We have shown that the cold atom clouds magneto-optically collected
in these pyramids could then be held by a purely magnetic trap. Consequently, a further
goal of this research would be to magnetically trap these atom clouds and extract them
from the pyramids internal volume. These clouds would then be held by a mirror image
of the magnetic quadrupole potential generated inside the pyramids.
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Appendix A

Pumping down procedure

Initially, the chamber is pumped through the angle valve by a turbo molecular pump for
at least one hour before attempting to turn on the ion pump. After this initial pumping
stage, the ion pump is switched on and an initial reading in the middle 10~* mbar region
is normally obtained. At this point and provided that the pressure is in this range, the
ion pump can be left pumping for a few hours.

When the pressure reading in the ion pump controller is in the low 10~° mbar or
high 1076 mbar region, it is possible to begin outgassing the contents of the chamber.
These contents are a pair of anti-Helmholtz coils which is described in section 3.4.1,
the rubidium dispenser described in section 3.1.2, and the atom chip assembly that is
fully described in section 5.3.1. We begin by heating up the coil pair by running current
through them and monitoring the corresponding temperature variation by recording the
change in the coil resistance. As the coil temperature increases, so does the outgassing
rate and this is reflected in the chamber pressure. However, once the coil temperature
has stabilised at a certain value, the outgassing rate gradually decreases and the pressure
comes back down. The current supplied to these coils is raised in small amounts, always
keeping the pressure in the chamber below 10~* mbar.

Once the coil temperature has been stabilised at around 100 °C and the pressure
has dropped below 1076 mbar, it is possible to begin outgassing the rubidium dispenser.
Although the nominal activation current of these dispensers is as high as 4.5 A, imme-
diately after loading a dispenser into the vacuum chamber, currents as low as a few
hundreds of mA are enough to expel a large amount of material. We have found that
during the initial dispenser outgassing stages, the current needs to be raised in steps as
small as 250 mA. Each one of these steps pushes the pressure briefly up to the 10~% mbar
range, before the turbo pump brings the pressure back down into the 10~7 mbar range in
a few minutes. This procedure is repeated until a current of up to 6 A has been reached.
Once the 4.5 A activation threshold has been crossed, a laser beam tuned to one of the
rubidium transitions is sent into the vacuum chamber. The appearance of fluorescence
in the path of this resonant beam indicates the presence of Rb in the chamber and, in
consequence, the correct operation of the dispenser. At this point, the current supplies
can be turned off and both vacuum pumps are left pumping for several hours. Next,
the angle valve is closed and from this point onwards the ion pump alone will suffice to
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take the pressure below 108 mbar in a few days and below 1072 mbar in less than a
week.

When the atom chip assembly, which is described in sections 3.1.3 and 5.3.1, were
included in the experimental apparatus, we found it necessary to add a full chamber
bake-out stage to the pumping down procedure. We do this with the aim of keeping
the pumping-down period as short as possible. In this stage, three heaters are wound
around the vacuum chamber, especially in the top 8” port area. This is because all the
elements of our experiments are attached to the flange that seals that port. This flange
is then kept at a temperature between 100 °C and 120 °C for two or three days, while
both the turbo pump and the ion pump are kept working. Following this procedure, a
pressure below 10™2 mbar can be achieved in approximately one week.
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Appendix B

The rate of losses to a wall

The loss rate can be estimated by considering the number of atoms per unit time
colliding with a surface located at a distance d from the trap centre. The atom flux can
be simply written as ®, = im’; and, as we are interested in clouds containing < 10°
atoms, it is justified to consider an atom density following a gaussian distribution around
the trap centre. Hence, the total number of atoms striking the surface per unit time is
estimated by summing this flux over the entire wall surface, L = [ ®,dA,

v/ / nee 3 2(%) e 20 dxdz (B.1)

This is then evaluated at y = d to give:

L= \%Tmoa%_
Here we have considered that the cloud extent in each direction is determined by the
magnetic field gradient and o = 0, = 0, = V20,

The maximum number of atoms recorded in the loss rate measurements is of the
order of 10° atoms. This suggest that in these extreme cases we are operating in the
frontier between the temperature limited and the multiple scattering regimes, although
in general the number of atoms was below this limit [103]. Consequently, our model
must be developed for either of the two possible regimes. Firstly, in the temperature
limited regime, as more atoms are added to the trap, the cloud radius remains constant
and the density is determined by the total number of trapped atoms. However, the
extent of the cloud is restricted by the proximity of the wall. Consequently, the cloud
population N can be calculated by integrating the gaussian atom distribution with the
restriction imposed by the wall:

N = / / / Ng e 2% i e 3G dxdydz

N =27%25%n [1 + Erf(

(

INIE
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)’ (B.2)

This leads to
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where Erf(x) denotes the Gauss error function

2 xr
EI'f(.ZU) = \/7?/0 €_t2dt

This result can be used to express the cloud density in terms of the number of atoms
collected in the trap, which then can be substituted into equation B.2. Furthermore,
the wall loss rate results to be proportional to the number of atoms in the trap and we
can write Ly, = 7. N, where

1(d\2
17@75(?)
VrL = (B.4)

8mo |1+ Erf(ﬁ)

is the wall contribution to the loss rate in the temperature limited regime (7'L). The
overall loss rate can then be expressed as v = Bng, + v5 + Y7L, which is the parameter
that we have determined experimentally.

In the multiple scattering regime, the cloud density is limited by the reabsorption
of photons within the trap. The cloud radius is then determined by the total number of
trapped atoms and, as it has been pointed out in [130], in this regime the cloud begins
to differ from a gaussian distribution. However, the clouds generated in our experiments
are not far from the border between the two regimes and for this estimation we assume
that the distribution is still very close to a gaussian, which is consistent with what we
have seen in our experiments. Then, the number of atoms collected in the trap is given
by

N = (27)*?nyo® (B.5)

In order to determine the actual density at which the atom cloud saturates, we con-
sidered a cold atom cloud in a MOT generated far from the wall. In this situation,

Nas = 47r3N/203 (B.6)
and N and o are taken to be typical values for a large cloud.

This density can now be utilised to express the cloud radius in terms of the number
of atoms in the trap and the result can be substituted in equation B.2,

21/6 21/37Td2n;2\/{§>

Lys = T@NQ/?)nle{S exXp <_ (B.7)

N2/3

In contrast to what was found for the temperature limited regime, L,,s is a complicated
function of the number of atoms collected in the trap. Therefore, to see how this esti-
mation compares with the results of our experiments, we need to insert this expression
in the MOT filling equation considering the losses to the wall separately,

dN
E :R_ (ﬁan+vB)N_LIMS (BS)

Considering the steady state situation % = 0, we can write

R — (Bngy +v5 + Yus) Ns =0 (B.9)

with ars = Ns ' Lys. This equation can be solved numerically for Ng and the solution
can be used in B.7 to express the dependency of the MOT loss rate on the distance to
the surface in the multiple scattering regime.
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We have shown how the interaction between the cold atom cloud and a room temper-
ature surface is expected to influence the trap loss rate. In our analysis, a distinction was
made between the temperature limited (TL) and the multiple scattering (MS) regimes.
In order to demonstrate how these models recreate the real situation, in figure 4.19 we
have included a pair of curves corresponding to each of these models. The values of the
parameters that were utilised for generating these curves are typical of our experiments,
but do not represent a fitting of the model to the experimental data.
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Appendix C

Pyramidal micromirrors for
microsystems and atom chips
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Concave pyramids are created in the (100) surface of a silicon wafer by anisotropic etching in
potassium hydroxide. High quality micromirrors are then formed by sputtering gold onto the smooth
silicon (111) faces of the pyramids. These mirrors show great promise as high quality optical devices
suitable for integration into micro-optoelectromechanical systems and atom chips. We have shown

that structures of this shape can be used to laser-cool and hold atoms in a magneto-optical trap.
© 2006 American Institute of Physics. [DOL: 10.1063/1.2172412]

The miniaturization of optical components leads to
higher packaging density and increased speed of devices that
manipulate light. This is part of the vast field of Microsys-
tems technology, designated by micro-optoelectromechanical
systems (MOEMS), in which electronic, mechanical, and op-
tical devices are integrated on the micron scale. As mirrors
are fundamental components of most optical systems, tech-
niques for the integration of high-quality mirrors are relevant
for the advancement of this field. In the context of atomic
physics, there has been a recent drive to integrate optical
elements with atom chipsl’3 for the purposes of detection
and quantum-coherent manipulation of cold atoms.** Just as
pyramidal mirrors have been used® to form macroscopic
magneto-optical traps (MOTSs), so these microscopic pyra-
mids may be used to cool and trap an array of small atom
clouds on a chip.

We have fabricated two-dimensional arrays of micromir-
rors in silicon using a method that is simple, economical, and
compatible with MOEMS. We start with a (100)-oriented
silicon wafer, coated with a thin layer of oxide. Optical li-
thography is then used to make square openings in the oxide,
through which the silicon can be etched. We use the aniso-
tropic etchant potassium hydroxide at a concentration of
25% by volume and a temperature of 80 °C. This attacks the
Si(100) plane more rapidly than the Si(111) plane, resulting
in a pyramidal pit’ bounded by the four surfaces (1, 1, 1),
(1,1,1), (1,1,1), and (1,1,1). Typical resulting pyramids
are shown in Fig. 1. The Si(111) faces of the pyramids are
expected to be extremely smooth because of the layer-by-
layer etching mechanism involved.*” Atomic force micro-
scope measurements confirm this, giving an rms surface
roughness value of less than 0.5 nm for the uncoated pyra-
mid faces. This makes them ideal as substrates for high-
quality optical mirrors. After stripping the oxide mask away,
a layer of gold of 100 nanometers thickness is applied to the
silicon. Gold was chosen as it is a good reflector for infrared
light, but other metals or dielectric coatings can also be ap-
plied. After sputtering gold, the surface roughness increases

“Electronic mail: michael.trupke @imperial.ac.uk
YPpresent address: Department of Physics, IIT, Delhi, India.

0003-6951/2006/88(7)/071116/3/$23.00

88, 071116-1

to 3 nm (rms). With this amount of roughness one can cal-
culate that the scattering loss of the specularly reflected in-
tensity should be less than 0.5% in the near-infrared range.10

Figure 1(a) shows a small section of the array viewed
under a scanning electron microscope after completion of the
gold coating. In this particular sample, the square pyramids
have 30 um sides and are arranged in a square lattice with a
pitch of 100 um. Both the etching and the sputtering are
standard processes that can be accurately controlled to give
reproducible results and to make large numbers of mirrors in
a single batch. In the rest of this letter we analyze and mea-
sure directly how the pyramids respond to polarized and un-
polarized light. We also test a macroscopic model to show
that this silicon pyramid mirror geometry is suitable for mak-
ing a MOT.

The sides of the pyramids define x and y axes, as shown
in Fig. 1. Our first test of the mirrors is to illuminate them
with a collimated 1-mm-diameter laser beam (wavelength
633 nm) propagating along the z axis, i.e., normal to the
silicon surface and along the symmetry axis of the pyramids.
Figure 2(a) shows the reflected pattern of light observed on a
screen 7 cm away from the mirrors. On this image we have
drawn circles indicating the position of spots as expected
from a perfect pyramid. The three prominent spots at the
corners of the square are due to doubly reflected rays, which

(b)

FIG. 1. Scanning electron microscopy micrographs of the etched and gold-
coated pyramids. (a) Top view showing pyramids in a rectangular array with
a pitch of 100 um. (b) Cross-sectional view of a single pyramid. This was
obtained by cleaving the pyramid parallel to one of its edges. The base of
the pyramid has a side of length 30 um, corresponding to a perpendicular
depth of 21.3 um.

© 2006 American Institute of Physics
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FIG. 2. (Color online) Measured intensity distribution of reflected light, at a
distance of 7 cm from the array of pyramids, when it is illuminated at
normal incidence. A central bright spot, which is caused by reflection from
the region between pyramids, was blocked to improve the visibility of light
reflected from the pyramids. The circles in (a) show the reflection pattern
expected for a perfect pyramid, while the circles in (b) indicate the calcu-
lated reflection pattern for a pyramid with rounded corners. Size indicates
expected relative intensity.

we classify as type (1). These reflect from opposite faces of
the pyramid, as illustrated by the solid line in Fig. 3(a). There
should be a fourth spot at the bottom of the photographs, but
this is blocked by a mount holding the beamsplitter through
which the array is illuminated.

If the angle between opposite mirrors is a, the type (1)
beams make an angle of (7w—2a) with the z axis. From the
angles measured, we find that @=(70.6+0.7)°, in agreement
with the expected angle between opposing faces of
arccos(1/3)=70.5°.

When the incident ray is close to the apex of the pyramid
(within 1.6 um for a pyramid of 30 um base length), it is
reflected twice by the first mirror, as illustrated by the dashed
line in Fig. 3(a). These rays, which we call type (2), should
produce secondary spots just inside the type (1) spots. How-
ever, the power in the type (2) reflected beams is expected to
be 100 times smaller because of the small area from which
they originate, as shown in Fig. 3(b). Consequently, it is not
possible to identify the type (2) beams clearly against the
diffracted wings of the type (1) beams. Furthermore, there is
a background of light along the x and y axes caused by
reflection from rounded edges on the entrance aperture of the
pyramid, which can be seen in Fig. 1(b).

If a ray is incident near one of the corners of the pyra-
mid, the first reflection sends it off towards the opposite mir-
ror, but it is intercepted and deflected by the adjacent mirror
before the opposite mirror sends it out of the pyramid as a
type (3) ray. These rays make an angle of 31.5° with the z

38.9°
31.6°

Type (1) Type (3)
Type (2)

Type (1)
Type (2)

(a) (b) |

FIG. 3. (Color online) (a) Cross section in the x-z plane through a pyramid,
showing type (1) and (2) trajectories. These involve reflections from mirrors
on opposite sides of the pyramid. (b) View of the entrance aperture of the
pyramid, showing the regions that produce type (1), (2), and (3) rays.
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FIG. 4. Views of the vertex pyramidal mirror under an optical microscope at
100X magnification. Top row: Raytracing simulation. Bottom row: Photo-
graphs. (a) and (d) without polarizers; (b) and (e) parallel polarizer and
analyzer; (c) and (f) crossed polarizer and analyzer.

axis and form double spots at azimuthal angles of 36.9°,
53.1°, etc. as shown in Fig. 2(a). These spots are less distinct
than those of type (1) because the corners of the pyramid are
rounded, a feature that does not affect the type (1) rays.
Figure 2(b) shows the same photographed reflection pattern,
but here the superimposed circles indicate the expected po-
sition and magnitude of spots reflected from a pyramid with
rounded corners. The roundness is included in the ray-tracing
model by four additional surfaces at each corner. These are
shaped to form approximate cone sections with radii of
2.5 pm at the base and 0.825 pm at the apex of the pyramid.
The reflection pattern predicted for this modified shape
matches many of the features of the photographed intensity
distribution more closely.

The three types of ray described earlier also present dif-
ferent characteristics when observed using polarized light.
For our observations, we use light which is polarized parallel
to the x axis. Reflections of types (1) and (2) leave the linear
polarization of the light unchanged in the x-y plane. The type
(3) reflections produce rotations of +£53° or +78° about the z
axis, depending on whether the pyramid face on which the
first bounce occurs is parallel to the polarization of incoming
beam. The rotations are caused by the obliquit?f of the second
and third bounces of the type (3) reflections.'’ This is inves-
tigated in our second test of the mirrors, in which we exam-
ine them with white light under an optical microscope, illu-
minating them once again along the z axis. Figure 4(a) shows
the image calculated by ray tracing for unpolarized light with
the microscope focussed in the plane of the apex of a perfect
pyramid. In this figure most of the area is bright. In Fig. 4(b)
we show the expected image for linearly polarized light,
viewed through a parallel analyser, which suppresses the
type (3) contribution. This leads to a reduction in the inten-
sity of reflections from the corner region. In Fig. 4(c), the
analyzer is crossed with the polarizer and only type (3) rays
contribute, making the corner region bright. The intensity
patterns observed in the laboratory are shown in Figs.
4(d)—4(f). They correspond closely to the calculated distribu-
tions, indicating that the pyramid reflects light as expected.

Our immediate application for these structures is to build
an array of small magneto-optical traps, integrated into an
atom chip in a single additional etching step. As in a 90°

ramid MOT,’ lateral confinement is given by the first re-

Y
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FIG. 5. (Color online). Fluorescence image of 1.6X 10® atoms magneto-
optically trapped in a 70.5° pyramid. Two reflections are also visible. The
16.3 mm aperture of the pyramid (solid line) and its sloping edges (dashed
lines) have been added to guide the eye of the reader. The outline of the
incident laser beam is shown dotted. Some light is scattered from the edges
of the pyramid and from the plane outside.

flections of the type (1) beams, while the vertical trapping
forces arise from the input beam and the second reflections
of the type (1) beams. In the present pyramid the beams are
not orthogonal and there are additional rays, which could
also disturb the balance of forces in the trap. To test whether
it is nonetheless possible to trap atoms in such a pyramid, we
constructed a macroscopic glass model with a base length of
16.3 mm, coated with aluminium and a protective layer of
Si0,. Figure 5 shows the fluorescence image from a cloud of
atoms trapped in this pyramid MOT, together with two re-
flections of the cloud. There are also reflections from the top
face of the pyramid and from the edges. In order to assist the
eye, we superimpose the entrance aperture of the pyramid as
a solid line and we show the edges dashed. We have also
built and tested a 90° pyramid MOT of similar volume and
with the same coating, and find that there is no significant
difference in the number of trapped atoms or in the stability
of the MOT.

In the microscopic version, we anticipate using pyramids
with a 200 wm base and will supply the required magnetic
quadrupole field using existing microfabrication methods''?
to produce small current loops around each pyramid. We
estimate that such a MOT can collect as many as 1000 atoms
or as few as 1, according to the choice of operating param-
eters. Compared with other methods of creating arrays of
microscopic traps on a chip,”’14 this relies on a simple fab-
rication method and requires only a single input laser beam
to give all the necessary trapping beams. It has been shown
that Bose-Einstein condensation can be achieved on atom
chips, both with current-carrying wire tralps15 and with per-
manent magnet traps.16 Consequently it may be possible to
create an array of condensates loaded from these MOTs. Al-
ternatively, if there is just one atom per site, the array would

Appl. Phys. Lett. 88, 071116 (2006)
have possible information
processing.

Further potential applications for the pyramids are in the
areas of photonics and telecommunications. For example, by
filling the pits with ferroelectric material or liquid crystals
and applying an electric field, it may be possible to use the
pyramids as fast optical switches.

In summary, we have designed, fabricated and character-
ized a new type of micromirror, produced by anisotropic
etching through square apertures on a silicon single crystal.
As an elementary component for optics, the micromirror has
a variety of possible applications in MOEMS devices. We
have demonstrated that it is possible to form a magneto-
optical trap with this mirror geometry, making these pyra-
mids very promising for creating arrays of microscopic traps
on atom chips. Detailed experiments and further theoretical
analysis are currently under way to develop these
applications.
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Abstract— Ultra-cold atoms can be manipulated using micro-
fabricated devices known as atom chips. These have significant
potential for applications in sensing, metrology and quantum
information processing. To date, the chips are loaded by transfer
of atoms from an external, macroscopic magneto-optical trap
(MOT) into microscopic traps on the chip. This transfer involves
a series of steps, which complicate the experimental procedure
and lead to atom losses. In this paper we present a design for
integrating a MOT into a silicon wafer by combining a concave
pyramidal mirror with a square wire loop. We describe how an
array of such traps has been fabricated and we present magnetic,
thermal and optical properties of the chip.

Index Terms— Atom chips, Electrophoretic resist, Magneto-
optical traps, Cavity patterning.

I. INTRODUCTION

Atom chips are microfabricated devices that control electric,
magnetic and optical fields in order to trap and manipulate
cold atom clouds [1], [2], [3], [4] and to form Bose-Einstein
condensates [5], [6], [7]. Potential applications include atomic
clocks [8], atom interferometers [9], [10], and quantum in-
formation processors [11], [12]. Silicon is one of several
materials used as a substrate for atom chips. It is attractive
for this purpose because its properties are well-known and
fabrication techniques are highly developed. The small scale
of microfabricated current-carrying wires makes it easy to
generate strong magnetic field gradients near the surface of the
chip, forming tight traps for paramagnetic atoms. The loading
of such magneto-static traps usually starts with a magneto-
optical trap (MOT) typically some 3-4 mm from the surface.
This collects atoms from a tenuous, room-temperature vapour
and cools them, typically to 100 pK, using circularly polarised
light beams in conjunction with a spherical quadrupole mag-
netic field. The atoms are sometimes further cooled to a few
tens of uK using optical molasses, before being captured in a
weak magnetic trap to form a large atom cloud, typically 1 mm
in size. At this point, the atoms still have to be handed over
to the microscopic magnetic traps on the chip, a process that
involves further compression of the cloud and very accurate
positioning of the atoms. This sequence of loading and transfer
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is complicated and could be largely eliminated if the MOT
were integrated into the chip. Moreover, integration would
open up the possibility of building arrays of MOTs to prepare
large numbers of independent cold atom clouds.

This paper describes the fabrication and initial testing of
an integrated array of MOTs on an atom chip, as proposed
by Trupke et al.[13]. Each of these MOTs automatically
prepares all the required light beams from a single circularly
polarised input beam by reflecting the light in a concave
square pyramid of mirrors [14]. This greatly reduces both the
number of expensive optical components needed to prepare the
light beams and the amount of laser power needed. Integrated
wires encircling the opening at the base of the pyramid
produce the required magnetic field distributions with modest
electrical power consumption and accurate positioning. The
fabrication of an integrated MOT array on a chip represents
an important step towards a truly integrated atom chip for
portable applications.

The atom chip we have fabricated has 6 rows of pyramids,
ranging in size from 200 pgm to 1200 um, serviced by 12
separate wires to produce the magnetic fields. For pyramids
up to 600 pm, the encircling wires have a width of 25 ym. The
larger pyramids are serviced by wires of 50 um width. In total
there are 48 pyramid MOTs. The whole chip is packaged into
a ceramic pin grid array (CPGA) with multiple wire bonds to
bring high currents in and out of the chip. The silicon sidewalls
of the pyramids are coated with gold to create micro-mirrors
for reflecting the laser light. The pyramids formed by etching
silicon have a 70.5° apex angle, rather than the ideal 90°.
The optical properties of such a pyramid have already been
investigated in [13]. In those experiments it was observed
that light reflected near the diagonal edges can prevent the
MOT from working. Here we have developed the necessary
fabrication steps to eliminate these reflections by removing the
gold near the corners of the pyramids.

This paper is organised as follows. SectionIl outlines
the principles of atom trapping in these pyramidal micro-
mirrors, sectionIIl describes the microfabrication, sectionIV
presents initial tests of the device and section V discusses some
prospects for using the chip in applications.

II. PRINCIPLE OF THE MOT ON A CHIP

Circularly polarised light, incident along the axis of a square
pyramid, is reflected by the four metal mirrors that form the
pyramid. At each reflection the helicity of the light is reversed.
If the pyramid has a 90° angle between opposite faces, these
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Fig. 1. (a) Plan view of pyramid showing the three regions of reflection and
the encircling current. The following three figures illustrate the sequence of
reflections. (b) Cross section through pyramid showing a type-1 reflection. (c)
Type-2 reflection. (d) Type-3 reflection, where the ray is intercepted by the
adjacent mirror at the point marked 2.

reflections produce three counter-propagating pairs of light
beams that are mutually orthogonal. Together with a magnetic
quadrupole field, this configuration creates a MOT, whose
radiation pressure forces cool and trap atoms from a room-
temperature vapour [14], [15].

We form the pyramids by etching a silicon wafer, cut on the
{100} plane. Potassium hydroxide (KOH) etches anisotrop-
ically through square openings to reveal the {111} planes,
which form hollow pyramids with apex angle 70.5°. This
departure from a right angle causes the beams to be reflected
into a variety of directions. We classify these beams as Type
1, 2, or 3, according to the region of the pyramid where the
first reflection occurs, as shown in Fig. la. Type-1 rays are
reflected on two opposite sides of the pyramid before leaving,
as illustrated in Fig. 1b. Type-2 rays also reflect on opposite
faces, but strike the original face again before leaving, as
shown in Fig. lc, making a total of three reflections. After the
first reflection in Fig. 1d, type-3 rays head towards the opposite
face, but because they are incident close to the diagonal edge
of the pyramid, they are intercepted on the way by the adjacent
face. Here they undergo a grazing reflection, marked (2) in the
figure, where the helicity of the light is reversed. Finally, the
opposite face is reached for a third reflection.

The wires electroplated on our chip form a square loop
of side L around the pyramid base. A current I in this loop
makes a magnetic field as shown in Fig. 2a. At the centre of the
loop, in the plane of the wire, the field points downward with
a magnitude of ¥ 1ol /L. We superpose a uniform vertical
bias field in order to create the quadrupole field configuration
required by the MOT, as shown in Fig. 2b. The strength Br of
this bias is chosen to centre the quadrupole halfway between
the base and the apex, at a distance ﬁL from the surface of

the chip. This requires By = ;;‘/\/Eg tol /L = 0.54p01 /L. The
light beams needed to create the magneto-optical trap inside
the pyramid are formed from the incoming circularly polarised
beam by the first and second reflections of the type-1 rays, as
shown in Fig.2c. The type-2 rays produce a slight imbalance
in the MOT force, but are largely unimportant. The type-3
rays tend to destabilise the MOT because they have the wrong
helicity and produce a strong force that pushes the atoms out
of the pyramid instead of trapping them.

We have conducted preliminary experiments using a large,
glass pyramid coated with gold. Initially, this failed to produce
a MOT because of the presence of the type-3 rays. Atoms

@ ®) (©)
o
!
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Fig. 2. (a) Dashed lines: magnetic field created solely by the wires around
pyramid opening. Block arrow: maximum field strength is at the centre of
the loop. (b) With the addition of a uniform bias, the net field acquires two
minima, indicated by solid circles. (c) Circularly polarised light creates a
magneto-optical trap at the field minimum indicated by a filled circle. The
beams that contribute are shown as solid arrows.

were successfully trapped once the gold was removed from
the areas where the type-2 and type-3 rays are produced. We
were also able to make the MOT operate [13] by using a
lower-reflectivity (78%) coating of aluminium, which was not
cut away at the edges and centre. In such a pyramid, the
intensity of the harmful type-3 light is decreased relative to
the type-1 beams, because of the additional reflection by the
lossy surfaces.

The current in the wire determines the vertical gradient in
the MOT, which is related to the corresponding bias field ac-
cording to %BT /L = 2.45B7 /L. Under typical operating
conditions used in most MOT experiments, the gradient is
approximately 0.15T/m. This is readily achieved on the chip
because of the small scale: for example in the 1 mm loop it
requires 0.1 A. The same wires can also be used to create a
purely magnetic trap, with a depth of yu By, where p is the
magnetic moment of the atom. Such a trap can hold atoms
for many seconds provided its depth exceeds the temperature
of the atoms by a factor of 5 or so. Ideally, we would like to
be able to hold a 100 uK cloud, which requires a 0.7 mT bias
field, corresponding to a current in a 1 mm loop of 1 A. The
feasibility of using such currents is discussed more fully in
Sec.IV-B. Further details about magnetic trapping of neutral
atoms can be found in Ref.[1].

In summary, the aims of the fabrication were to create
pyramidal micro-mirrors which would not reflect the damaging
type-3 beams, and to surround these mirrors with wires able
to create the required magnetic field strengths and gradients.
In the following sections we describe how these aims have
been achieved.

III. FABRICATION

The fabrication processing sequence is shown in Fig. 3. We
start by preparing the wafer and etching the pyramids. The
whole surface is then coated with gold and patterned to remove
the gold from the type-3 regions and to form the wire tracks.
In these steps, the main fabrication challenge was to cover
the wafer with a uniform resist layer, because the pyramid
openings in the surface impeded the flow of the resist during
spinning. Finally, the wires are electroplated to make them
thick enough to carry the required current. These processes
are described in more detail in the next three sub-sections.
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<100> Silicon wafer with 170nm of oxide
deposited

50nm of nitride deposited, alignment marks
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Front nitride and oxide stripped

170nm TEO oxide deposited along with
50nm of chromium and 100nm of gold
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iif) Resist removed from the whole wafer
leaving flower patterned pyramids

AZ6612 spun onto the gold, and patterned
to create wire tracks

Wire tracks are etched, and a layer of
AZ9260 is spun and patterned to form a
mold for electroplating

Gold wires electroplated, resist removed
and chips completed
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Fig. 3. Process flow for fabricating the pyramid MOT chip.

A. Wafer preparation and pyramid etch

The process begins with a 4 inch, Imm-thick silicon wafer
cut on the {100} plane. This is given a standard RCA and
fuming nitric acid clean. A 170 nm-thick layer of silicon
dioxide is grown by wet oxidation in a furnace at 1000 C
(Fig.3a). Subsequently a 50nm layer of low stress silicon
nitride is deposited on both sides by LPCVD. A reactive ion
plasma etch is then used to make alignment marks on the back
side of the wafer for accurate positioning of all the masks used
in the fabrication process.

In order to make the pyramids, a 1pum layer of photo
resist AZ6612 is spun onto the wafers. An array of square
openings is patterned into the resist using a photo mask on a
Karl Suss MAS8 contact mask aligner. The silicon nitride and
dioxide layers are removed through these openings using a dry
plasma etch and the resist is then stripped in a plasma asher
(Fig. 3b). Before etching the silicon, the backside alignment
marks are protected by depositing a layer of PECVD silicon
nitride 1pm thick and the wafer edges are protected by PTFE
tape. The wafer is then etched for 19 hours in KOH at
a concentration of 33% by volume and at a temperature
of 80C. This produces pyramidal pits bounded by the four
most slowly etched surfaces {1,1,1}, {1,1,1}, {1,1,1} and

{1,1,1} (Fig.3c). The faces of the pyramids are very smooth
because of the layer-by-layer etching mechanisms involved
[16] and have been shown to have rms surface roughness as
low as 0.5 nm [13]. The wafers are once again cleaned in a
fuming nitric acid bath before the remaining silicon nitride is
stripped from the front by a dry plasma etch and the remaining
silicon dioxide is removed in an HF dip (Fig.3d). Finally,
the whole front surface is covered with a plasma-enhanced
TEOS oxide layer, 170 nm thick. This is to provide electrical
insulation between the silicon and the metallic coating that
comes next.

B. Metallic coating and flower patterning

The metal coating consists of 50nm of chromium and
100nm of gold, evaporated onto the front of the wafer
(Fig. 3e). In order to make the flower pattern on the faces of the
pyramids, we require them to be covered by a uniform layer
of resist. Spinning the resist at this stage does not produce
a uniform layer because of the large depth of the pyramidal
pits. In order to avoid this problem we use electrophoretic
deposition of Eagle 2100 negative photo resist. The wafer is
placed in the resist bath and heated to 33 C, where it acts
as a cathode at -125 V. It remains in the bath until the current
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Fig. 4. SEM image showing the flower pattern created on the side walls of
all the pyramids.

drops to zero, then it is rinsed in de-ionised water and dried in
a vacuum oven at 65 C. At this point, the resist remains tacky,
so the wafer is dipped into Eagle 2002 topcoat for 30 seconds
and again dried in the vacuum oven. This method leaves a
highly uniform layer of resist over the complex topography
(Fig. 31).

Next, the wafer is exposed to ultraviolet light for 77s at
6.5mW/cm?, using a mask designed to remove the gold from
the type-3 regions. This pattern is developed using Eagle 2005
developer heated to 40 C, which is sprayed onto the surface
for 4 minutes. The wafer is then dipped for 1 minute in water
at 80 C to remove the resist residues and to smooth the surface
of the resist. It is dried in a vacuum oven and de-scummed
for 3 minutes in oxygen plasma at 110 C (Fig. 3f(i)).

The exposed gold and chromium are removed by a 35s
potassium iodide etch, followed a 5s chrome etch (Fig. 3f(ii)).
The wafers are then sprayed for 15min to strip the resist
with Eagle 2007 remover at 50 C, and placed in an asher for
1hr at 600 W and 110C (Fig. 3f(iii)). This process leaves a
flower pattern on the gold inside each pyramid, as shown in
Fig.4. This scanning electron microscope image shows that
the gold has been removed in the diagonal and central regions
corresponding to the type-2 and type-3 areas illustrated in
Fig. la. We found that it was difficult to achieve a uniform
exposure of the resist inside the pyramid. When the lower part
of the pyramid (near the apex) is correctly exposed, the upper
part tends to be over-exposed. The dark lines on the diagonals
and the dark spot at the apex are due to residual resist. The
colour of the silicon surface appears darker at increasing depth
in the pyramid. We attribute this to charging of the silicon
dioxide surface by electron bombardment from the SEM.

C. Wire fabrication

The final stage of fabrication is to form the wires around the
base of each pyramid, as described in [17]. First, the tracks are
patterned by optical lithography on the gold coating, then the
wires are electroplated to provide the 3 um thickness required
for carrying the electrical current.

Once again, spinning a uniform layer of resist is very
challenging since the radial flow is interrupted by the pyramid

Wire becomes narrow
due to thinning of resist

current-carrying wires

Fig. 5. Optical microscope image of the wire tracks. (a) The wires are well
formed around a 200 um pyramid. (b) On the side furthest from the axis of
spinning, the wire of a 1.2mm pyramid is malformed because the resist was
too thin.

openings. To solve this problem we use the viscous photoresist
AZA533 as follows. A primer is spun onto the wafer to help
adhesion. Then the wafer needs to be completely flooded with
the resist before the spinning begins to ensure coverage inside
pyramids and in the areas of the spin shadow just outside
the pyramids. Spinning is carried out at 500rpm for 10s,
followed by 30 s at 2000 rpm. We create a 5 um layer of resist,
which varies in thickness by approximately +3 pm where
the pyramids interfere with the flow (Fig. 3g). The uniformity
of the resist improves substantially around pyramids that are
smaller than 1 mm, and impeccable wires are formed around
the smallest pyramids, as shown in Fig.5a. However, the
thinning of the photo-resist in the spin shadow of the larger
pyramids leads to overexposure and results in a thinning of
the wire tracks there, as shown in Fig. 5b.

A 6 um-thick electroplating mould is then created by op-
tical lithography of AZ9260 which is spun at 500rpm for
8s, followed by 30s at 4000rpm. This layer is exposed at
200mW/cm? for 30s to create the plating mould with a
minimum thickness of 3 um (Fig.3h). The electrochemical
deposition is controlled by an Autolab PGSTAT30. We use a
commercial cyanide-free gold plating solution (Metalor Tech-
nologies UK, with 1 g of gold per litre of solution). A standard
three-electrode setup is used with a platinum counter electrode.
The deposition bath is placed in a water bath kept at 50 C and
the solution is agitated throughout the deposition process using
a magnetic stirrer. The current is fixed at 6 mA, corresponding
to a current density of 5mA/cm?, and the plating is run for 15
minutes to achieve a 3 ym-thick gold deposit (Fig. 3i). Finally,
the resist is stripped to leave the free-standing gold wires.

Electrophoresis could potentially provide a solution to the
problem of the thinning of the wires. However, it can only
be used when pattering the wire tracks and not when creating
the electroplating mould, since the Eagle 2100 resist can only
cover areas previously covered with gold. For this reason the
fabrication of the wires was entirely designed and performed
with the use of spin-on positive photoresists.

D. Packaging

Figure 6 shows on the right an array of patterned pyrami-
dal micro-mirrors with integrated current-carrying wires. The
chip is fixed to a ceramic pin grid array (CPGA) package
(CPG18023, Spectrum Semiconductor Materials Inc.) using
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Fig. 6. Photographs of the pyramid-MOT chip mounted in its ceramic pin
grid array package. Right: the the chip in its package. Left: detailed view of
bond wires connecting the package to the chip wire pads, and a pyramid with
the flower-patterned gold coating.

an epoxy compatible with ultra-high vacuum (Bylapox 7285).
Gold bond wires connect the package pins to the microfab-
ricated chip wires, with 9 bond wires serving each end of
a chip wire. The view on the left of Fig.6 shows the bond
wires connecting the chip to the CPGA. The ceramic package
is then plugged into a pin grid array (PGA) of sockets, which
in turn is soldered into an FR4 printed circuit board. This
design permits a large number of connections to be made in
the limited space available in the high-vacuum chamber.

We place the chip assembly in a stainless steel vacuum
chamber where a 201/s ion pump yields a pressure below the
10~°mbar limit of our gauge after modest baking at 100C
for 2 days. At this low pressure, a trapped atom will remain
undisturbed by the background gas for typically 10s.

A stray magnetic field moves the zeros of magnetic field that
form the centre of each MOT. To ensure that every pyramid
encloses a field zero, we require the stray field to be less
than 10 uT over the chip. Much stronger fields were initially
found in the recess of the CPGA where the wafer is mounted,
due to permanent magnetisation of the nickel/gold coating. We
therefore removed the coating by sandblasting. Immediately
above the Kovar pins, there remained a stray field that reached
a maximum of 10 uT, but this was of short range and did not
affect the 3cm x 3 cm active area of the chip. There the field
was below 500 nT, the gradients were similarly negligible, and
remagnetising the assembly produced no perceptible change at
that level.

IV. DEVICE CHARACTERISATION

In this section we characterise the magnetic properties of our
device, demonstrating that the micro-fabricated wires can carry
sufficient current for magneto-optical and purely magnetic
trapping. Measurements of the heating of our chip wires allow
us to infer the maximum depth and gradient achievable in
our trap. Finally, it is shown that the flower patterning of the
pyramid coating leads to the desired suppression of type-3
beams.

A. Magnetic field measurements

The wires around the base of each pyramid almost form
a square loop, as shown in Fig.5a. In order to calculate the
magnetic field of the MOT, it is adequate to approximate this

B Field (G)
o - N w S o
1

T T T T T
0.0 0.3 0.6 0.9 1.2 1.5 1.
Vertical Displacement (mm)

3

12 4
10 4
08 o
0.6 -
04 41
02 4+
0.0 o

B Field (G)

T T T
-1.0 -0.5 0.0 0.5 1.0
Horizontal Displacement (mm)

Fig. 7. Vertical component of magnetic field above an 800 um pyramid
with 480 mA in the wire. Dots: Hall probe measurement. Lines: Theory. (a)
Vertical variation along the pyramid axis. (b) Transverse variation parallel to
the pyramid row, through the pyramid axis at a height of 0.7 mm.

by a fully closed square loop. The solid lines in Figs.7a and
b show the vertical field component calculated for a current
of 480 mA in wire 50 um wide, centred on a 895 ym square.
This corresponds to the geometry of the 800 ym pyramid. We
measured the field above this pyramid using a Hall probe
(Lakeshore 421 Gaussmeter), as shown by the circles in Fig. 7.
On the left is a vertical scan along the axis of the pyramid,
while the scan on the right is horizontal at a height of 0.7 mm.
The two are entirely consistent.

B. Heating tests

Although the gold wires are very good conductors, they do
of course dissipate electrical energy and, at sufficiently high
currents, they blow like a fuse. Considerably below that limit,
the wafer heats up to 120C. At this temperature the epoxy
used to bond the silicon to the CPGA begins to decompose,
losing strength and outgassing strongly, thereby compromising
both the mechanical stability of the chip and the high vacuum.
This limiting temperature determines the largest current that
we run through the wires, and thereby limits the field and field
gradient that are available.

With the chip mounted and placed under moderate vacuum
(1075 mbar), we first tested how much current could be passed
through individual bond wires 50 um in diameter and 2-3 mm
in length. We found that these blow at approximately 1.8 A,
but can survive indefinitely at 1.5 A. Since each chip pad is
normally connected by 9 wires in parallel, failure of the bond
wires is not a limiting factor. In order to determine the operat-
ing currents for the chip wires, we monitored the temperature
of the assembly at several points using thermocouples and we
monitored the temperature of the wire itself by measuring the
increase of its resistance. Passing a current through the 50 ypm-
wide chip wires, we measured the time it takes for the wire
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Fig. 8. Time taken for the chip wire temperature to reach 120 C for various
currents. Filled circles: 50 um-wide wires. Open squares: 25 pm-wide wires.

to reach 120C, the results being shown by the filled circles
in Fig. 8. In all cases the chip itself was much colder than the
wire. Below 1 A, the temperature limit was never reached, but
at 1.3 A, the wire approached 120C in ten seconds. For the
25 pm-wide wires, the operation was continuous below 0.5 A
and was limited to ten seconds at 0.75 A, as illustrated by the
open squares in Fig. 8.

Since a suitable field gradient for the MOT is 0.15T/m,
the normal operating current is SmA for a 200 yum pyramid
and 100mA for a 1 mm pyramid. At these low currents there
is negligible heating of the chip. By contrast, the 1 mm loop
needs to operate at 1 A if it is to make a purely magnetic
trap for a 100 uK cloud of atoms. This cannot be sustained
indefinitely, as shown in Fig. 8, but substantially less than one
second should suffice for most practical applications. Since
the field scales as I/L, the situation is even better for purely
magnetic trapping in the smaller loops.

In the course of these measurements, we found that the
resistivity of the gold wire on the chip is 3.9x10~8Q-m,
approximately 1.6 times higher than that of bulk gold. This is
typical of electro-deposited gold. The main consequence for us
is a slightly higher power dissipation than we had anticipated
in our design using the book value for the resistivity.

C. Optical properties

Observation of the pyramids under a microscope allowed
us to check that the type-2 and type-3 reflections were indeed
eliminated by removal of the gold coating to create the flower
pattern. Figure 8a shows the image using unpolarized light
with the microscope focussed on the apex of an unpatterned
pyramid. In this figure most of the area is bright since the
mirrors are reflecting light over the whole area of the pyramid.
By contrast, Fig. 8b shows the same pyramid illuminated with
linearly polarized light and viewed through a crossed polarizer,
which suppresses all but the type-3 contribution, making the
corner regions bright. Figures 8c and d show the corresponding
images for a patterned pyramid. In ¢ we see that there are no
longer reflections near the apex of the pyramid, in the region
of the type-2 rays. In d, we see that the removal of the gold
at the edges has completely suppressed the type-3 reflections.

6

(a) (b) (© ()

Fig. 9. Images of the pyramidal mirrors under a microscope, focussed on
the apex. (a & b) unpatterned pyramids, (¢ & d) patterned pyramids. (a & c¢)
No polarizers. (b & d) Crossed polarizer and analyzer.

V. OUTLOOK

It is useful to estimate the number of cold atoms that may be
captured in one of these micro-pyramids. This will depend on
the usual operating variables, such as the laser detuning from
the atomic transition, the positioning of the magnetic field
zero, the balance of the light beams inside the pyramid and
the pressure of the atomic vapour. In addition, these pyramids
are at the extreme limit of small laser beam size. Normally
the laser beams of a MOT are one or two centimetres in
diameter, whereas these pyramids are less than a millimetre
across. According to the well-established model first described
by Wieman et al. [15], the number of atoms N captured in a
MOT is expected to scale as N oc L?u?. Here the L? factor
derives from the area of the laser beam, which in our case is
set by the area of the pyramid opening. The quantity u. is the
capture velocity, i.e. the speed of the fastest atoms captured
by the MOT from the thermal background vapour. Using the
model of Ref.[15], we have computed u. numerically, setting
the maximum allowed stopping distance equal to the vertical
height of the pyramid. The circles in Fig. 10 show the results
on a log-log plot for a variety of pyramid sizes, with the laser
detuning optimised separately to maximise u. for each size.
For pyramids larger than 1 mm, we find the empirical scaling
law . oc LO37 (the solid line in Fig. 10), leading to the result
N o L3%8 When the pyramids are smaller than that, the
atom number drops a little more rapidly. We have established
in a previous experiment[13] that a 16 mm pyramid made
from glass blocks can capture 10% atoms. With the help of
this model, we extrapolate our 16 mm result to predict that a
1 mm pyramid will capture some 6 x 10% atoms. The smallest
pyramids on this chip, having L = 0.2mm, are expected by
the same argument to collect approximately 25 atoms.

Although this model is a reasonable estimate, it does neglect
some aspects of the full 3-dimensional geometry. For example,
it assumes that the atoms of the vapour have the normal
thermal distribution close to the walls of the pyramid and it
neglects the polarisation gradients in the laser field, which lead
to additional Sisyphus cooling [18]. Experiment will have to
determine how many atoms are actually captured. The number
of atoms needed depends of course on the application. At
one extreme, with an array of small clouds, each containing
perhaps 10 atoms, the relative displacement of the clouds
could provide a map of local magnetic field variations or be
used to sense inertial forces. At the other extreme, the pyra-
mids could serve as single-atom sources for loading integrated
optical cavities, which have recently been demonstrated [19].
This would permit the production of single photons on demand
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Fig. 10. Capture velocity versus the size of the pyramid opening. Circles:
calculation by numerical integration using the model of [15]. Line: empirical
scaling law . oc L0-37.

for applications in quantum information processing.

VI. SUMMARY

We have fabricated a silicon chip designed to trap cold
atoms in an array of integrated magneto-optical traps. The
device contains 48 micro-fabricated hollow micro-pyramids
surrounded by electroplated gold wires. This was packaged
into a ceramic pin-grid array, and the chip’s optical and
magnetic properties were tested. We found that the chip wires
can easily sustain the currents needed to operate the MOTs and
can even operate for many seconds at the much higher currents
needed to trap atoms magnetically. The use of electrochemical
deposition of photoresist allowed us to pattern a flower design
on the reflective coating, a feature necessary for achieving
the proper optical conditions in the magneto-optical traps.
Numerical estimates show that we should be able to collect
small but useful numbers of atoms in these traps, providing
a simple way to feed arrays of devices on future chips. This
represents an important integration step because atom chips
currently have to be loaded from a single large cloud by a
series of somewhat involved manoeuvres.
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ABSTRACT We have produced magnetic patterns suitable for
trapping and manipulating neutral atoms on a 1-pum length scale.
The required patterns are made in Co/Pt thin films on a silicon
substrate, using the heat from a focused laser beam to induce
controlled domain reversal. In this way we draw lines and
‘paint’ shaped areas of reversed magnetisation with sub-micron
resolution. These structures produce magnetic microtraps above
the surface that are suitable for holding rubidium atoms with
trap frequencies as high as ~ 1 MHz.

PACS 39.25.+k; 03.75.Be; 75.50.Ss; 75.70.-1

1 Introduction

The study of cold-atom clouds in microscopic
magnetic traps and waveguides has recently become a vig-
orous field of research [1,2]. In particular, the ability to
confine and manipulate atoms above microstructured surfaces
— known as atom chips — holds great promise for integrated
atom optics and the realisation of new quantum devices. Ex-
amples include miniature atom interferometers [3,4] and
quantum information processors [5].

Most atom-chip experiments to date have produced the
trapping fields by passing current through integrated wires.
This approach has two undesirable features. First, magnetic
field noise is generated by thermal fluctuation of the charges
in the wires [6, 7]. This can change the internal state of the
atoms through magnetic dipole spin-flip transitions [8,9],
causing decoherence and trap loss. Second, the current does
not flow as intended within the wires, but wanders from side
to side [10], resulting in traps of uneven depth. An atom cloud
cooled in such a trap breaks into fragments when the available
energy becomes comparable with the amplitude of the noise
in the trap depth [10—12]. These imperfections are detrimental
for many practical applications.

As an alternative, our group has been working on micro-
scopic patterns of permanent magnetisation [1], which offer
a way around the problems discussed above by avoiding cur-
rents and by keeping the metal layers thin [7, 8]. Previous
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Lasers and Optics

Micron-sized atom traps
made from magneto-optical thin films

! Blackett Laboratory, Imperial College, London SW7 2BW, UK
2 Department of Computer Science, University of Manchester, Manchester M13 9PL, UK

experiments used videotape [8, 13], on which patterns with
spatial periods as small as 10 jum are conveniently written. Fu-
ture experiments will aim at controlled tunnelling of atoms
between one trap and another as a powerful way to prepare
quantum states of the atomic motion [14]. This will require
magnetic structures of the order of 1 um in size, prompting
us to investigate Co/Pt thin films. Small structures also make
traps so strong that atom clouds can be compressed down to
one dimension for new experiments in the physics of quantum
gases [15, 16].

In this paper, we describe the fabrication of atomic mi-
crotraps based on magneto-optically (MO) patterned Co/Pt
thin films. When combined with a suitable uniform external
field, the magnetic field above the patterned surface of the film
creates local minima where alkali atoms prepared in a weak-
field-seeking state can be confined [1]. The first attempt to do
this was by the group of P. Hannaford using TbFeCo films,
but with these it did not seem possible to achieve the desired
control over the domain boundaries [17]. Here we show by
contrast that Co/Pt films are suitable for writing well-defined
structures on the required 1-pum size scale. The strong mag-
netisation of the cobalt in conjunction with the small scale
of the structures produces large magnetic field gradients of
the order of 10* T/m. The magnetic field noise will be low
because the metal film is thin. This will allow trapped rubid-
ium atoms to be held at micron distances from the surface
where the strong field gradient gives trapping frequencies in
excess of 1 MHz, corresponding to exceedingly tight atom
confinement.

The magnetisation of the film is normal to the surface, pro-
viding the freedom to create arbitrary two-dimensional pat-
terns in the plane of the film. This is a key difference between
in-plane and perpendicular magnetic media. The writing tech-
nique used in this work is based on a standard method used in
data-storage applications and has a similar aim, i.e. to produce
small-scale patterns. However, high-density data storage aims
at achieving small isolated spots on the film, whereas our aim
is to produce larger, uniformly magnetised regions with high
contrast and small feature sizes along the boundary. MO tech-
niques have not previously been used for this purpose. Here
we present the writing of two patterns that are fundamental
building blocks for atom trapping and manipulation. The writ-
ing process is fully reversible: any pattern can be erased and
rewritten, and in principle this could even be done in the pres-
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ence of trapped atoms. This offers an advantage in comparison
with lithographically prepared atom chips, which cannot be
reconfigured.

In Sect. 2 we describe the preparation of Co/Pt multilayer
thin films and we summarise their magnetic properties. Sec-
tion 3 describes the experimental apparatus and the procedure
for writing. Section 4 is devoted to analysis of the patterns
that were written and a discussion of their application to atom
chips. We conclude with a summary of our results.

2 The Co/Pt multilayer thin films

Magneto-optical films have been much studied for
their application to data storage [18]. Recently, Co/Pt films
such as we are using here have attracted interest because they
give a strong optical Kerr rotation to blue light, which can
have a small spot size. High resolution makes Co/Pt attractive
for writing microscopic atom traps and guides as well as for
data storage. Other relevant properties are a strong saturation
magnetisation and a large perpendicular anisotropy, leading
to a large coercivity and a very square hysteresis loop [19].
The perpendicular anisotropy depends strongly on the crys-
tallographic orientation of the layers: a thick Pt base layer in-
creases the coercivity dramatically by establishing good {111}
texture on which to deposit the multilayer. The squareness of
the hysteresis loop is optimised by having control over the
layer thicknesses: 0.2—0.4 nm for the Co, corresponding to
1-2 monolayers, and ~ 1 nm for the Pt layers [20].

The specific layer structure that we use is shown in Fig. 1.
First, the silicon substrate has a 55-nm-thick silicon nitride
layer, which seems necessary to achieve MO recording. In our
first attempts on silicon we did not have this insulating layer
and we found that the 180 mW of laser power available for
writing was not enough to make any observable change in the
film, either physical or magnetic. This problem is rectified by
the silicon nitride layer, which lowers the laser power required
for writing, presumably because it increases the thermal resis-
tance between the magnetic layers that must be heated and the
silicon wafer that acts as a heat sink.

The Pt and Co layers are laid down by vacuum deposi-
tion using an electron-beam source to evaporate the metals.
The base pressure before evaporation is 2 x 10~/ Torr and the
average pressure during deposition rises to 3—4 x 10~ Torr.
We heat the substrate to a temperature of 200 °C in order to es-
tablish adequate {111} texture with a platinum base layer that
is only 5-nm thick [19]. A thicker layer gives better texture,
but inhibits the MO writing by allowing the heat to flow too

15 x[0.4 nm Co + 1.0 nm Pt]

21 nm

5 nm Pt base

55nm SiN_ [INEEEEE——

Silicon substrate

FIGURE 1 Layer structure used for the Co/Pt thin films (not to scale)

UM (T)

FIGURE 2  Alternating gradient force magnetometer measurement of the
hysteresis curve. Here the magnetic moment of the film is expressed as an
effective magnetisation within the 6-nm thickness of the Co layers

quickly away from the laser spot. The magneto-optical film
itself consists of 15 bi-layers of alternating Co (0.4 nm) and
Pt (1.0 nm). The evaporation rates are kept low at 10 pm/s to
ensure a good control of the layer thicknesses.

The magnetic properties were determined using an alter-
nating gradient force magnetometer, which yielded the hys-
teresis curve shown in Fig. 2. The measured coercivity is
givenby woH. = 0.16 T. The measured magnetic moment can
be converted to an effective average magnetisation within the
net 6-nm thickness of the cobalt. Expressed in this way, the
magnetisation at saturation is given by puoM; = 2.3 T, some
30% higher than that of bulk cobalt. This enhancement can be
attributed to additional magnetisation coming from polarised
Pt atoms near the Co layers [19].

3 Writing on the films

The writing procedure depends upon the reduction
of the coercivity with increasing temperature [21]. The film is
initially driven into saturation in one direction normal to the
surface by a strong external magnetic field. This field is then
reduced below the room-temperature coercivity and reversed.
By illuminating the sample locally with a focused laser beam,
very small areas of the film can be selectively heated and, with
an appropriate movement of either the film or the laser beam,
patterns of reversed magnetisation are created.

31 Apparatus

After using a permanent magnet to saturate it, the
film is placed between the pole faces of an electromagnet as
shown schematically in Fig. 3. This provides a reverse field
of the order of 100 mT for the purpose of writing patterns on
the film. The laser used for writing is a frequency-doubled
Nd:YVO laser operating at 532 nm in the TMyo transverse
mode. The first lens L focuses the light to a waist, where
a mechanical shutter S is used to switch the beam on and off.
A second identical lens recollimates it. Two mirrors M steer
the beam to an aspheric lens AL with 0.55 numerical aperture
and 4.4-mm focal length that focuses the light to a (calculated)
waist of 0.6 pum, i.e. this is the radius at which the intensity
drops to 1/e? of its peak value. The Co/Pt film sits horizon-
tally in a tray attached to a three-point kinematic mount KM,
which is connected in turn to an xyz translation stage.
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Approximately 54% of the light is reflected, allowing us
to position the film in the focal plane by translating it along
the vertical z direction until the retro-reflected beam is col-
limated. A beam splitter BS picks off the back reflection for
this purpose. Since the Rayleigh length of the focused light is
only 2 wm, this requires delicate adjustment, for which we use
a differential micrometer.

In order to write magnetic patterns, the film is moved hor-
izontally by a translation stage under computer control. Ini-
tially, the plane of this xy translation does not coincide exactly
with the surface of the film but, through iterative adjustments
of the kinematic mount, we make the two planes coincide so
that the spot is always focused on the surface. The next two
subsections describe how we use this setup to write patterns
suitable for atom trapping.

3.2 Writing an array of lines

Our first pattern is a set of parallel lines, as shown
in Fig. 4. With the reversed magnetic field set at 50 mT and the
laser power at 75 mW, the sample is translated at 250 um/s
along the x axis. This produces a line of reverse magnetisation
1-pm wide, which can be as long as the size of the film. At the
end of each line, the shutter is closed and the sample is moved
back to the start before making a step of 2 um along y to the
start of the next line.

The particular array shown in Fig. 4 covered a 200-pm
square area. The figure shows a typical small section of the ar-
ray imaged by a magnetic force microscope. The dark regions
indicate areas magnetised in the original direction whilst the
bright regions have reverse magnetisation. Such images give
quantitative information about the positions and widths of the
lines. They also allow us to see when a region is magnetically
saturated. If the film is demagnetised, the domains are mixed,
with some magnetised up and others down as shown inset in
the top right hand corner of Fig. 4. By contrast, the unifor-
mity of the lines in Fig. 4 shows that their magnetisation is
saturated. Along the boundaries between lines, one can see
small irregularities: the lines waver by approximately 250 nm
peak-to-peak. The period of this noise is typically 300 nm but
the spectral distribution is broad. We have not been able to
achieve straighter boundaries and we presume that lines writ-
ten in this way have a fundamental noise level imposed by the
domain size.

y (um)

30

20

10 20 30 X (nm)

FIGURE 4 Magnetic force microscope image showing part of a pattern
of parallel lines written on the film. The dark regions are unchanged from
the original magnetisation, whereas the bright regions show where the mag-
netisation is reversed. Inset: a nearly demagnetised piece of the Co/Pt film,
showing the size of the domains

This method of writing only works for a relatively nar-
row range of parameters. For example, if the laser power is
lowered to 70 mW, there is hardly any magnetic response to
the writing procedure. However, if the scanning speed is re-
duced at the same time, the film responds once again. This
seems reasonable as it must surely be the temperature reached
in the magnetic film that is the essential parameter. If instead
we increase the laser power to 80 mW, we start to see physical
damage to the surface of the film. Atomic force microscope
measurements show a 2-nm-high ridge along the line drawn
by the laser at this power. This can be avoided by making
a compensating change to a higher scan rate. There are also
constraints on the strength of the reverse magnetic field bias.
Below 50 mT, we start to see domain structure in the body of
the lines, indicating that the remagnetisation is not saturated.
Above 100 mT the domain irregularities along the boundary
lines begin to grow. For this reason, we operate at the lowest
reverse field that still saturates the body of the lines.

33 Painting an area

Our second pattern involves ‘painting’ an area of
reversed magnetisation in the shape of a 40-pum square with
apiece missing from the top left, as shown in Fig. 5. The moti-
vation for making this particular shape is discussed in Sect. 4.
Once again the pattern is made by drawing a series of lines at
250 wm/s along the x direction, but in this case the step along
yis 0.5 wm, which makes successive lines overlap. In order to
achieve full overlap of the lines we used a higher laser power
of 79 mW and increased the reverse-bias field to 0.1 T.

The edges parallel to the x axis have a similar level of noise
to that seen in Fig. 4. However, the transverse deviations can
be as large as 1 pm peak-to-peak on the edges parallel to y.
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FIGURE 5 Magnetic force microscope scan of a Z-trap pattern. The grey
scale in this image is identical to that in Fig. 4

Here the translation stage has decelerated as it approaches the
end of the line, resulting in an excess deposition of energy.
In combination with the larger reverse bias, this promotes do-
main growth, leading to the protuberances seen in the picture.
We anticipate that this can be remedied by more precise con-
trol over the shutter timing, which would allow us to start and
end the lines while the stage is still moving at constant vel-
ocity. Further, improved actuation along the y direction would
allow us to use a shorter step size, so that the pattern could be
written with a lower bias field and less laser power. We believe
that the noise along the edges of the pattern can be reduced at
least to the same level as seen for the array of lines with these
modifications of the apparatus.

4 Application to atom microtraps

In thinking about the kinds of fields that could be
made above the surface, it is useful to replace the magneti-
sation by an equivalent current density V x M [22]. Along
a boundary where the magnetisation reverses, going from M
to —M, this current density results in an equivalent current
of 2Mt, where ¢ is the thickness of the magnetised material.
Taking our value of 2.3 T/ for the cobalt magnetisation and
6 nm for the thickness of the cobalt, we obtain an equivalent
current of 22 mA along boundaries where the magnetisation
reverses. Thus, the structures we can make in this magnetic
film are equivalent to any network of 22-mA current loops in
aplane.

Viewed in this way, the pattern shown in Fig. 4 is equiva-
lent to lines of current parallel to the x axis, spaced by 1 um
and alternating in direction. The magnetic field they produce
is easily calculated using the Biot—Savart law. A similar pat-
tern with 3-pm period was recently fabricated by etching
a hard-disk drive [23]. Larger structures of this kind have
previously been fabricated on videotape and used as atom mir-
rors [1] and gratings [13]. Here, however, we are primarily
interested in the application to trapping because of the unusu-

ally high trap frequencies that can be reached in small-scale
structures. To be specific, let us consider adding a uniform
bias field of 2.6 mT along the y direction to interfere with
the field created by the film. Figure 6a shows the resulting
contours of constant field strength. The circles in the contour
plot enclose lines of zero magnetic field that are formed by
destructive interference at a height z of 0.75 um in a 2-pm-
period array. Weak-field-seeking atoms may be trapped on
these lines. An atom held in one of these traps will lose its spin
orientation if the field is allowed to go strictly to zero, so we
include here a small uniform field Bp = 0.1 mT along the x
direction to maintain the quantisation.

Figure 6b and c¢ show the field strength versus y and z.
In both cases this varies linearly in the vicinity of the trap
with a gradient of B’ = 8.5 x 103 T/m, except in the central
10-20 nm, where the bias By is significant. There the field
strength grows quadratically, leading to a transverse oscilla-
tion frequency for the trapped atom given approximately by

1 B2
F=sm B )
where p and m are the magnetic moment and the mass of
the atom. For 8’Rb atoms in the F =2, mp = 2 state, the
trap in this example has a very high oscillation frequency of
f=1.1MHz.

We turn now to the x direction, along the axis of the trap.
There is no trapping force in this direction, but axial con-
finement can be achieved if necessary by additional current-
carrying wires underneath the chip. For example, two wires
positioned at x = 1000 pm, z = —750 um, each carrying
10 A along y, will confine rubidium atoms in the axial direc-
tion with an oscillation frequency of 82 Hz. This is the type of
arrangement normally used in our group [10].
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FIGURE 6 Calculated magnetic field magnitude above an array of lines
(see Fig. 4) with a 2.6-mT bias along y to form the traps and 0.1 mT along x
to preserve the atomic spin orientation. a Contours of constant field strength.
b Field strength versus y through the centre of a trap at z =0.75 pm.
¢ Field strength versus z through the centre of a trap at y =0
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A more accurate description of the field above the film
must take into account the domain structure seen in Fig. 4.
Thus, the equivalent currents do not really flow along the x
direction but oscillate from side to side in the xy plane. The
typical amplitude is @ = 125 nm and the typical wavelength is
A =300 nm. Atheight z >> a above such a wire, the main field
component is

(@)

whilst the transverse oscillations produce an oscillating field
along the wire given by [10]

By >~ wol/2nz,

Be~ " ak, (kz) cosh) 3)
2

where k = 27/ and K is the modified Bessel function. It is
this latter field component that makes the traps uneven and
causes atom clouds to break up above current-carrying wires.
In the present case of Rb atoms 750 nm above the film, this
field has an amplitude of ~ 10 nT, corresponding to an undu-
lating potential of ~ 10 nK.

For many applications using trapped atoms this amount of
roughness is perfectly acceptable, but for the most sensitive
experiments on quantum gases and quantum information pro-
cessing it is not. We believe that further improvement would
be worthwhile and could be achieved by having smaller do-
main sizes. It is known that the domain sizes are smaller
than 100 nm when the films are deposited at higher tempera-
ture [24]. However, such films may be less suitable for ther-
momagnetic writing because the resulting hysteresis loops
are less square. Alternative writing procedures are also under
investigation.

For the magnetic pattern shown in Fig. 5, the equivalent
current is a single loop encircling the region of reversed mag-
netisation. The Z-shaped edge on the left is the region of
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FIGURE 7 Calculated magnetic field strength near the Z-trap of Fig. 5 with
5.8-mT bias along y to form the trap. a Contours of constant field strength. b
Field strength versus y through the centre of a trap at z = 0.75 um. ¢ Field
strength through trap centre versus z

interest for atom-trapping purposes. The short central section
along x is the ‘wire’ above which atoms are to be trapped,
whilst the longer legs serve as the end wires, providing both
axial confinement [25] and a suitable bias of 0.12 mT along x
for avoiding spin-flip transitions. For a 22-mA current flow-
ing in this way, we calculate that a bias field of 5.8 mT along
y makes a trap lying 0.75 pm above the film. Figure 7a shows
the contours of constant magnetic field strength in the xy
plane 0.75 pwm above the film, with the origin defined to be at
the centre of the trap. Figure 7b and c show cuts through the
trap in the y and z directions. The transverse oscillation fre-
quency along y or z is 0.9 MHz. In the axial direction along x
it is 19 kHz and in this case no auxiliary wires are needed. If
amore anisotropic trap is required, one simply has to make the
central section of the Z-shaped boundary longer.

5 Summary

We have shown that areas and lines of saturated
magnetisation can be written thermomagnetically on Co/Pt
thin films. We have illustrated the method with two patterns
that are relevant for producing high-frequency neutral-atom
traps: the long wire and the Z-trap. With these drawing and
painting tools any pattern of interest can be made at a reso-
lution down to approximately 1 pm. This small scale gives ac-
cess to extremely tight traps with MHz frequencies for rubid-
ium atoms, making the method promising for studies of one-
dimensional quantum gases and for small atom-trap arrays
that could be suitable for quantum information processing.

In atom chips based on current-carrying wires, the mag-
netic field close to a wire suffers from rf interference and ther-
mal noise, which cause atom loss through vibrational excita-
tions and spin flips. These effects should be avoided with the
use of the Co/Pt thin films. A further problem with current-
carrying wires is that the current wanders from side to side,
leading to uneven traps. A similar effect is found in the Co/Pt
thin films due to the domain structure. However the amplitude
and period of these excursions are small compared with a mi-
cron, making the effect negligible in all but the tightest traps,
i.e. those that are closest to the surface.
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