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Abstract

In this thesis, we present our methods and results towards the development

of deterministic preparation of single neutral atoms with a known quantum

state in a single trap potential. Firstly, we experimentally study the dy-

namics of two atoms that undergo light-assisted collisions, where we can

quantify different two-atom loss channels. We find that a combination of

repulsive light-assisted collisions and in-trap laser cooling can result in only

one of the two colliding atoms escaping the trap with near unity probability.

This forms the essential basis in our single atom preparation method. With

optimized repulsive light-assisted collisions and laser cooling parameters,

we can prepare single neutral atoms with a preparation efficiency of 91%.

When similar methods are applied in collisional blockade loading of single

atoms in a tight trap, the preparation efficiency can be enhanced from the

previously observed limit of around 50% to 80%. In a separate experiment,

we also demonstrate an in-trap fluorescence detection method to count the

number of atoms in a high density trap from 1 to more than 100 atoms with

sub-Poissonian precision. Finally, we perform Raman sideband cooling on

the prepared single atom with a single pair of Raman transition beams that

couples both of the radial vibrational dimensions of the trapped atom. We

show that the atom occupies the vibrational ground state in the two radial

dimensions with a probability of 84%. This gives a 69% fidelity for the

preparation of a pure atomic quantum state for a 2-D system.

Parts of this thesis have been published in the following reviewed

papers:



Y.H. Fung; P. Sompet; M.F. Andersen. Single atoms preparation using

light-assisted collisions. Technologies 2016, 4, 4.

Y.H. Fung; M.F. Andersen. Efficient collisional blockade loading of a single

atom into a tight microtrap. New J. Phys. 2015, 17, 073011.

A.J. Hilliard; Y.H. Fung; P. Sompet; A.V. Carpentier; M.F. Andersen. In-

trap fluorescence detection of atoms in a microscopic dipole trap. Phys.

Rev. A 2015, 91, 053414.

Y.H. Fung; A.V. Carpentier; P. Sompet; M.F. Andersen. Two-atom colli-

sions and loading of atoms in microtraps. Entropy 2014, 16, 582-606.

P. Sompet; A.V. Carpentier; Y.H. Fung; M. McGovern; M.F. Andersen.

Dynamics of two atoms undergoing light-assisted collisions in an optical

microtrap. Phys. Rev. A 2013, 88, 051401.

A.V. Carpentier; Y.H. Fung; P. Sompet; A.J. Hilliard; T.G. Walker; M.F.

Andersen. Preparation of single atom in an optical microtrap. Laser Phys.

Lett. 2013, 10, 125501.



iv



To Mum and Dad



Declaration

This thesis is an account of research undertaken between April 2011 and

May 2016 at the Department of Physics, Division of Science, University of

Otago, Dunedin, New Zealand under the supervision of Dr. Mikkel Ander-

sen.

Except where acknowledged in the customary manner, the material pre-

sented in this thesis is, to the best of my knowledge, original and has not

been submitted in whole or part for a degree in any university.

Yin Hsien Fung

May 2016



Acknowledgements

There are a lot of wonderful people whom I would like to acknowledge here.

I think this thesis wouldn’t have been possible without their support, di-

rectly or indirectly. First and foremost, I would like to thank my supervisor,

Mikkel, for being such a dedicated supervisor. Over these years, including

the year when I first started to join the lab as an undergraduate student,

you have always given me unfailing support, inspiring encouragement and

the valuable guidance that I need. Your enthusiasm and knowledge in this

field, which I very much look up to, always seem to overcome the setbacks

that we have faced. I don’t think I would be able to get this far without

your constant guidance. It has been a privilege to work in your lab and I

will not forget all the experiences and skills that I have learned from you.

Secondly, to Mim, for me, you are the most dedicated colleague that I have

ever worked with. You continually come up with brilliant ideas and have

always been willing to explain any complicated ideas in simple ways to me

such that I can understand them. I have learned a lot from you. I can

only say, it has been a pleasure to work with you and I owe you a top left

thank you. And also to Eyal, who is a brainy guy, thanks for your support

and assistance with the experiments, especially on the theoretical aspects.

Julia, you have always made sure the needs of the lab are met, which is

really helpful, and always provide useful technical advice. To the rest of the

current lab members, Boom, Matt H, Shi Jie, Adrian, Carolyn and Rhys,

you guys are a great bunch of people to share the lab with. I am really

glad for the fact that I have known you guys. I will always miss the daily



lunchtime discussions/banters, outings and potluck gatherings that we had

together.

I would also like to acknowledge some of the past members of the lab. The

first one is Andrew, who introduced me to the operation of the experiments

and taught me some valuable experimental skills when I first joined the lab.

Tzahi and Alicia have been good postdocs who have shown me what it takes

to be a good experimentalist. Of course, I wouldn’t forget to acknowledge

Matt M, Peter and Simon, who have been fun and easygoing colleagues.

Thanks for your friendship, your witty demeanours, punny jokes and some-

times deep discussions certain filled the first half of my years in this lab

with lots of enjoyment.

Going outside of the lab, I would like to thank some of the next door labs

members: Amita, Xavi, Kris, Hamish, Maddy, Steven, Bianca and Ryan,

for bearing with my constant requests to borrow pieces of your equipments

or optics and then generously loaning them to us, especially the beam pro-

filer from Niels’ lab and the spectrum analyzer and wavemeter from Jevon’s

lab. Oh, and Pat as well for the ping-pong sessions and chats. To the

electronic and mechanical workshops members: Peter M, Peter S, Barbara

and Myles, thanks for transforming my vague descriptions of designs into

high quality concrete apparatus. Thanks to Simon H and Peter Simpson for

the IT support. I would like to acknowledge the admin staff of the depart-

ment, Nick, Shae, Peggy, Diana, Bev, Brenda and of course Sandy, who is

such a colourful character and has helped me a lot with bureaucratic issues.

Thanks also to Craig and Neil for being the convenors for the course of my

studies.



To Garth and Aaron, thanks for your mateships and the constant support

and encouragement that you have given to me. I will always remember

the times and experiences that we had together, and may there be more to

come. To Ian and Margret, I have always enjoyed my time at Golden Bay

during my time off and have learned a lot from you through our stimulating

discussions and hands-on activities. To Callum, you have been an awesome

classmate/officemate since the days of our undergraduate years. And to

Sonny, Michael, Leech and TP, although we don’t get to see each other

that much, I really appreciate our friendships and words of encouragements

whenever we meet.

Last but not least, to my family: Mum, Dad, Sister and Grandma, you have

provided me with a lovely environment to grow up in. Mum, I remember

as a kid I had always asked you my before-bed daily questions about any

single random thing under the sun (I remember one as “how does the clock

work?”), sometimes repetitively, but you would always try to answer them

patiently even though you might have been exhausted from your day’s work.

You have made me believe in the values of perseverance and compassion.

Dad, I remember you had provided me with my first set of encyclopaedias

and my first music influence. I have benefited a lot from our discussions

on various current issues, especially during our road trips. Thank you all

for giving unconditional support for my choice of path and making all these

possible.

It has been a wonderful journey because of you and thank you for everything.

Ka kite ano.



vi



Contents

List of Figures xi

List of Tables xxv

1 Introduction 1

1.0.1 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.0.2 Author’s contribution . . . . . . . . . . . . . . . . . . . . . . . . 6

I Near-deterministic preparation of single atoms using light-assisted

collisions 9

2 Background 11

2.1 Far-Off Resonant Trap (FORT) . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Optical dipole potential . . . . . . . . . . . . . . . . . . . . . . . 12

2.1.2 Quantum mechanical treatment for multi-level atom . . . . . . . 13

2.1.3 Single focused Gaussian laser beam FORT . . . . . . . . . . . . . 16

2.2 Light-assisted collisions between two atoms . . . . . . . . . . . . . . . . 22

2.2.1 Semi-classical model of light-assisted collisions . . . . . . . . . . 23

2.2.2 Landau-Zener transition . . . . . . . . . . . . . . . . . . . . . . . 24

2.2.3 Repulsive light-assisted collisions . . . . . . . . . . . . . . . . . . 26

2.2.4 Attractive light-assisted collisions . . . . . . . . . . . . . . . . . . 26

2.2.5 Fine structure changing collisions . . . . . . . . . . . . . . . . . . 28

vii



CONTENTS

3 Atomic sample preparation and sub-poissonian atom counting inside

a FORT 31

3.1 Preparing an atomic sample in a FORT . . . . . . . . . . . . . . . . . . 31

3.2 Our FORT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Temperature measurement of a single atom . . . . . . . . . . . . . . . . 35

3.4 Parametric excitation spectroscopy of a single atom . . . . . . . . . . . 37

3.5 Counting of atoms in a high density microtrap . . . . . . . . . . . . . . 39

3.5.1 Atoms fluorescence detection setup . . . . . . . . . . . . . . . . . 40

3.5.1.1 Sisyphus cooling . . . . . . . . . . . . . . . . . . . . . . 41

3.5.2 Single atom detection . . . . . . . . . . . . . . . . . . . . . . . . 43

3.5.3 Multiatom detection . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.5.3.1 Atom trap loss rate master equation . . . . . . . . . . . 50

3.5.3.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.5.3.3 Noise model . . . . . . . . . . . . . . . . . . . . . . . . 54

4 Dynamics of light-assisted collisions between two atoms in a FORT 61

4.1 Trap loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2 Two-atom light-assisted collisions induced by red-detuned light . . . . . 64

4.2.1 Two-atom dynamics simulation . . . . . . . . . . . . . . . . . . . 67

4.2.2 2− 1 loss dependence on beam parameters . . . . . . . . . . . . 69

4.3 Two-atom light-assisted collisions induced by blue-detuned light . . . . 73

5 Near-deterministic preparation of single atoms in a FORT 77

5.1 Single atom preparation experiment . . . . . . . . . . . . . . . . . . . . 77

5.2 Dependence on collision beam parameters . . . . . . . . . . . . . . . . . 79

5.3 Dependence on cooling light parameters . . . . . . . . . . . . . . . . . . 81

5.4 Limiting factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.5 Preparing single atoms with red-detuned collision beam . . . . . . . . . 86

viii



CONTENTS

6 Repulsive light-assisted collisions in collisional blockade loading of sin-

gle atoms 89

6.1 Loading atoms into a tight microtrap . . . . . . . . . . . . . . . . . . . . 89

6.2 Collisional blockade loading dynamics model . . . . . . . . . . . . . . . 91

6.3 Collisional blockade loading experiment . . . . . . . . . . . . . . . . . . 93

6.3.1 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.4 Efficient collisional blockade loading of one atom . . . . . . . . . . . . . 97

6.5 Investigation on optimum loading probability parameters . . . . . . . . 99

6.5.1 Trap depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.5.2 Detuning of the blue-detuned collision beam . . . . . . . . . . . . 101

6.5.3 Power of the blue-detuned collision beam . . . . . . . . . . . . . 102

6.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

II Raman sideband cooling of single atom 105

7 Cooling of single atom to its vibrational ground state 107

7.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.1.1 Principle of Raman sideband cooling . . . . . . . . . . . . . . . . 108

7.1.2 Stimulated Raman transitions . . . . . . . . . . . . . . . . . . . . 110

7.1.3 Vibrational sidebands . . . . . . . . . . . . . . . . . . . . . . . . 111

7.1.4 Thermometry using blue and red sidebands . . . . . . . . . . . . 113

7.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

7.2.1 Raman beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

7.2.2 State detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.2.3 Optical pumping . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.2.3.1 Optical pumping efficiency . . . . . . . . . . . . . . . . 121

7.3 Raman sideband cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

7.3.1 Sub-Doppler cooling . . . . . . . . . . . . . . . . . . . . . . . . . 125

7.3.2 Radial dimensions sideband cooling . . . . . . . . . . . . . . . . 129

7.4 Discussion and summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

ix



CONTENTS

8 Conclusion 139

A Rubidium 85 data 143

B Level diagram for 85Rb 145

C Two-photon stimulated Raman transitions 147

References 151

x



List of Figures

2.1 Light shift for a two-level atom coupled by a red-detuned light field. The

ground state is shifted down and excited state shifted up by an equal

amount. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Dipole-allowed transitions used for the calculation of light shifts for

5S1/2, 5P1/2 and 5P3/2 states. The transition wavelengths, quoted in

nanometres, are labelled alongside the transitions, represented by ar-

rows. The vertical axis is the electronic state energy, not drawn to scale. 18

2.3 Light shifts on the 85Rb D1 and D2 lines induced by a FORT light (A)

in the radial direction and (B) axial direction, averaged across all mF

states (assuming a uniform population distribution across them). The

ground state shift corresponds to the FORT potential. The FORT has

λ = 1064 nm, w0 = 1.05µm and P = 35 mW. . . . . . . . . . . . . . . . 20

2.4 Light shifts for individual mF states at the centre of the FORT on (A)

D2 line F = 3 ground state and F ′ = 4 excited state and and (B) D1

line F = 3 ground state and F ′ = 3 excited state. The horizontal lines

represent the unshifted ground (F ) and excited (F ′) states. . . . . . . . 21

2.5 Schematic of light-assisted collisions model: interaction potentials as a

function of internuclear separation R. Red arrows represent the process

of excitation of two ground state atoms to an attractive potential (red

curve). Blue arrows represent the process of excitation of the atoms to

a repulsive potential (blue curve). . . . . . . . . . . . . . . . . . . . . . . 22

xi



LIST OF FIGURES

2.6 Left: Two atom-field states |S + S, n〉 and |S + P, n− 1〉 represented

by the two solid lines, in the absence of optical coupling. Right: The

coupling by the light field forms a Landau-Zener avoided crossing at Rc.

The orange curves represent the dressed states. The atom-field states

are now represented by the dashed lines. . . . . . . . . . . . . . . . . . . 25

2.7 Dressed state picture for a repulsive collisional process showing an avoided

crossing between |S + S, n〉 state and |S + P, n− 1〉 state atRc: A. shows

possible paths for elastic collisions (ER 1 and ER 2). B. shows possible

paths for inelastic collisions (IR 1 and IR 2). . . . . . . . . . . . . . . . 27

2.8 Dressed state picture for an attractive collisional process showing an

avoided crossing between |S + S, n〉 state and |S + P, n− 1〉 state at Rc:

A. shows possible paths for elastic collisions (EA 1 and EA 2). B. shows

possible paths for inelastic collisions (IA 1 and IA 2). . . . . . . . . . . . 28

2.9 Schematic diagram showing quasimolecular energy levels of two 85Rb

atoms in the ground state |S + S〉, and
∣∣S + P3/2

〉
,
∣∣S + P1/2

〉
represents

two different fine structure states. . . . . . . . . . . . . . . . . . . . . . . 29

3.1 Schematic of the experimental apparatus, showing various laser beams.

Bright red lines represent the pathway of the fluorescent light from the

atomic sample to the EMCCD camera. . . . . . . . . . . . . . . . . . . . 32

3.2 x and y cross sections of the beam focus image, fitted by a Gaussian

function. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3 Experimental timeline for the adiabatic lowering temperature measure-

ment of a single atom, with the FORT laser power being ramped up and

down during the sequence. . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Release and recapture temperature measurement of a single atom: Re-

tention probability as a function of release time. The black circles are

the experimental data. Red curve is a fitting curve from the Monte

Carlo simulation of the release and recapture experiment. The best fit

temperature is 21± 1 µK. UT = 0.7 mK. . . . . . . . . . . . . . . . . . . 36

xii



LIST OF FIGURES

3.5 Release-recapture measured temperature of a single atom as a function of

square-root trap depth,
√
UT . Blue circles are measurement data points,

green crosses are calculated data points based on the adiabacity scaling

law of : T/
√
UT=constant (1), shown as the black solid line. . . . . . . . 37

3.6 Experimental timeline for parametric excitation spectroscopy of a single

atom trapped in a h× 31 MHz deep trap. PE indicates the parametric

excitation stage. RR indicates the release and recapture stage. . . . . . 38

3.7 Vibrational frequencies spectrum of single atom trapped in a h × 31

MHz deep trap: retention probability as a function of the modulation

frequency of the trap potential. Two clearly visible dips in the graph are

at 37 kHz and 220 kHz, where the parametric resonances occur. . . . . . 39

3.8 One-dimensional Sisyphus cooling process realized by a blue detuned

standing wave. The blue curves correspond to the dressed states energy

levels, which are spatially varied as a result of light intensity variation

in a standing wave. The dashed lines represent the energy levels of the

bare states. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.9 Experimental timeline for the fluorescence detection of a single atom. . . 43

3.10 Fluorescence spectrum of a single atom, with the detuning being varied.

Black circles represent the integrated fluorescence conditioned on there

being one atom in the first and third images; red squares represent the

data conditioned on there being one atom in the first image only. Solid

lines are fits of asymmetric Lorentzian functions to the data. . . . . . . 45

3.11 (a) Retention probability and (b) Integrated fluorescence as a function

of MOT cooling light detuning from F = 3 to F = 3′, δ33′
c . Black circles

indicate experimental data taken with standing-wave imaging beam, red

squares indicate travelling-wave imaging beam. . . . . . . . . . . . . . . 46

3.12 (a) Retention probability and (b) Integrated fluorescence as a function

of imaging beam power for three detunings: δc = 5 MHz (black circles),

δc = 15 MHz (red squares) and δc = 35 MHz (blue diamonds). . . . . . . 48

3.13 Experimental sequence for multiatom detection. . . . . . . . . . . . . . . 52

xiii



LIST OF FIGURES

3.14 Ftot as a function of exposure time, taken with 16 successive images of

1ms exposure time each for three values of initial atom number N0. Each

data set is fitted with Eq. 3.6 with F1 and γ as known input parameters.

The fitted parameters for each of the data set are: N0 = 85.9 ± 0.5,

β = 6.4s−1 (black circles); N0 = 58.4 ± 0.4, β = 6.0s−1 (red squares);

and N0 = 31.3± 0.3, β = 5.7s−1 (blue diamonds). . . . . . . . . . . . . 53

3.15 Experimental timeline to compare the atom number at the end of the

first imaging pulse N1 with the atom number at the start of the second

imaging pulse N0
2 . Both of the imaging pulses have τ in duration. . . . . 54

3.16 (a) Measured atom number at the end of first pulse (N1) and second

pulse (N2) for duration τ = 0.1 ms (black circles), τ = 1 ms (red squares)

and τ = 3 ms (blue diamonds). The dashed line shows N2 = N1. (b)

Measured atom number at the end of first pulse and the atom number

at the start of second pulse (N0
2 )inferred from the second pulse τ = 0.1

ms (black circles), τ = 1 ms (red squares) and τ = 3 ms (blue diamonds). 55

3.17 (a) Two-sample variance of N1 and N2 as a function of exposure time.

Black circles represent the experimental data and the error bars indicate

2σ statistical error. Red dash dotted line represents the calculated light

noise σ2
N1

+ σ2
N2

. Blue dotted line represents the calculated noise arising

from atom loss σ2
loss based on Eq. 3.2 using 2 − 1 loss. Black solid line

represents the calculated total noise σ2
a using 2 − 1 loss. Green dashed

line represents the calculated total noise σ2
a using 2− 0 loss. The shaded

region indicated the interval where the atom number variance is below

the Poissonian fluctuations level. (b) Two-sample variance of N1 and

N0
2 as a function of exposure time. Legends are the same as (a), but the

calculated total noise is σ2
b here. . . . . . . . . . . . . . . . . . . . . . . 57

xiv



LIST OF FIGURES

3.18 Mean atom number (black line) calculated using Eq.3.3 as a function of

detection exposure time, assuming β∆N2 = 0. Shaded regions indicate

the 2σ width of the atom number distributions for processes involving

2−1 loss (shown as red shadings) and 2−0 loss (shown as grey shadings).

The atom number distribution is calculated using Eq. 3.2. Parameters

used: N0 = 63, β = 4.9s−1 and γ = 0.97s−1. . . . . . . . . . . . . . . . . 58

3.19 (a) Atom number distribution at t = 16 ms for 2 − 0 loss process. The

solid line shows the Poissonian distribution for mean atom number N =

10.6 (b) Same as (a), but for 2− 1 loss process. . . . . . . . . . . . . . . 59

4.1 Light-assisted collisions between two atoms with laser cooling. Path (a)

shows two colliding atoms escaping (2− 0 loss), leaving no atoms inside

the trap. Path (b) shows one of the two colliding atoms escaping (2− 1

loss), leaving one atom inside the trap. Path (c) shows neither of the

two colliding atoms escaping. Laser cooling removes the energy of the

atoms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2 The probability densities of the released energy D(Er) for with red de-

tunings 45, 75 and 105 MHz. The probability of a high energy release

are generally small. Figure adapted from (2). . . . . . . . . . . . . . . . 64

4.3 Experimental procedure to observe the dynamics of two atoms inside a

FORT under the influence of near resonant lights: (II) Verify that there

are two atoms in the trap initially by fluorescence detection. (III) Expose

the atoms with near resonant lights (Six D2 cooling beams and a D1

collision beam) with variable duration ∆t. (IV) Measure the remaining

number of atoms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

xv



LIST OF FIGURES

4.4 Two-atom evolution when exposed to red-detuned light as a function of

∆t. Light parameters: The collision beam has power 350 nW ( IIs ∼ 0.7)

and is 45 MHz red-detuned (∆
Γ ∼ 7.8) from the D1 F = 2 to F ′ = 3 tran-

sition at the centre of the FORT. Figure A. and B. have cooling beams

powers of 200 µW ( IIs ∼ 0.7)and 350 µW ( IIs ∼ 1.2) respectively. Green

circles, blue squares and red triangles are the probabilities of the experi-

ment ending with two, one and zero atoms respectively. The dotted lines

are the simulated plots. Error bars represent a statistical confidence of

68.3%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.5 Release and recapture temperature measurement of two atoms in the

FORT. The black circles are the experimental data points fitted by a

release and recapture simulation data with temperature T = 280 µK,

represented by the red curve. . . . . . . . . . . . . . . . . . . . . . . . . 68

4.6 Temperature evolution of an atom under the influence of the cooling

beams as a function of time. The red circles are the measurement. The

black line is the simulated results. . . . . . . . . . . . . . . . . . . . . . 69

4.7 Simulated evolution of individual and the combined energies of the atom

pair: A. is the case of 2 − 1 loss and B. is the case of 2 − 0 loss. The

dashed lines indicate when inelastic collisions occurred. In between the

collisions, the energies of the atoms are lowered due to the laser cooling

effect. Figure adapted from (2). . . . . . . . . . . . . . . . . . . . . . . . 70

4.8 Collision beam powers used for the corresponding detunings. . . . . . . 71

4.9 2-1 loss channel probability as a function of collision beam detuning in

the red detuned regime. . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

xvi



LIST OF FIGURES

4.10 Two-atom evolution when exposed to blue-detuned light as a function of

∆t: A. The collision beam is 85 MHz blue-detuned from the D1 F = 2

to F ′ = 3 transition at the centre of the FORT. B. Other parameters re-

mained the same but with collision beam 185 MHz blue-detuned. Green

circles, blue squares and red triangles are the probabilities of the experi-

ment ending with two, one and zero atoms respectively. The dotted lines

are the simulated plots. Error bars represent a statistical confidence of

68.3%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.1 Single atom preparation sequence using blue-detuned collision beam and

cooling light: (1) Sample preparation stage: about 20 atoms are loaded

into the FORT from a compressed Magneto-Optical Trap (CMOT); (2)

Isolation stage: a combination of in-trap laser cooling and light-assisted

collisions induced by blue-detuned beam are used to make the atoms

escape the trap one by one via 2−1 loss channel. (3) Collisions stop when

only one atom is left inside the trap. (4) Detection stage: measurement

of the number of atoms inside the trap by fluorescent detection. The

inset shows an image of one atom. Figure adapted from (3). . . . . . . . 78

5.2 Histogram of the integrated fluorescence for 3, 200 experimental real-

izations, representing 91% single atom preparation efficiency (statistical

error less than 0.01%) (3). . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3 Probabilities of loading one (blue squares), two (green circles) and zero

(red triangles) atom as a function of collision beam detuning ∆. . . . . . 80

5.4 Survival probability of the single atom . . . . . . . . . . . . . . . . . . . 80

5.5 Probabilities of loading one (blue squares), two (green circles) and zero

(red triangles) atom as a function of collision beam power. . . . . . . . 82

5.6 Survival probability of the single atom . . . . . . . . . . . . . . . . . . . 82

xvii



LIST OF FIGURES

5.7 Loading probabilities as a function of cooling beams power (per beam)

during the collision stage. Blue squares, red triangles and green circles

are probabilities of loading one, zero and two atoms respectively. The

lines are a guide to the eye. The thick pink continuous line is a result of

the single atom preparation simulation. . . . . . . . . . . . . . . . . . . 83

5.8 Left-axis: The single atom survival probability after a cooling light pulse

of duration 3.5 s, fitted with a black curve. Right-axis: pair decay time

due to the cooling beams τ2cool as a function of cooling beams power,

fitted with an orange dotted line. . . . . . . . . . . . . . . . . . . . . . . 84

5.9 Survival probability of the single atom . . . . . . . . . . . . . . . . . . . 85

5.10 Histogram of the integrated fluorescence for 1, 000 realizations, the largest

peak represents 63.0± 1.6% single atom preparation efficiency. . . . . . 87

5.11 Loading probabilities as a function of collision beam detuning in the red

detuned regime. Blue circles, red squares and green triangles represent

the probability of obtaining two, one and zero atoms respectively. Grey

diamonds represent the single atom survival probability after a collision

light pulse of 1.5 s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.12 Loading probabilities as a function of cooling beam power in the red

detuned regime. Blue circles, red squares and green triangles represent

the probability of obtaining two, one and zero atoms respectively. Lower

graph: Single atom survival probability after a collision light pulse of 1.5

s as a function of cooling beam power. . . . . . . . . . . . . . . . . . . . 88

6.1 Experimental sequence: Loading of atoms into the microtrap commences

when the 1064 nm microtrap beam is turned on. The imaging beam is

turned on during the atom detection stage. . . . . . . . . . . . . . . . . 94

xviii



LIST OF FIGURES

6.2 Level diagram of 85Rb. (Not to scale) Red, purple, and blue arrows

indicate the frequencies of MOT cooling beams, MOT repump beam,

and D1 blue-detuned collision beam respectively. (a) Free space level

diagram. (b) Level diagram for the atom at the center of the microtrap,

light shifted by the microtrap beam. The D2 excited states are shown

as light shifted m-states manifolds. . . . . . . . . . . . . . . . . . . . . . 96

6.3 Probability of observing one atom (p1) as a function of loading time with

a trap depth of h × 47 MHz. Probabilities are determined statistically

from 200 repetitions. Blue circles are experimental data points taken

with the blue-detuned collision beam on. The blue solid line is a fit

with Eq. 6.2, assuming negligible γ. The fit yields R = 156 s−1 and

p2→1 = 0.72. The red crosses are data points taken with the absence of

blue-detuned collision beam . The red solid line is a fit with Eq. 6.2,

assuming negligible γ, yielding R = 173 s−1 and p2→1 = 0.21. . . . . . . 98

6.4 p1 (t = 60 ms) as a function of trap depth. Blue circles are experimental

data points taken with the blue-detuned collision beam. Red crosses are

experimental data points taken without the blue-detuned collision beam.

The solid lines are guides to the eye. . . . . . . . . . . . . . . . . . . . . 99

6.5 p1 (t = 60 ms) as a function of the blue-detuned collision beam detuning,

∆. The solid line is a guide to the eye. . . . . . . . . . . . . . . . . . . . 101

6.6 p1 (t = 60 ms) as a function of the blue-detuned collision beam power.

The solid line is a guide to the eye. . . . . . . . . . . . . . . . . . . . . . 103

7.1 Raman sideband cooling: Level scheme for two-photon stimulated Ra-

man transition where an atom reduces its vibrational number nv by one.

The black arrows represent the Raman transitions. The orange arrow

represent the optical pumping to the excited state. The blue wavy arrow

represents the spontaneous decay to the nv − 1 in the |g2〉 state. . . . . 109

xix



LIST OF FIGURES

7.2 Level scheme for of a Λ-type stimulated Raman transition that couples

two hyperfine ground states |g1〉 and |g2〉 that are separated by an en-

ergy difference ∆HFS . The Raman beams are characterized by Rabi

frequencies Ω1 and Ω2. δR is the detuning for the Raman transition. . . 110

7.3 Stimulated raman transition that couples two hyperfine ground states

5S1/2 F = 2 and F = 3. RB 1,2 and 3 represent the Raman beams used

in our experiment. ∆R is the detuning of the Raman beams from the

D2 transition. δR is the Raman detuning. . . . . . . . . . . . . . . . . . 115

7.4 Experimental apparatus for the generation of Raman beams: RB 1, RB

2 and RB 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

7.5 Birds-eye view of the deliveries of Raman beams, optical pumping light

and push beam to the atom trapped in the 1064 nm FORT. Also shown

is the direction of a bias magnetic field applied to define the quanti-

zation axis of the atom. Note that the RB 3 enters the x-z plane at

approximately 55 degree angle. . . . . . . . . . . . . . . . . . . . . . . . 117

7.6 Experimental sequence for state detection efficiency. . . . . . . . . . . . 119

7.7 Retention probabilities of F = 2 and F = 3 atoms as a function of push

beam frequency, quoted as detuning from D2 F = 3 to F = 4′ transition. 120

7.8 Optical pumping scheme. Both OP 1 and OP 2 are linearly polarized.

∆F = 0, ∆mF = 0 is forbidden, thus atoms accumulate in the F =

3,mF = 0 ground state. . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7.9 Experimental apparatus for optical pumping beams: OP 1 and OP 2.

QWP stands for Quarter Wave Plate. . . . . . . . . . . . . . . . . . . . 121

7.10 Optimizing optical pumping efficiency. The Raman pulses applied are

RB 1 and RB 2 in co-propagating configuration, with on-resonant co-

propagating transition π-pulse. . . . . . . . . . . . . . . . . . . . . . . . 122

7.11 Alignment of the quantization axis with the OP 2 of 3 ms duration.

Left: P(F = 3,mF = 0) as a function of horizontal-coil current. Right:

P(F = 3,mF = 0) as a function of vertical-coil current. The solid curves

are Gaussian fitted curves. . . . . . . . . . . . . . . . . . . . . . . . . . . 123

xx



LIST OF FIGURES

7.12 P(F = 3,mF = 0) as a function of OP 2 duration (left) and OP duration

(right). The solid curves are fitted curves with exponential functions. . . 123

7.13 Left: Co-propagating transition, obtained by changing the detuning of

Raman beams. This data is taken with π-pulse of the transition. The

solid curve is a fitted Gaussian function. Right: The probability that the

atoms undergo Raman transitions as a function of Raman beams pulse

duration (Rabi oscillations). The solid curve is a fitted damped cosine

function. Note here that we plotted the results with P (F = 3), which

can be obtained from 1− P (F = 2). . . . . . . . . . . . . . . . . . . . . 124

7.14 Experimental sequence for Raman sideband cooling. The trap depth are

U1 = h× 56, U2 = h× 175 MHz and U3 = h× 2 MHz. The trap depths

are ramped adiabatically. . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.15 Raman spectrum after sub-Doppler cooling obtained from spectroscopy

by using RB 1 and RB 3 for a 90 µs pulse duration. The sideband peaks

are fitted with Lorentzians, the solid line shows the fitted curve. The

carrier transition peak, taken with 40 µs pulse duration, is also shown

as the black data set, fitted with a Gaussian function (black solid line). 127

7.16 Radial sideband spectrum after sub-Doppler cooling obtained from spec-

troscopy by using RB 1 and RB 2 for a 120 µs pulse duration. The side-

band peaks are fitted with Lorentzians, the solid line shows the fitted

curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

7.17 Rabi oscillations for the sidebands before Raman sideband cooling. Left:

Rabi oscillations for bsbRB3 (blue) and rsbRB3 (red). Right: Rabi oscil-

lations for bsbRB2 (blue) and rsbRB2 (red). Data are fitted with damped

cosine functions, shown as the solid curves. Note here that we plotted

the results using P (F = 3), which can be obtained from 1− P (F = 2). 130

xxi



LIST OF FIGURES

7.18 Sideband cooling cycle sequence. The Raman beams RB 1 and RB 3 are

used. 24 cycles of 150 µs optical pumping, followed by Raman pulses

of 50, 90 and 120 µs and 180 µs OP 1 pulse, is applied in between the

Raman pulses, plus 24 cycles of 150 µs OP and Raman pulses of 100 µs.

Ncyc denotes the number of cycles for the first part of the cooling sequence.130

7.19 Blue: Radial sideband spectrum after Raman sideband cooling obtained

from spectroscopy by using RB 1 and RB 3 for a 120 µs pulse duration.

The sideband peaks are fitted with Lorentzians, the solid line shows the

fitted curve. Green: Further scanning around bsbRB3 and rsbRB3 using

150 µs pulse duration, revealing two peaks at 259 kHz at both sides from

the carrier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

7.20 Rabi oscillations for the sidebands after Raman sideband cooling. Left:

Rabi oscillations for bsbRB3 (blue) and rsbRB3 (red). Right: Rabi oscil-

lations for bsbRB2 (blue) and rsbRB2 (red). Data are fitted with damped

cosine functions, shown as the solid curves. . . . . . . . . . . . . . . . . 132

7.21 Blue: Radial sideband spectrum after Raman sideband cooling obtained

from spectroscopy by using RB 1 and RB 2 for a 150 µs pulse duration.

The sideband peaks are fitted with Lorentzians, the solid line shows the

fitted curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7.22 n̄RB3 as a function of Ncyc in the cooling sequence in Fig. 7.18, without

the second 24 cycles of 150 µs OP and 100 µs of Raman pulses. The data

is fitted with en exponential decay function, the fitted curve is shown as

the solid line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

7.23 Release and recapture curves before (red) and after (blue) cooling with

Ncyc = 10 of 150 µs OP and 50, 90, 120 µs of RB 1 and RB 3. This RR

measurement is performed in a trap ramped down to h×8 MHz (Refer to

Sec. 3.3 for reasons.). The Monte Carlo model for the RR measurement

gives 7.0 ± 0.3µK before cooling and 4.3 ± 0.2µK after cooling, which

corresponds to 33 ± 1µK before cooling and 20 ± 1µK after cooling in

the h× 175 MHz trap depth, where we do our sideband cooling. . . . . 136

xxii



LIST OF FIGURES

8.1 Progress of using light-assisted collisions as an approach in the prepara-

tion of single atoms in a FORT with known trap waist: some examples of

works, quoted with the year reported and the atomic species used. The

single atom preparation efficiency is quoted as the single trap efficiency.

Blue dots represent works that employs repulsive light-assisted collisions.

The highlighted works are those that have been presented in this thesis.

*Note: The works using Cs are conducted in a blue-detuned FORT, so

the individual trap size are not directly comparable to the other works

that use red-detuned FORT. . . . . . . . . . . . . . . . . . . . . . . . . . 141

B.1 Level diagram of 85Rb for D2 (left) and D1 (right) lines, data from

Ref.(4). Also shown are the transitions used for the MOT cooling light,

MOT repump beam, Raman beams, imaging/collision beam and optical

pumping beams. Not drawn to scale. . . . . . . . . . . . . . . . . . . . . 145

xxiii



LIST OF FIGURES

xxiv



List of Tables

2.1 Dipole-allowed transitions used for the calculation of light shifts for

5S1/2, 5P1/2 and 5P3/2 states and their associated wavelengths and |〈J ||µ̂||J ′〉|2

values (5). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

A.1 Fundamental physical constants (2010 CODATA recommended values) . 143

A.2 Rubidium-85 physical properties . . . . . . . . . . . . . . . . . . . . . . 143

A.3 Rubidium-85 D1 (52S1/2 → 52P1/2) transition optical properties . . . . . 144

A.4 Rubidium-85 D2 (52S1/2 → 52P3/2) transition optical properties . . . . . 144

xxv



LIST OF TABLES

xxvi



Chapter 1

Introduction

In the microscopic world, quantum mechanics occupies an important position in ex-

plaining the phenomena that we do not observe in the macroscopic world. Most of our

understanding about the quantum behaviour of the microscopic systems has tradition-

ally relied on inferences based on measurements of large ensembles. However, some

effects are not revealed in ensemble average measurements since such only give partial

information about a system. In the pursuit to fully understand the physical reality of

the microscopic world, one has to venture into experiments that allow observations of

microscopic processes at individual event level.

Over the last few decades, the knowledge that stems from the fundamental research

of atom-light interactions has enabled physicists to optically manipulate microscopic

systems (6, 7, 8). Experimental access to the single particle regime was achieved as early

as 1978, with the observation of individual Barium ions (9). Following the development

of laser trapping techniques to spatially confine neutral atoms, a single neutral Caesium

atom was successfully observed in 1994 (10). Due to its scalability and near perfect

isolation from the environment, optically trapped individual neutral atoms provides an

excellent and versatile platform to study microscopic systems.

The progress in the experimental studies of microscopic systems has not only con-

solidated our understanding of the physical processes that govern these systems fun-

damentally, but the level of control of systems consisting of individual or small sets of

neutral atoms has improved tremendously (11, 12, 13, 14, 15, 16, 17, 18). This has led
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1. INTRODUCTION

to the idea of using these systems in quantum information processing. According to the

DiVincenzo criteria, a physical realization of a quantum information processing device

requires a string of qubits that can interact with each other but have long relevant

coherence times (19, 20). Individual neutral atoms presents themselves as candidates

for qubits (21, 22, 23, 24). An array of optical microtraps with each site storing a single

atom (25, 26, 27, 28) is a promising working arrangement to fulfill the DiVicenzo crite-

ria. The probability of having an array of N sites all filled with an atom simultaneously

scales with the single atom preparation efficiency to the power of N . Therefore effi-

cient loading of single neutral atoms is an important step to realize a scalable quantum

information processing device (12, 25, 29, 30).

Far-Off Resonance Traps (FORT) (31) provide conservative potentials for the atoms

and they can be dynamically reconfigured (29, 32). This makes FORTs an attractive

tool to store single neutral atoms with near perfect isolation from the environment.

Furthermore, atoms in FORTs have long coherence times and both the long and short

range atomic interactions can be controlled (17, 24, 33, 34).

In recent years, a few different approaches have been developed to achieve efficient

preparation of single neutral atoms in FORTs. One of the earlier approaches to load

single atoms into array of microtraps is the implementation of post-loading redistribu-

tion of the trapped atoms by consecutive atom-sorting using two standing wave FORTs

(35, 36). One other approach involves the superfluid to Mott-insulator transition in

a Bose-Einstein Condensate (BEC) to load individual atoms into optical lattices with

high efficiencies (15, 30, 37). From a degenerate Fermi sample, single fermions can be

prepared in single trap geometries by using a controlled spilling process based on Pauli’s

exclusion principle (17). This is realized by adiabatically deforming the trap potential

to spill atoms in higher energy levels out of the trap. Isolation of single Bosonic helium

atoms in a BEC has been demonstrated in (38) with the use of Penning ionization to

deplete the number of trapped atoms. Another front of approaches that do not require

the formation of a BEC or a degenerate Fermi gas includes the utilization of many-

atom entangled states generated by Rydberg blockade mechanism (39, 40) or inducing

repulsive light-assisted collisions between trapped atoms (3, 41, 42). When applied to
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a sample of atoms in a trap, these mechanisms can ensure that the trap is not occupied

by more than one atom.

Using light-assisted collisions to prepare single neutral atoms in FORTs has gained

considerable interests in recent years due to its relative simplicity and speed. This

method relies on the loss of atoms from a FORT due to inelastic light-assisted collisions,

until there is only one atom left in the trap. With such effect, sub-poissonian atom

loading was first observed in optical lattices (43) and in tight optical tweezers (44, 45).

In the latter experiments, the collisional blockade takes effect where only one atom can

be loaded in a tight trap at a time due to the small trapping volume. The preparation

efficiencies were initially reported to be about 50%. In these experiments, with a real-

time atomic fluorescence monitoring system to determine the number of atom, the

loading process can be stopped when one atom is detected in the trap. However, for

such scheme to be suitable for loading multiple traps simultaneously, the single atom

preparation efficiency of a trap has to be improved. By inducing repulsive light-assisted

collisions between a few tens of atoms in a FORT, (41) has reported a preparation

efficiency of 83%.

In this thesis, we show that we can use controlled repulsive light-assisted collisions

to near-deterministically prepare single neutral atoms in a FORT, with efficiency of 91%

(3) and with similar methods the preparation efficiency in collisional blockade loading

can be enhanced to about 80% (46). The preparation method is based on a combi-

nation of repulsive light-assisted collisions and in-trap laser cooling. It is important

to understand the mechanisms of light-assisted collisions and how these can affect the

preparation efficiency, so we conduct “idealized” collision experiments where we observe

the dynamics of two atoms inside a FORT under the influence of near-resonant lights

(2, 3). These experiments allow us to discriminate and quantify different two-atom loss

channels, which could also be of fundamental interest (47, 48). One of the practical

aspects that is useful in the study of atomic dynamics is the accurate determination

of number of atoms within a trap, which can be complicated by atom losses due to

light-assisted collisions. We also present an in-trap fluorescence detection method to
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count from 1 to more than 100 atoms held in a high density FORT with sub-Poissonian

precision (49).

Once the preparation and detection methods have been established, the next step

towards the manipulation of the microscopic world is to gain control of the centre

of mass motion of single neutral atoms. Recently, Raman sideband cooling has been

applied to cool single neutral atom in a FORT with its occupancy of centre of mass

ground state reaching close to unity (18, 50). These works use stimulated Raman

transition that couples two internal ground states to reduce the vibrational level of the

atom and an optical pumping scheme to carry away entropy. In (50), cooling of an

atom in a FORT to its two dimensional radial ground state was demonstrated, while

three dimensional ground state cooling with 90% probability was achieved in (18). This

has enabled experiments to control the single atom quantum state and directly observe

the effects of quantum indistinguishability from two-particle interference (32). Before

the end of this thesis, we will describe our experiment to laser cool our prepared single

atoms to its two dimensional motional ground state via Raman sideband cooling. This

will drive us towards our important long term goals: the deterministic preparation of

single neutral atoms with known quantum states inside a single trap potential that can

be dynamically reconfigured.

The high efficiency preparation of single atoms can be extended to an array of mi-

crotraps, as demonstrated recently in (42). Raman sideband cooling of a few atoms

in microtraps to their quantum ground states will pave a new avenue to study the

interaction of few-body systems with unprecedented controllability and to realize re-

liable quantum gates (12). By creating a low-entropy system atom-by-atom, one can

study the connection between microscopic and macroscopic physics and how statistical

mechanics emerge from fundamental theories.

1.0.1 Thesis outline

This thesis is structured into two main parts, signifying two distinct sets of experiments

conducted:
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Part I, which consists of Chapter 2 to Chapter 6, presents the experiments associ-

ated with near-deterministic preparation of single atoms in FORTs.

Chapter 2 provides the background materials that are important in the under-

standing of the experiments in Part I. We first review the basic concepts of the Far-Off

Resonant Trap (FORT) and calculate the trap light shifts induced on a multilevel atom.

We then introduce the physics of light-assisted collisions between two atoms based on

semiclassical models.

Chapter 3 begins by describing the experimental setup that we use throughout

the experiments presented in Part I. We present our experimental methods to prepare a

small sample of atoms inside a FORT and to count atoms with sub-Poissonian precision

by using the in-trap fluorescence detection method.

Chapter 4 describes the dynamics between two atoms undergoing light-assisted

collisions induced by both red-detuned and blue-detuned light. We start by providing

an account of different atomic trap loss channels that can arise from light-assisted

collisions. We then present the experiments to study the dynamics between two atoms

undergoing light-assisted collisions. We discuss the implications of the results on the

preparation of single atoms by using light-assisted collisions.

Chapter 5 presents the method for near-deterministic preparation of single atom

by using a combination of in-trap laser cooling and repulsive light-assisted collisions

induced by blue-detuned light. We investigate the dependence of the preparation ef-

ficiency on various experimental parameters. We also present the results of a similar

experiment but with light-assisted collisions induced by red-detuned light.

Chapter 6 describes an experiment where the method of repulsive light-assisted

collisions is being utilized in collisional blockade loading of a single atom in a tight

microtrap. We explain the challenges associated with applying the method in such a

trap regime and how different parameters can be tuned to improve the preparation

efficiency. We also introduce a collisional blockade loading model.
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Part II, which consists of Chapter 7, presents the Raman sideband cooling experi-

ment to cool the prepared single atom in a FORT to its vibrational ground state.

Chapter 7 begins by reviewing the background and theory of Raman sideband

cooling. We then present our sideband cooling scheme that utilizes the magnetically

insensitive state of the atom. We will describe the experimental apparatus to imple-

ment the cooling scheme that are added onto the experiment setup of Part I. We then

present the results for our Raman sideband cooling experiment.

Finally, to conclude this thesis, Chapter 8 provides a summary of results for this

thesis and shows the current state of experiments that employ light-assisted collisions

to prepare single atoms in FORTs. We discuss the potential applications and the future

directions of our system.

1.0.2 Author’s contribution

The experimental work presented in this thesis was carried out jointly by myself and

various colleagues at various stages of my studies at the University of Otago. The

experiments were conceptualized and supervised by group leader Mikkel Andersen.

For the experiments described in this thesis, I contributed to the implementation of

the experiments, the experimental data acquisition and the analysis of the results,

in collaboration with my colleagues during the course of my studies. In particular,

the imaging and counting of atoms experiments (Chapter 3) were carried out jointly

by me, postdocs Andrew Hilliard, Alicia Carpentier and senior PhD students Matt

McGovern and Pimonpan Sompet (49). The noise model for the counting of multiple

atoms is developed by Andrew Hilliard. The experimental work of high efficiency

preparation of single atoms (Chapter 5) and two-atom dynamics (Chapter 4) were

conducted by me in association with Alicia Carpentier and Pimonpan Sompet (2, 3, 51).

The numerical simulations of the two-atom dynamics were done by Pimonpan Sompet.

After the departures of these colleagues, I conducted the collisional blockade loading

experiments (Chapter 6) and published its results (46). I then moved on to develop
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the sub-Doppler cooling of an atom in a deep trap and the state detection scheme

for the Raman sideband cooling experiments (Chapter 7). Following the arrival of new

postdocs Pimonpan Sompet and Eyal Schwartz, we collaborated in the optical pumping

and sideband cooling schemes (Chapter 7).
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Chapter 2

Background

In the experiments described in this thesis, we use a Far-Off Resonant Trap (FORT)

as a platform where we hold the atoms and perform experiments on the atoms in it.

Hence, it is important to understand the formation of a FORT and the effects of the

trap light on the atoms. The first section of this chapter will address these by reviewing

the basic concepts of atomic interactions with a far-detuned light field that results in

the confinement of atoms in an optical dipole potential.

Light-assisted collisions is the key mechanism that enables the near-deterministic

preparation of single atoms described later in this thesis. It is necessary for us to

introduce the light-assisted collisions model that we used to interpret our experimental

results. In the second section of this chapter, we will present a semiclassical model

for light-assisted collisions between two atoms. We will focus on the repulsive and

attractive light-assisted collisions.

2.1 Far-Off Resonant Trap (FORT)

FORTs has become a popular method to optically confine and manipulate neutral atoms

by using their electric dipole interaction with far-detuned light (31). The use of this

technique can be traced back to 1968 when Letokhov first considered one dimensional

confinement of atoms using an off-resonant optical standing wave (52). Ashkin optically

manipulated tiny biological objects using single-beam gradient laser traps, known as
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“optical tweezers” (53). Optically trapped neutral atoms was first demonstrated using

such traps in 1986 by Chu (54).

A simple and robust FORT can be formed by tightly focussing a single Gaussian-

mode laser beam red-detuned far off the atomic resonance frequency. This leads to

a dipole force that is attractive towards the high intensity region. At sufficient large

detuning, spontanenous scattering of the trap light is negligible. Even at far detuning,

high laser intensity maintains an optical trap potential of few millikelvins, which is

sufficient to hold laser cooled atoms.

In addition to single focused red-detuned beams FORTs, other FORTs include the

blue-detuned FORTs, where a spatial region is surrounded by blue-detuned repulsive

light fields with methods such as light sheets (55) and hollow laser beams (56). Inter-

ference patterns of multiple far-detuned laser beams can create optical lattices (57),

where the atoms are trapped in periodic array of conservative microtraps.

This section reviews the physical description of the interaction of an atom with far-

detuned light field. We briefly summarize the two-level atoms which can be understood

in terms of a classical oscillator model and then consider a quantum mechanical treat-

ment to account for the multi-level nature of an alkali atom. This largely follows the

approach taken in a comprehensive review by Grimm et. al (31). We will also present

a calculation of light shifts induced on atoms by a single focused Gaussian beam FORT.

2.1.1 Optical dipole potential

FORT relies on the optical dipole force that confines atoms at the focus of a laser beam.

This optical dipole force originates from the dispersive interaction between the induced

electric dipole moment of an atom and an external light field intensity gradient (58).

The gradient of this interaction potential gives the dipole force, which is conservative

and is proportional to the intensity gradient of the external light field.

To derive an expression for the dipole interaction potential, one can use the frame-

work of a classical oscillator model for a two-level atom. The atom is modeled as an
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electron with mass me and charge e elastically bound to the core by an harmonic po-

tential with a resonance frequency ω0. When an atom interacts with a light field with

intensity I and driving frequency ω, the light induces an atomic dipole moment. The

on-resonance damping rate is Γ = e2ω2/6πε0mec
3, due to the dipole radiation of the

oscillating electron. The dipole potential can thus be derived as (31):

Udip = −3πc2

2ω3
0

(
Γ

ω0 − ω
+

Γ

ω0 + ω

)
I (2.1)

For detuning ∆ ≡ ω − ω0 smaller than the atomic resonance frequency (∆ <<

ω0), the counter-rotating term Γ
ω0+ω resonant at ω = −ω0 can be neglected using the

rotating-wave approximation, so the expression for potential further reduces to:

Udip =
3πc2

2ω3
0

Γ

∆
I (2.2)

This expression shows that the sign of the trap potential is dependent on the sign

of ∆. For a red-detuned light field (∆ < 0), the trap potential is negative and the atom

is attracted to the high intensity light field region, where the potential is minimum.

Whereas for a blue-detuned light field (∆ > 0), the atom is pushed away from the

high intensity region. Another important point is one can show that the scattering

rate by the trap light is proportional to I
∆2 (31). Thus one needs to operate with large

detunings and high intensities to minimize the scattering while maintaining a specified

trap potential.

2.1.2 Quantum mechanical treatment for multi-level atom

Within the two-level atom approximation, the oscillator model provides a fairly accurate

description on the trap potential for a far-off resonant dipole trap. However, the dipole

interactions between the light field and the multi-level structure of an atom have to be

taken into account to describe the light shifts of the atomic ground and excited states.

Since the energy shifts from a far-detuned light field on the atomic energy levels are

small in comparison to the energy differences between the atomic levels, the effect can

be treated as a second-order perturbation of the electric field.

13
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An atom interacting with a light field (of electric field E) with interaction Hamilto-

nian Ĥ = µ̂ ·E with the electric dipole operator µ̂ = −er (r being the relative position

vector of the electrons) and unperturbed energy of the i-th state εi, has energy shift

∆Ei given by (31):

∆Ei =
∑
j 6=i

∣∣∣〈j|Ĥ|i〉∣∣∣2
εi − εj

(2.3)

In the dressed state picture of atom-light interaction, a ground state atom has no

internal energy and the field energy is n~ω, where n is the number of photons in the

absence of dipole interactions. The total energy is then εi = n~ω for an unperturbed

state. When an atom is excited by absorbing a photon, the total energy becomes

εj = ~ω0 + (n − 1)~ω = −~∆ij + n~ω, where ~ω0 is the internal energy and the field

has one less photon. The energy difference between the two states εi− εj is thus ~∆ij .

Figure 2.1: Light shift for a two-level atom coupled by a red-detuned light field. The

ground state is shifted down and excited state shifted up by an equal amount.

The energy shift (Eq. 2.3) for a two-level atom with ground state |g〉 and excited

state |e〉 due to the interaction Hamiltonian Ĥ is then:

∆E = ±|〈e|µ̂|g〉|
2

∆
|E|2 = ±3πc2

2ω3
0

Γ

∆
I (2.4)

14



2.1 Far-Off Resonant Trap (FORT)

where the + sign denotes the excited state energy shift and the − sign denotes the

ground state energy shift and Γ =
ω3

0
3πε0~c3 |〈e|µ̂|g〉|

2. Comparing Eq. 2.4 to Eq. 2.2,

one can see that for a two-level atom, this ‘light shift’ (also known as ‘AC Stark shift’)

of the ground state, shown schematically in Fig. 2.1, also corresponds to the dipole

trapping potential generated by a red-detuned Gaussian beam.

A multi-level atom has fine structures due to the coupling between the orbital

angular momentum L of the electron and its spin angular momentum S. The total

angular momentum of the electron is then: J = L + S (59). The coupling of J with the

total nuclear angular momentum I gives rise to the hyperfine structure (4). The total

angular momentum F is F = J + I and mF is the projection of F̂ on the quantization

axis.

Light shifts for individual sublevels within the hyperfine state manifold of a multi-

level atom can be calculated by considering the dipole matrix elements µij = 〈ei|µ̂|gi〉

between specific ground states |gi〉 and excited states |ei〉, which characterize the cou-

pling strength between the atom and light field. Two hyperfine sublevels |F,mF 〉

(ground state) and |F ′,m′F 〉 (excited state) are coupled via the dipole interaction.

Using the Wigner-Eckart Theorem (60), the dipole matrix element can be written as

a product of a Clebsch-Gordan coefficient 〈F,mF |F ′, 1,m′F , q〉 and the reduced matrix

element 〈F ||µ̂||F ′〉 (4):

〈ei|µ̂|gi〉 = 〈 F, mF |µ̂| F ′, m′F 〉 = 〈F ||µ̂||F ′〉〈F,mF |F ′, 1,m′F , q〉 (2.5)

q = 0,±1 specifies the polarization state of the light field, 0 for linear and ±1 for

σ± circular polarization. In terms of Wigner-3j symbol,

〈F,mF |F ′, 1,m′F , q〉 = (−1)F
′−1+mF

√
2F + 1

(
F ′ 1 F
m′F q −mF

)
(2.6)

By factoring out the F and F ′ dependence into a Wigner 6-j symbol, 〈F ||µ̂||F ′〉

can be further reduced to a matrix element that depends on the L, S and J quantum
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numbers (4):

〈F ||µ̂||F ′〉 = 〈J ||µ̂||J ′〉(−1)F
′+J+1+I

√
(2F ′ + 1)(2J + 1)

{
J J ′ 1
F ′ F I

}
(2.7)

The numerical values of 〈J ||µ̂||J ′〉 can be calculated from the radiative lifetime of

the states involved (61):

1

τJJ ′
=

ω3
0

3πε0~c3

2J + 1

2J ′ + 1
|〈J ||µ̂||J ′〉|2 (2.8)

The full dipole matrix then can be expressed as:

µij = 〈ei|µ̂|gi〉 = cij
∣∣〈J ||µ̂||J ′〉∣∣ (2.9)

where

cij = 〈F,mF |F ′, 1,m′F , q〉(−1)F
′+J+I+1

√
(2F ′ + 1)(2J + 1)

{
J J ′ 1
F ′ F I

}
(2.10)

Using Eq. 2.3, with the expression of the dipole matrix above, one can compute

the light shifts for any ground state |J, F,mF 〉 to any excited state |J ′, F ′,m′F 〉. For

example, for the ground state energy Udip,i = ∆Ei, the summation is carried out over all

excited states |ej〉 with the corresponding cij and values of |〈J ||µ̂||J ′〉| for the transitions

considered, along with the detunings of the light field from transition i→ j, ∆ij .

2.1.3 Single focused Gaussian laser beam FORT

A FORT formed from a single red-detuned Gaussian laser beam is a Gaussian potential

well since the dipole potential Udip is a function of laser beam intensity. The intensity of

a Gaussian beam with wavelength λ and power P propagating along the axial direction

z at any point r away from the centre axis of the beam, is given by:

I(r, z) =
2P

πw2(z)
exp

[
− 2r2

w2(z)

]
(2.11)
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2.1 Far-Off Resonant Trap (FORT)

Transitions Wavelength, λ (nm) |〈J ||µ̂||J ′〉|2 (C2m2)

5S1/2 ↔ 5P1/2 794.98 6.43× 10−58

5S1/2 ↔ 5P3/2 780.24 1.28× 10−57

5P1/2 ↔ 4D3/2 1475.86 1.16× 10−57

5P1/2 ↔ 5D3/2 762.10 3.28× 10−58

5P1/2 ↔ 6S1/2 1323.69 3.09× 10−58

5P1/2 ↔ 6D3/2 620.80 4.54× 10−59

5P1/2 ↔ 7S1/2 728.20 4.04× 10−59

5P1/2 ↔ 8S1/2 607.24 4.53× 10−60

5P3/2 ↔ 4D3/2 1529.26 2.36× 10−58

5P3/2 ↔ 4D5/2 1529.37 2.13× 10−57

5P3/2 ↔ 5D3/2 776.16 7.83× 10−60

5P3/2 ↔ 5D5/2 775.97 7.04× 10−59

5P3/2 ↔ 6S1/2 1367.67 6.56× 10−58

5P3/2 ↔ 6D3/2 630.10 5.64× 10−60

5P3/2 ↔ 6D5/2 630.02 4.95× 10−59

5P3/2 ↔ 7S1/2 741.02 3.23× 10−59

5P3/2 ↔ 8S1/2 616.13 8.81× 10−60

Table 2.1: Dipole-allowed transitions used for the calculation of light shifts for 5S1/2,

5P1/2 and 5P3/2 states and their associated wavelengths and |〈J ||µ̂||J ′〉|2 values (5).

where the position-dependent spot size w(z), with beam waist w0 and Rayleigh

length zR =
πw2

0
λ , is:

w(z) = w0

√
1 +

(
z

zR

)2

(2.12)

We want to calculate the light shifts on the ground and excited states of a Rubidium-

85 (85Rb) by a FORT. As an example, we consider a trap light to have linear polar-

ization, λ = 1064 nm, w0 = 1.05 µm and P = 35 mW. We take into account several

allowed transitions to higher lying states (see Fig.2.2 and Tab.2.1), which are chosen

since they have the strongest transition strengths and smallest detunings, and then

consider the spatial intensity distribution according to Eq. 2.11.

The calculated light shifts for this FORT, averaged across all mF states, as a func-
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Figure 2.2: Dipole-allowed transitions used for the calculation of light shifts for 5S1/2,

5P1/2 and 5P3/2 states. The transition wavelengths, quoted in nanometres, are labelled

alongside the transitions, represented by arrows. The vertical axis is the electronic state

energy, not drawn to scale.
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2.1 Far-Off Resonant Trap (FORT)

tion of r and z, are shown in Fig. 2.3. It shows that the mF -state averaged light shifts

for each of the excited states for D2 (F ′ = 1, F ′ = 2, F ′ = 3, F ′ = 4) are the same.

The same applies to each of the D1 excited states (F ′ = 2, F ′ = 3). This is true for

linearly polarized and far-off resonant light, where the detuning is large if compared

to the hyperfine splittings such that the light interacts with the full J to J ′ transition

(4, 62). As shown in Fig. 2.4, for D2 excited states, the light shifts are not mF state

independent. For D1 excited states, the light shifts for the mF sublevels are equal when

linearly polarized light is used. This is a consequence of the equal sums of the squared

Clebsch-Gordan coefficients for mF sublevels for the dipole allowed-transitions that in-

volve D1 excited states. For linearly polarized light, the ground state light shift does

not depend on the F and mF states and it corresponds to a FORT potential depth,

which is h×55 MHz at the centre of the trap (also equivalent to 2.7 mK/kB). Since the

light shifts of the atomic transitions are quite substantial and they need to be included

when tuning the laser frequencies to address particular resonances for an atom at the

bottom of the trap.
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Figure 2.3: Light shifts on the 85Rb D1 and D2 lines induced by a FORT light (A) in the

radial direction and (B) axial direction, averaged across all mF states (assuming a uniform

population distribution across them). The ground state shift corresponds to the FORT

potential. The FORT has λ = 1064 nm, w0 = 1.05µm and P = 35 mW.
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2.1 Far-Off Resonant Trap (FORT)

Figure 2.4: Light shifts for individual mF states at the centre of the FORT on (A) D2

line F = 3 ground state and F ′ = 4 excited state and and (B) D1 line F = 3 ground state

and F ′ = 3 excited state. The horizontal lines represent the unshifted ground (F ) and

excited (F ′) states.
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2.2 Light-assisted collisions between two atoms

The subject of collisions between two atoms induced by near resonant light occupies an

important position in wide range of research in atomic, molecular and optical physics.

The mechanisms and effects of binary collisions between cold atoms have been well

studied since the advent of laser cooling and trapping of atomic gasses. While being

an inevitable phenomenon in cold atom experiments, light-assisted collisions have been

utilized to prepare individual atoms in microscopic FORTs. In this section, we will

first present a semi-classical model of light-assisted collisions. Then we will discuss

three main types of light-assisted collisions that we will encounter in our experiments:

repulsive light-assisted collisions, attractive light-assisted collisions and briefly the fine

structure changing collisions. The model of light-assisted collisions that we will review

in this section is based on the semiclassical approach described in (63, 64, 65).

Figure 2.5: Schematic of light-assisted collisions model: interaction potentials as a func-

tion of internuclear separation R. Red arrows represent the process of excitation of two

ground state atoms to an attractive potential (red curve). Blue arrows represent the process

of excitation of the atoms to a repulsive potential (blue curve).
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2.2 Light-assisted collisions between two atoms

2.2.1 Semi-classical model of light-assisted collisions

The basic features of collisions between two Rubidium-85 (85Rb) atoms can be described

schematically with Fig. 2.5. Ug(R) is the attractive ground state interaction potential

as a function of internuclear separation R. Expressed in terms of power series of 1
R , it

is given by (66):

Ug(R) = −C6

R6
− C8

R8
... (2.13)

where C6 and C8 are the coefficients resulting from the interaction (66).

The long range asymptote of the ground state potential is thus Ug(R)R→∞ ≈ −C6
R6 .

The atom-atom interaction is negligible when R is large and here the ground state is

just two atoms each in their ground state, represented by |S + S〉.

Ue(R) is the first excited state interaction potential as a function of R:

Ue(R) = ~ω0 ±
C3

R3
± C5

R5
... (2.14)

where ~ω0 is the atomic excitation energy, i.e. the energy difference between the

ground and excited states of an atom. C3 and C5 are coefficients that characterize the

excited state potential. C3 arises from the resonant dipole interaction while C5 arises

from the resonant quadrupole interaction (66, 67).

This first excited molecular potential has the long range asymptote of Ue(R)R→∞ ≈

~ω0 ± C3
R3 . At this state, the atoms interact via the C3

R3 potential, which can be either

attractive or repulsive depending on the relative phase of the interacting dipoles (i.e. the

relative co-ordinates of the two colliding atoms’ centre of charge distributions relative

to the corresponding nuclei). The first excited molecular state, at large R, is denoted

by |S + P 〉 where one of the atoms is in its ground state and the other atom is in its

excited state.

As two atoms approach each other in a collision, the transition frequency changes.

The Condon point Rc is the internuclear separation where the atom pair is on resonance

with the light field of frequency ωL, i.e. Ug(Rc)−Ue(Rc) = ~ωL. For near resonant light

fields (relative to the atomic transition), the excited state potential can be approximated
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by the C3
R3 asymptote. In addition, the ground state potential is approximated to be

independent of R since the excited potential is much larger than the ground state at

long range. Thus, the Condon point Rc is given by:

Rc =

(
C3

~∆

)1/3

(2.15)

where ∆ = ωL − ω0 is the detuning of the light field from the free atom resonance.

At Rc, two ground state atoms may absorb a photon and get transferred to the excited

state. If the light is red-detuned, then the atoms will be excited to the attractive

potential. If the light is blue-detuned, then the atoms will be excited to the repulsive

potential. In an inelastic collision process, the atoms decay back to the ground state

through spontaneous emission and gain kinetic energy.

2.2.2 Landau-Zener transition

To understand the collisional process, one can use the Landau-Zener (LZ) model, which

provides the probability of transition between two states coupled by an external field

that is on resonant with the transition frequency (68). Figure 2.6 shows the formation

of a Landau-Zener avoided crossing at Rc under the presence of optical coupling. If

there is no optical coupling, the atom-field states, denoted by |S + S, n〉 (n is the photon

number in the light field) and |S + P, n− 1〉, will cross each other at Rc. The coupling

by the light field makes the dressed state form a Landau-Zener avoided crossing at Rc

(orange curves).

As the internuclear separation crosses Rc in a collision, the atom pair may undergo

adiabatic following, where they move through the coupling region adiabatically. The

atom pair may also undergo a transition to the other dressed state. This mechanism

is the Landau-Zener (LZ) transition. The probability that the two colliding atoms

undergo a LZ transition is given by (65):

PLZ = exp

(
−2π~Ω2

vα

)
(2.16)
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2.2 Light-assisted collisions between two atoms

Figure 2.6: Left: Two atom-field states |S + S, n〉 and |S + P, n− 1〉 represented by the

two solid lines, in the absence of optical coupling. Right: The coupling by the light field

forms a Landau-Zener avoided crossing at Rc. The orange curves represent the dressed

states. The atom-field states are now represented by the dashed lines.

with v being the relative radial speed of the atoms at Rc and Ω being the on-

resonance (with molecular transitions) Rabi frequency, which is proportional to the

square root of light intensity (65, 69). α is the difference in potential slopes evaluated

at Rc:

α =

∣∣∣∣d[Ue(R)− Ug(R)]

dR

∣∣∣∣
Rc

(2.17)

With the approximation that Ue(R)−Ug(R) = ~ω0 + C3
R3 as well as expression from

Eq. 2.15, we can obtain an expression for α (69):

α ≈ 3C3

R4
c

=
3∆

Rc
(2.18)

The LZ transition probability is thus:

PLZ = exp

(
−2πΩ2

3v∆

(
C3

~∆

)1/3
)

(2.19)

The probability that the atoms undergo adiabatic following is then:

PA = 1− PLZ (2.20)
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2.2.3 Repulsive light-assisted collisions

In a collisional process involving the repulsive excited state potential, which is induced

by a blue-detuned light field, the atoms cross Rc twice: first when they are approaching

each other and again when they are separating from each other. The collision may be

an elastic process where the atoms enter and exit the collision in the |S + S, n〉 state

and there is no net gain in kinetic energy. This can happen when the colliding atoms

undergo adiabatic followings or LZ transitions both times at Rc (shown as paths ER 1

and ER 2 in Fig. 2.7A).

Alternatively, the collision may be an inelastic process where the atoms enter the

collision in the |S + S, n〉 state but exit in the |S + P, n− 1〉 state. This happens when

the atoms first undergo an adiabatic following with a probability PA and then an LZ

transition with a probability PLZ (path IR 1 in Fig. 2.7B); or the atoms first undergo

an LZ transition with probability PLZ before going through adiabatic following with

probability PA (path IR 2 in Fig. 2.7B). These two possible paths thus give a probability

for inelastic collision to occur as:

PIR = 2PLZPA = 2PLZ (1− PLZ) (2.21)

If no spontaneous emission takes place during collision, then the energy gained by

the atoms in an inelastic collision is given by ~∆, since ~∆ is the energy difference

between the states at large R (65, 70).

2.2.4 Attractive light-assisted collisions

In a collisional process involving the attractive excited state potential, which is induced

by a red-detuned light field, elastic (paths EA 1 in Fig. 2.8A) and inelastic collisions

can happen. There are two paths for inelastic collision to occur. The first one is

shown as path IA 1 in Fig. 2.8B: the atoms undergo an adiabatic following through

the coupling region at the first instance and exit the collision via the |S + P, n− 1〉

state. This has a probability of PA. The second is shown as path IA 2 in Fig.2.8B: the

atoms initially undergo an LZ transition with probability PLZ and then adiabatically
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2.2 Light-assisted collisions between two atoms

Figure 2.7: Dressed state picture for a repulsive collisional process showing an avoided

crossing between |S + S, n〉 state and |S + P, n− 1〉 state at Rc: A. shows possible paths

for elastic collisions (ER 1 and ER 2). B. shows possible paths for inelastic collisions (IR

1 and IR 2).

follow their state that becomes attractive. The atoms will therefore return to RC for

a third time where they can undergo an LZ transition to the other dressed state. If an

LZ transition does not occur at this point, then the process may repeat. This gives a

probability of: PLZPA(PLZ + PLZP
2
A + PLZP

4
A + ...) = PLZPA( PLZ

1−P 2
A

). The probability

for inelastic collision to occur is thus:

PIA = PA +
P 2
LZPA

1− P 2
A

= 1− PLZ
2− PLZ

(2.22)

In an inelastic collision, the atoms accelerate towards each other and roll down the

excited state potential curve before spontaneous emission to the ground state happens

at a position Rs. This results in the atoms gaining kinetic energy Er given by the

difference between the attractive excited state interaction energy at Rc and at Rs, the

internuclear separation where the spontaneous emission takes place (see Fig. 2.5).

From an experimental point of view, we can tune the laser frequency. By using

blue-detuned light to induce collisions, we have a certain level of control that limits

the energy released in each inelastic collision. This is in stark contrast to the case

of collisions induced by red-detuned light, where the amount of energy released in an

inelastic collision is bounded by the excited molecular potential, which is beyond our

control.
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Figure 2.8: Dressed state picture for an attractive collisional process showing an avoided

crossing between |S + S, n〉 state and |S + P, n− 1〉 state at Rc: A. shows possible paths

for elastic collisions (EA 1 and EA 2). B. shows possible paths for inelastic collisions (IA

1 and IA 2).

2.2.5 Fine structure changing collisions

The repulsive and attractive light-assisted collisions described in the previous subsec-

tions are the main collisional mechanisms that we used in our experiments. However,

another inelastic collision that can happen between two atoms under a red-detuned

light field is the fine structure changing collision (FCC) (63). In an FCC, two ground

state |S + S〉 atoms may absorb a photon with energy ~ω at R0 and get excited to

the
∣∣S + P3/2

〉
fine structure state. The atoms accelerate along R towards each other

on the attractive potential. At small R, the potential becomes repulsive and the∣∣S + P3/2

〉
state and

∣∣S + P1/2

〉
state are coupled, so the atoms can get transferred

to the
∣∣S + P1/2

〉
state and move away from each other on the new excited state poten-

tial before spontaneously decay at Rs, emitting photon with energy ~ω′ . The process

is shown diagrammatically in Fig.2.9 and can be described by:

|S + S〉+ ~ω →
∣∣S + P3/2

〉
→
∣∣S + P1/2

〉
+ EFS (2.23)

where EFS is the energy difference between the
∣∣S + P3/2

〉
and

∣∣S + P1/2

〉
fine struc-

ture. EFS is the energy gained by the atoms in this collision and is shared equally by

the two atoms. Again, this energy is high and beyond our control.
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2.2 Light-assisted collisions between two atoms

Figure 2.9: Schematic diagram showing quasimolecular energy levels of two 85Rb atoms in

the ground state |S + S〉, and
∣∣S + P3/2

〉
,
∣∣S + P1/2

〉
represents two different fine structure

states.
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Chapter 3

Atomic sample preparation and

sub-poissonian atom counting

inside a FORT

The first step to all of our experiments presented in this thesis is to prepare a sample of

cold atoms in a FORT. To do so, we require a standard laser cooling setup to cool atoms

in a vacuum chamber down to a temperature of sub-millikelvins. The first section of

this chapter will describe the experimental apparatus and methods to prepare a cold

atomic sample using a Magneto-Optical Trap (MOT) and load a small sample into

a FORT. We will also present the characterization experiments on the λ = 1064nm

FORT. In the second section, we will present the atoms detection methods that allow

us to determine the number of atoms inside the FORT from 0 to the order of 100

atoms with sub-Poissonian precision. This method provides an important tool to the

initialization of experiments.

3.1 Preparing an atomic sample in a FORT

The apparatus for the experiments that are presented in this thesis is shown schemat-

ically in Fig. 3.1. The experiment takes place inside an ultra-high vacuum science

chamber, where the vacuum-limited lifetime of a trapped atom is about 60 seconds.

31



3. ATOMIC SAMPLE PREPARATION AND SUB-POISSONIAN ATOM
COUNTING INSIDE A FORT

The science chamber is connected to a source chamber containing a Rubidium (Rb)

reservoir. This provides a controllable constant flux of Rb into the science chamber.

Figure 3.1: Schematic of the experimental apparatus, showing various laser beams. Bright

red lines represent the pathway of the fluorescent light from the atomic sample to the

EMCCD camera.

Firstly, we cool and trap a 85Rb atomic cloud by using a MOT, which consists

of three pairs of counter-propagating (wavelength λ = 780 nm) MOT cooling beams

that are 6.4 mm in diameter and near to the D2 F = 3 to F ′ = 4 cyclic transition

1. An additional beam on the D2 F = 2 to F ′ = 3 transition repumps atoms that

spontaneously decayed into the F = 2 ground state back to the cyclic transition. This

is the repump beam. About 105 atoms are loaded into the MOT. Then, a 150 ms

Compressed MOT (CMOT) phase increases the sample density and overlaps the centre

of the CMOT cloud with our FORT. The atoms are further cooled through a 5 ms

optical molasses stage and up to 200 atoms can be loaded into the FORT. The number

of atoms loaded can be decreased by reducing the MOT loading time. The FORT is

formed by focussing a single far-off resonant Gaussian laser beam (λ = 828 nm or 1064

1The transitions of the lasers used in experiments in this thesis is shown in a level diagram attached

as Appendix B.
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nm) through a 0.55 high numerical aperture (NA) objective lens.

From Fig. 3.1, we can see that there are two additional beams that are directed to

the atoms: the imaging beam and the collisions beam. These beams are mode-matched

λ = 795 nm beams that operate close to the D1 F = 2 to F ′ = 3 transition. These

beams have a Gaussian intensity profile and is focused to a 1
e2

radius of about 150µm at

the position of the atoms. The imaging and collision beams are retro-reflected to form

a standing wave. A mechanical shutter in the returning beam path toggles between

running and standing wave configurations for the beams. The collision beam is used to

induce light-assisted collisions between atoms. The imaging beam is used to induce the

trapped atoms to fluoresce, where the fluorescent light is collected by the high NA lens

to form an image on an electron-multiplying charge coupled device (EMCCD) camera.

We will discuss the detection setup in detail later in Sec. 3.5.1.

3.2 Our FORT

Depending on the experiments, we use FORTs that are formed with two lasers of

different wavelengths: 828 nm and 1064 nm. The experiments in Chapter 4 and Chapter

5 are performed with the λ = 828 nm FORT, while the experiments in Chapter 6 and

7 are performed with the λ = 1064 nm FORT.

The laser for the λ = 828 nm FORT is a laser diode (Sanyo DL8142-201). The

FORT beam has a spot size of w0 = 1.8 µm. A beam power of 30 mW gives a trap

depth of U0 = h× 85 MHz. Using this trap depth, up to 200 atoms can be loaded and

the peak density is about 3 × 1014 cm−3. High peak densities in a FORT are usually

prohibited due to limiting factors such as light-assisted collisions, which lead to rapid

atom loss from the trap (44, 71). A peak density on the order of 1014 cm−3 is high for

a FORT without forced evaporative cooling. We achieve this density because the MOT

beams efficiently pump the atoms at the centre of the trap to the F = 2 hyperfine

ground state during the loading of the FORT. This occurs because the FORT induces

light shifts that drive the MOT cooling beams close to the F = 3 to F ′ = 3 transition

at the centre of the trap (the light shift is 109 MHz). At the same time the FORT also
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shifts the repump transition by 109 MHz away from resonance so it cannot efficiently

pump the atoms at the center of the trap back to the cooling transition. The atoms

accumulated in the F = 2 hyperfine ground state are about 3 GHz off resonance

with the MOT light. This suppresses the MOT light’s ability to induce light-assisted

collisions (see Eq. 2.22) and hence allowing higher peak densities. High-density traps

are conducive for the exploration of light controlled atom-atom interactions since the

atoms are close enough to each other such that light-assisted collisions occur on short

timescales.

The λ = 1064 nm FORT laser is a YAG continuous wave fibre laser (IPG Photonics

YLR-5-1064-LP-SF). An Acousto-Optical Modulator (AOM) is used to turn on and

off the laser and fast control of the laser power. The laser is coupled into a photonic

crystal fibre.

Figure 3.2: x and y cross sections of the beam focus image, fitted by a Gaussian function.

To form the FORT, we use the 0.55 high NA lens (see Fig. 3.1), with a working

distance of 2.92 mm, placed inside the vacuum chamber to focus the λ = 1064 nm

laser beam from the output of the fibre. The focus of the FORT beam is ensured to

be overlapped with the MOT. By using a replica high NA lens setup, we can measure

the spot size at the focus of the beam. We collimate and pass the beam through an

identical high NA lens. We use a 100x microscope with an objective lens of NA=0.7

and a CCD camera to image the focus of the beam. Figure 3.2 shows the x and y cross
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sections of the beam focus image, fitted by a Gaussian function. The fitted 1
e2

waists

in both the x and y directions are w0 = 1.1 µm. The Rayleigh length zR =
πw2

0
λ , is

deduced to be 4.3 µm.

3.3 Temperature measurement of a single atom

Figure 3.3: Experimental timeline for the adiabatic lowering temperature measurement of

a single atom, with the FORT laser power being ramped up and down during the sequence.

We want to measure the temperature of a single atom T in the λ = 1064 nm FORT,

by using the standard release and recapture (RR) method (6). Note here that what

we mean by the temperature of a single atom here is a temperature extracted from

the thermal distribution of numerous realizations of similarly prepared single atom (1).

We perform the RR measurement for atoms at different trap depths. If the ramping

of the trap depth is done adiabatically, then the temperature of the trapped atom can

be decreased. Figure 3.3 shows the experimental timeline of the adiabatic lowering

process and the temparature measurement of the atom. First we prepare and image

a single atom at trap depth U0 and then lower the trap depth to UT adiabatically by

ramping the power of trap laser with the AOM. The trap depth ramping time is 10

ms. We check that this duration is sufficient such that there are no atom loss during

the ramping process. We do a RR measurement of the atom at UT by turning off the

trap laser for a small amount of time ∆t to release the atom into free expansion. At

last we turn on the trap and ramp up the trap depth to U0 and image again to see if

there is atom in the trap. We repeat this process for 100 times to obtain the recapture
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probability. We do the RR measurement for a number of different release time ∆t.

Figure 3.4 shows the results for a RR experiment of a single atom for UT = 0.7 mK.

Figure 3.4: Release and recapture temperature measurement of a single atom: Retention

probability as a function of release time. The black circles are the experimental data.

Red curve is a fitting curve from the Monte Carlo simulation of the release and recapture

experiment. The best fit temperature is 21± 1 µK. UT = 0.7 mK.

We run a Monte-Carlo simulation to extract T from the release and recapture

measurement. In the simulation, we sample an initial position and momentum from a

thermal distribution of temperature T . We then calculate the atom’s trajectory and

obtain the atomic velocity and position after a free expansion time of ∆t. If the final

kinetic energy of the atom is less than the magnitude of the potential energy of the

trap at the atom’s final position, then it is recaptured. It calculates the recapture

probability with a sample of 5000 atoms. The least squares fit between the simulation

and the measured data returns the best fit T .

We repeat the temperature measurements for a few different UT . Figure 3.5 shows

T as a function of
√
UT . When the trap depth is adiabatically lowered, the occupation

probabilities of the vibrational levels of the atom are preserved, resulting in T/
√
UT

being constant (1). The measured data follows a linear scaling trend at small UT

and departs from the expected linear trend at large UT . This indicates that the RR

measurement method is not accurate at high UT for our FORT. This can be due to
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Figure 3.5: Release-recapture measured temperature of a single atom as a function of

square-root trap depth,
√
UT . Blue circles are measurement data points, green crosses

are calculated data points based on the adiabacity scaling law of : T/
√
UT =constant (1),

shown as the black solid line.

some heating effects on the optics for the trap when high laser beam power is applied.

The position of the trap may deviate from the position of the atoms when the trap

is turned on again, and this can lead to more atoms left untrapped and hence the

overestimation of T . Therefore we have used low UT to measure T and then use the

linear relation according to the adiabacity scaling law to estimate T at high UT .

3.4 Parametric excitation spectroscopy of a single atom

An atom with a finite temperature in a FORT can oscillate. The atom sits near the

bottom of the trap when the thermal energy of a trapped atom is a fraction of U0. The

Gaussian beam trap potential can be approximated by a simple cylindrically symmetric

harmonic oscillator (31):

UFORT (r, z) ' U0

[
1− 2

(
r

w0

)2

−
(
z

zR

)2
]

(3.1)

The radial oscillation frequency is ωrad =
√

4U0

mw2
0

and the axial oscillation frequency
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is ωax =
√

2U0

mz2
R

in the harmonic approximation of the trap potential. We can measure

the vibrational frequencies of an atom in a FORT by modulating the trap potential and

parametrically exciting the atomic vibrations (72). When the modulation frequency is

at two times the atomic vibrational frequency in a FORT (2ωosc, and at subharmonic

frequencies (2ωosc/n, n is an integer), then the trapped atom can be parametrically

excited. On these resonances, the atoms can gain kinetic energy.

Figure 3.6: Experimental timeline for parametric excitation spectroscopy of a single atom

trapped in a h × 31 MHz deep trap. PE indicates the parametric excitation stage. RR

indicates the release and recapture stage.

We perform parametric excitation spectroscopy experiment for a single atom in

the λ = 1064 nm FORT with trap depth of h × 31 MHz (trap laser power=20 mW).

Figure 3.6 shows the experimental timeline. We prepare a single atom and confirm the

presence of the atom by fluorescence detection, then during the parametric excitation

(PE) stage, we modulate the trap laser power sinusoidally for 2 ms with amplitude 4.4

mW by using the FORT AOM. Next, we proceed to the release and recapture (RR)

stage. During this stage, we switch off the trap potential non-adiabatically for 4 µs and

release the atom into free expansion. After that we turn on the trap again and check

if the atom has been recaptured through a second detection stage. Atoms that have

gained sufficient kinetic energies from the parametric excitation will not be recaptured

since they will have high enough velocities to escape from the trapping region.

We repeat the experiment for 200 times and this gives the retention probability of

the atom inside the trap. Figure 3.7 shows the retention probability as a function of

the modulation frequency of the trap potential, giving us the vibrational frequencies
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spectrum of a trapped single atom. Two clearly visible dips in the graph are at 37

kHz and 220 kHz, where the parametric resonances occur. The calculated 2ωax and

2ωrad is 54 kHz and 234 kHz respectively. The measured frequencies in the spectrum

represent the average frequencies that are required to parametrically excite an atom

in the harmonic and non-harmonic region of the trap, whereas the calculated values

assumed that an atom stays in the harmonic region all the time. This explains the

discrepancies between the measured and calculated frequencies.

Figure 3.7: Vibrational frequencies spectrum of single atom trapped in a h×31 MHz deep

trap: retention probability as a function of the modulation frequency of the trap potential.

Two clearly visible dips in the graph are at 37 kHz and 220 kHz, where the parametric

resonances occur.

3.5 Counting of atoms in a high density microtrap

Detection and counting of atoms inside an optical microtrap are important tools in

atomic physics experiments. A standard technique is to collect fluorescence from the

atoms when exposing them to the red-detuned optical molasses light that simultane-

ously cools the atoms (37, 44). However, the red-detuned light drives light-assisted
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collisions that causes rapid atom trap loss, prohibiting the nondestructive counting of

more than one trapped atom at high densities (24, 44). To avoid atom losses upon

detection, atoms held in a small volume FORT can be released in to free space (73)

or larger volume traps such as MOT (10, 74, 75) where the densities are lower, and

then expose them to the detection light. Recently, determination of atom number in

a MOT has been demonstrated for more than 1000 atoms with single-atom resolution

(76). However, an in situ method would be advantageous to determine the number

of atoms for subsequent experiments taking place inside the FORT or the counting of

atoms in several adjacent microtraps.

In this section, we describe an fluorescence detection method that enables us to

count 1 to more than 100 atoms in a FORT. This section is based on our publication in

(49). Firstly we will present our fluorescence detection setup and briefly describe the

Sisyphus cooling mechanism. We will then present the fluorescence detection method

on a single atom and extend this method on multiple atoms later. We will also provide

a noise model to characterize our method.

3.5.1 Atoms fluorescence detection setup

In our experiments we induce the atoms to fluoresce with a linearly polarized imaging

beam close to the D1 line at 795 nm. The use of D1 line is motivated by the fact that the

light shifts in the D1 transitions are independent of m-states such that we can have well-

defined detunings in our experiments. By using near resonant blue-detuned light we

limit the energy released in each inelastic light-assisted collision to less than the FORT

potential depth, as explained in Sec. 2.2. However, a blue-detuned imaging beam may

cause the atoms to preferentially pick up the recoil momentum of the absorbed photons

along the direction they move, causing Doppler heating and subsequent atom loss. To

counteract Doppler heating, the beam is retro-reflected to form an optical standing

wave. The resulting spatial intensity modulation of the imaging beam leads to a form

of Sisyphus cooling (77). This results in the atom loss being reduced, allowing us to

accurately count several atoms in the FORT.
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Our imaging beam has a Gaussian intensity profile with a peak intensity of 142

mW/cm2 (unless otherwise stated) and is blue detuned from the D1 F = 2 to F ′ = 3

transition for an atom at the centre of the FORT. Since there is no cycling transition

on the D1 line, an excited atom can decay to either one of the two ground states (F = 2

and F = 3). To ensure that the atoms are always optically pumped back to the F = 2

ground state, some of the light in the imaging beam is shifted by about 3 GHz such

that it is resonant with the D1 F = 3 to F ′ = 3 transition. In addition, we use the six

MOT cooling beams (also used during the MOT and molasses stages) slightly detuned

from the D2 F = 3 to F ′ = 3 transition to further aid the return of atoms at the centre

of the trap to the F = 2 ground state.

The fluorescent light from the atomic sample is collected by the high numerical

aperture (high NA) lens used to focus the FORT laser beam (see Fig. 3.1). Afterwards

it is reflected by a polarizing beam splitter. It then passes through optical filters (used

to remove stray lights) and a second infinity corrected lens of focal length 200 mm that

causes it to form an image on an electron-multiplying charge coupled device (EMCCD)

camera. The high NA lens collects 10% of the fluorescent light, which combined with

the total transmission of 37% of the optics and a measured quantum efficiency of the

EMCCD camera of 60% gives a total photon detection efficiency of 2.3%.

3.5.1.1 Sisyphus cooling

Since Sisyphus cooling mechanism plays an important role in our atom detection

scheme, we will briefly describe the Sisyphus cooling process realized by a blue-detuned

standing wave (the retro-reflected imaging beam, see Fig.3.1) before presenting our

experimental results.

To understand how Sisyphus cooling works, we consider a two-level atom in a blue-

detuned light field describe in terms of dressed states |1(n)〉 and |2(n)〉, where n is

the number of photons in the light field. The dressed states energy levels are spatially

varied due to the light intensity variation in a blue-detuned standing wave. Note that

the notation for the dressed states here follows the commonly used notation in the

literature, for example (78), and thus is different from that of Sec. 2.2. With the
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Figure 3.8: One-dimensional Sisyphus cooling process realized by a blue detuned standing

wave. The blue curves correspond to the dressed states energy levels, which are spatially

varied as a result of light intensity variation in a standing wave. The dashed lines represent

the energy levels of the bare states.

absence of a light field, we have the bare states represented by |g〉 (ground state) and

|e〉 (excited state). These are illustrated in Fig. 3.8. The nodes of the dressed states,

where the light intensities are zero, coincide with the bare states. The centre-of-mass

kinetic energy of an atom moving in the standing wave varies with the dressed state

energy.

In Fig. 3.8, an atom in |1(n+ 1)〉 starts from a nodal position and climbs to

an antinode where the atom has a minimum kinetic energy. Here, the dressed state

|1(n+ 1)〉 has the largest contamination by the excited bare state |e〉 and thus the

probability of spontaneous emission between dressed states is the highest (78). The

atom may decay to |2(n)〉 and then starts to climb up to a node where the probability

of spontaneous emission is the highest since it coincides with the excited bare state

here. In short, the probability of spontaneous emission is always the highest at the top

of the potential hills. Thus, on average, the moving atom climbs more potential hills

than going downhill and thereby loses its kinetic energy in the process. The process

will stop when the atom has insufficient kinetic energy to climb the next potential hill.

The equilibrium temperature that can be achieved by Sisyphus cooling mechanism is

proportional to the modulation amplitudes of the standing wave (77). It has to be
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noted here that if the standing wave is red-detuned, then instead of cooling, heating

will occur since in this case the atom rolls down to potential valleys where spontaneous

emission probability is the highest (79).

3.5.2 Single atom detection

A good atom detection method is where an atom can scatter as many photons as

possible while it still remains inside the trap. To characterize the detection performance,

we quantify the amount of light scattered by using the integrated fluorescence signal

(the number of Analog-to-Digital Units (ADU) we detect on the EMCCD camera; with

the typical gain settings on the camera, one detected photon increases the signal by

21 ADUs on average). The retention probability is quantified by the probability that

an atom remains in the trap after a fluorescence image has been taken. Higher single-

atom scattering rate leads to higher integrated fluorescence such that we can distinguish

between the presence and absence of an atom in the trap with better accuracy. We want

the retention probability to be as high as possible to maximize the fluorescence signal

from the atom. Atom loss during detection can lead to lower signal if compared to the

case where an atom remains trapped throughout the detection process. Furthermore,

a high retention probability means that subsequent experiments can be performed on

the atom after detection.

Figure 3.9: Experimental timeline for the fluorescence detection of a single atom.

Figure 3.9 is the experimental timeline to investigate fluorescence detection of a

single atom in our FORT. The λ = 828 nm FORT has power of 20 mW, which gives

a trap potential of h × 57 MHz. During the atomic sample preparation stage, we set

the experimental parameters to maximize the probability of preparing a single atom by

using repulsive light-assisted collisions 1. As such, the number of atoms in the FORT

1This will be discussed in detail in Chapter 5.
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after the sample preparation stage is locked to 0 or 1 atom. The first detection stage is

used to confirm that we start with one atom in the trap. During this stage, the imaging

light consists of a retro-reflected D1 imaging beam with 30 µW power ( IIs ∼ 56.5)1 and

detuning δc = 15 MHz ( δcΓ ∼ 2.6) 2 and D2 MOT cooling beams each with power 1.4

mW ( IIs ∼ 5.2) and detuning δ33′
c = 2.8 MHz ( δ

33′
c
Γ ∼ 0.5), where δc is the detuning

from D1 F = 2 to F ′ = 3 transition and δ33′
c is the detuning from the D2 F = 3 to

F ′ = 3 transition. This detection method has efficiency of 99%. The variable detection

stage is where the imaging light parameters are varied and the integrated fluorescence is

recorded. Another detection stage with parameters similar to the first detection stage

is applied to see if the atom is retained after the variable detection stage. This gives the

retention probability, conditioned on there being an atom in the first detection stage.

All images are taken with 10 ms exposure time. Unless otherwise stated, each data

point in this section shows the mean of 200 experimental runs and error bars show the

standard error of the mean.

We want to characterize the blue Sisyphus mechanism as a function of δc. An in-trap

fluorescence spectroscopy of a single atom is performed where we vary the detuning of

the D1 imaging beam, δc during the variable detection stage, while the imaging beam

power is held at 30 µW and the D2 MOT beams are set to δ33′
c = −5 MHz and 1.4

mW per beam. The single atom fluorescence spectrum is shown in Fig. 3.10. The red

squares are the data for the experimental runs where there was one atom present in

the first image, while the black circles are the data for experimental runs where there

was an atom present in both the first and third images. The data sets are fitted with

asymmetric Lorentzian functions (80). The red squares data set is asymetric due to the

the standing-wave imaging beam has a cooling effect on the blue-detuned side of the

spectrum while heating effect on the red-detuned side, as mentioned before. The peak

of the black curve agrees well with δc = 0, after taking into account the light shifts

induced by the trap light. The advantage of fluoresence detection at single-atom level

1 I
Is

is the ratio of the beam intensity to the saturation intensity for the transition.
2 δc

Γ
is the ratio of the beam detuning to the natural linewidth of the corresponding transition used

for the beam.

44



3.5 Counting of atoms in a high density microtrap

Figure 3.10: Fluorescence spectrum of a single atom, with the detuning being varied.

Black circles represent the integrated fluorescence conditioned on there being one atom in

the first and third images; red squares represent the data conditioned on there being one

atom in the first image only. Solid lines are fits of asymmetric Lorentzian functions to the

data.

is that we can correct the fluorescence signal level of a single atom for atom losses, since

we can determine whether the atom has remained trapped or has lost during detection.

As noted before, the Sisyphus mechanism realized by the standing-wave imaging

beam cools an atom for blue detunings and heats for red detunings. However as we

can see from Fig. 3.10, for modest red detunings of the imaging beam (−15 ≤ δc ≤ 0

MHz), there are still some probabilities for one atom to remain in the trap. This

can be understood by considering the position of the atom in the trap and the effect

of this has on the frequencies of the imaging beam and D2 optical pumping light

during the exposure. Although the imaging beam heats an atom at the centre of the

trap for δc = −15 MHz, as an atom travels into the wings of the FORT, the effective

imaging beam detuning is pushed to the blue and this restores the blue Sisyphus cooling

mechanism, so the atoms can be cooled and remained trapped. The D2 MOT cooling

beams, which optically pump an atom at the centre of the trap back to the F = 2

ground state, can provide laser cooling to a trapped atom as it moves into the wings of

the trap since the atom experiences a MOT cooling light frequency closer to the F = 3
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Figure 3.11: (a) Retention probability and (b) Integrated fluorescence as a function of

MOT cooling light detuning from F = 3 to F = 3′, δ33′

c . Black circles indicate experimental

data taken with standing-wave imaging beam, red squares indicate travelling-wave imaging

beam.
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to F = 4′ cycling transition, which realizes a standard red-detuned optical molasses.

Hence, an atom can get heated at the centre of the trap by the imaging beam but get

laser cooled by the MOT cooling light and imaging beam in the wings of the trap.

The role of MOT cooling light has to be investigated even though its nominal role

is to optically pump a trapped atom into the ground state that can be addressed by

the D1 imaging beam. First we varied the detuning of the MOT cooling light while the

imaging beam parameters remained constant. We show the results of this experiment

in Fig. 3.11. We perform this experiment for both standing-wave and travelling-wave

imaging beam during the variable detection stage to investigate the effect of the MOT

cooling light in the presence and absence of the Sisyphus cooling mechanism.

Blue Sisyphus cooling mechanism relies on the spatial modulation of the imaging

beam intensity. For a travelling-wave configuration, the imaging beam has a flat inten-

sity distribution over the extent of the FORT and therefore provides no cooling. Figure

3.11 shows that for δ33′
c ≥ −5 MHz, the retention probability is about 97% for both

standing-wave and travelling-wave configuration. Below this detuning, the retention

probability decreases linearly for both configurations, but the decrease is sharper for

the travelling-wave configuration. The D2 MOT cooling light with δ33′
c ≥ −5 MHz per-

forms sufficient laser cooling to keep an atom trapped during detection, whereas below

this detuning, the blue Sisyphus cooling mechanism coming from the imaging beam is

required to retain the atom. Figure 3.11 shows that the integrated fluorescence counts

are maximized at δ33′
c = −5 MHz for the standing-wave configuration.

Next we investigate the effect of varying imaging beam power on the detection

process at a few different detunings. The results is shown in Fig. 3.12. For these

measurements, the D2 MOT cooling light is set to δ33′
c ≥ −10 MHz with power of

1.4 mW per beam. This parameter is chosen as a compromise between emphasizing

the cooling effect of the standing-wave imaging beam and ensuring efficient optical

pumping for good detection signals. We plot the retention probability and integrated

fluorescence as a function of imaging beam power for δc = 5 MHz, 15 MHz and 35

MHz in Fig. 3.12. The retention probability for imaging beam detuning δc = 5 MHz

shows that there is local minimum at the power of 2.5 µW, after dropping sharply from
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zero power, where the retention probability is close to one. This power corresponds

approximately to the saturation intensity for the D1 transition, which has a natural

linewidth of ΓD1 = 5.75 MHz. Doppler heating rate is maximum at Isat and Γ (81).

Therefore this initial drop at low power is due to Doppler heating outweighs the cooling

effect from the blue Sisyphus mechanism.

Figure 3.12: (a) Retention probability and (b) Integrated fluorescence as a function of

imaging beam power for three detunings: δc = 5 MHz (black circles), δc = 15 MHz (red

squares) and δc = 35 MHz (blue diamonds).

Above power of 2.5 µW, the Doppler heating rate decreases and the cooling effect

of the blue Sisyphus mechanism becomes larger as the amplitudes of the dressed-state

energies increase at the antinodes of the standing wave. As the power is increased fur-

ther, the equilibrium temperature of the atom increases since the minimum attainable

temperature is proportional to the modulation amplitude of the standing wave. Once

the atomic equilibrium temperature becomes comparable to the trap potential, the D2
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MOT cooling light can no longer provide sufficient cooling such that atoms that possess

high energy following the Maxwell-Boltzmann distribution can get lost from the trap.

The drop in retention probability at low powers is not as obvious for high detunings.

The retention probability for δc = 15 MHz has a slight decrease around 10 µW while

δc = 35 MHz ( δcΓ = 6) gives a flat trend at low powers. For detunings larger than the

natural linewidth of the transition, the maximum Doppler heating rate shifts to high

intensities, where the amplitude of the standing wave is already significant and thus

the Sisyphus cooling counteracts the Doppler heating.

The integrated fluorescence increases linearly with the imaging beam power for

the three detunings used. However, the parameters for detecting a single atom non-

destructively in a FORT have to be chosen as a compromise of fluorescence level to

obtain a good signal while not losing the atom after the detection process. Thus,

for example, the good parameters that we use during the detection process are: D1

standing-wave imaging beam with 30 µW power and detuning δc = 15 MHz and D2

MOT cooling beams each with power 1.4 mW and detuning δ33′
c = 2.8 MHz, which

gives a retention probability of 99% and integrated fluorescence level of about 6× 103

ADU.

3.5.3 Multiatom detection

The fluorescence detection of multiple atoms in a microscopic FORT is complicated by

the rapid two-atom trap loss caused by inelastic light-assisted collisions between atoms

during the detection process. We can estimate the Condon point RC , using the Eq.

2.15 in Chapter 2. With detuning δ = 15 MHz and a typical value of C3 = 20eV Å3,

RC ≈ 500Å. For 100 atoms in our FORT at a temperature of 160 µK, the peak density

is n0 ≈ 5 × 1013cm−3, which gives a mean interatomic separation R ∼ n
−1/3
0 ≈ 250Å.

The interatomic distance is on the same order of magnitude as the interaction length,

making light-assisted collisions to be prevalent in our FORT.

Fluorescence detection using a standing-wave blue-detuned light has been used to

count up to three atoms inside the trap in (82), where resolvable discrete peaks repre-
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senting the atom number can be seen in the integrated fluorescence histogram. However,

the peaks become unresolvable as the atomic sample gets larger due to light-assisted

collisions causing trap loss in a given exposure time. Here we will demonstrate a method

to determine the number of atoms N held inside a FORT, with N ≥ 3. In this method,

we model the integrated fluorescence signal from the atoms as a function of number

of atoms and imaging light exposure time, taking into the account of the atom losses.

Our experimental data is then fitted with the model, with the initial atom number as

the free parameter.

3.5.3.1 Atom trap loss rate master equation

The time evolution of the probability pN to have N atoms in the trap is given by a

classical master equation (83, 84), describing the two-atom loss rate β and one-atom

loss rate γ:

dpN
dt

= β
(
E2 − 1

) [N(N − 1)

2
pN

]
+ γ (E− 1) [NpN ] (3.2)

E is the step operator, defined by its effect on a function f(N) by E [f(N)] =

f(N + 1) and E−1 [f(N)] = f(N −1). The first term in Eq. 3.2 describes the atom loss

process where both atoms are lost from the trap as a result of light-assisted collisions,

we define this process as 2 − 0 loss. Another loss process, 2 − 1 loss, which we define

as one of the two colliding atoms is lost, can be modelled by replacing E2 in this term

with E. We will discuss in detail on the various loss processes that can arise due to

light-assisted collisions in Chapter 4.

The time evolution of the mean number of atoms, N̄ =
∑∞

N=0NpN can be found

from Eq. 3.2:

dN̄

dt
= −βN̄

(
N̄ − 1

)
− γN̄ − β∆N2 (3.3)

where ∆N2 is the variance in the atom number.
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To determine the mean number of atoms in the trap, we can solve Eq. 3.3 within

the approximation β∆N2 = 0 and it gives:

N̄ (t) =
e(β−γ)t

β
β−γ (e(β−γ)t − 1) + 1

N0

(3.4)

where N0 is the initial atom number. The amount of fluorescent light scattered by the

atomic sample that we detect in an experiment, can be expressed as:

Ftot (t) =

∫ t

0
F1N̄(t′)dt′ (3.5)

where we have assumed that the total fluorescence is given by the product of the single

atom fluorescence rate F1 (assumed to be constant with time) and the number of atoms

in the trap. Carrying out the integration gives:

Ftot(t) =
F1

β
ln

[
βN0(e(β−γ)t − 1)

β − γ

]
(3.6)

3.5.3.2 Experiment

Experimentally, we measure the integrated fluorescence of the atomic sample as a func-

tion of time. Figure 3.13 is a schematic of the experimental sequence. After preparing

an atomic sample of initial atom number N0 (in the λ = 828 nm trap) by varying the

parameters during the MOT and CMOT phases. The atomic clouds thermalize to a

temperature T ∼ 160 µK. During the fast detection sequence, we take several succes-

sive fluorescence images of the atomic sample each with 1 ms exposure time of imaging

pulse, with a 22-ms delay between images taken by the EMCCD camera. Ftot is then

obtained by taking the cumulative sum of the integrated signal for each image. In the

“collision” stage, we induce light-assisted collisions with another near-resonant light to

reduce the atom number down to one or zero. Then in the “Image 1” stage, we take

a fluorescence image of one atom with 10 ms exposure time and same imaging light

parameters for the fast detection sequence and then take another image in “Image 2”

stage to determine with near-unit efficiency whether there was zero or one atom in the

trap during “Image 1” stage. With these two final images and averaging over numerous

51



3. ATOMIC SAMPLE PREPARATION AND SUB-POISSONIAN ATOM
COUNTING INSIDE A FORT

experimental runs, we can get the fluorescence rate for one or zero atoms. From that,

we can deduce the background-subtracted single atom fluorescence rate F1.

Figure 3.13: Experimental sequence for multiatom detection.

We plot the Ftot versus exposure time as shown in Fig. 3.14 for three different initial

atomic numbers N0. The exposure time here is the amount of time that the atoms are

exposed to the imaging pulse during the fast detection sequence. The experiment

is done in a FORT with 30 mW in power, which corresponds to a trap potential of

U0 = h × 87 MHz = kB × 4.18 mK. The imaging beam has detuning δc = 15 MHz

( δcΓ ∼ 2.6) and 40 µW in power ( IIs ∼ 75.5) and the MOT cooling light has detuning

δ33′
c = −6 MHz ( δ

33′
c
Γ ∼ 1.0) with 0.6 mW power per beam ( IIs ∼ 2.2) . We also measure

γ in a separate experiment by preparing a single atom in the FORT and measuring

its survival probability as a function of imaging light exposure times with the same

detection conditions. From the survival probability, we can deduce the single atom loss

rate due to the imaging light, which is found to be γ = 0.97 s−1. We fit the experimental

data with Eq. 3.6, where N0 and β are made the free parameters and F1 and γ the

fixed parameters. This yields the values of N0: 31.3± 0.3 (blue diamonds), 58.4± 0.4

(red squares) and 85.9± 0.5 (black circles). Note that in Fig. 3.14, the gradient of the

Ftot curve decreases with the exposure time. This indicates that N̄ gradually decreases

due to atom loss over exposure time.

To compare the measured values of the two-atom loss rate β in our experiment

with those from other experiments we calculate the normalized two-body loss rate

βnorm = β2
√

2V , where V =
[
2πkBT/(mω̄

2
]3/2

is the volume occupied by the atomic

cloud at temperature T , ω̄ is the geometric mean of the trapping frequencies and m is
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3.5 Counting of atoms in a high density microtrap

Figure 3.14: Ftot as a function of exposure time, taken with 16 successive images of 1ms

exposure time each for three values of initial atom number N0. Each data set is fitted with

Eq. 3.6 with F1 and γ as known input parameters. The fitted parameters for each of the

data set are: N0 = 85.9± 0.5, β = 6.4s−1 (black circles); N0 = 58.4± 0.4, β = 6.0s−1 (red

squares); and N0 = 31.3± 0.3, β = 5.7s−1 (blue diamonds).

the atomic mass (47). For a measured value of β = 6s−1 from Fig. 3.14, the normalised

two-body loss rate is βnorm = 1.4× 10−11cm3s−1. The values of βnorm in other compa-

rable experiments using red-detuned fluorescence imaging light are typically two order

magnitudes larger (47, 85). The smaller value of two-body loss rate in our system can

be attributed to the fact that the imaging beam is blue-detuned from the transition

used for detection. As mentioned in Chapter 2, a blue-detuned light may excite the

colliding atoms to the repulsive molecular potential where the maximum energy that

can be gained by the atoms is limited to ~δ. With δ significantly smaller than the trap

potential, the trap loss due to light-assisted collisions is thus limited. This feature in

our fluorescence detection technique allows us to determine the atom number in a high

density microtrap.

Our technique has assumed that the single-atom fluorescence rate F1 is not depen-

dent on the number of atoms. However, since light scattering may be suppressed due

to dipole-dipole interactions (86), systematic errors may arise from this assumption for

very dense samples. The temperature of the atoms may also be dependent on the atom
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numbers and this will cause number-dependent broadening of the transition due to the

trap light shifts. This is possible due to heating by low energies released by inelastic

collisions between atoms that do not lead to trap losses. Three-body processes may

also play a role in higher density samples. We included three-body loss parameter in

the model (Eq. 3.3 to 3.6), but it does not improve the fit in Fig. 3.14.

3.5.3.3 Noise model

We develop a noise model to characterize the our fluorescence detection method that

incorporates the fitted parameters of N0 and β. By calculating the two-sample variance

from the number of atoms measured by two consecutive imaging pulses (76), we can

characterize the noise properties of our method. The two-sample variance is: σ2 =

1
2var(N2−N1). We can compare the atom number at the end of the first imaging pulse

N1 with the atom number at the start of the second pulse N0
2 . By determining the

atom number at the end of detection, one can carry out subsequent experiment where

the initial atom number is known. This is important as the atom number could change

during the experiment.

Figure 3.15: Experimental timeline to compare the atom number at the end of the first

imaging pulse N1 with the atom number at the start of the second imaging pulse N0
2 . Both

of the imaging pulses have τ in duration.

The experimental sequence for characterizing the noise properties of the fluorescence

detection method is shown in Fig. 3.15. Combining Eq. 3.4 and 3.6 allows us to

determine the atom number from a single pulse. The atom number at the end of the
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ith imaging pulse, is given by:

Ni =
β − γ
β

[
1− e−βFint/F1

1− e−(β−γ)τ

]
(3.7)

and the atom number at the start of the pulse, is given by:

N0
i =

β − γ
β

[
eβFint/F1 − 1

e−(β−γ)τ − 1

]
(3.8)

We run the experiment 100 times for each of exposure time value, τ = 0.1, 1 and 3

ms. We use the method similar to Fig. 3.14 to obtain β = 4.94s−1. The initial atom

number for the data set, obtained by averaging N0
1 from Eq. 3.8, has a mean value

of 62.5 and standard deviation of 8.5. If there is no atom number fluctuations, then

the number distribution of atoms loaded into a FORT would be sub-Poissonian. So

here we ascribe our atom number deviation to the fluctuations in the atomic sample

preparation.

Figure 3.16: (a) Measured atom number at the end of first pulse (N1) and second pulse

(N2) for duration τ = 0.1 ms (black circles), τ = 1 ms (red squares) and τ = 3 ms (blue

diamonds). The dashed line shows N2 = N1. (b) Measured atom number at the end of

first pulse and the atom number at the start of second pulse (N0
2 )inferred from the second

pulse τ = 0.1 ms (black circles), τ = 1 ms (red squares) and τ = 3 ms (blue diamonds).

Figure 3.16(a) shows the measured atom number N2 versus N1 for three different

pulse durations. For signals detected with τ = 0.1 ms, the extend of scatter is larger if

compared to the signals of longer durations. In the short pulse regime, the dominant

noise source is the shot noise of the detected light. For signals detected with τ = 3 ms,
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the scatter is significantly less but the measured atom number deviates more from the

N2 = N1 line. This is because for a longer pulse duration, there is more mean atom

loss. We also compare N0
2 versus N1 for three different pulse durations, shown in Fig.

3.16(b). The data lies on the N2 = N1 line since N0
2 and N1 are measurements of the

same atom number, but N0
2 shows a larger scatter than N1.

We model the noise in the measured atom number in terms of the shot noise in the

detected light and atomic loss during detection. Assuming negligible uncertainty in β

and γ, the variance in the atom number at the end of an imaging pulse due to light

shot noise is given by:

σ2
Ni =

(
dNi

dFint

)2

σ2
Fint +

(
dNi

dF1

)2

σ2
F1

(3.9)

The second term of Eq. 3.9 is negligible if compared to the first term since σ2
F1

gives a negligible value. So the variance of the atom number from the light shot noise

in imaging pulse i is simply
(
dNi
dFint

)2
σ2
Fint

. Here, σ2
Fint

= αFint + σ2
0, where α ≈ 110,

determined from the histogram of ADU counts for a single atom exposed to the same

imaging pulse parameters and σ2
0 is the contribution from the finite background signal.

Note here that both terms are dependent on the exposure time.

The atom loss during the detection period is modelled by a Monte Carlo simulation

based on Eq. 3.2. First, we obtain the atom number distribution at the end of the

first imaging pulse by solving Eq. 3.2 with the initial conditions from the experiment.

At time τ , we sample the atom number to give N1, which is then used as the initial

condition for the evolution of atom number distribution during the second imaging

pulse. Lastly, we sample the resulting probability distribution and obtain N2. The

steps are repeated 1000 times for each τ , from which we calculate the two-sample

variance due to atomic loss, σ2
loss. To evaluate 1

2var(N
0
2 −N1), we insert the sampled

value of N2 into Eq.3.4 and rearrange to get N0
2 .

The two-sample variance ofN1 andN2 from the noise model is σ2
a = σ2

N1
+σ2

N2
+σ2

loss.

Figure 3.17(a) shows the measured and the modelled two-sample variance of N1 and

N2 as a function of exposure time. The two-sample variance has a minimum at τ ≈ 0.4
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Figure 3.17: (a) Two-sample variance of N1 and N2 as a function of exposure time.

Black circles represent the experimental data and the error bars indicate 2σ statistical

error. Red dash dotted line represents the calculated light noise σ2
N1

+ σ2
N2

. Blue dotted

line represents the calculated noise arising from atom loss σ2
loss based on Eq. 3.2 using

2− 1 loss. Black solid line represents the calculated total noise σ2
a using 2− 1 loss. Green

dashed line represents the calculated total noise σ2
a using 2 − 0 loss. The shaded region

indicated the interval where the atom number variance is below the Poissonian fluctuations

level. (b) Two-sample variance of N1 and N0
2 as a function of exposure time. Legends are

the same as (a), but the calculated total noise is σ2
b here.
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ms. At this point, the noise model shows the the noise contribution from the light and

atom losses are about the same. As exposure time gets longer, noise due to atom loss

gets more dominant and the two-sample variance increases. For a small interval of τ

around 0.4 ms, the two-sample variance in detected atom number is below the level of

Poissonian fluctuations.

Figure 3.17(b) shows the measured and the modelled two-sample variance of N1 and

N0
2 as a function of exposure time. The modelled variance here is σ2

b = σ2
N1

+σ2
N0

2
+σ2

loss.

In this case, the mean atom loss due to light-assisted collisions is absent, hence σ2
loss

is low. The light shot noise is the dominant noise source until τ ≈ 1 ms and remains

finite at higher τ . From the figure, we can see that for 0.75 ≤ τ ≤ 3 ms, the two-sample

variance lies a factor of 3 to 4 below the Poissonian limit, which is remarkable for a

high density atomic sample.

Figure 3.18: Mean atom number (black line) calculated using Eq.3.3 as a function of

detection exposure time, assuming β∆N2 = 0. Shaded regions indicate the 2σ width of

the atom number distributions for processes involving 2 − 1 loss (shown as red shadings)

and 2− 0 loss (shown as grey shadings). The atom number distribution is calculated using

Eq. 3.2. Parameters used: N0 = 63, β = 4.9s−1 and γ = 0.97s−1.

Figure 3.18 shows the time evolution of the mean atom number N calculated from
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Eq. 3.3, assuming β∆N2 = 0. It also shows the 2σ width of the atom number distri-

bution for 2− 1 loss and 2− 0 loss calculated using Eq.3.2. As the exposure time gets

longer, the mean atom number decreases and the atom number variance increases. The

solution for Eq. 3.3 with β∆N2 = 0 approximates the mean of the two distributions

very well, so this correction to the mean atom number is negligible for our experimental

parameters. The atom number variance for 2− 0 loss is broader than that of 2− 1 loss.

Figure 3.19: (a) Atom number distribution at t = 16 ms for 2− 0 loss process. The solid

line shows the Poissonian distribution for mean atom number N = 10.6 (b) Same as (a),

but for 2− 1 loss process.

The differences in the atom number variations due to 2− 0 loss and 2− 1 loss can

be seen in Fig. 3.19(a) and Fig. 3.19(b), which show the atom number distributions at

t = 16 ms for 2−0 loss and 2−1 loss respectively. The 2−1 loss process yields a smooth

unimodal distribution, while the 2 − 0 loss process yields a jagged distribution with a

unimodal envelope. Note that in this calculation, the initial atom number (N = 63)

was chosen to be odd and so 2−0 loss make odd atom numbers more probable. For both

cases, the width of the atom number distribution is smaller than a Poisson distribution

with the same mean.

In Fig. 3.17(b), we can see that the noise model calculated using 2−1 loss produces

lower noise value than when using 2−0 loss, whereas in Fig. 3.17(a), both loss processes

give about the same noise value. The domination of the mean atom loss in the two-

sample variance of N1 and N2 means that the contribution from the widths of the

atom number distribution is small. When comparing N1 and N0
2 , the choice of loss

mechanism becomes important since the contribution of mean atom loss to the two-

sample variance is eliminated. In Fig. 3.18, we can see that 2−0 loss has a larger atom
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number distribution than 2−1 loss. Thus, 2−0 loss leads to a larger uncertainty in N0
2 .

Thus, the experimental data in Fig. 3.17(b) are better matched by the noise model

calculated using 2−1 loss. This implies that 2−1 is the dominant loss mechanism, which

is consistent with the light-assisted collisions loss mechanisms that we will describe in

the later chapter. Note that also at larger exposure times, the experimental two-sample

variance lies slightly below that predicted by 2 − 1 loss process, indicating that there

might be effects that the model could not explain. One of the possible effects could be

the dependence of α (in σ2
Fint

= αFint + σ2
0) on atom number. The value of α, which is

determined from single atom ADU counts, is assumed to be constant, but this might

not be exactly valid for a model that involves multiple atoms.
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Chapter 4

Dynamics of light-assisted

collisions between two atoms in a

FORT

After introducing the theories and experimental apparatus in the previous chapters,

we now move on to present the experimental results that we obtained. The next three

chapters will show a series of experimental results which involves the dynamics of atoms

that undergo light-assisted collisions in a FORT and how light-assisted collisions can

be used to efficiently prepare single atoms in a FORT.

In the field of optical trapping of atoms, it has been known that light-assisted

collisions between atoms can lead to trap loss. In an inelastic collision, the kinetic

energy gained by an atom can exceed the potential of the trap, causing the atom to

escape from the trap. Depending on the dynamics of the atoms inside the trap, the

collisional trap loss events can be either the loss of both colliding atoms (2 − 0 loss),

or the loss of only one of the two colliding atoms (2 − 1 loss). Another trap loss

mechanism is the one-body loss that is due to the finite lifetime of an atom in the

trap, which for example, is dependent on the atomic equilibrium temperature and the

vacuum condition.

In this chapter, we study the atoms dynamics leading to the different loss channels

and how it can be influenced by experimental parameters. We do this by observing
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the outcomes of the ideal collision experiments that starts with exactly two atoms.

This allows us to discriminate between 2 − 0 loss and 2 − 1 loss events, and thereby

observe how their relative rates depend on the relevant parameters. This information

is usually not accessible in experiments conducted using large samples, where the trap

losses typically are described by ensemble average parameters.

Through the two-atom experiments, we can better understand the mechanisms of

the 2 − 1 and 2 − 0 loss channels due to light-assisted collisions in the presence of

laser cooling. In particular, we can identify the roles played by red-detuned collisional

light, blue-detuned collisional light and the effect of laser cooling on the rates of the loss

channels. Understanding how the loss channel rates depend on various light parameters

forms the grounds that will allow us to implement an efficient method to prepare single

atoms in a FORT in the subsequent chapters. Here, we will first describe the various

trap loss channels as a result of light-assisted collisions between two atoms with laser

cooling. After that we will present the results on the two-atom dynamics with red-

detuned and then blue-detuned collisional lights. This chapter is mainly based on

materials from our publications in (2, 3, 87).

4.1 Trap loss

Figure 4.1 shows the various outcomes of light-assisted collision between two atoms in

a FORT, combined with the effect of in-trap laser cooling. Path (a) shows two colliding

atoms escaping (2− 0 loss), ending with no atoms left inside the trap. For this channel

to be present, the collision must release sufficient energy such that the total energy of

the atoms after the collision, Ep, is enough for both of the two atoms to escape the

trap potential. This can arise when high energy is released upon collision or/and when

the atoms have high thermal energies prior to the collision.

Path (b) shows one of the two colliding atoms escaping (2 − 1 loss), leaving one

atom inside the trap. This happens when the two colliding atoms have unequal energies

after the collision such that one of the two atoms has enough energy to escape the trap

potential, while the other atom stays in the trap. Therefore it does not require as high
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Figure 4.1: Light-assisted collisions between two atoms with laser cooling. Path (a) shows

two colliding atoms escaping (2− 0 loss), leaving no atoms inside the trap. Path (b) shows

one of the two colliding atoms escaping (2−1 loss), leaving one atom inside the trap. Path

(c) shows neither of the two colliding atoms escaping. Laser cooling removes the energy of

the atoms.

Ep as path (a). However, the atoms should share the energy released in the collision

unevenly, which may happen if the thermal energy of the two atoms give them sufficient

centre of mass momentum prior to the collision.

Path (c) shows neither of the two colliding atoms escaping. This happens when low

energy is released in a collision such that neither of the atoms has sufficient energy to

escape the trap potential. There are two scenarios that may lead to this. Trivially if Ep

is insufficient for any atoms to escape then no atom will be lost. But in the situation

where Ep is sufficient for one atom to escape but insufficient for both to escape, the

atoms may share the released energy more or less evenly, leading to no atom escaping.

The laser cooling taking place inside the trap can then remove the energy released in the

collision, returning the atoms to the condition prior to the collision. This can prevent

the atoms from having high energies before the next collision, which can increase the

chance of 2− 0 loss. We will discuss the role of laser cooling later in this chapter.
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4.2 Two-atom light-assisted collisions induced by red-detuned

light

In this section, we want to investigate the dynamics of just two atoms in a FORT,

undergoing light-assisted collisions induced by red-detuned light. Typically, cold atoms

are loaded into a FORT from a MOT, which utilizes red-detuned light beams. Studies

of individual collisional loss events in a MOT with high gradient magnetic field has

shown that about 10 percent of collisional loss events are 2− 1 loss (88).

Figure 4.2: The probability densities of the released energy D(Er) for with red detunings

45, 75 and 105 MHz. The probability of a high energy release are generally small. Figure

adapted from (2).

As mentioned in Chapter 2, inelastic collisions induced by red-detuned light can

release kinetic energy Er given by the difference between the attractive excited state

potential energy at Rc and Rs. The calculated probability densities of the released

energy D(Er) for different red detunings is shown in Fig. 4.2. For small detunings,

the gentle slope of the attractive excited potential at Rc makes it more likely that

spontaneous emission has occurred before the atom pair managed to gather any signif-

icant relative acceleration. The energy released in these collisions might not be large

enough to cause 2−0 loss all the time. By observing individual loss events, we see that
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the 2− 1 loss channel is indeed also present in red-detuned collisions, for certain light

parameters.

We experimentally prepare two atoms inside a FORT and observe the evolution

of the trap population under the influence of near resonant lights. The experimental

procedure is illustrated in Fig. 4.3: After loading atoms from the MOT into the FORT,

we use the collision light pulse to expel most of the atoms until we have a low number

of atoms inside the FORT. We determine the number of atoms by using a fluorescence

detection method that allows us to count several trapped atoms with high survival

probability for two atoms by using a blue-detuned standing wave as the imaging beam

(82). We select those realizations with only two atoms inside the trap. We then expose

the atoms with near resonant lights for a variable period and again determine the

number of atoms remaining in the trap.

Figure 4.3: Experimental procedure to observe the dynamics of two atoms inside a FORT

under the influence of near resonant lights: (II) Verify that there are two atoms in the trap

initially by fluorescence detection. (III) Expose the atoms with near resonant lights (Six

D2 cooling beams and a D1 collision beam) with variable duration ∆t. (IV) Measure the

remaining number of atoms.

We use a U0 = h × 85 MHz FORT formed by focussing a λ = 828 nm laser to

a spotsize of w0 = 1.8 µm. The two atoms are exposed with a 350 nW ( IIs = 18.9)

collision beam that is red-detuned (negative ∆) from the D1 F = 2 to F ′ = 3 transition

at the centre of the FORT to induce the collisions. At the same time, we apply the

six cooling beams (the MOT beams) that are 4 MHz red-detuned ∆
Γ = 0.7 from the

D2 F = 3 to F ′ = 3 transition at the centre of the FORT . The experimental results

for each exposure time ∆t are presented as the probabilities of two, one or zero atoms

remaining in the trap after averaging over 180 repetitions of the experimental sequence

65



4. DYNAMICS OF LIGHT-ASSISTED COLLISIONS BETWEEN TWO
ATOMS IN A FORT

(with two atoms in the trap initially). This gives us the decay rate of 2 atoms and

growth rates of 0 and 1 atom, as shown in Fig. 4.4, with cooling beam powers of 200

µW for A and 350 µW for B.

Figure 4.4: Two-atom evolution when exposed to red-detuned light as a function of

∆t. Light parameters: The collision beam has power 350 nW ( I
Is
∼ 0.7) and is 45 MHz

red-detuned (∆
Γ ∼ 7.8) from the D1 F = 2 to F ′ = 3 transition at the centre of the

FORT. Figure A. and B. have cooling beams powers of 200 µW ( I
Is
∼ 0.7)and 350 µW

( I
Is
∼ 1.2) respectively. Green circles, blue squares and red triangles are the probabilities

of the experiment ending with two, one and zero atoms respectively. The dotted lines are

the simulated plots. Error bars represent a statistical confidence of 68.3%.

The results show that there is a non-zero probability of 2− 1 loss events when the

atoms undergo light-assisted collisions induced by the red-detuned cooling light. As we

can see from Fig. 4.2, collisions that lead to high energy release (Er) has low probability

densities. High Er collision can cause 2− 0 loss, since with higher Er it is more likely
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that both atoms possess sufficient energy to escape the trap. On the other hand, most

of the collisions lead to low energy releases that do not cause any of the atoms to escape

the trap. The atoms may therefore go through a number of collisions until there is one

that can lead to 2 − 0 loss or 2 − 1 loss. For a wide range of intermediate Ers, the

non-zero centre of mass momentum gives rise to 2− 1 loss.

4.2.1 Two-atom dynamics simulation

With only two atoms, we can simulate the dynamics of the atom pair inside the FORT

numerically and compare it with our experimental results. The dotted lines in Fig.

4.4 show the simulation results. The main ingredients of this simulation are: (1)

selection of two atoms according to a Maxwell-Boltzmann distribution with measured

initial temperature of 280 µK ; (2) calculation of classical trajectories of two atoms

inside the Gaussian potential FORT with the effect of laser cooling simulated by a

Doppler cooling model; and (3) calculation of the probability of two atoms undergoing

an inelastic collision PIA (Eq. 2.22) when their internuclear separation is Rc using

the LZ formalism (described in Sec. 2.2), which is used to decide if a collision has

happened.

We measure the initial temperature (T = 280 µK) of atom pairs by using release

and recapture method (89). Figure 4.5 shows the measurement results. We select two

atoms from a Maxwell-Boltzmann distribution with this temperature. We determine

the motion of the atoms in the FORT, which is treated as a Gaussian beam potential.

This involves the computation of classical trajectories of the atoms in the FORT by

using the 4th order Runge-Kutta algorithm and the simulation of the effect of laser

cooling on the atoms. In the presence of six laser cooling beams, we calculate the

momentum change of an atom in the event of photon scattering by the atom in each

time step. The photon scattering probability is given by the two-level Doppler shifted

absorption rate (81).

In order to determine suitable detuning and intensity for the Doppler cooling model,

we had experimentally measured the temperature evolution of an atom under the influ-

ence of the cooling beams. The process of the measurement is as follows: firstly, we heat
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Figure 4.5: Release and recapture temperature measurement of two atoms in the FORT.

The black circles are the experimental data points fitted by a release and recapture simu-

lation data with temperature T = 280 µK, represented by the red curve.

up the atom by turning off the FORT and turning on a blue detuned MOT cooling and

repump beams at the same time for a duration of 8 µs and then turning on the FORT

again to recapture the heated atom. The heated atom temperature is about 500 µK.

After the heating process, we apply the collision beam and cooling light with different

durations and measure the temperature of the atom. We then adjust the parameters of

the model such that the temperature evolution of a simulated single atom agrees with

the measured temperature evolution. An example of the results of the experiment and

the adjusted Doppler cooling model are shown in Fig. 4.6. The simulated curve has a

decay time constant of 5 ms and equilibrium temperature of 250 µK.

Next we determine whether any atoms are lost from the trap as a result of collisions.

Each time the two atoms reach a distance from each other given by Rc, an inelastic

collision may happen with probability PIA. Since collisions are most likely to happen

at the centre of the trap, we assume that the atoms are in the F = 2 ground state

when computing PIA and so we use ∆ for calculating Rc. When a collision happens,

we generate the energy release probability distribution (similar to Fig. 4.2), which is

dependent on the collisional impact parameters. We then pick the released energy Er
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4.2 Two-atom light-assisted collisions induced by red-detuned light

Figure 4.6: Temperature evolution of an atom under the influence of the cooling beams

as a function of time. The red circles are the measurement. The black line is the simulated

results.

randomly based on this probability distribution. The released energy is then transferred

to the atom pair while the center of mass momentum is conserved and the change in the

individual atoms’ momentum is along their internuclear axis. When one of the atoms

possesses an energy above the trap potential, it is considered lost.

To quantitatively compare the model to our experimental data, we generate the

probabilities for obtaining zero, one or two atoms as a function of time by averaging

over 500 simulation runs, exhibited alongside with the experimental results in Fig. 4.7.

Note here that in order to compensate for the simplicity of the two-level molecular

model in predicting PIR, we have to adjust the Rabi frequency Ω in PLZ such that

the two-atom decay time in the simulation is consistent with the experiment. The

simulated results shows good agreement with the experiments, confirming our physical

description of the process. Figure 4.7 shows the simulated evolution of energies of the

atoms in the trap, where we can see the difference between 2− 0 loss and 2− 1 loss.

4.2.2 2− 1 loss dependence on beam parameters

We found empirically that the cooling beams provide some laser cooling on the atoms

in the deep FORT. Higher cooling beam intensity yielded faster cooling rate and gener-
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Figure 4.7: Simulated evolution of individual and the combined energies of the atom

pair: A. is the case of 2− 1 loss and B. is the case of 2− 0 loss. The dashed lines indicate

when inelastic collisions occurred. In between the collisions, the energies of the atoms are

lowered due to the laser cooling effect. Figure adapted from (2).
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4.2 Two-atom light-assisted collisions induced by red-detuned light

ally lower equilibrium temperatures. Thus laser cooling plays an important role in the

dynamics of the atoms, with different cooling beam intensities giving different prob-

abilities for collisions leading to 2 − 0 loss or 2 − 1 loss (as shown in Fig. 4.4A,B).

Figure 4.4B shows that the probability of 2 − 0 loss is higher than that of Fig. 4.4A.

This is due to the atom pair energy is lower with more efficient cooling that is provided

by higher cooling beam intensities. This increases the required Er and the atom pair

is more likely to have less centre of mass momentum before the next collision, hence

reducing the probability of 2− 1 loss.

Figure 4.8: Collision beam powers used for the corresponding detunings.

From Fig. 4.2 we see that D(Er) depends on the detunings ∆. For larger ∆, the

atoms get transferred to the excited molecular state at smaller Rc where the potential

gradient is steeper and this leads to large Er being released in the collision. Large energy

release can cause 2 − 0 loss, so the probability of 2 − 1 loss (P (1|2)) should depend

on the collision beam detuning. We study this by performing the two-atom evolution

measurement similar to Fig. 4.4 with different ∆ in the range of −105 MHz≤ ∆ ≤ −30

MHz. To keep the collision rate constant for each ∆, we adjusted the collision beam

power such that the two-atom decay time is kept at about 90 ms, while other parameters

are kept similar to those of Fig. 4.4. Figure 4.8 shows the collision beam power used

for corresponding ∆.

We then extract P (1|2) from the measurements and plot P (1|2) as a function of

71



4. DYNAMICS OF LIGHT-ASSISTED COLLISIONS BETWEEN TWO
ATOMS IN A FORT

Figure 4.9: 2-1 loss channel probability as a function of collision beam detuning in the

red detuned regime.

∆, as shown in Fig. 4.9. We can see that 2− 1 loss events are more likely for smaller

detunings while 2 − 0 loss events dominate at larger detunings. When the collision

beam is close to resonance, atom heating due to stronger radiation pressure and leads

to short single atom lifetime. This limits our measurement to ∆ ≤ −30 MHz, since

closer to resonance the measurement of P (1|2) becomes inaccurate due to the two-atom

decay being dominated by the finite single atom lifetime.

Past experiments such as (43, 44), which have employed red-detuned light-assisted

collisions to isolate individual atoms in FORTs, have reported about 50% chance in

ending with one atom in the trap, depending on whether the number of atoms loaded

is even or odd. This can be explained by the dominance of the 2 − 0 loss channel

in those experiments. In order to efficiently prepare single atoms in FORTs by using

light-assisted collisions, the 2−1 loss channel must be made to dominate over the 2−0

loss channel.
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4.3 Two-atom light-assisted collisions induced by blue-detuned light

4.3 Two-atom light-assisted collisions induced by blue-

detuned light

We now study the dynamics of just two atoms in a FORT undergoing light-assisted

collisions induced by blue-detuned light. In particular, we want to demonstrate that

the 2−1 loss can be implemented effectively while suppressing the 2−0 loss by using a

combination of a blue-detuned beam and in-trap laser cooling. Recall that the maximal

energy gained by the atoms in a repulsive inelastic collision induced by blue-detuned

light is given by ~∆. By using blue-detuned light to induce the collisions, we can limit

the energy released by the atoms, such that we give finite probability to 2−1 loss (path

(b) in Fig. 4.1) while eliminating 2 − 0 loss (path (a) in Fig. 4.1). For cases where

the collision did not cause any trap losses (path (c) in Fig. 4.1), the energy released is

removed by the laser cooling and the atoms are returned to the initial condition. The

process can thus repeat until 2− 1 loss happens and one atom remains in the trap.

The process described can be achieved by the following: firstly, we want the trap

loss to happen only from light-assisted collisions induced by a blue-detuned light with

∆ in the right range. Trap loss caused by other light sources (e.g. red-detuned light)

and trap loss mechanisms that are not due to collisions between the trapped atoms

(e.g. one-body loss) have to be eliminated. Before a collision, the atoms must be in an

internal ground state that has a transition such that ∆ is in the desired range.

Secondly, we want the two colliding atoms to have unequal energies after the collision

such that one of the two atoms has enough energy to escape the trap potential, while

the other atom stays in the trap. For this to happen, the thermal energy of the two

atoms must be large enough such that the atom pair can have sufficient centre of mass

momentum prior to the collision. However, the thermal energy of the atoms cannot be

too high prior to the collision to avoid 2− 0 loss and one-body loss.

We conduct the experiment with a sequence similar to the one described in the

last section (shown as Fig. 4.3), except that in stage (III), the collision beam is now

blue-detuned (positive ∆) from the D1 F = 2 to F ′ = 3 transition at the centre of the

FORT and has 11 µW in power ( IIs ∼ 20.7). The cooling beams have power of 0.64
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Figure 4.10: Two-atom evolution when exposed to blue-detuned light as a function of ∆t:

A. The collision beam is 85 MHz blue-detuned from the D1 F = 2 to F ′ = 3 transition at

the centre of the FORT. B. Other parameters remained the same but with collision beam

185 MHz blue-detuned. Green circles, blue squares and red triangles are the probabilities

of the experiment ending with two, one and zero atoms respectively. The dotted lines are

the simulated plots. Error bars represent a statistical confidence of 68.3%.
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4.3 Two-atom light-assisted collisions induced by blue-detuned light

mW per beam ( IIs ∼ 2.4) and are 4 MHz red-detuned from the D2 F = 3 to F ′ = 3

transition (∆
Γ ∼ 0.7) at the centre of the FORT. The probabilities of two, one or zero

atoms remaining in the trap are shown in Fig. 4.10, with ∆ = 85 MHz (∆
Γ ∼ 14.8) for

A and ∆ = 185 MHz (∆
Γ ∼ 32.1)for B.

The two-atom decay time is 70 ms for Fig. 4.10 A and we can see that the 2−1 loss

is the dominant trap loss channel, where its probability is 93% of all the collisional trap

loss events. The 2− 1 loss channel is favoured by choosing the proper blue-detuning ∆

to suppress 2− 0 loss. This limits the kinetic energies that can be gained by the atoms

in an inelastic collision. In this case, almost all of the collisions happen in the F = 2

ground state such that ∆ is in the right range to induce the blue-detuned light-assisted

collisions. Large ∆ can cause significant 2−0 loss due to the high energy released upon

collisions. This can be seen from Fig. 4.10 B, where ∆ = 185 MHz leads to significant

2− 0 loss.

Any build up of atomic population in the F = 3 ground state due to off-resonant

spontaneous Raman scattering will cause ∆ to be off from the right range by the ground

state hyperfine splitting. This is prevented by effective optical pumping of the atoms

back into the F = 2 ground state, provided by the six cooling beams. As mentioned

before, the equilibrium temperature has to be such that the thermal energy of the two

atoms is sufficient for them to share the released energy unevenly but insufficient to

cause one-body and 2−0 loss. Recall that the cooling rate and equilibrium temperature

depend on the cooling beam intensity, so this provides a parameter that can be used

to optimize 2− 1 loss. Note here that pumping the atoms into the F = 2 ground state

renders the cooling beams to be about 3 GHz off-resonant. This suppresses the rate of

light-assisted collisions induced by the cooling beams. The two-atom decay timescale

due the cooling beams is 4 s, so while 2− 0 loss can be induced, it is negligible in short

timescales.

We run a numerical simulation similar to that of Fig. 4.4 to obtain the simulated

results shown in Fig. 4.10. However, for the blue-detuned collisional light, the proba-

bility of two atoms undergoing an inelastic collision at Rc is given by PIR (Eq. 2.21),

with collisional energy released given by ~∆. This calculation determines whether any
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collisional trap losses can happen. Note here that, just as the simulation in Fig. 4.4,

in this simulation we adjusted the Ω in PLZ so that the two-atom decay time of the

simulation agrees with the experiment. We have done a similar experiment and simu-

lation but with a collision beam power of 7 µW and ∆ = 185 MHz, as shown in Fig.

4.10B. The Ω in the simulation is within a factor of two of the expected Ω based on

the beam parameters. The Ω of the simulated results in Fig. 4.10 A and Fig. 4.10 B

matched each other within 7.5%. To quantitatively compare the model to our exper-

imental data, we then generate the probabilities for obtaining zero, one or two atoms

as a function of time by averaging over 500 simulation runs. The simulated results are

exhibited alongside the experimental data in Fig. 4.10. They show good agreement

and thereby confirms our physical description of the process.
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Chapter 5

Near-deterministic preparation of

single atoms in a FORT

Deterministic preparation of single neutral atoms in optical traps has been a long stand-

ing goal for atomic physicists due to their potential in realizing a scalable quantum logic

device, while advancing the fundamental studies of few-body system. In this chapter,

we will present an experimental method that allow us to near-deterministically prepare

a single atom in a FORT, using a combination of light-assisted collisions and laser

cooling mechanisms. This method has advantages of being relatively simple and fast.

Furthermore, it can be applied in arbitrary trap geometries. The initial demonstration

of this method was reported in (41), however here we show that we have improved the

single atom preparation efficiency and we have carefully investigated the effects of the

collision beam and cooling light parameters on the preparation efficiency. The results

of this chapter has been reported in our publications in (2, 3, 51).

5.1 Single atom preparation experiment

The central idea of our single atom preparation method is: if we start from a non-zero

number of atoms in the FORT and we induce 2 − 1 loss via light-assisted collisions,

then the atoms leave the trap one by one until only one atom remains. If there is no

one-body loss, then the final atom will remain and we will always end up with one atom

in the trap. As discussed in the previous chapter, we can favour the 2 − 1 loss with a
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Figure 5.1: Single atom preparation sequence using blue-detuned collision beam and

cooling light: (1) Sample preparation stage: about 20 atoms are loaded into the FORT

from a compressed Magneto-Optical Trap (CMOT); (2) Isolation stage: a combination of

in-trap laser cooling and light-assisted collisions induced by blue-detuned beam are used to

make the atoms escape the trap one by one via 2−1 loss channel. (3) Collisions stop when

only one atom is left inside the trap. (4) Detection stage: measurement of the number

of atoms inside the trap by fluorescent detection. The inset shows an image of one atom.

Figure adapted from (3).

combination of optimized values of the blue-detuned collision beam and cooling beams.

This forms the basis of our near-deterministic scheme in the preparation of single atoms

in a FORT. The experimental sequence for the scheme is illustrated in Fig. 5.1. The

FORT is initially loaded with about 20 atoms on average from a CMOT. This average

sample size of 20 atoms is large enough to ensure that the probability of loading zero

atoms into the FORT is effectively eliminated. Then a single atom isolation stage is

initiated. This stage involves light-assisted collisions between the trapped atoms until

only one atom is left in the trap and the loss process ceases. After a 157 ms sample

preparation stage and a 385 ms single atom isolation stage, 91% of 3, 200 experimental

realizations ended with one atom being prepared in the trap, represented as the large

peak in the histogram in Fig. 5.2. The isolation stage has a collision beam and six

cooling beams with the same parameters as those used in Fig. 4.10A.

Two main important factors that determine the single atom preparation efficiency

are the probability of 2− 1 loss and the single atom lifetime in the trap. There are two

scenarios that can result in no atoms being left in the trap: a single atom is prepared
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Figure 5.2: Histogram of the integrated fluorescence for 3, 200 experimental realizations,

representing 91% single atom preparation efficiency (statistical error less than 0.01%) (3).

before the end of the isolation stage but is lost before the detection stage; or the last

pair of atoms in the trap are lost via the 2 − 0 channel. Therefore, to achieve a high

single atom preparation efficiency, these two effects have to be mitigated by prolonging

the single atom lifetime in the trap while maximizing the probability of 2− 1 loss. In

the subsequent sections, we will investigate how these two quantities depend on the

parameters of collision beam and cooling beams.

5.2 Dependence on collision beam parameters

Figure 5.3 shows the single atom preparation efficiency as a function of collision beam

detuning ∆, for 15 MHz ≤ ∆ ≤ 185 MHz. The collision beam power at each ∆ is

adjusted to obtain the highest probability of loading one atom in the FORT. ∆ = 85

MHz gives the optimum single atom preparation efficiency, which we will see, occurs as

a compromise between the short single atom lifetime at small ∆ and 2− 0 loss due to

large collisional energy released at large ∆. We determine the single atom lifetime by

preparing a single atom, exposing it to a fixed pulse duration of 3.5 s, and measuring the

probability that the atom remains trapped. This gives us the survival probability (SP)
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since we can relate the single atom lifetime τ to SP by: SP=exp(−3.5s
τ ). In Fig. 5.4,

we can see that the single atom survival probability gets lower as ∆ gets smaller. This

is due to the stronger radiation pressure exerted on the atoms by the collision beam as

it is tuned closer to resonance. This causes increased heating on the atoms which leads

to a higher equilibrium atom temperature. An atom that occupies the high energy tail

of the thermal distribution will be lost from the trap after it has been prepared. At

larger ∆, the light-assisted collision between atoms will release higher energies such

that both colliding atoms have sufficient energy to escape the trap potential, thereby

increasing the probability of 2− 0 loss. This can be seen from Fig. 4.10 B where there

is a significant 2− 0 loss when ∆ = 185 MHz.

Figure 5.3: Probabilities of loading one (blue squares), two (green circles) and zero (red

triangles) atom as a function of collision beam detuning ∆.

Figure 5.4: Survival probability of the single atom
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We also investigate the single atom preparation efficiency as a function of collision

beam power at ∆ = 85 MHz, with the beam pulse duration adjusted at each beam power

to maximize the probability of loading one atom. The adjustment is necessary since

the inelastic collision rate and single atom lifetime change significantly with collision

beam power. Figure 5.5 shows that the peak probability for preparing one atom is

obtained with collision beam power of 11 µW. The optimized collision pulse duration

at this point is 385 ms. For high collision beam powers, the single atom lifetime is

short due to heating from radiation pressure. As shown in Fig. 5.6, at low collision

beam powers the single atom lifetime is long. For example, at 1 µW of collision beam

power the single atom lifetime is 63 s. However, the optimized pulse duration at

this power is 2.75 s. This duration is comparable to the two-atom decay timescale

due to light-assisted collisions induced by the red-detuned cooling light, which is 4

s. For this decay, the 2 − 0 loss channel dominates since the cooling light is about

3 GHz red-detuned for atoms colliding in the F = 2 ground state. As mentioned in

chapter 4, red-detuned collisions at large detuning often release high enough energies

for both atoms to escape from the trap. Therefore, lower collision beam power does

not guarantee a higher single atom preparation efficiency, since for low powers, the rate

of blue-detuned induced collisions may not dominate over those induced by the cooling

beams.

5.3 Dependence on cooling light parameters

Cooling light during the isolation stage plays an important role in the preparing single

atom since it provides both cooling and optical pumping of the atoms. We investigate

the effect of the cooling beams power on the single atom preparation efficiency. With

the collision beam parameters being fixed (11 µW, 85 MHz blue-detuned, 385 ms),

the single atom preparation efficiency as a function of cooling light power (per beam)

is shown in Fig. 5.7. The peak preparation efficiency is obtained at cooling beam

power of 0.64 mW, which occurs as a compromise between short single atom lifetime

at low powers and increased rate of light-assisted collisions induced by the red-detuned
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Figure 5.5: Probabilities of loading one (blue squares), two (green circles) and zero (red

triangles) atom as a function of collision beam power.

Figure 5.6: Survival probability of the single atom
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cooling light at high powers. At low powers, the cooling effect is not efficient enough

to overcome the heating caused by the collision beam. At high powers, the 2 − 0 loss

caused by the cooling light is becoming significant and this impedes higher single atom

preparation probability.

Figure 5.7: Loading probabilities as a function of cooling beams power (per beam) during

the collision stage. Blue squares, red triangles and green circles are probabilities of loading

one, zero and two atoms respectively. The lines are a guide to the eye. The thick pink

continuous line is a result of the single atom preparation simulation.

To verify the explanation given above, we run a simple simulation of the single

atom preparation experiment and show the result as the pink thick line alongside the

experimental data in Fig. 5.7. This simulation is based on the rates of the different trap

loss mechanisms and starts with N = 20 atoms in the trap and evolves with discrete

time steps. In each time step, dt, the atom number can remain the same, decrease by

one with probability αNdt, due to one-body loss processes, or it can decrease by one or

two atoms, due to collisional loss processes with a probability given by βN (N − 1) dt.

To obtain α, we measure the survival probability of a single prepared atom after a 3.5-s

exposure to light-assisted collisions beams (collision beam plus cooling light). The data

is shown in Fig. 5.8 alongside a fitted curve from which α is determined, by assuming
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Figure 5.8: Left-axis: The single atom survival probability after a cooling light pulse of

duration 3.5 s, fitted with a black curve. Right-axis: pair decay time due to the cooling

beams τ2cool as a function of cooling beams power, fitted with an orange dotted line.

that the survival probability is e(−α3.5 s). Since a light-assisted collision can be induced

by the collision beam or the cooling light, both of these contribute to β. The low

intensity of the laser beams allows us to assume that β is the sum of the contributions

from the cooling light and the collision beam. To find the contribution from the cooling

light, we measure pair decay curves, such as those in Fig. 4.10, without a collision beam

for different cooling beam powers. The time constant for the pair decay is plotted using

the right axis of Fig. 5.8. Next, we assume that the contribution to the collisional

trap loss rate from the collision beam is independent on the cooling beam power. We

determine it from the pair decay time of the results in Fig. 4.10A, by adjusting it for

the finite α and the loss induced by the cooling beams. In time steps where a collisional

trap loss event occurs, we need to determine whether one or both atoms are lost (via

2− 1 and 2− 0 loss channels respectively). To find the relative probabilities for these

outcomes as a function of cooling beam power, we assume that collisions induced by

the cooling light always lead to both atoms being lost, while the relative probabilities

for an event induced by the collision beam are deduced from Fig. 4.10A. Figure 5.7
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shows that the simulation captures the main experimental features. We hence conclude

that an optimal value of the cooling beam power of 0.64 mW occurs as a compromise

between the short single atom lifetime (large α) for low cooling beam power and the

increasing rate of light assisted collisions induced by the cooling beams at high powers.

Recall that the single atom lifetime is dependent on the balance between the cooling

provided by the cooling beams and the heating caused by the collision beam.

5.4 Limiting factors

The 9% unsuccessful runs that limited the single atom preparation efficiency to 91% can

be accounted for by the following reasons: (1) 3.6% of it is contributed from the 2−0 loss

events induced by the collision beam due to the collisions between atoms that already

have high total energies prior to the collision. This is obtained from the simulation in

Fig. 4.10A. (2) 1.7% is from the 2−0 loss events caused by the cooling/optical pumping

light, which has a timescale of 4 s at the optimum parameters. (3) 1.5% comes from

the finite single atom lifetime of about 22 s, which is dependent on the condition of

the vacuum system and the equilibrium temperature of the atom. (4) 0.5% is due to

the detection efficiency of our atom detection system. (5) The remaining contribution

could come from an inelastic collision where the atoms exit on states other than those

mentioned in Fig. 2.7, which may release high energy and causing 2− 0 loss.

Figure 5.9: Survival probability of the single atom
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5.5 Preparing single atoms with red-detuned collision beam

In this section, we will demonstrate the results from using a red-detuned collision beam

to prepare a single atom in a FORT. If atoms are always lost through 2−0 loss channel,

then the probability of obtaining one atom after the isolation stage is 50%, depending

on whether the initial atom number was even or odd. From the previous chapter, we

know that while 2− 0 loss often dominates in red-detuned light induced collisions, the

2 − 1 loss channel can still be present (see Fig. 4.4). A non-zero P (1|2) can result in

probability of preparing a single atom exceeding 50%. For infinite single atom lifetime

τ , the probability is given by P = 1
2−P (1|2) (90). A finite τ can lower P as a prepared

single atom may be lost from the trap before being detected.

This single atom preparation experiment is conducted with a similar experimental

sequence illustrated in Fig. 5.1. However, here we use red-detuned light to induce the

collisions during the isolation stage, with the collision beam and cooling light parame-

ters similar to that of Fig. 4.4A. The optimized duration for the isolation stage is now

402 ms. 1000 experimental runs with these parameters yields a single atom preparation

efficiency of 63 ± 1.6%, represented by the largest peak in Fig. 5.10. Experiments in

(91) and (32) have also observed single atom preparation efficiencies exceeding 60% by

employing a non-zero P (1|2) collisions induced by MOT light to isolate single atoms

from small samples.

Similar to the blue-detuned collision case, we scan the preparation efficiency as a

function of ∆, with the collision beam power at each ∆ adjusted to obtain the maximum

efficiency. Figure 5.11 shows the results. The grey line in Fig. 5.11 shows the single

atom survival probability after exposing it to the collisional lights for a duration of

1.5 s, as a measurement of τ . The single atom preparation efficiency increases slightly

with decreasing ∆ magnitude, following the trend of P (1|2) (see Fig. 4.9). However, τ

drops rapidly as the collision beam is closer to resonance. This hinders the rise of the

preparation efficiency although P (1|2) is higher at small ∆. Thus, the maximum single

atom preparation efficiency occurs as a compromise between high P (1|2) and short τ

at small ∆.
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Figure 5.10: Histogram of the integrated fluorescence for 1, 000 realizations, the largest

peak represents 63.0± 1.6% single atom preparation efficiency.

Figure 5.11: Loading probabilities as a function of collision beam detuning in the red

detuned regime. Blue circles, red squares and green triangles represent the probability of

obtaining two, one and zero atoms respectively. Grey diamonds represent the single atom

survival probability after a collision light pulse of 1.5 s.
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We also investigate the effect of the cooling beam power on the single atom prepara-

tion efficiency. Keeping all other parameters constant, we vary the cooling beam power

from 50 to 550 µW and we show the results in Fig. 5.12. The measured single atom

survival probability for each powers used is also present in the figure. At low powers,

the cooling mechanism is inefficient and this leads to high equilibrium temperature,

resulting in low survival probability. The single atom preparation efficiency peaks at

200 µW. Higher cooling beam power does not increase the preparation efficiency due

to the reasons mentioned when comparing the differences in the two-atom dynamics

with powers of 200 µW and 350 µW in Fig. 4.4.

Figure 5.12: Loading probabilities as a function of cooling beam power in the red detuned

regime. Blue circles, red squares and green triangles represent the probability of obtaining

two, one and zero atoms respectively. Lower graph: Single atom survival probability after

a collision light pulse of 1.5 s as a function of cooling beam power.
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Chapter 6

Repulsive light-assisted collisions

in collisional blockade loading of

single atoms

One of the earliest demonstrations of single atom loading in a FORT was achieved

by the collisional blockade mechanism, where atoms are loaded from a MOT into a

FORT that is so tight that no more than one atom can occupy it at any time (44, 45).

In this chapter, we extend the methods of using a blue-detuned collision beam to

induce the 2 − 1 loss to the collisional blockade loading regime. We see that this

enhances the preparation efficiency of the collisional blockade loading. The basic ideas

and the physics behind the preparation methods here are similar to those in the last

chapter (not in the collisional blockade regime). However, as we shall see, there are

additional challenges and restrictions related to the implementation of the methods in

the collisional blockade regime. We also present an analytical model that describes the

collisional blockade loading dynamics. The materials in this chapter is heavily based

on our publication (46).

6.1 Loading atoms into a tight microtrap

The high efficiency of single atom preparation outlined in the last chapter builds on the

fact that an initial sample of about 20 atoms on average can be loaded from the MOT
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into the FORT during the sample preparation stage. This average initial sample size

is sufficient to ensure that the probability of starting the isolation stage without any

atoms in the FORT is effectively eliminated. A finite probability of having no atoms

prior to the isolation stage will naturally translate to a lower efficiency of the method.

As the trap volume of a FORT gets smaller, it becomes increasingly prohibitive to

load high number atomic samples directly from a MOT into the FORT. The tightness

of the trap, along with the light-assisted collisions induced by the red-detuned MOT

light, can cause rapid trap loss. This is because of the high atomic density increases

the probability of the atoms reaching the Condon point and thus increasing the rate

of light-assisted collisions. We denote the regime where the efficiency of the method

in the last chapter is restricted by the volume of the FORT as the “tight microtrap

regime”1.

The most dramatic manifestation of the tight microtrap regime is the collisional

blockade, where the volume of the microtrap is so small such that the light-assisted

collisions induced by the MOT light cause rapid trap loss as soon as a second atom

enters the trap. This prohibits or “blockades” the trap from being occupied by more

than one atom at any stage. Light-assisted collisions induced by MOT lasers often result

in both colliding atoms being lost from the trap (2−0 loss). This means that as soon as

a second atom enters the trap, both of the colliding atoms are lost together. Previous

experiments in the collisional blockade regime have therefore found approximately equal

probabilities for observing 0 (p0) or 1 (p1) atom in the trap (44, 45) at loading times

much longer than 1/R, with R being the loading rate of the tight microtrap.

For some applications, it is a requirement that individual atoms are loaded into

tight optical microtraps. For example, small microtraps are used to interface optically

trapped individual atoms with microfabricated solid state structures to create hybrid

devices (92, 93) and tight traps are favorable for ground state cooling of single atoms

(18, 50). When the collisional blockade is unavoidable, the loading efficiency of single

1This does not correspond to a universal trap volume since in addition to the trap volume, it will

depend on the loading rates that can be achieved and the parameters of the loading light used in a

given experiment, but it typically occurs for trap beam waists around or below 1 µm.
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atoms has been limited to about 50%. To enhance the loading efficiency in such tight

traps, one could imagine loading single atoms into traps in the regime where the method

described in last chapter can be implemented, and then transfer the atom to a tighter

trap; or in some cases it may be convenient to do a compression stage between the MOT

and isolation stage as done in for example (43). Here, we investigate an alternative route

initially proposed in (83).

To enhance the single atom preparation efficiency in the collisional blockade regime,

we can introduce the 2−1 loss channel by including a blue-detuned collision beam during

the loading process of the tight FORT from a MOT. The idea is that we want to make

the 2− 1 loss rate much higher than the 2− 0 loss rate such that there is a high chance

for only one of the two atoms to get lost from the trap when the second atom enters and

collides with the atom originally in the trap. With careful implementation of the 2− 1

loss channel in the collisional blockade loading regime, we can improve the preparation

efficiency to about 80%.

6.2 Collisional blockade loading dynamics model

In this section, we model the loading dynamics in the collisional blockade regime.

During the loading process of the microtrap, there can be three different loss processes:

2−0 loss, 2−1 loss and one-body loss. Since we are considering the collisional blockade

regime we will assume that the two-body loss processes (2− 0 loss and 2− 1 loss) are

much faster than the loading rate R. This means that the probability for finding two

or more atoms in the microtrap at a given time is effectively zero, and we can restrict

the possible occupancies of the trap to either zero or one. We have verified the validity

of this assumption experimentally, as will be shown in a later section. This assumption

allows us to use the model to predict the atom number as a function of time and the

steady state value. Since we are interested in regimes that yield a high probability for

having one atom in the trap, we will also assume that the one body loss coefficient γ

is smaller than or similar to R.

91



6. REPULSIVE LIGHT-ASSISTED COLLISIONS IN COLLISIONAL
BLOCKADE LOADING OF SINGLE ATOMS

There are two discrete events that can change the atom number inside the microtrap:

(1) An atom loading event: when an atom enters the microtrap with no atoms before

the loading event, the number of atom inside the trap will change from 0 to 1. When

an atom enters the microtrap with already one atom before the loading event, light-

assisted collisions will either lead to 2 − 1 loss or 2 − 0 loss almost instantaneously,

leaving 1 or 0 atom in the microtrap with probabilities p2→1 and p2→0. (2) One-body

loss event: this can only happen when there is an atom in the microtrap.

We assume the loading events and one-body loss events are uncorrelated and follow

Poisson statistics. For cases where there is one atom in the microtrap, the total rate

of events is R + γ and the probability that the atom number changes following an

event is R
R+γ p2→0 + γ

R+γ , where R
R+γ is the probability for a loading event and γ

R+γ

the probability for a one-atom loss event. The probability that the atom number does

not change is R
R+γ p2→1. For cases where there is no atom in the microtrap, the actual

rate of events is R. However, we can have the same total rate of events as R + γ by

introducing a series of “fictitious” events that has no physical role (i.e. do not change

the atom number) with rate γ. Having the same rate of events independent of whether

there are one or zero atom in the microtrap simplifies the expressions. Only a loading

event will change the atom number to one and these have a probability R
R+γ out of all

events.

The number of atoms between events thereby form a Markov chain with transition

matrix:

P =

 (
R

R+γ p2→1

)
R

R+γ(
R

R+γ p2→0 + γ
R+γ

)
γ

R+γ

 (6.1)

and the probabilities for obtaining zero or one atom as a function of time is given

by:
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p (t) =

(
p1 (t)
p0 (t)

)
=

∞∑
n=0

((R+ γ) t)n exp (− (R+ γ) t)

n!
Pnp (0)

= exp (− (R+ γ) t) exp ((R+ γ)Pt) p (0) (6.2)

with p1 (t) (p0 (t)) being the probability that there is one (zero) atoms in the

microtrap as a function of time 1. The long time steady state probabilities for de-

tecting one (the maximal efficiency of the method) p1 (t→∞) = 1
1+ γ

R
+p2→0

or zero

p0 (t→∞) =
γ
R

+p2→0

1+ γ
R

+p2→0
atoms are found as the Perron-Frobenius eigenvector (94) of

P (where the expression is simplified using p2→0 + p2→1 = 1).

This result agrees with the previous observation that p1 ' p0 ' 0.5 when p2→0 = 1

(44, 45) and the numerical prediction that p1 = 1 when p2→0 = 0 and R >> γ (83). We

see that in order to obtain a high probability for the microtrap to be occupied by one

atom, we must have R >> γ and p2→0 must be small. Since the process is binomial,

the mean atom number in the trap is simply p1 and the variance is p1p0.

6.3 Collisional blockade loading experiment

Efficient preparation of a single atom in a tight microtrap where the collisional blockade

mechanism takes effect is a non-trivial subject since the rate of the 2− 0 loss channel

during loading is large. This is due to the presence of the red-detuned MOT cooling

beams and repump beam. These beams are present to provide a reservoir of atoms to

load the microtrap from and to affect the actual loading. For example, due to light

beams other than the blue-detuned collision beam, the loss rate timescale with two

atoms in the microtrap in this section is at least four order magnitudes faster than that

during the isolation stage of the method in the previous chapter.

1One can obtain an equivalent expression to Eq. 6.2 from a classical master equation based on the

same assumptions.
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Figure 6.1: Experimental sequence: Loading of atoms into the microtrap commences

when the 1064 nm microtrap beam is turned on. The imaging beam is turned on during

the atom detection stage.

The experimental setup is similar to Fig. 3.1, except that the FORT is now a laser

beam with wavelength of 1064 nm focussed to a spot size of about 1 µm. The trap

depth is U0 = h × 47 MHz, unless otherwise stated. A digital control of an AOM is

used for fast switching of the trap light, while the trap laser power is stabilized using

feedback to an analogue modulation input.

Figure 6.1 shows the experimental sequence. Similar to the previous chapter, the

collision beam is blue-detuned from the F = 2 to F ′ = 3 transition on the D1 line to

induce the desired 2− 1 loss channel. The D1 line is chosen as the trap predominantly

induces a scalar light shift on this line, leading to well defined detunings for atoms in the

microtrap, which is essential for optimal performance of the method. The initial step is

to preload the MOT for a duration of 600 ms. We can change the subsequent microtrap

loading rate R by changing the duration of this preloading stage. At time t = 0 we turn

on the microtrap and the D1 blue-detuned collision beam, and loading of atoms into

the microtrap commences. After a microtrap loading stage of variable duration t, we

turn off the loading laser beams (MOT lasers plus D1 blue-detuned beam) to allow any
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untrapped atoms to escape, while the microtrap beam remains on to hold the atom in

the trap. Finally, the number of atoms in the microtrap is determined by a detection

stage.

6.3.1 Implementation

Our goal is to achieve a near-deterministic loading of a single atom inside a tight

microtrap under the collisional blockade regime. During the loading process, the fre-

quencies and powers of the MOT lasers (cooling and repump beams) that can be used

are restricted since these beams need to sustain the MOT and to load atoms into the

microtrap. The MOT needs to be sustained such that it provides a reservoir of atoms

to load the microtrap from.

For our scheme to work efficiently, it is crucial that the rate of light-assisted collisions

induced by the blue-detuned collision beam (favors 2− 1 loss) exceeds the rate of those

induced by the MOT light which favors 2 − 0 loss. In a collision event, we therefore

want the probability for light-assisted collisions induced by the red-detuned beams to

be low. As explained in Chapter 2, this probability can be determined theoretically

and light-assisted collisions are unlikely for low intensity and/or a large detuning of the

light that induces them (see. Eq.2.19).

Another parameter that we can tune is the trap depth. Different trap depth causes

different light shifts on the atomic transitions. Tuning the trap depth such that the

light shift at the center of microtrap brings the F = 3 to F ′ = 2 D2 transition close

to the cooling light frequency (red-detuned from the F = 3 to F ′ = 4 D2 transition

in free space), causes atoms at this position to be pumped into the F = 2 ground

state (see Fig. 6.2). This renders the cooling light about 3 GHz detuned from any

transitions, thereby suppressing light-assisted collisions induced by it. The light from

the microtrap also shifts the MOT repump transition (the F = 2 to F ′ = 3 on the D2

line) by about 156 MHz, consequently suppressing the ability of the MOT repump light

to induce light-assisted collisions and to pump trapped atoms back to the F = 3 ground

state. The trap light therefore acts as a “transparency beam” for the MOT repump

light, similar to the method in (95). The microtrap itself does not induce light-assisted
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Figure 6.2: Level diagram of 85Rb. (Not to scale) Red, purple, and blue arrows indicate

the frequencies of MOT cooling beams, MOT repump beam, and D1 blue-detuned collision

beam respectively. (a) Free space level diagram. (b) Level diagram for the atom at the

center of the microtrap, light shifted by the microtrap beam. The D2 excited states are

shown as light shifted m-states manifolds.
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collisions at the timescale of our experiments due to its large detuning. To further

reduce the unwanted processes we decrease the repump beam intensity to the minimal

required to sustain the MOT. While being restricted by the fact that the MOT has to

be sustained during loading, these efforts contribute towards suppressing 2− 0 loss in

order to make the 2− 1 loss rate exceeding the 2− 0 loss rate.

6.4 Efficient collisional blockade loading of one atom

Despite our efforts to suppress light-assisted collisions induced by the MOT lasers, our

experiment still operates in the collisional blockade regime. This is seen from the red

points in Fig. 6.3, which shows p1 as a function of loading time without the blue-

detuned collision beam. The probability for observing one atom initially increases, but

levels out at about p1 (t→∞) = 56%. A similar loading probability has also been

observed in the collisional blockade regime (96) and is explained by a non-zero p2→1

from collisions induced by red-detuned MOT light (see Sec. 5.5). In our experiment,

the runs yielded either zero or one atom, confirming that the light-assisted collisions

induced by the MOT lasers alone put us in the collisional blockade regime.

The loading timescale in Fig. 6.3 is about 6 ms. Since we observe the collisional

blockade, the collisional loss timescale is much faster. The timescale for collisional loss

induced by lasers other than the blue-detuned collision beam was 4 s in Chapter 5

(probably more than four order of magnitudes longer than that of this experiment).

This highlights one of the challenges to have the 2 − 1 loss dominating over the 2 − 0

loss in the collisional blockade regime: the microtrap needs to be loaded and the MOT

has to be sustained such that we do not have as much freedom in minimizing the 2− 0

loss induced by the MOT light.

Despite the high rate of undesired loss induced by the MOT light, the presence

of the blue-detuned collision beam still enhances the single atom loading efficiency as

intended. The blue points in Fig. 6.3 show the probability of obtaining one atom when

the blue-detuned beam is turned on during loading with power of 12 µW ( I
Isat
∼ 22.6)

and detuning of 68 MHz (∆
Γ ∼ 11.8). The solid lines are plots of Eq. 6.2 assuming γ = 0
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Figure 6.3: Probability of observing one atom (p1) as a function of loading time with a

trap depth of h× 47 MHz. Probabilities are determined statistically from 200 repetitions.

Blue circles are experimental data points taken with the blue-detuned collision beam on.

The blue solid line is a fit with Eq. 6.2, assuming negligible γ. The fit yields R = 156 s−1

and p2→1 = 0.72. The red crosses are data points taken with the absence of blue-detuned

collision beam . The red solid line is a fit with Eq. 6.2, assuming negligible γ, yielding

R = 173 s−1 and p2→1 = 0.21.

with R and p2→1 fitted. The model matches the experiment for the parameters used.

Note that the p2→1 = 0.72 found here is expected to be lower than the p2→1 = 0.93

from Chapter 5 due to the afore mentioned restrictions on the MOT light parameters.

As expected from Eq. 6.2, the MOT preload time (determines R) changes the timescale

for the probability to reach the plateau. For the range of parameters tested, p1 (t→∞)

did not change significantly as long as the MOT preload time was above ∼ 300 ms.

This indicates that 300 ms preload time ensures R >> γ. A simple estimate of the

rate of light-assisted collisions induced by the blue-detuned light gives a timescale for

these to be on the order of few tens of µs, agreeing with our observation of collisional

blockade for a loading timescale of 6 ms.

The blue-detuned collision beam increases the overall two-body loss rate by intro-

ducing the 2−1 loss channel. Given that p1 is the mean atom number in the microtrap,

Fig. 6.3 demonstrates that the steady state atom number goes up when the two-body

loss rate increases. This shows that the regime of ∼ 1 atom can behave fundamentally
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Figure 6.4: p1 (t = 60 ms) as a function of trap depth. Blue circles are experimental

data points taken with the blue-detuned collision beam. Red crosses are experimental data

points taken without the blue-detuned collision beam. The solid lines are guides to the

eye.

different to loading higher atom numbers, where an increased two-body loss rate will

always lead to a lower steady state atom number.

6.5 Investigation on optimum loading probability param-

eters

From Fig. 6.3 we see that the plateau (the steady state) is reached at times shorter

than 60 ms. In this section, we therefore investigate the probability for obtaining a sin-

gle atom after 60 ms of loading (p1 (t = 60 ms)) as a function of different experimental

parameters to gain a more detailed understanding of the loading process. The range of

different parameters explored are around the parameters that give the peak probability

of obtaining a single atom (∼ 80%).
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6.5.1 Trap depth

Different trap depths cause different light shifts on the atomic transitions and this

effect plays an important role in our experiment. We investigate how p1 (t = 60 ms)

changes with trap depth, with the collision beam and MOT cooling light parameters

remained constant. Without the blue-detuned collision beam p1 stays around 50% as

long as the trap depth is deeper than h × 35 MHz for the trap depths shown. At

lower trap depths, p1 (t = 60 ms) drops due to increasing one-body loss (γ). This

happens when the equilibrium temperature of the atom is no longer negligible relative

to the trap depth, leading to atom loss when they visit the high energy tail of their

distribution. p1 (t = 60 ms) decreases at high trap depths as well (the trend continues

for trap depths larger than h × 56 MHz). We ascribe this to the dependence of the

in-trap laser cooling on trap depths. For deeper traps, the laser cooling yields a high

equilibrium temperature of the atom that, again, leads to non-negligible γ.

With the blue-detuned collision beam (blue circles in Fig. 6.4), p1 (t = 60 ms)

increases considerably for a narrow range of trap depths around h × 47 MHz. At

this trap depth, the trap light shifts the F = 3 to F ′ = 2 D2 transition close to

resonance with the MOT cooling light (see Fig. 6.2(b)). This causes the atom to

be depumped into F = 2 ground state and thus reducing the unwanted light-assisted

collisions induced by the red-detuned MOT cooling light. The narrow range of trap

depths over which the loading is considerably enhanced means that trap laser power

drifts must be eliminated for optimal performance. If trap depths other than those

with high single atom loading probabilities are required for subsequent experiments,

the microtrap laser power could be ramped adiabatically to the desired value after

loading a single atom in the microtrap.

When the method from Chapter 5 was applied at different trap depths, we managed

to achieve high efficiencies at all trap depths tested. However, to achieve this we needed

to adjust the collision and cooling beams parameters at each trap depths. Since trap

loading and the blue-detuned collisions happened at different stages of the experiment

(see Fig. 5.1), then adjusting the cooling light parameters during the collision stage to
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Figure 6.5: p1 (t = 60 ms) as a function of the blue-detuned collision beam detuning, ∆.

The solid line is a guide to the eye.

match the trap light shift did not affect the initial sample preparation. When doing

the collisional blockade loading (see Fig. 6.1), we cannot freely change the MOT light

frequency to match the trap light shifts. Without a separate optical pumping beam

(42), we restrict ourselves to trap depths that have a light shift that can allow the

MOT light to serve its multiple roles without changing its frequencies. Due to the large

excited states light shifts caused by the λ = 1064 nm trap laser, small variations in

trap depths will affect the loading efficiencies.

6.5.2 Detuning of the blue-detuned collision beam

The blue-detuned collision beam is a crucial element in our experiment since it causes

the 2 − 1 loss channel needed for the enhancement of single atom loading efficiency.

The frequency of the blue-detuned collision beam determines the energy released in

each inelastic collision it induces. Holding the trap depth at h × 47 MHz, we varied

the frequency of the collision beam and measure p1 (t = 60 ms). Figure 6.5 shows that

a wide range of frequencies gives efficiencies above 50% but the peak performance

(∼ 80%) is obtained for detunings around 68 MHz. At this detuning, an inelastic
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collision releases an energy of up to 1.4 times the trap depth, which agrees with the

expectation that the optimal energy release to cause the preferred 2− 1 loss, should be

enough for one of the two colliding atoms to escape but not enough for both.

From Fig. 6.5, we can see that the detunings ∆ that give p1 (t = 60 ms) ≥ 0.6 span

over 60 MHz, whereas the span of trap depths (see Fig. 6.4) that gives p1 (t = 60 ms) ≥

0.6 is 10 MHz, which corresponds to a 22 MHz light shift on the D1 line transitions.

This indicates that the strong dependence of p1 (t = 60 ms) on trap depth observed in

Fig. 6.4 originates from the MOT beams strong frequency dependence on its role to

perform cooling and optical pumping rather than a requirement for an accurate detun-

ing of the blue-detuned collision beam.

6.5.3 Power of the blue-detuned collision beam

The blue-detuned beam collision power controls the rate of light-assisted collisions

induced by it. Figure 6.6 shows how p1 (t = 60 ms) changes with the power of the

beam (with detuning of 68 MHz and trap depth of h × 47 MHz). Below 12 µW we

observe that p1 (t = 60 ms) increases with the power. At low intensities, the rate of

the desired collisions induced by the blue-detuned light increases with intensity. Once

the blue-detuned light induced collisions have a rate significantly higher than those

from other laser beams, then increasing the power no longer enhances the chance for

2− 1 loss when a second atom is loaded. We ascribe the variation of p1 (t = 60 ms) for

powers above 12 µW to changes in γ as the power of the blue-detuned collision beam

affects the equilibrium temperature.

As mentioned above we presently apply the blue-detuned collision beam in the form

of a standing wave. This makes the effective power observed by the atoms drift when

the phase of the standing wave drifts relative to the microtrap (3). To check if this

limits our loading efficiencies we also tried to apply the light in form of a running wave

but did not observe an improvement in the loading efficiency. We therefore conclude

that the drift in the phase of the standing wave is not a main limiting factor in this case.

102



6.6 Discussion

Figure 6.6: p1 (t = 60 ms) as a function of the blue-detuned collision beam power. The

solid line is a guide to the eye.

6.6 Discussion

This experiment shows an improvement of the loading efficiency of single atoms in tight

microtraps where the collisional blockade takes effect, from the previously observed

∼ 50% to ∼ 80%. While the single atom loading efficiency of our work is not as high as

in the related method in Chapter 5, the present method allows for direct loading of very

tight microtraps where the method of Chapter 5 is difficult to implement. Our method

may therefore provide a route for further improvements of the loading efficiency in

experiments such as (97) that recently reported efficiencies of up to 70% using similar

techniques. The loading efficiency of the current work falls short of that of Chapter

5 primarily due to the requirement that there has to be sufficient MOT cooling and

repump light to sustain the MOT during loading. One could therefore expect that the

loading efficiency could be improved if the microtrap is loaded from a reservoir of atoms

held in a large volume FORT instead of from a MOT.

In some applications (93), it might be necessary to load atoms into smaller traps

than ours. We do not expect this to lead to lower probabilities for loading one atom.

Although a smaller volume leads to a higher rate of the unwanted inelastic collisions in-

duced by the MOT light (because the density increases), the blue-detuned light induced
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collision rate scales similarly. Therefore, the blue-detuned collisions can dominate at

smaller volumes as well.
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Part II

Raman sideband cooling of single

atom
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Chapter 7

Cooling of single atom to its

vibrational ground state

The ultimate control which can be exerted over a physical system is the preparation

and coherent manipulation of pure quantum states (98). For a microscopic atomic

system, this requires complete control of the degrees of freedom of isolated atoms, i.e.

the number of atoms, internal states and external degrees of freedom (99). With the

preparation of pure quantum states, one can conduct experiments to demonstrate fun-

damental quantum behaviours that are otherwise hidden in ensemble average measure-

ments. Furthermore, it could also enable quantum engineering of microscopic systems

such as the realization of quantum gates.

The efficient preparation of a single atom in a FORT, as demonstrated in previous

chapters, has provided a way to prepare a known number of atoms in a system. The

next step forward is to gain control of the internal degree of freedoms and centre of

mass motion of the atom. Cooling a single atom in a FORT to its motional ground

state opens up a new avenue to create a low-entropy quantum system from bottom-

up approach, different from the conventional realization of Bose-Einstein condensates

(100). This could prove to be an effective platform for studying coherent quantum

processes in few body systems.

One of the techniques that can cool the atom in a FORT to its motional ground

state is the vibrationally resolved Raman sideband cooling, which has been used exten-
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sively in trapped-ion (101, 102) and atomic ensemble experiments (98, 103, 104). In

our work, we hold a single neutral atom in a single tight Gaussian beam FORT and

perform stimulated Raman sideband transitions and optical pumping between hyper-

fine ground states to cool the atom down to its lowest vibrational level. We couple

two magnetic sublevels that are insensitive to magnetic noise, which can provide longer

atomic coherence time if compared to recent similar works (18, 50).

In this chapter, we will present the experiment demonstrating the Raman sideband

cooling of a single addressable neutral atom held inside a tight FORT. Firstly we will

review some background materials and principles of Raman sideband cooling. Then

we will present our experimental scheme that consists of: the generation of the Ra-

man beams, the state detection scheme, the optical pumping scheme, the sub-Doppler

cooling stage and the Raman sideband cooling sequence. Finally, we will present and

discuss the results from the sideband cooling experiments.

7.1 Background

Below the Doppler limit, sub-Doppler laser cooling (6) can be utilized to further remove

the kinetic energy of an atom. During laser cooling, the atom has to scatter photons

from the laser beams and the lowest temperature that can be reached is limited by the

single photon recoil energy of an atom, which is the so-called recoil limit. This means

that in a resonant light field, it is not possible to remove momentum from an atom

less than a single photon momentum kick. However, removal of vibrational energies of

an atom can lead to temperatures below the recoil limit. To beat the recoil limit, we

need to accumulate atoms in a dark state, where the atoms are not interacting with

any resonant light fields, such that scattering of photons do not happen.

7.1.1 Principle of Raman sideband cooling

For an atom tightly confined in a FORT with harmonic potential of frequency ωv,

the energy given by the quantized vibrational level nv is Ev = ~ωv(nv + 1
2). Raman

sideband cooling relies on the stimulated Raman transitions between the vibrational
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manifolds of two hyperfine ground states. Figure 7.1 shows the level scheme for two-

photon stimulated Raman transition where an atom from nv in the |g2〉 ground state

is transferred to the nv − 1 in the ground state |g1〉 and gets pumped optically into the

excited state |e〉 before spontaneously decay back to the nv − 1 in the |g2〉 state. The

narrow linewidth of ∆nv = −1 Raman transition ensures that the probability of an

atom to undergo ∆nv = +1 excitation is negligible. In princple, the cooling cycle will

continue until nv = 0, the lowest vibrational level of the trap.

Figure 7.1: Raman sideband cooling: Level scheme for two-photon stimulated Raman

transition where an atom reduces its vibrational number nv by one. The black arrows

represent the Raman transitions. The orange arrow represent the optical pumping to the

excited state. The blue wavy arrow represents the spontaneous decay to the nv − 1 in the

|g2〉 state.

The vibrational number can be preserved during photon scattering events if the

spread of the atomic wavefunction is much smaller than the wavelength of the interact-

ing radiation. This requirement can be fulfilled if the initial temperature of the atom

is low enough and the confinement of the atom is strong enough. Once the atom is in

the lowest vibrational level, the atom does not undergo further Raman transitions and

optical pumping since the atom is in a dark state.
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7.1.2 Stimulated Raman transitions

Figure 7.2: Level scheme for of a Λ-type stimulated Raman transition that couples two

hyperfine ground states |g1〉 and |g2〉 that are separated by an energy difference ∆HFS .

The Raman beams are characterized by Rabi frequencies Ω1 and Ω2. δR is the detuning

for the Raman transition.

A Raman transition shown in Fig. 7.2 is a two-photon process that couples two

internal states |g1〉 and |g2〉 with an energy difference ∆HFS via an intermediate state

|e〉. The two states are coupled by a laser with frequency ω1, which drives the single-

photon transition between |g1〉 and |e〉, and another laser with frequency ω2, which

drives the single-photon transition between |g2〉 and |e〉. These two lasers are the

Raman beams characterized by Rabi frequencies Ω1 and Ω2 respectively. δR is the

detuning of the two lasers from the Raman transition (Raman detuning).

Both of the laser beams are far detuned by approximately ∆R from the intermediate

state |e〉 so that the |e〉 state has a very small probability to be populated via the

single-photon processes. This means that if ∆R � Ω1,Ω2, δR,Γ, then the population

dynamics between |g1〉 and |g2〉 can be described in terms of a two-level system, under

the approximation of adiabatic elimination (105). The Hamiltonian of this reduced two-

level system (full description for the derivation is shown in Appendix C) gives us the
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two-photon transition between |g1〉 and |g2〉 as the Raman Rabi frequency (105, 106):

ΩR =
Ω1Ω2

2∆R
(7.1)

We have also defined the generalized Rabi frequency as: ΩG =
√

Ω2
R + δ2

r , where

δr is the detuning. The observed linewidth is determined by the Raman beam pulse

duration and the Rabi frequency, which is dependent on the powers of the Raman

beams.

7.1.3 Vibrational sidebands

To understand how an atom in a FORT can change its vibrational state by a Raman

transition, we model the atom of mass m to be bound in a harmonic potential. In a

Raman transition driven by two Raman beams with momentum vectors k1 and k2,

an atom experiences a momentum transfer of ~∆k = ~(k1 − k2). A configuration of

two non-copropagating Raman beams can impose the momentum transfer, which is

required for a change in vibrational state.

Here we want to compute the on-resonant Rabi frequency for the Raman transition

that involves the change in the atomic centre of mass. By taking into account the

spatial varying electric fields that give rise to the momentum change imparted by the

Raman beams, the Hamiltonian for the Raman interaction (Eq.C.10 in Appendix C)

can now be written as:

ĤR =
~
2

(
0

Ω1Ω∗2
2∆R

ei∆kR̂

Ω∗1Ω2

2∆R
e−i∆kR̂ 0

)
(7.2)

where ei∆kR̂ is the momentum translational operator, ∆k is the momentum change

vector and R̂ is the position operator. The diagonal elements are 0 since we consider

an on-resonance process and we can freely choose an energy offset.

In our experiment that will be described later, depending on the configuration of the

Raman beams, the Raman beams may impart momentum change in two axes. So here

we consider a Raman interaction that couples between |nx, nz〉 and |mx,mz〉, where
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mx, nx are the vibrational numbers for the x-axis and mz, nz are that of the z-axis.

The matrix elements for the Raman coupling between |nx, nz〉 and |mx,mz〉 is thus:

〈
mx,mz|ĤR|nx, nz

〉
=

Ω1Ω∗2
2∆R

〈
mx,mz|ei∆kR̂|nx, nz

〉
(7.3)

And we define them as the Rabi frequency for driving Raman transitions between

|nx, nz〉 and |mx,mz〉:

Ωmx,nx,mz ,nz = ΩR

∣∣∣〈mx,mz|ei∆kR̂|nx, nz
〉∣∣∣ (7.4)

= ΩR

∣∣∣〈mx|ei∆kxx̂|nx
〉∣∣∣ ∣∣∣〈mz|ei∆kz ẑ|nz

〉∣∣∣ (7.5)

where we have recognized the front factor in Eq. 7.3 as ΩR, the Rabi frequency

for the coupling between internal states |g1〉 and |g2〉. We see that Ωmx,nx,mz ,nz is the

product of the internal state frequency (Eq. 7.1) and a matrix element that deals with

the x-component of the centre of mass motion and another one that deals with the

z-component.

To simplify the subsequent discussion, we assume that there is no momentum change

along the z-axis of the trap. One can include the z-axis motion in the exact same

way. We also express x̂ in terms of creation and annihilation operators â and â†:

x̂ = x0(â + a†) (107) and introduce the Lamb-Dicke parameter η = ∆kxx0, where

x0 =
√

~
2mωx

is the spread of the oscillatory ground state wavefunction along the x-

axis. With these, Eq. 7.5 can be written as:

Ωmx,nx = ΩR

∣∣∣〈mx|eiη(â+â†)|nx
〉∣∣∣ (7.6)

In the Lamb-Dicke regime, where the atom is sufficiently cold such that the spread

of its wavefunction is much smaller relative to the wavelength of the radiation that

drives the motion, this inequality holds: η
√
〈(â+ â†)2〉 � 1 (108). In this case, the

exponential in Eq. 7.6 can be expanded to the first order in η:

112



7.1 Background

Ωmx,nx = ΩR

∣∣∣〈mx|1 + iη(â+ â†)|nx
〉∣∣∣ (7.7)

= ΩR

∣∣δmx,nx + iη
√
nxδmx,nx−1 + iη

√
nx + 1δmx,nx+1

∣∣ (7.8)

where δmx,nx represents the Kronecker delta.

We see that for a given mx, we can only have non-zero coupling to three vibrational

states, namely, the vibrational states with the same, plus 1 and minus 1 vibrational

number. Therefore, there are only three resonances associated with the Raman inter-

action (109): (i) Carrier resonance, which gives rise to transitions |nx〉 ↔ |nx〉 with

Rabi frequency ΩR. This transition does not change the atomic vibrational states. (ii)

First red sideband, which gives rise to transitions |nx〉 ↔ |nx− 1〉 with Rabi frequency

Ωred = ΩRη
√
nx. (iii) First blue sideband, which gives rise to transitions |nx〉 ↔ |nx+1〉

with Rabi frequency Ωblue = ΩRη
√
nx + 1.

7.1.4 Thermometry using blue and red sidebands

The excitation probabilities on the first blue sideband and first red sideband of the

atom can be used to determine the average occupation of the vibrational state (of a

particular dimension) n̄, from which we can extract the atom temperature T (102, 109).

Note here that this n̄ value is the average of all n from many preparations of a single

atom.

In a thermal distribution, the probability that an atom in a trap with frequency ωv

occupies the nth vibrational state is given by:

P (n) =
e−nβ

Z
(7.9)

where β = ~ωv
kBT

and Z =
∑∞

n′=0 e
−n′β = 1

1−e−β .

Then, n̄ is obtained with the expression:

n̄ =

∞∑
n=0

nP (n) =
1

eβ − 1
(7.10)
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Rearranging the equation, we can obtain the expression e−β = n̄
n̄+1 . With this, we

can rewrite Eq. 7.9 as:

P (n) =
1

n̄+ 1

(
n̄

n̄+ 1

)n
(7.11)

And the temperature T is hence:

T =
~ωv

kB ln
(
n̄+1
n̄

) (7.12)

To determine n̄, one can compare the probability that the atom end up in the

|g1〉 state after driving transitions of the atom on the red and blue sidebands. If an

atom start in the |g2〉 state and the first red sideband is driven, then for a thermal

distribution, the probability that the atom is transfered to the |g1〉 state is:

P rsb(t) =

∞∑
n=1

P (n)
1

2
[1 + cos(Ωn,n−1t)] (7.13)

=
∞∑
n=0

P (n+ 1)
1

2
[1 + cos(Ωn,n+1t)] (7.14)

Ωn,n−1 is Rabi frequency for transitions between n and n − 1; Ωn,n+1 is Rabi fre-

quency for transitions between n and n + 1 1. For the blue sideband, the probability

is:

P bsb(t) =

∞∑
n=0

P (n)
1

2
[1 + cos(Ωn,n+1t)] (7.15)

Taking the ratio between P rsb(t) and P bsb(t) and using Eq. 7.11, we can then get

(109):

R =
P rsb(t)

P bsb(t)
=

n̄

n̄+ 1
(7.16)

This is the “sideband asymmetry” that is used to determine the n̄ value in (101, 102),

assuming the atom is in the Lamb-Dicke regime. By scanning the frequencies over both

1Ωn,n−1 = Ωn−1,n = Ωred as defined in the last section, while Ωn,n+1 = Ωn+1,n = Ωblue.
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sidebands while keeping the light intensity and pulse duration constant, we can infer

R from the sidebands excitation probabilities and hence obtain n̄ (109).

7.2 Experimental methods

In our Raman sideband cooling experiment, we want to couple two magnetically in-

sensitive sublevels, namely the |F = 2,mF = 0〉 and |F = 3,mF = 0〉 states. We also

want to resolve the vibrational sidebands and drive at the red-sideband transition in

order to lower the n̄ value. Our experiment setup consists of 3 main parts: the Ra-

man beams, the state detection scheme and the optical pumping scheme. The Raman

beams are generated to address the two-photon stimulated Raman transition between

the two ground states that are being utilized. The state detection scheme is used to

differentiate between atoms that have undergone the Raman transition and those that

have not. The optical pumping scheme is implemented to prepare atoms in the desired

hyperfine ground state to start the Raman transition with.

7.2.1 Raman beams

Figure 7.3: Stimulated raman transition that couples two hyperfine ground states 5S1/2

F = 2 and F = 3. RB 1,2 and 3 represent the Raman beams used in our experiment. ∆R

is the detuning of the Raman beams from the D2 transition. δR is the Raman detuning.

We manipulate the 85Rb atoms using the D2 line (5S1/2 ↔ 5P3/2 transition) with

780nm lasers, shown in Fig. 7.3. The ground state is split into two hyperfine levels,
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F = 2 and F = 3 with a separation of about 3 GHz. The detuning ∆R should be

much larger than the linewidth of the excited state to minimize Raman spontaneous

scattering, which can cause change in the internal state of the atom. RB 1 (Raman

Beam 1) and RB 2/RB 3 transfer the atoms between the F = 2 state and F = 3 state.

Figure 7.4: Experimental apparatus for the generation of Raman beams: RB 1, RB 2

and RB 3.

The experimental apparatus for the generation of the Raman beams are shown in

Fig. 7.4. The Raman beams are derived from a 780.24 nm Vortex external cavity diode

laser. The laser is tuned off resonant from the D2 transition such that ∆R = 30 GHz.

The laser beam passes through AOM 2 that is modulated at 200 MHz. This AOM

acts as a shutter for the Raman beams. The beam then propagates through an optical

isolator with 85% efficiency. The laser beam passes through AOM 3 that is modulated

at 1.5 GHz by a Stanford Research Systems (SRS) RF signal generator through an RF

power amplifier. This signal generator is clocked by an external 10 MHz reference. The

negative first order diffracted beam is reflected back to AOM 3 leading to a frequency

shift of the beam by about 3 GHz relative to the beam frequency after AOM 2. The
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beam follows the incoming beam path and is reflected off the input polarizer of the

optical isolator. This beam is then coupled into a single mode polarization maintaining

fibre and is delivered to the trapped atom as RB 1 (see Fig. 7.5). The zeroth order

beam from AOM 3 is split into two beams via HWP 3 (Half-Wave Plate 3) and PBS

3 (Polarizing Beam Splitter 3). These beams each passes through AOM 4 and AOM

5 that are both modulated at around 75 MHz by two Novatech frequency synthesizers

that are clocked to the same frequency reference that also clocks the signal generator

for AOM 3. The negative first order of the diffracted beams from AOM 4 and AOM 5

are then coupled into two single mode polarization maintaining fibres, making them RB

2 and RB 3 respectively in Fig. 7.5. Note here that we can also make RB 2 propagate

into the optical fibre of RB 1 by turning the HWP 4 to allow the light to transmit

through the PBS 4 rather than reflected off it.

Figure 7.5: Birds-eye view of the deliveries of Raman beams, optical pumping light and

push beam to the atom trapped in the 1064 nm FORT. Also shown is the direction of a

bias magnetic field applied to define the quantization axis of the atom. Note that the RB

3 enters the x-z plane at approximately 55 degree angle.
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From Fig. 7.5, we can see how the Raman beams are delivered to the atom in

the λ = 1064 nm FORT. From its optical fibre, RB 1 is focused by a f = 400 mm

plano-convex lens to a beam waist of aprroximately 80 µm at the position of the atom.

While RB 2 and RB 3 are focused by f = 500 mm plano-convex lenses. RB 2 and RB3

have beam waists of about 80 µm and 100 µm respectively, at the position of the atom.

The Raman beams are sent to the atom with specific directions to address the radial

and axial vibrational degrees of freedom of the trapped atom. In a counter propagating

configuration, RB 1 and RB 2 together impose momentum transfer in both the radial (x

and y axes) and axial (z axis) directions of the trap, while a combination of RB 1 and RB

3 impose momentum transfer in the radial directions (x and y axes). The polarizations

of the Raman beams are tailored to ensure transitions between the |F = 2,mF = 0〉

and |F = 3,mF = 0〉 states. RB 1 and RB 2 are both circularly polarized, while RB 3

are linearly polarized in the direction perpendicular to the bias magnetic field.

7.2.2 State detection

We want a state detection scheme that differentiates between the F = 2 and F = 3

states. We use a circularly polarized push beam that addresses the closed |F = 3,mF = 3〉

to |F ′ = 4,m′F = 4〉 transition to push atoms out of the trap if they are in the F = 3

state. Meanwhile, the F = 2 atoms will stay in the trap since they are unaffected by the

push beam. The internal states can then be differentiated by consecutively observing

the presence of F = 2 or the absence of F = 3 of an atom in the trap. Excitation of

|F = 3,mF = 3〉 to |F ′ = 4,m′F = 4〉 closed transition reduces off-resonant scattering

to F = 2. This is because an atom in |F ′ = 4,m′F = 4〉 state can only spontaneously

decay to |F = 3,mF = 3〉 state. To make the state detection more efficient, we lower

the trap depth during the push-out stage. A shallower trap means that the difference

of mF -state dependent energy shifts are minimized, and the atom require lower photon

scattering events to be pushed out.

The push beam is a 780 nm laser beam that is close to resonance with the D2 F = 3

to F ′ = 4 transition and it is σ+ polarized. It is coupled into the same fibre as RB 1 and

is propagated in the same direction as RB 1 and is opposite to the bias magnetic field
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(see Fig. 7.5). The push beam has a 75 MHZ modulated AOM as a shutter. To test

the state detection efficiency of the push beam, we perform an experiment sequence

as shown in Fig. 7.6. We first prepare an atom in the F = 3 state and then ramp

down the trap depth adiabatically to a lower trap depth (h× 2 MHz) before applying

the push beam for 100 µs with intensity of 0.15 µW. After that we detect if the atom

remained in the trap.

The retention probability of the atoms is measured for different push beam frequen-

cies around the D2 F = 3 to F ′ = 4 transition. The same investigation is done for

F = 2 atoms to ensure that the push beam is not affecting the F = 2 atoms. Figure

7.7 shows the retention probabilities of F = 2 and F = 3 atoms as a function of push

beam frequency. At the optimum frequency, about 4% F = 3 atoms are retained in the

trap and about 97% F = 2 atoms survived.

Figure 7.6: Experimental sequence for state detection efficiency.

7.2.3 Optical pumping

We want to initially prepare the atoms in the |F = 3,mF = 0〉 state, before driving

the Raman transitions. We implement this by using two linearly polarized laser beams

(denoted as Optical Pumping 1 (OP 1) and Optical Pumping 2 (OP 2)) that address

the D1 F = 2 to F ′ = 3 and F = 3 to F ′ = 3 transition respectively, see Fig. 7.8.

Spontaneous emission can happen from F ′ = 3 to F = 3 and F = 2 with ∆mF = 0,±1.

However by selection rules, the |F = 3,mF = 0〉 to |F ′ = 3,m′F = 0〉 transition is for-

bidden, making |F = 3,mF = 0〉 a dark state such that atoms that have spontaneously

decayed into this state will remain in there. The bias magnetic field is applied during
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Figure 7.7: Retention probabilities of F = 2 and F = 3 atoms as a function of push beam

frequency, quoted as detuning from D2 F = 3 to F = 4′ transition.

the optical pumping to define the quantization axis of the atom. The power and pulse

duration of the optical pumping beams have to be chosen such that the atoms are

populating the desired state.

Figure 7.8: Optical pumping scheme. Both OP 1 and OP 2 are linearly polarized.

∆F = 0, ∆mF = 0 is forbidden, thus atoms accumulate in the F = 3,mF = 0 ground

state.

The experimental apparatus for the generation of the optical pumping beams are

shown in Fig. 7.9. The optical pumping beams are derived from a 795 nm Toptica

external cavity diode laser. The laser frequency is locked to the D1 F = 2 to F ′ = 3
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transition of 85Rb by using standard saturation absorption spectroscopy method. The

laser beam is split into two beams that are frequency shifted by AOM 7 and AOM

8. AOM 7 is modulated at 1.5 GHz and the laser beam is double passed through the

AOM, thus shifting the frequency of this beam by about 3 GHz before being coupled

into a single mode polarization maintaining fibre. This beam is the OP 1. The other

beam is coupled into the same fibre after being double passed through AOM 8 that

is modulated by about 150 MHz and this is the OP 2 beam. AOM 6 acts as a beam

shutter for these two beams.

Figure 7.9: Experimental apparatus for optical pumping beams: OP 1 and OP 2. QWP

stands for Quarter Wave Plate.

Figure 7.5 shows how the OP beams are delivered to the atom. The OP 1 and OP 2

beams are mode-matched and focused by a f = 700 mm plano-convex lens. The beam

waists are 90 µm at the position of the atom. Both beams are linearly polarized in the

horizontal direction such that they are parallel to the quantization axis of the atom,

defined by a bias magnetic field applied in the direction as shown in Fig. 7.5. The field

strength is about 7.5 Gauss at the position of atom.

7.2.3.1 Optical pumping efficiency

With a co-propagating RB 1 and RB 2 configuration (they can be made co-propagating

by coupling the beams into the same RB 1 fibre, as mentioned in Sec. 7.2.1), there

is no net momentum transfer imposed on the atoms so the vibrational states cannot
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be changed. However, we have used this configuration, along with the bias magnetic

field, to identify the |F = 3,mF = 0〉 to |F = 2,mF = 0〉 transition (the co-propagating

transition). Since this transition is magnetically insensitive, the transition frequency

is not shifted according to the first-order Zeeman shifts as we vary the bias magnetic

field strength, unlike transitions that involve other mF states.

We want to maximize the optical pumping efficiency such that the probability of the

atoms to accumulate in the |F = 3,mF = 0〉 state (P(F = 3,mF = 0)) is maximized

with the least amount of scattered photons. Figure 7.10 shows the experimental timeline

in the optimization of the optical pumping efficiency. Since our state detection scheme

described in the last section cannot discriminate mF states, we use the probability

of the atoms undergoing the co-propagating transition with an on-resonant π-pulse (a

pulse that inverts population from |F = 3,mF = 0〉 to |F = 2,mF = 0〉) as a measure

for the optical pumping efficiency. This is possible because only atoms that are in the

|F = 3,mF = 0〉 state initially, will be transfered to |F = 2,mF = 0〉 with the RB 1

and RB 2 in co-propagating configuration.

Figure 7.10: Optimizing optical pumping efficiency. The Raman pulses applied are RB

1 and RB 2 in co-propagating configuration, with on-resonant co-propagating transition

π-pulse.

The probability P(F = 3,mF = 0) by the end of the optical pumping stage depends

on how fast the atoms can be pumped into the |F = 3,mF = 0〉 state by the optical

pumping light (both OP 1 beam and OP 2 beam) and how long the atoms can stay

in the state without being pumped out by the OP 2 beam. In other words, we want

the pump in time (τin) to be short and the pump out time (τout) to be long. We can

characterize the optical pumping efficiency by the long term steady-state probability

that the atoms can stay in |F = 3,mF = 0〉 state, which is given by τout
τout+τin

. τout is a

measure of how “dark” our dark state is.
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Figure 7.11: Alignment of the quantization axis with the OP 2 of 3 ms duration. Left:

P(F = 3,mF = 0) as a function of horizontal-coil current. Right: P(F = 3,mF = 0) as a

function of vertical-coil current. The solid curves are Gaussian fitted curves.

A finite τout can arise when atoms get pumped out of the dark state by σ± polariza-

tions pollution of the ideally π polarized OP 2 beam. Such polarization impurity of OP

2 beam means that not all of the beam polarizations are in parallel with the quantiza-

tion axis of the atom, causing τout to be short. To mitigate this problem, we align the

quantization axis (defined by the bias magnetic field) to the OP 2 beam polarization.

We apply two alignment magnetic fields in the vertical and horizontal directions perpen-

dicular to the quantization axis. Then we vary the current of the alignment magnetic

coils to maximize the probability of the atoms to remain in |F = 3,mF = 0〉 state after

3 ms of OP 2 pulse. Figure 7.11 shows the results from the alignment exercises. From

the results, we can see that there are peak values for P(F = 3,mF = 0) after tuning

the alignment magnetic coil currents. This indicates that by adjusting the alignment

magnetic field strengths, we have optimized the alignment of the quantization axis to

the OP 2 beam polarization.

Figure 7.12: P(F = 3,mF = 0) as a function of OP 2 duration (left) and OP duration

(right). The solid curves are fitted curves with exponential functions.
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τout and τin also depend on the powers of OP 1 beam and OP 2 beam. We first

determine the ratio between OP 1 and OP 2 powers that gives the maximum P(F =

3,mF = 0). The optimized powers of OP 1 beam and OP 2 beam are 600 nW and 280

nW respectively. With these beam powers, we proceed to measure τout. To do this, we

start by preparing the atoms in the |F = 3,mF = 0〉 state by using the optical pumping

light, and then apply OP 2 beam with varying duration to measure the probability

of the atoms staying in |F = 3,mF = 0〉 state as a function of OP 2 pulse duration.

The left figure of Fig. 7.12 shows the results of this measurement. The fitted curve

gives τout = 5.5 ms. Next we measure τin by varying the optical pumping light pulse

duration and driving the co-propagating transition with an on-resonant π-pulse. The

probability that the atoms have pumped into the |F = 3,mF = 0〉 state as function of

optical pumping light pulse duration can then be measured. The results is shown in

the right figure of Fig. 7.12 and from the fitted curve, τin is found to be 150 µs.

Figure 7.13: Left: Co-propagating transition, obtained by changing the detuning of

Raman beams. This data is taken with π-pulse of the transition. The solid curve is a fitted

Gaussian function. Right: The probability that the atoms undergo Raman transitions as

a function of Raman beams pulse duration (Rabi oscillations). The solid curve is a fitted

damped cosine function. Note here that we plotted the results with P (F = 3), which can

be obtained from 1− P (F = 2).

With the optical pumping light pulse duration set at 2 ms, we then perform Raman

spectroscopy on the co-propagating transition with an experiment sequence as shown

in Fig. 7.10. The results is shown in the left figure of Fig. 7.13. At the peak position

(resonant frequency) of the co-propagating transition, we vary the pulse duration of

the Raman beams and measure the probability that the atoms have undergone Raman
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transitions (we herein denote experiments where we measure the probability of pop-

ulation transfer as a function of Raman beam pulse duration as the “Rabi oscillation

measurement”). We show the results in the right figure of Fig. 7.13. At resonance, 99%

of the atoms are transferred from the |F = 3,mF = 0〉 to |F = 2,mF = 0〉 state via on-

resonant co-propagating transition with π-pulse. We therefore deduce that our optical

pumping efficiency is 99% for the used OP pulse duration. From the Rabi oscillation

measurement, we determine the π-pulse duration of the co-propagating transition to be

22 µs, which gives a Rabi frequency of 23 kHz. The Raman beam powers are 55 µW for

RB 1 and 250 µW for RB 2. With these powers, the calculated Rabi frequency using

Eq. 7.1 is 20 kHz, agreeing reasonably well with the measured value. The small dis-

crepancies between our measured and calculated values could be due to the inaccuracy

in estimating the exact Raman beam intensities at the position of the atom.

7.3 Raman sideband cooling

In this section, we will present our experimental results on the Raman sideband cooling

experiments. Figure 7.14 shows the experimental sequence. We start at a trap depth

of U1 = h× 56 MHz where we prepare a single atom and perform sub-Doppler cooling

on the atom. Next we adiabatically ramp the trap depth to U2 = h× 175 MHz, where

Raman sideband cooling cycles are performed. A deep trap is favourable for resolving

the sidebands since the trap frequencies are large. After sideband cooling, we perform

a Raman spectroscopy stage that consists of applying the Raman pulses and the push

beam (at trap depth of U3 = h × 2 MHz) to differentiate between atoms that have

undergone Raman transitions and those that have not.

7.3.1 Sub-Doppler cooling

Before the Raman sideband cooling process, we implement in-trap laser cooling in the

sub-Doppler regime so as to achieve a low initial temperature. During the 10 ms sub-

Doppler cooling stage, we apply MOT beams that are 29 MHz red-detuned from the

D2 F = 3 to F ′ = 3 transition (∆
Γ ∼ 4.8) at the centre of the trap, with power of
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Figure 7.14: Experimental sequence for Raman sideband cooling. The trap depth are

U1 = h × 56, U2 = h × 175 MHz and U3 = h × 2 MHz. The trap depths are ramped

adiabatically.

0.4 mW per beam ( IIs ∼ 1.5). The repump beam is a standing wave that is 35 MHz

blue-detuned from the D1 F = 2 to F ′ = 3 transition (∆
Γ ∼ 6.1), with power of 6 µW

( IIs ∼ 11.3). We empirically optimize the cooling light parameters by means of RR

method (see Sec. 3.3) where we maximize the recapture probability at a fixed release

time. With this sub-Doppler cooling procedure, the estimated atom temperature (from

RR measurement) that we can achieve is about TRR = 30 µK after the trap was ramped

to U2 = h× 175 MHz, where we perform our Raman sideband cooling.

The temperature obtained here is higher than what can be obtained by sub-Doppler

cooling in free space. In a deep trap, the light shifts of the mF sublevels are large

and unequally shifted, such that the hyperfine levels of the excited states are not well

separated. Therefore the cooling may not work as well as in free space. We want to find

out if Sisyphus cooling induced by the D1 repump beam plays a role in our sub-Doppler

cooling scheme. Instead of a standing wave, we configure the blue-detuned repump

beam to be travelling wave and we measure the atom temperautre. We observe that
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7.3 Raman sideband cooling

the temperature is higher when the repump beam is in a travelling-wave configuration,

which indicates that there might be some Sisyphus cooling effect provided by the blue-

detuned repump beam in a standing-wave configuration.

Figure 7.15: Raman spectrum after sub-Doppler cooling obtained from spectroscopy by

using RB 1 and RB 3 for a 90 µs pulse duration. The sideband peaks are fitted with

Lorentzians, the solid line shows the fitted curve. The carrier transition peak, taken with

40 µs pulse duration, is also shown as the black data set, fitted with a Gaussian function

(black solid line).

After the sub-Doppler cooling stage, we then perform optical pumping and Raman

spectroscopy. Figure 7.15 shows the spectrum of the sidebands by using RB 1 and RB

3 for the spectroscopy. The Raman pulse powers are 75 µW for RB 1 and 360 µW for

RB 3. We vary the Raman transition detuning δR and measure the probability that the

atoms get transferred to the |F = 2,mF = 0〉 state (P(F = 2)). Two sideband peaks

are observed at ±225 kHz, denoted as the blue sideband (bsbRB3) and red sideband

(rsbRB3), representing ∆n = +1 and ∆n = −1 transitions respectively (see Sec. 7.1.3).

Since RB 1 and RB 3 can only cause momentum transfers in a radial direction of the

trap, we can deduce that these are the radial sidebands. Using the method of Sec. 7.1.4,

we estimate n̄RB3 to be 2.4 and this corresponds to a temperature TRB3 = 31 µK from

the sidebands asymmetry. Here, we also define n̄RB3 (n̄RB2) as the average vibrational

state in the radial direction that the atoms occupy determined by asymmetry of bsbRB3
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(bsbRB2) and rsbRB3 (rsbRB2).

We also perform the Raman spectroscopy by using RB 1 and RB 2. The Raman

pulse powers are 75 µW for RB 1 and 250 µW for RB 2. The spectrum is shown as

Fig. 7.16. There are two sideband peaks at about ±225 kHz, which are annotated as

bsbRB2 and rsbRB2. These are the radial sidebands, as indicated by the spectrum in

Fig. 7.15. However, we also observe two other peaks that are approximately ±37 kHz

off from the rsbRB2. These are the sidebands coupling both the motion along the radial

and axial directions, which arise from the transitions |nx, nz〉 ↔ |nx − 1, nz + 1〉 and

|nx, nz〉 ↔ |nx − 1, nz − 1〉. Due to the configurations of RB 1 and RB 2, momentum

transfers can be imparted in both the radial and axial directions of the trap. As

we can see from Eq. 7.5, this can give rise to not only the radial vibrational state

transitions, but also to the axial vibrational state transitions, as well as to transitions

that simultaneously change both the radial and axial vibrational numbers. A difference

between Fig. 7.15 and Fig. 7.16 is that in Fig. 7.16, the sidebands do not exceed 0.5.

This can be understood by observing Eq. 7.5. Since the trap axial dimension is less

confined than the radial dimension, the axial dimension is not deep in the Lamb-Dicke

regime. Hence the matrix elements for the radial sideband that contains the axial

vibrational numbers
∣∣〈nz|ei∆kz ẑ|nz〉∣∣ in Eq. 7.5 is smaller than 1 by an amount that

depends on nz. The excitations of the radial sideband will therefore happen with

a number of different Rabi frequencies depending on the value of nz in a particular

realization. Averaging over many experiments then damps the Rabi oscillation to an

amplitude value of maximum 0.5. This explains why the peak heights of bsbRB2 and

rsbRB2 do not exceed this value.

Despite that, there is asymmetry between bsbRB2 and rsbRB2, from which we esti-

mate n̄RB2 to be 2.1 or a temperature of TRB2 = 27 µK. The estimated temperature

from the sidebands asymmetry method of TRB3 = 31 µK and TRB2 = 27 µK agree

quite well with the estimated temperature from the RR method, TRR = 30 µK. This

indicates that the sideband asymmetry measurement is a valid form of thermometry

for our system.
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Figure 7.16: Radial sideband spectrum after sub-Doppler cooling obtained from spec-

troscopy by using RB 1 and RB 2 for a 120 µs pulse duration. The sideband peaks are

fitted with Lorentzians, the solid line shows the fitted curve.

At the fitted peak positions of bsbRB3, rsbRB3, bsbRB2 and rsbRB2, we measure

the probability that the atoms undergo Raman transitions as a function of Raman

beams pulse duration (Rabi oscillation measurement). From these measurements, we

can determine the pulse duration that gives the maximum Raman transfer (τR) for

the transitions that are we going to drive for the sideband cooling stage. Figure 7.17

shows the results of the measurements at the fitted peak positions of sidebands bsbRB3,

rsbRB3, bsbRB2 and rsbRB2. From the fitted curves of the Rabi oscillations measure-

ment, we determine the τR for both rsbRB3 and rsbRB2 to be close to 120 µs.

7.3.2 Radial dimensions sideband cooling

During the Raman sideband cooling stage, the Raman beams that we use are RB 1 and

RB 3. We drive at the rsbRB3 sideband frequency such that ∆n = −1 transition can

occur. We illustrate our sideband cooling sequence in Fig. 7.18. For 24 cycles, we apply

150 µs optical pumping to ensure that the atoms are pumped into the |F = 3,mF = 0〉

state. After that, we apply Raman pulses of 50, 90 and 120 µs to drive the ∆n = −1

transition and in between the Raman pulses, 180 µs of OP 1 pulse is applied to avoid

atoms from starting at |F = 2,mF = 0〉 and undergo the Raman transfer, which will
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Figure 7.17: Rabi oscillations for the sidebands before Raman sideband cooling. Left:

Rabi oscillations for bsbRB3 (blue) and rsbRB3 (red). Right: Rabi oscillations for bsbRB2

(blue) and rsbRB2 (red). Data are fitted with damped cosine functions, shown as the solid

curves. Note here that we plotted the results using P (F = 3), which can be obtained from

1− P (F = 2).

Figure 7.18: Sideband cooling cycle sequence. The Raman beams RB 1 and RB 3 are

used. 24 cycles of 150 µs optical pumping, followed by Raman pulses of 50, 90 and 120 µs

and 180 µs OP 1 pulse, is applied in between the Raman pulses, plus 24 cycles of 150 µs

OP and Raman pulses of 100 µs. Ncyc denotes the number of cycles for the first part of

the cooling sequence.
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drive the ∆n = +1 transitions instead. We subsequently apply a further 24 cycles

of 150 µs OP and Raman pulses of 100 µs. As explained in Sec. 7.1.3, the Rabi

frequency of the red sideband transition is: Ωred = ΩRη
√
nx. Hence the rationale

behind generally using shorter than τR in this sequence is that we want to efficiently

drive the ∆n = −1 transition for atoms that are in the high lying n states, which have

higher Rabi frequencies than those in lower n states.

Figure 7.19: Blue: Radial sideband spectrum after Raman sideband cooling obtained

from spectroscopy by using RB 1 and RB 3 for a 120 µs pulse duration. The sideband

peaks are fitted with Lorentzians, the solid line shows the fitted curve. Green: Further

scanning around bsbRB3 and rsbRB3 using 150 µs pulse duration, revealing two peaks at

259 kHz at both sides from the carrier.

After the Raman sideband cooling, we perform Raman spectroscopy with RB 1

and RB 3. The blue colour-coded data in Fig. 7.19 shows the spectrum. We see that

rsbRB3 has lowered, resulting in a significant asymmetry between bsbRB3 and rsbRB3,

which indicates a large radial ground state occupation of atoms. We also measure the

Rabi oscillations for bsbRB3 and rsbRB3 at the fitted peak positions after sideband

cooling, shown in the left figure of Fig. 7.20. If compared to the Rabi oscillation

before the sideband cooling (see Fig. 7.17), the Rabi oscillation of bsbRB3 after cooling

appears to be slower. From the expression Ωblue = ΩRη
√
nx + 1 in Sec. 7.1.3, the Rabi

frequency decreases as nx is reduced. The Rabi oscillation also appears to become more
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coherent, which we would expect if most of the atoms occupy the vibrational ground

state (nx = 0) as they have the same Rabi frequencies. We note that the amplitude

of the oscillation does not reach near unity. This could be due to the transition being

driven slightly off-resonant. Comparing to the generalized Rabi frequency, this would

be about 1 kHz off-resonant, which is consistent with the accuracy of the fitting of

the sideband peak in Fig. 7.19 used to determine the peak position. Meanwhile,

the rsbRB3 Rabi oscillation shows that the internal states population remains largely

unchanged over different Raman pulse durations, which indicates that there is little

amount of ∆n = −1 transition. This means that the most of the atoms are in the ground

state since ground state atoms cannot undergo further vibrational state-decreasing

transitions.

Figure 7.20: Rabi oscillations for the sidebands after Raman sideband cooling. Left:

Rabi oscillations for bsbRB3 (blue) and rsbRB3 (red). Right: Rabi oscillations for bsbRB2

(blue) and rsbRB2 (red). Data are fitted with damped cosine functions, shown as the solid

curves.

Figure 7.21 shows the spectrum from Raman spectroscopy with RB 1 and RB 2

after sideband cooling. Just like the spectrum in Fig. 7.19, it shows a large asymmetry

between bsbRB2 and rsbRB2. The Rabi oscillations of the peak of the sidebands after

cooling are shown as the right figure in Fig. 7.20. The rsbRB2 Rabi oscillation again

shows that there is little amount of ∆n = −1 transition. The bsbRB2 Rabi oscillation

appears to be slower than that of before cooling. This can be explained by a similar

reason to the change in Rabi frequency after cooling observed for bsbRB3 sideband. We

observe no improvement in terms of coherent oscillations for bsbRB2 after cooling. This
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is due to that the axial dimension is not cooled and this gives rise to the
∣∣〈nz|ei∆kz ẑ|nz〉∣∣

matrix element in the Rabi frequency of bsbRB2.

Figure 7.21: Blue: Radial sideband spectrum after Raman sideband cooling obtained

from spectroscopy by using RB 1 and RB 2 for a 150 µs pulse duration. The sideband

peaks are fitted with Lorentzians, the solid line shows the fitted curve.

The results from both of the spectra and Rabi oscillations after cooling suggest

that by using RB 1 and RB 3 for cooling, we have sideband cooled the two radial

vibrational dimensions, which are addressed by both RB 3 and RB 2, each pairing

with RB 1. At first glance, it might appear to be surprising that we have cooled both

radial dimensions of our trapped atom by using a single pair of radial sideband cooling

beams. However, this effect has been observed in the sideband cooling of a single ion

(9) and has been discussed in, for example, (110). Recently, (18) has also observed the

cooling of both radial dimensions of a trapped neutral atom with a single pair of Raman

beams. It can occur if the delivery geometry of RB 1 and RB 3 to the trapped atom

(see Fig. 7.5) makes it possible to impart momentum kicks that couple both of the

radial vibrational dimensions with vibrational frequencies say, ωx and ωy. If ωx 6= ωy

(radial symmetry is slightly broken) but are close to each other such that the linewidth

of rsbRB3 is broad enough to cover both ωx and ωy, then we can sideband cool both

the radial dimensions with RB 1 and RB 3. However, if ωx and ωy are degenerate, then
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the dimension perpendicular to momentum change direction will not cool (107).

We use the results in Fig. 7.20 to estimate the n̄RB3 and n̄RB2 values after Raman

sideband cooling. To obtain the best estimation, we compare the excitation probabili-

ties between the bsb and rsb at a pulse duration that gives the maximum signal-to-noise

ratio, since the sideband asymmetry is pulse duration insensitive. With that we obtain

n̄RB3 = 0.07 and n̄RB2 = 0.12. These mean vibrational numbers infer that our single

atom occupies the radial ground state of our trap with about 84% probability after

Raman sideband cooling with a single pair of Raman beams.

To rule out the possibility that the other radial frequency is very different from the

225 kHz (bsb and rsb frequencies) found, we perform further Raman spectroscopy after

cooling to scan around the sidebands to see if there is another radial frequency. From

the scan around the sidebands with RB 1 and RB 3 (shown as the green colour-coded

data in Fig. 7.19), no other peaks are found except for two peaks at 259 kHz at both

sides from the carrier, labelled as “259 kHz” on the graph. This 259 kHz peak is also

visible in Fig. 7.21. We investigate the source of this 259 kHz frequency by performing

optical heterodyne measurements between the zero order and first diffracted order laser

beams from AOM 2 (refer to Fig. 7.4). The beat signal of the two beams on a spectrum

analyzer reveals spectral peaks at ±259 kHz. Driving the AOM with another frequency

driver still shows similar spectral chracteristics. This leads us to deduce that the 259

kHz peaks are artefacts from the Vortex laser or AOM 2, that is, the 259 peaks are

actually the carrier transitions driven by the sidebands in the Raman light. To further

confirm this and to make sure that there is no overlapping of any possible radial trap

frequency at 259 kHz, we vary the trap depth and perform a scan around the 259 kHz

peak by using the RB 1 and RB 3 spectroscopy. We find that the 259 kHz peak remains

unshifted, whereas rsbRB3 frequency has shifted accordingly with the change in trap

depth and no other peaks are found in between. After replacing the Vortex laser, the

259 kHz peaks are no longer visible on the spectrum.

We want to characterize the efficiency of the cooling sequence as a function of

number of cooling cycles. The cooling sequence that we use here is same as in Fig.

7.18, except that the second 24 cycles of 150 µs OP and 100 µs of Raman pulses are
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Figure 7.22: n̄RB3 as a function of Ncyc in the cooling sequence in Fig. 7.18, without

the second 24 cycles of 150 µs OP and 100 µs of Raman pulses. The data is fitted with en

exponential decay function, the fitted curve is shown as the solid line.

removed. We vary Ncyc and then measure n̄RB3 for each of the Ncyc used. The results

is plotted as Fig. 7.22. We see that n̄RB3 reduces exponentially with Ncyc.

Lastly, in order to independently verify that Raman sideband cooling is indeed

active, we want to perform an RR measurement to compare the temperature of the

atom before and after sideband cooling. However, given that the axial dimension is

not being cooled, a large number of radial cooling cycles can overwhelmingly heat up

the axial dimension. This might obscure the effect of cooling the radial dimensions.

Therefore, for the purpose of this RR measurement, we have chosen Ncyc = 10 for the

sideband cooling sequence (from Fig. 7.22), since the n̄RB3 value has already been

significantly reduced from the initial value for this number of cooling cycles.

We perform an RR measurement after the cooling cycles and compare it with the RR

curve before cooling. Figure 7.23 shows the RR measurement results. The estimated

temperature is 33 ± 1µK before cooling and 20 ± 1µK after cooling at a trap depth

of h × 175 MHz, where we implement our sideband cooling. After Ncyc = 10 cooling

sequence, the n̄RB3 and n̄RB2 from the sideband asymmetry measurements gives a

radial temperature of 18 µK, which agrees reasonably well with the RR measurement

estimated temperature. The difference in atom temperature before and after cooling

confirms that the atom is cooled with the Raman sideband cooling.
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Figure 7.23: Release and recapture curves before (red) and after (blue) cooling with

Ncyc = 10 of 150 µs OP and 50, 90, 120 µs of RB 1 and RB 3. This RR measurement is

performed in a trap ramped down to h×8 MHz (Refer to Sec. 3.3 for reasons.). The Monte

Carlo model for the RR measurement gives 7.0 ± 0.3µK before cooling and 4.3 ± 0.2µK

after cooling, which corresponds to 33± 1µK before cooling and 20± 1µK after cooling in

the h× 175 MHz trap depth, where we do our sideband cooling.

7.4 Discussion and summary

In order to cool the trapped atom to its vibrational ground state, we apply optical

pumping and drive the stimulated Raman sideband transitions between |F = 3,mF = 0〉

to |F = 2,mF = 0〉 states, which are the magnetically insensitive states. While the tech-

niques of the Raman sideband cooling have similarities to recent works (18, 50), these

works couple the extreme mF states, which are susceptible to magnetic noise. Our

experiment is the first demonstration of Raman sideband cooling of neutral atoms that

utilizes the magnetically insensitive transition. This feature is important for systems

that do not have stable magnetic fields but wish to implement the Raman sideband

cooling scheme. Furthermore, since magnetically insensitive transitions are being used

in our system, the atomic internal state coherence time is expected to be longer if

compared to that of (18, 50).

The challenge that comes with our scheme is that the optical pumping of atoms

to the |F = 3,mF = 0〉 state requires on average about 9 scattered photons. This is
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considerably more than the 2 photons scattered for the optical pumping in (18), for

example. The number of photons scattered should ideally be small given that optical

pumping beams may cause heating.

After implementing our Raman sideband cooling scheme with a single pair of Raman

beams that couples both of the radial dimensions, we have achieved a 84% probability

of vibrational ground state occupation in the radial plane. Combining this with 99%

optical pumping efficiency and a near-deterministic source of a single neutral atom in a

tight FORT with 83% preparation efficiency, we have therefore obtained a 69% fidelity

for a source of a pure atomic quantum state for a 2-D system. In contrast, a pure 3-D

atomic quantum state source has been achieved by (18) with fidelity of about 45%,

after taking into account its single atom preparation efficiency of about 50% and 3-D

ground state occupancy of 90%.
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Chapter 8

Conclusion

This thesis is motivated by our interest in the path towards the deterministic prepara-

tion of known number of neutral atoms with known internal and vibrational states in

a trap potential that can be dynamically reconfigured. In the field of atomic physics,

this goal is being actively pursued by using different platforms and methods. Here, we

have shown that we can near-deterministically prepare single atoms inside a FORT by

using light-assisted collisions and we can gain control over the atomic internal state

and centre of mass motion by using optical pumping and Raman sideband cooling.

We start by understanding the mechanisms of light-assisted collisions between atoms.

We experimentally prepare two atoms inside a FORT and observe their dynamics at

the individual events level under the influence of near-resonant lights. This is an “ide-

alized” collision experiment since only two atoms are involved in the process and it

allows us to directly quantify the different outcomes due to light-assisted collisions,

namely the 2 − 0 and 2 − 1 loss channels. While red-detuned light-assisted collisions

have generally been thought to cause 2− 0 loss, we find that it also can give rise to a

non-zero probability of 2 − 1 loss. By using blue-detuned light-assisted collisions, we

can control the energy released in the repulsive inelastic collisions between two atoms.

We observe that a combination of repulsive light-assisted collisions and in-trap laser

cooling can lead to the domination of the 2 − 1 loss channel, which constitutes 93%

of all the collisional losses. In a separate experiment, we have also demonstrated a

method to determine the number of atoms inside a high density FORT from 1 to more
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than 100 atoms with sub-Poissonian precision by using in-trap fluorescence detection,

which can be complicated by the effects of light-assisted collisions between atoms.

The effective implementation of 2 − 1 loss by using a combination repulsive light-

assisted collisions and in-trap laser cooling is the essential ingredient for our method

in the near-deterministic preparation of single atoms in a FORT. In this method, we

start with an atomic sample that has on average 20 atoms inside a FORT and then we

induce the repulsive light-assisted collisions and laser cooling such that the atoms are

expelled one by one from the trap via the 2− 1 loss channel, until only one atom is left

inside the trap. By optimizing the collision beam and in-trap cooling/pumping light

parameters, we show that we can achieve a single atom preparation efficiency of 91%.

For some applications, it is a requirement such that single atom is directly loaded

from a MOT into tight FORTs where the collisional blockade is unavoidable. In the

collisional blockade regime, due to the tightness of the FORT and effects of red-detuned

light-assisted collisions, previous experiments have observed the single atom preparation

efficiency to have a limit around 50%. However, we have showed that we can also

implement the 2− 1 loss channel during the collisional blockade loading by introducing

the repulsive light-assisted collisions while suppressing the 2− 0 loss channel caused by

the red-detuned MOT lights. This yields an enhancement of the single atom preparation

efficiency in the collisional blockade regime to about 80%.

The approach of using light-assisted collisions to prepare single neutral atoms in

FORTs has attracted considerable amount of interest in recent years due to its relative

directness in implementation. To put this into perspective, Fig. 8.1 shows some example

of works that employ light-assisted collisions as an approach in the preparation of single

atoms in a FORT over the years, across different trap sizes and atomic species. A

noteworthy feature from the Fig. 8.1 is that works that implement repulsive light-

assisted collisions to favour the 2−1 loss channel generally reported higher single atom

preparation efficiencies.

After establishing a reliable source of single atoms in the tight FORT, we next

set out to cool the trapped atom to its vibrational ground state via Raman sideband

cooling. We drive stimulated Raman transitions between the vibrational manifolds of
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Figure 8.1: Progress of using light-assisted collisions as an approach in the preparation of

single atoms in a FORT with known trap waist: some examples of works, quoted with the

year reported and the atomic species used. The single atom preparation efficiency is quoted

as the single trap efficiency. Blue dots represent works that employs repulsive light-assisted

collisions. The highlighted works are those that have been presented in this thesis. *Note:

The works using Cs are conducted in a blue-detuned FORT, so the individual trap size are

not directly comparable to the other works that use red-detuned FORT.

two magnetically insensitive ground states and apply optical pumping with efficiency of

99%. After cooling by using a single pair of Raman transition beams that couples both

of the radial vibrational dimensions of the trapped atom, we find that the single atom

occupies the vibrational ground state in the two radial dimensions with a probability of

about 84%. Hence, with a 83% single atom preparation efficiency in our tight FORT,

we have developed an experimental system that serves as a high fidelity “push-button”

source of a pure atomic quantum state for a 2-D system with 69% fidelity.

As for future directions, the next step will be the ground state cooling of the axial

dimension, which is a challenging task since it has a much weaker confinement and

thus lower spring constant than the radial dimensions. However, once this is achieved,

we can create an array of FORTs and prepare a ground state atom in each of the

microtraps. This few-particle quantum system with dynamically versatile potentials

will allow experimental studies on the dynamics of few-body systems and the direct

observations of quantum phenomena such as tunneling. The construction of low-entropy

systems atom-by-atom with increased complexity provides us with an experimental

141



8. CONCLUSION

platform to study the transition between classical and quantum physics and investigate

fundamental questions such as the onset of irreversible process in thermalization. This

platform may also open up new avenues to assemble individual complex molecules in

particular quantum states atom-by-atom, which marks the important initial step in

quantum scale engineering.

Finally, to serve as an inspiration for what we imagine the future may hold, allow

us to end this thesis by sharing an excerpt from the classic talk “There’s plenty of

room at the bottom” by Richard Feynman (111): “When we get to the very, very small

world, say circuits of seven atoms, we have a lot of new things that would happen that

represent completely new opportunities for design. Atoms on a small scale behave like

nothing on a large scale, for they satisfy the laws of quantum mechanics. So, as we

go down and fiddle around with the atoms down there, we are working with different

laws, and we can expect to do different things. We can manufacture in different ways.

We can use, not just circuits, but some system involving the quantized energy levels,

or the interactions of quantized spins, etc. ...... But I am not afraid to consider the

final question as to whether, ultimately, in the great future, we can arrange the atoms

the way we want; the very atoms, all the way down! What would happen if we could

arrange the atoms one by one the way we want them.”
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Appendix A

Rubidium 85 data

Quantity Symbol Numerical value

Speed of light in vacuum c 2.99792458× 108 m/s

Planck constant h 6.62606957(29)× 10−34 Js

Reduced Planck constant ~ 1.054571726(47)× 10−34 Js

Elementary charge e 1.602176565(35)× 10−19 C

Boltzmann constant k 1.3806488(13)× 10−23 J/K

Electric constant ε0 8.854187817× 10−12 F/m

Atomic mass unit u 1.660538921(73)× 10−27 kg

Electron mass me 9.10938291(40)× 10−31 kg

Table A.1: Fundamental physical constants (2010 CODATA recommended values)

Quantity Symbol Numerical value

Atomic number Z 37

Total nucleons Z +N 85

Atomic mass m 1.409993199(70)× 10−25 kg

Nuclear spin IN 5/2

Table A.2: Rubidium-85 physical properties
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Quantity Symbol Numerical value

Frequency ω0 2π × 384.230406373(14) THz

Wavelength (vacuum) λ 780.241368271(27) nm

Lifetime τ 26.2348(77) ns

Natural linewidth (FWHM) Γ 2π × 6.0666(18) MHz

Recoil temperature Tr 370.47 nK

Doppler temperature TD 145.57 µK

Table A.3: Rubidium-85 D1 (52S1/2 → 52P1/2) transition optical properties

Quantity Symbol Numerical value

Frequency ω0 2π × 377.107385690(46) THz

Wavelength (vacuum) λ 794.979014933(96) nm

Lifetime τ 27.679(27) ns

Natural linewidth (FWHM) Γ 2π × 5.7500(56) MHz

Recoil temperature Tr 356.86 nK

Table A.4: Rubidium-85 D2 (52S1/2 → 52P3/2) transition optical properties
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Level diagram for 85Rb

Level diagram of 85Rb for D2 and D1 lines and the transitions for the various laser

beams used in our experiments.

Figure B.1: Level diagram of 85Rb for D2 (left) and D1 (right) lines, data from Ref.(4).

Also shown are the transitions used for the MOT cooling light, MOT repump beam, Raman

beams, imaging/collision beam and optical pumping beams. Not drawn to scale.

145



B. LEVEL DIAGRAM FOR 85RB

146



Appendix C

Two-photon stimulated Raman

transitions

The evolution of the three-level system illustrated in Fig. 7.2 can be described by

solving the time dependent Schrödinger’s equation with the Hamiltonian of the system:

ĤΨ(t) = i~
∂

∂t
Ψ(t) (C.1)

where the Hamiltonian Ĥ, with basis |g1〉, |g2〉 and |e〉 and assuming state |g1〉 has

zero energy for simplicity, is given by (112):

Ĥ =
~
2

 0 0 Ω1

0 −2δR Ω2

Ω∗1 Ω∗2 −2∆R

 (C.2)

Here, the Rabi frequencies Ω1 and Ω2 characterize the coupling strength of the inter-

actions between two states by the Raman laser beams with frequencies and intensities

ω1,I1 and ω2,I2 respectively:

Ω1 =
〈g1|µ̂ ·E1|e〉

~
= Γ

√
I1

2Isat
, Ω2 =

〈g2|µ̂ ·E2|e〉
~

= Γ

√
I2

2Isat
(C.3)

where µ̂ is the electric dipole operator, E1,E2 are the amplitudes of the laser fields,

Γ is the linewidth of the transition and Isat is the saturation intensity.
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The state vector Ψ(t) of the system can be expressed as a superposition of the

unperturbed eigenstates |g1〉, |g2〉 and |e〉 with time-dependent coefficients Cg1(t),Cg2(t)

and Ce(t) as the probability amplitudes respectively:

Ψ(t) = Cg1(t)|g1〉+ Cg2(t)|g2〉+ Ce(t)|e〉 (C.4)

Solving Eq. C.1 with Eq. C.4 gives a set of three equations with the probability

amplitudes:

i ˙Cg1(t) =
1

2
Ω∗1Ce(t) (C.5)

i ˙Cg2(t) =
1

2
Ω∗2Ce(t)− δRCg2(t) (C.6)

i ˙Ce(t) =
1

2
Ω1Cg1(t) +

1

2
Ω2Cg2(t)−∆RCe(t) (C.7)

If the |e〉 state is far-detuned by ∆R, then |e〉 can be assumed to be nearly unpop-

ulated since the population of |e〉 undergo way faster oscillations than |g1〉 and |g2〉.

So we can adiabatically eliminate |e〉 by assuming that |e〉 damps to equilibrium in-

stantaneously, i.e. ˙Ce(t) = 0 (105). This reduces our three-level system to an effective

two-level system:

i ˙Cg1(t) =
|Ω1|2

4∆R
Cg1(t) +

Ω1Ω∗2
4∆R

Cg2(t) (C.8)

i ˙Cg2(t) =
Ω∗1Ω2

4∆R
Cg1(t) + (

|Ω2|2

4∆R
− δR)Cg2(t) (C.9)

This gives us an effective Raman Hamiltonian Ĥeff for the two-level system:

Ĥeff =
~
2

(
|Ω1|2
2∆R

Ω1Ω∗2
2∆R

Ω∗1Ω2

2∆R

|Ω2|2
2∆R

− 2δR

)
(C.10)

The off-diagonal elements of the Ĥeff represent the coupling of |g1〉 and |g2〉 states

by the Raman beams, and we define them as the two-photon Rabi frequency (105, 106):

ΩR =
Ω1Ω2

2∆R
(C.11)
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The diagonal elements of the matrix represent the light shifts (AC Stark shifts)

of the |g1〉 and |g2〉 levels due to the electric dipole interaction with the Raman laser

beams. The differential light shifts for the resonant Raman transition is:

δdiff =
1

2

(
Ω2

2

2∆R
− Ω2

1

2∆R

)
(C.12)

And the effective detuning for the Raman transition is thus:

δeff = δdiff − δR (C.13)

Solving Eq. C.10 with the time dependent Schrödinger’s equation, assuming an

atom is at state |g1〉 initially, we can get the time dependent proability densities of the

states:

|Cg1(t)|2 = 1−
Ω2
R

Ω2
0

sin2(Ω0t) (C.14)

|Cg2(t)|2 =
Ω2
R

Ω2
0

sin2(Ω0t) (C.15)

where we have defined the generalized Rabi frequency as: ΩG =
√

Ω2
R + δ2

eff

With detuning ∆R of the Raman beams from the atomic resonances, the total

scattering rate of the one-photon process is (105):

Γsc = (
Γ

2
)

I/Isat
1 + 4(∆R/Γ)2 + (I/Isat)

(C.16)

If ∆R >> Γ, then the scattering rate can be approximated to be:

Γsc =
1

8

(
I

Isat

)
Γ3

∆2
R

(C.17)
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