
Atomic and Optical Collisions
with Cold Metastable Neon

Rohan David Glover

BPhotNans (Hons)

Submitted in fulfilment of

the requirements of the degree of

Doctor of Philosophy

School of Biomolecular and Physical Sciences

SEET

Griffith University

November 2011



This work has not previously been submitted for a degree or

diploma in any university. To the best of my knowledge and belief,

the thesis contains no material previously published or written by

another person except where due reference is made in the thesis

itself.

Rohan David Glover

i



Acknowledgments

I first began University with a keen interest in science, however, I had no idea of what a

career in science might entail. I most certainly had not contemplated that almost 10 years

later I would only just be finishing university having completed a PhD in physics. Of

course, there are a number of people without whom I would not be writing this thesis and

I would like to take this chance to thank those individuals for their support.

Firstly thank you to my principle supervisor Associate Professor Robert Sang for giving

me the opportunity to study. Your guidance, advice and knowledge has been invaluable.

Thanks to my associate supervisor Professor David Kielpinski for the wealth of advice

and ideas. I would also like to thank Associate Professor Geoff Pryde and Professor Birgit

Lohmann for their interest and support.

To those who I have worked directly with at some stage or other on the metastable

neon magneto-optical trap project: Kristen Matherson, Dane Laban, James Calvert and

William Wallace, thank you for your help solving all kinds of interesting and sometimes

frustrating problems.

I have made many friends as a result of my involvement with Griffith University’s

Centre for Quantum Dynamics. Some I have worked with more directly than others

but all I count as great and close friends. To Josh Beardmore with whom I went through

undergraduate and has shared a similar path in research. To Dr Adam Palmer for fostering

my interest in rock climbing which has since become an integral part of my life away

from physics and a much needed distraction. I would also like to thank Dr Michael

Pullen, Dr Mark Baker, Dr Josh Combes, Dr Mark Stevenson, Dr Eric Streed, Dr Andreas

Jechow, Dr Til Weinhold, Dr Bill Guinea, Dr Andy Chia, Sacha Kocsis, Ben Norton,

Matt Petrasiunas, Dylan Saunders, Geoff Genn and Justin Chapman. To my friends from

Eindhoven University of Technology who each were a part of the group for only a small

time, Koen Kuiper, Thijs Clevis and Remy Notermans.

All of this would not be possible without the apparatus and equipment and to that

end I would also like to thank the staff from the mechanical and electronic workshop

for their technical skill and assistance. I would especially like to thank Mal Kelson for

sharing his time and his knowledge. To the rest of the technical staff, Bruce Stevens, Mark

Ferguson, Kevin Hoatson, Ian Ashworth, Russel Saunders, Dennis Smith, Kuldip Singh,

Steve Beames and Steve Barett.

ii



Thanks to all my friends outside of physics. You are too numerous to name individually

but I couldn’t have done it without you. Thanks to my mate, Adam Heath, for all the

good times.

A special thank you to Michelle Watts. From the beginning you have supported me

and I could not have finished without you.

To my family I owe the biggest thanks for supporting me and each other through the

good and not so good times of the past 10 years. To Zoe and Aaron, Arren and Tristan,

you guys are great, thank you for looking out for me. A special thanks goes out to my

parents for their love and support. To my mother Miranda, thank you for reminding me

that there are always alternatives and alternative ways of thinking. To my father Ross,

thank you for always being there and always keeping a good glass of red handy.

Rohan.

iii





Abstract

This thesis presents investigations into the collision dynamics of cold metastable neon

atoms in a magneto-optical trap (MOT). At very cold temperatures (approx. 1 mK) the

atomic interaction occurs at long range and cannot be treated classically as the interaction

between two nuclear point particles. In addition, the collision dynamics can be consid-

erably altered in the presence of an optical field. In this thesis results are presented for

collisions that are altered by the presence of an optical field and also collisions where the

optical field can be neglected.

Controlled optical collisions of cold, metastable Ne atoms are performed by using a

control laser tuned close to the (3s)3P2 to (3p)3D3 cooling transition. The control laser

modifies the rate of ionizing collisions by promoting a pair of colliding atoms onto an

excited state potential. In order to induce collisions between pairs of trapped metastables,

a control laser is tuned to the red of the transition where we measure a factor of 4 increase

in the rate for ionizing collisions. We also investigate the effect of optical shielding by

tuning the laser to the blue of the transition and observe a factor of 5 suppression in the

ionization rate. However, the measured ionization spectrum does not contain resonances

due to the formation of photoassociated molecules as predicted by Doery et al [1]. Instead,

we observe a broad unresolvable ionization spectrum that is well described by established

theory [2].

Collision cross sections are measured for neon in the (3s)3P2 metastable state with

ground state, thermal atoms and molecules. The technique is based on the measurement

of the loss rate due to collisions with a background gas. Generally, these type of collisions

are considered undesirable, however, it is possible to infer information about the collision

cross section if the rate of collisions is accurately known. This novel technique is described

and collision cross section measurements are presented for metastable neon in the (3s)3P2

state with He, Ne, Ar, H2, O2, and N2. The average thermal energy of the collision ranges

from 11 meV to 27 meV and the measurements have relatively small errors, of the order

of 10%.
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Chapter 1

Introduction

Cold atom collisions defines an extremely low energy realm of atomic physics. Here, the

energy of colliding atoms is such that the atomic de Broglie wavelength exceeds the typical

separation distance for an atomic interaction. The timescale for a typical interaction is

of the order of 100’s of nanoseconds and therefore the long range behavior of the atomic

potentials determines the collision dynamics. It is therefore no longer sufficient to treat

the collision classically as the localized interaction between two nuclear point particles.

Furthermore, due to the long interaction timescale, the outcome of the interaction can

be modified by the presence of an optical field. As a result of the fundamental interest

generated by these properties, the study of cold collision processes has seen an enormous

level of growth in the past two decades. While this research has broad appeal in a number

of areas of research both practical and fundamental, generally it is seen to have direct

implications in areas such as chemical physics, atomic, molecular and optical physics,

precision spectroscopy and measurement, quantum statistics and also condensed matter

physics [4, 5, 6].

At the heart of cold atom physics and cold collisions is the ability to cool atoms using

a well defined optical field. The transfer of momentum to atoms using photons was first

demonstrated by Frisch in the 1930s [7]. In this experiment a beam of atomic sodium was

deflected using the resonant radiation from a lamp. However, only since the development

of the laser, did the implications of this initial investigation become realized. The idea to

utilize the momentum carried by photons from a laser to cool the thermal motion of atoms

was conceived independently in 1975 by both Haensch and Schawlow [8], and Wineland

and Dehmelt [9].

The first successful experiments [10, 11, 12] to demonstrate laser cooling have opened

up a number of exciting new areas of research within the fields of atomic, molecular and

optical physics. The initial motivation for controlling the thermal motion of atoms, comes

from the search for an improved, Doppler-free, method for laser spectroscopy [13, 14].

However, the developments that followed have paved the way for research in new areas

such as atom interferometry [15], cold atomic clocks [16, 17], optical lattice clocks [18, 19],

cavity quantum electro-dynamics (QED) [20, 21, 22, 23] and Bose-Einstein Condensates

(BEC) [24, 25, 26] to highlight only a few. The significance of this research was recognized

1



2 CHAPTER 1. INTRODUCTION

with the awarding of the 1997 Nobel Prize in Physics to Chu, Cohen-Tannoudji and

Phillips for their pioneering work on laser cooling and trapping. Continued developments

in the field of laser cooling led to a second Nobel Prize in 2001 being awarded to Cornell,

Wieman, and Ketterle for the creation of BEC [24, 25].

1.1 The Optical Force on a Two-Level Atom

Laser cooling relies on the transfer of momentum from a photon to an atom. This section

will provide a description the interaction that occurs between the light field and a simple

two-level atom as well as defining a number of terms that will be relevant in later chapters.

The interaction of a light field with an atom gives rise to two separate forces: the

spontaneous force and the dipole force. The spontaneous force is a consequence of the

momentum carried by a photon being imparted to an atom upon absorption. Each pho-

ton absorbed carries a momentum equal to ~k which is transferred to the atom. The

momentum imparted by the following spontaneous emission of a photon occurs in a ran-

dom direction and after many cycles averages to zero. As a result the average force is due

only to the absorption of photons and acts in the direction of the light propagation. The

magnitude is proportional to the scattering rate, ξ,

F = ~kξ, (1.1)

A physical interpretation of the spontaneous force is depicted in figure 1.1.

The dipole force arises from the interaction between the induced dipole moment and

the gradient of the incident light field amplitude. Depending on the frequency of the light

Average Force

Scattered Light

Incoming Light

Atom

Figure 1.1: The principle of the spontaneous radiation force. The average force after
multiple absorption and emission events is in the direction of the laser propagation.



1.1. THE OPTICAL FORCE ON A TWO-LEVEL ATOM 3

compared to the atomic transition the force can either be attractive or repulsive. Unlike

the spontaneous force the dipole force can be understood to arise from stimulated emission

of photons due to the incident light field.

To quantitatively describe the light force on an atom, it is simplest to consider the

case of an atom at rest in a classical field with a given amplitude, phase and frequency.

This is the standard approach and is semi-classical where the light wave is treated as a

classical electromagnetic field and the atom is treated as a two level quantum system.

The description here will follow the standard approach, however certain steps have been

omitted. For a detailed analysis and full description see the original work done by Cook

(1979) [27], also, reviews by Stenholm (1986) [28], Dowling (1996) [29], Weiner et al. (1999)

[6] and Metcalf and van der Straten (1999) [5].

Starting with the commonly accepted interaction Hamiltonian, 〈H〉, between the atom

and the electric field, ~E(~r, t), given by [28],

〈H〉 = ~µ · ~E(~r, t), (1.2)

where, ~µ, is the transition dipole moment and the electric field can be described using the

classical expression,

~E(~r, t) = E0 cos(ωt− ~k ·~r)ε̂, (1.3)

where, E0, is the magnitude of the electric field, ε̂, is the unit polarisation vector, ω, is the

angular frequency of the light, ~k = 2π/λ, is the wave vector and ~r is the position vector.

The force on an atom is defined by the negative gradient of the interaction Hamiltonian

generated by the electric field [5],

~F = −〈~∇H〉 =
〈
~∇
(
~µ · ~E(~r, t)

)〉
, (1.4)

It is useful to make the electric dipole approximation which consists of neglecting the

spatial variation of the electric field on the atomic scale. This approximation is valid as

the optical wavelength is typically greater than 100 times the magnitude of the volume en-

closing the majority of the atomic wavefunction. This leads to a simplification in equation

1.4 and the force can be written [5],

~F = ~∇
〈
~µ · ~E(~r, t)

〉
, (1.5)

To evaluate the above equation for the force, the steady state optical Bloch equations

are solved using the rotating wave approximation (RWA) which neglects terms oscillating

with the laser frequency [5]. The time averaged force can then be written [6],

~F = µ(~∇E0)
Ω

2

[
δ

δ2 + (Γ/2)2 + Ω2/2

]
+ µ(E0

~∇(−kr))Ω

2

[
Γ/2

δ2 + (Γ/2)2 + Ω2/2

]
, (1.6)
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where, δ = ω − ω0 is the detuning of the light field from the resonance frequency, ω0, of

the atomic transition and Γ is the linewidth. The coupling strength between the light field

and the atomic dipole is given by the Rabi frequency, Ω, and is equal to,

Ω = −~µ ·
~E0

~
, (1.7)

The two terms in equation 1.6 describe the two separate forces that arise from the inter-

action of the field with the atom. The first term describes the dipole force, FD, which

is proportional to the gradient of the electric field amplitude. The second term describes

the spontaneous force, also known as the scattering force, FS which is proportional to

the gradient of the phase. In order to express these two forces simply, it is convenient

to introduce a term known as the saturation parameter, s, which describes the rate of

stimulated processes compared to spontaneous processes,

s =
Ω2/2

δ2 + (Γ/2)2
, (1.8)

The on-resonance saturation parameter is then,

s0 ≡
2|Ω|2

Γ2
=

I

I0
, (1.9)

where, I = 1/2(ε0cE
2
0), is the laser intensity and I0, is the saturation intensity, given by,

I0 =
πhc

3λ3τ
, (1.10)

where, λ and τ = 1/Γ are the wavelength and natural lifetime of the atomic transition,

respectively. If s � 1, the field is considered weak and the population is mostly in the

ground state, whereas, if s � 1 the field is considered strong and the saturation limit is

reached, where the populations in both the ground and excited state are equal.

1.1.1 The Spontaneous Force

The spontaneous force can be understood by considering the stationary atom in a traveling

wave as given by equation 1.3. The amplitude of such a wave is constant but the phase

is varying. For this case, the first term in equation 1.6 has a zero contribution and the

spontaneous force can be expressed in terms of the on-resonance saturation parameter,

~FS =
~~kΓ

2

[
s0

1 + s0 + 4δ2/Γ2

]
, (1.11)

Equation 1.11 shows that the spontaneous force is simply proportional to the rate at which

photons of momentum, ~~k, are absorbed and re-emitted. It follows that the scattering
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rate, ξ, is,

ξ =
Γ

2

[
s0

1 + s0 + 4δ2/Γ2

]
, (1.12)

The maximum force is reached for high saturation parameters, s� 1, when equation 1.11

reduces to,

~FSmax =
~~kΓ

2
, (1.13)

It should also be noted that the scattering rate can be related to the excited state fraction,

where the proportionality constant is simply the linewidth of the transition,

ξ = ΓΠe, (1.14)

where, the excited state fraction, Πe, can be defined by comparing equations 1.12 and

1.14,

Πe =
1

2

[
s0

1 + s0 + 4δ2/Γ2

]
, (1.15)

Because the spontaneous emission is an irreversible process, the spontaneous force can be

made to be dissipative with careful selection of the geometry and detuning of the light.

Cooling requires atoms are coupled to a dissipative (or viscous) force so that energy can

be extracted and as a result the spontaneous force is a powerful tool for cooling atoms.

1.1.2 The Dipole Force

The dipole force is understood by considering a stationary atom in a standing wave pro-

duced by two counter-propagating laser beams. The electric field of such a standing wave

is expressed,

~E(~r, t) = ~E(~r) cos(ωt), (1.16)

where E(~r) is the spatially varying amplitude of the field. Here the momentum transferred

by the spontaneous force to the atom by the two counter-propagating beams add destruc-

tively and the average force is zero. However, the interference between the same two

counter-propagating beams produces an amplitude gradient and the first term in equation

1.6 now has a non-zero contribution. This gives rise to the dipole force which can also be

expressed in terms of the on-resonance saturation parameter,

~FD = −~δ~∇I
4I

[
s0

1 + s0 + 4δ2/Γ2

]
(1.17)

The dipole force is conservative and can be used as a trapping potential to confine atoms.

The force is a result of a reversible exchange of momentum between the atom and the light

field when a photon is absorbed from one beam and stimulated to emit by the second.

The total magnitude of the momentum exchanged is then 2~k for each cycle. Unlike the
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spontaneous force the dipole force is not dependent on the rate of spontaneous emission

and therefore is not limited by the scattering rate. The force therefore can be much larger

and continues to increase with increasing light intensity. The direction of the dipole force

is dependent on the sign of the laser detuning; for blue detuning (δ > 0) the atoms are

attracted to intensity minima, whereas for red detuning (δ < 0) the atoms are forced

towards the intensity maxima.

1.1.3 Optical Molasses

We now consider the special case where the spontaneous force is used to cool the temper-

ature of an atom in motion. An optical molasses is designed to take full advantage of the

cooling potential provided by the spontaneous force. As a starting point it is necessary

to examine the modification of the spontaneous force when an atom is in motion. The

simplest approach to this problem is to consider the effective detuning experienced by a

moving atom. As usual there will be the regular detuning due to the laser, δ, however,

there will also be a contribution due to the Doppler effect,

ωD = ±~k ·~ν, (1.18)

where ν, is the atomic velocity. By including this velocity dependence, the effective de-

tuning becomes,

∆ = ω − ω0 ± ~k ·~ν, (1.19)

where the sign of the Doppler contribution comes from the direction of the atoms motion

with respect to the direction of laser propagation. To include the velocity dependence of

the atom, equation 1.11 is modified to,

~FS =
~~kΓ

2

[
s0

1 + s0 + 4∆2/Γ2

]
, (1.20)

Consider the same standing wave configuration described in section 1.1.2, where the two

beams are both equally red detuned. An atom at rest will experience an equal contribution

to its motion due to the spontaneous force from each beam, therefore there is no net force.

However, the force on an atom in motion will differ depending on the sign of the Doppler

contribution to the effective detuning. For a beam which propagates in a direction which

opposes the atoms motion the shift is blue towards resonance. Conversely, for a beam

which propagates with the atoms motion the shift is red away from resonance. The result

is, on average, more photons are absorbed from the beam opposing the atoms motion

while less are absorbed from the beam traveling with the atoms motion. The net force is

one that opposes or damps atomic motion and cools the atom.

At low velocities (~k ·~ν � Γ) and low intensities (s� 1), the optical molasses force can
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be expressed as the sum of the spontaneous force due to each beam where the only differ-

ence is in the direction and the sign of the Doppler shift. Using the complete expression

for the spontaneous force including the definition of the effective detuning, the equation

for the force is,

~FOM =
~~kΓ

2

[
s0

1 + s0 + 4(ω − ω0 + ~k ·~ν)2/Γ2
− s0

1 + s0 + 4(ω − ω0 − ~k ·~ν)2/Γ2

]
, (1.21)

Examination of equation 1.21 reveals both a minima and a maxima to the optical molasses

force corresponding to the condition when the Doppler shift and the laser detuning are

equal,

δ = ±~k ·~ν, (1.22)

The magnitude of the force is equivalent for both the maxima and the minima, it is only

the direction that is reversed. It is possible to express the magnitude of the force in terms

of a damping coefficient βd,

FOM = −βdν, (1.23)

where the damping coefficient is given as [5, 30],

βd = −~k2 8s0(δ/Γ)

(1 + (2δ/Γ)2)2
, (1.24)

This description is limited to the one dimensional case, however, we can easily extrapolate

to a 3D case by increasing the number of laser beams from two to six. Here the six

laser beams are oriented such that three pairs of counterpropagating beams are created

providing cooling in each of the spatial dimensions. It should be noted that equation 1.24

is valid only in the low intensity regime as it depends on spontaneous emission occurring

to return the atom to the ground state. For high intensity standing waves the expression

for the damping coefficient becomes more complicated because absorption from one beam

can be followed by stimulated emission from the other and must be accounted for. Finally,

it should be recognized that although the optical molasses force can be used to cool atoms,

it is purely velocity dependent and does not provide a means to spatially confine atoms.

This is stated more explicitly by the optical-Earnshaw theorem proved by Ashkin and

Gordon (1983) [31] which says that in the absence of any sources or sinks of radiation and

if a force is proportional to the light intensity, there can be no inward restoring force over

a closed surface.

By 1986, it had been demonstrated that atoms could be spatially confined in either

purely magnetic traps [32] or in optical traps dependent on the dipole force [33]. It was

at this point that Pritchard et al. (1986) [34] demonstrated a model that in theory could

be used to circumvent the optical-Earnshaw theorem. In Pritchard’s model the internal
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degrees of freedom of the atoms are manipulated in such a way that the proportionality

between the force and the intensity is altered, thereby creating a position dependent poten-

tial. The advantage of using this scheme as opposed to trapping atoms using the magnetic

or dipole dependent traps described in [32, 33], is that a much more robust trap could

be created capable of capturing orders of magnitude more atoms. Raab et al. (1987) [35]

was first to experimentally demonstrate this principle using a trap configuration that has

become the standard magneto-optical trap (MOT) design. Since this initial demonstra-

tion the number of experimental investigations that have made use of this technology has

rapidly grown, it has become the work horse for many laser cooling experiments. The

MOT is described in more detail in section 2.5.

1.2 Cold Collisions

In this thesis, the definition for the cold regime in atomic physics has been borrowed from

Suominen (1996) [36], where it has been used to define the temperature range of Doppler

cooling and optical molasses. The energy of colliding atoms here is of the order of a µK to

a few mK. Collisions involving atoms that are colder than this are referred to as ultra-cold

and defines the temperature range of magnetic traps and BEC. In a more quantitative

way the relative temperature, T , of a collision is defined,

kBT =
p2

2µ
, (1.25)

where, kB is the Boltzmann constant, p is the relative momentum between the colliding

particles and µ is the reduced mass. Figure 1.2 illustrates the de Broglie wavelength,

λB = h/p, of a neon atom as function of temperature including the temperature achieved

using various experimental techniques.

Cold and ultracold collisions involve relatively long time and distance scales when com-

pared to thermal collisions. Generally the semiclassical approach is sufficient for describing

collisions involving cold atoms, at least in a qualitative sense [36]. For ultracold collisions

this is not necessarily the case due to the large de Broglie wavelengths involved. In the

semiclassical picture, two slowly colliding atoms form a quasi-molecule. In the presence

of an optical field the possibility of excitation via the absorption of a photon cannot be

neglected and, depending on the excited state lifetime, a subsequent spontaneous emission.

It is important to distinguish between the different types of collisions that can occur:

elastic and inelastic collisions. Consider two particles, a and b with quantum numbers αa

and αb. An elastic collision occurs when the interaction between the two particles results

in the quantum numbers remaining unchanged (αa + αb → αa + αb). For atoms confined

in a trapping potential, the trapped state is preserved and loss will only occur if sufficient

kinetic energy is exchanged. An inelastic collision occurs when one or more quantum
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Figure 1.2: A plot illustrating the relation between the de Broglie wavelength, λB, and the
temperature for metastable neon. The temperature achieved using various experimental
techniques is indicated along the plot. Although BEC with metastable neon has not
been experimentally realized the approximate temperature is indicated on the plot as a
comparison.

numbers changes during the interaction (αa +αb → α′a +α′b). In this case, trapped atoms

are lost when the new state is insensitive to the confining potential.

1.2.1 Elastic Scattering: The Partial Wave Description

The interaction between two particles is a fundamental process that is generally described

by a collision cross section. The collision cross section physically describes the probability

that two particles will interact with one another. Alternatively, it is also correct and

sometimes preferable, to describe collisions in terms of a rate coefficient. This is simply a

measure of the number of collision events that occur in a unit volume per unit time. The

object of scattering theory is to calculate the scattering amplitude and hence the cross

section given the potential between a colliding pair of atoms. In this section, the collision

is assumed to occur between two atoms and the presence of a near resonant light field is

neglected therefore only elastic processes are considered.

To describe the interaction, the theory of potential scattering is generally used. In

the centre of mass frame, two distinguishable, structureless particles interact through the

potential V (R) that depends only on the relative separation distance, R. If the interaction

potential between the two particles is non-zero, the collision results in a scattered wave

where the asymptotic form is the sum of an incident plane wave and a scattered spherical
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wave. The wavefunction, which describes the relative motion of the two particles, is

expanded in partial waves, each with angular momentum `. The cross section, σ(E), is

found by integrating over all possible scattered directions and averaging over all initial

momentums. For a spherically symmetric potential the scattering amplitude f depends

only on the angle θ between the direction of initial momentum and the direction of the

scattered wave. The total elastic cross section can then be written [6],

σ(E) = 2π

∫ π

0
sin(θ)|f (E , θ)|2 dθ, (1.26)

where, E = ~2k2/2µ is the collision energy, k is the wavenumber and µ is the reduced

mass of the two particles. For large R beyond the range of the potential, the cross section

reduces to [6],

σ(E) =
4π

k2

∞∑
`=0

(2`+ 1) sin2 δ`(k), (1.27)

where, δ`(k) are the phase shifts of the scattered waves with respect to the incident partial

waves. The number of partial waves that contribute to the collision is dependent on the

collision energy. For sufficiently, low temperatures the collision energy can be lower than

the ` = 1 barrier and only the ` = 0 partial wave will contribute to the cross section. This

is known as the s-wave scattering regime and is defined by the elastic scattering length,

a0 = − lim
k→0

tan δ`(k)

k
. (1.28)

The s-wave phase shift varies as δ0(k) = −ka0 and the total elastic cross section for

identical particles in the s-wave scattering regime approaches [6],

σ(E)→ 8πa20, (1.29)

where the additional factor of 2 comes from the fact that two particles scatter per collision.

The elastic scattering length, or s-wave scattering length, is an important parameter in

the context of creating BEC. For example, the s-wave scattering length determines the

thermalization time for the evaporative cooling process[37]. In addition, the sign of a0 has

implications on the stability of the condensate [37].

1.2.2 Optical Collisions: The GP Model

Collisions in MOT’s do not occur in the dark, i.e. there is always an optical field present

that will modify the interaction between two colliding atoms. The Gallagher-Pritchard

(GP) model [2] is a semiclassical approach useful for describing the collision dynamics in

the presence of an optical field. The GP model is a relatively simple description of the

process that accounts for both radiative escape and fine-structure-changing loss mecha-
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Figure 1.3: The optical collision process. For red detuned light (a) the photon is absorbed
at the Condon point RC exciting the colliding pair of atoms to the positive Vge potential.
The atoms are subsequently accelerated towards small internuclear distance where some
of the population may undergo a fine-structure-changing transition and gain energy equal
to ∆E. At long range (b) the photon is absorbed at R′C and after accelerating towards
smaller internuclear separation, can spontaneously emit a photon.

nisms. However, it must be noted that this model is only valid in the weak field limit

and fails to account for the role that angular momentum plays in the process. Julian and

Vigué [38] proposed a new model, known as the JV model, that takes into account the role

of angular momentum as well as molecular retardation effects and uses a proper thermal

averaging procedure. Further theoretical investigations have changed the model very little,

however, the tools for solving such problems have become more sophisticated. Compu-

tational limitations have prevented theoreticians from solving the problem using the full

density matrix treatment [39, 40], and therefore a number of approximated approaches

have been developed, for example, the semiclassical optical Bloch equations [41, 42], the

complex potential method [43, 44], and the Monte Carlo wavepacket approach [45, 46].

However, for the purposes of describing the process qualitatively the GP model provides

an adequate starting point.

Consider two colliding atoms in the ground state, separated by a distance R. If one of

the colliding pair absorbs a near-resonant photon the system is promoted to an excited

state where the effective potential experienced by the two atoms is due to the resonant

C3/R
3 dipole-dipole interaction. For the simple case of two colliding two-state atoms
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Figure 1.4: For blue detuned light (a) the photon is absorbed at the Condon point RC
exciting the colliding pair of atoms to the negative −Vge potential. Here the atoms feel
an acceleration towards large internuclear separation and are reflected away from each
other. As the atoms pass through RC they can interact with the laser again and emit a
photon, effectively experiencing a long range elastic collision. If the laser interaction is
weak (b) then the atom pair can pass through the Condon point without re-emitting a
photon. A photon is spontaneously emitted at large internuclear separation and the atom
gains kinetic energy.

C3 ' ~Γ(λ/2π)3, giving [36],

V±(R) ' ±~Γ

(
λ

2πR

)3

. (1.30)

This potential has a much longer range than the C6/R
6 ground-state potential, which can

be considered flat at such separation distances. Excitation occurs at the Condon point,

RC , where the frequency of the control laser, ωC , is resonant with the quasimolecule and

has energy,

Vge − Vgg = ~ωC , (1.31)

where, Vge and Vgg are the ground and excited state potentials.

When the frequency of the absorbed photon is detuned to the red side of the atomic

resonance, the atoms are excited to the positive Vge potential, see figure 1.3. The resulting

force accelerates the two atoms towards a smaller internuclear separation. Eventually

the potential becomes repulsive at very small internuclear distances, and the atoms are
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reflected. However, if a second molecular fine structure potential, V ′ge, is coupled to the

attractive Vge potential at short range, some of the population can undergo a fine-structure-

changing transition. The kinetic energy gained by the atom is equal to the difference

between the photon energy and the potential V ′ge at long range. If the excitation occurs

at long range, the increase in acceleration is only small and the collision time can be

longer than the natural lifetime of the transition, τ . In this case, spontaneous emission

of a photon can occur before the atoms reach a small internuclear distance where fine-

structure-changing collisions can occur. The kinetic energy gained by the atom is then

equal to the difference between the photon energies, ∆E = ~ω − ~ω′.
When the frequency of the absorbed photon is detuned to the blue side of the atomic

resonance, the atoms are excited to the negative −Vge potential, see figure 1.4. The force

on the atoms is now a repulsive force and the atoms are accelerated away from each

other, effectively shielding the atomic collision. As the atoms pass through RC they can

interact with the laser again and emit a photon, effectively experiencing a long range elastic

collision. However, it is also possible for the repulsive potential to accelerate the atoms

away from each other, leading to trap loss and heating. This can occur if the colliding pair

do not return to the ground state at the Condon point [36]. The kinetic energy gained is

equal to V (RC) - V (Rse), where V (Rse) is the potential at large internuclear separation

where spontaneous emission of a photon occurs.

1.2.3 Photoassociation Spectroscopy

In addition to the optical collision processes described in the previous section, the presence

of a laser that is red detuned from a given atomic resonance can be used to probe the long

range interaction between atoms. The absorption of a photon can also be used to produce

purely long-range molecules if a suitable potential exists [47, 48]. This process is known

as photoassociation and was first proposed as a tool for investigating laser cooled atoms

by Thorsheim et al (1987) [49]. Photoassociation can occur if there is a potential well

present in the excited state potential. If the absorbed photon is resonant with a bound

vibrational state in the potential then an excited molecular state can be formed,

A+B + ~ωPA → (AB) ∗ . (1.32)

The molecule eventually decays back to the ground state where it will dissociate. Typically

the kinetic energy gained in this process is sufficient to cause trap loss.

By scanning the frequency of the light, photoassociation spectroscopy can be performed

on the excited molecular state. The resulting spectra can be observed in several different

ways, for example, trap loss due to radiative escape [50], fluorescence due to decay from an

excited state [51], ion production rate [52] and through calorimetric techniques [53]. The

spectra consists of a series of peaks or troughs corresponding to the vibrational energies
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Figure 1.5: A schematic of the photoassociation process. During the collision between
two atoms A + B one of the atoms can absorb a photon (~ωPA) and is excited to the
bound molecular state on the C3/R

3 potential. The subsequent decay results in a gain in
kinetic energy and trap loss. The binding energy, Eb, of the excited molecular state and
the thermal collision energy, kBT , are also indicated.

of the excited molecular state. Considering the collision energy is only the order of a

few mK, photoassociation spectra can typically be determined with accuracies in the

order of 10’s of MHz and is therefore a very high resolution tool that can be used to

determine a range of collision parameters. For example, photoassociation spectroscopy

has been used as a tool to measure the lifetimes of excited states and test theoretical

calculations of molecular states [54, 55, 56, 57]. Photoassociation spectroscopy has proved

to be a convenient method for precise measurement of the s-wave scattering length which

is crucial for the successful production of Bose-Einstein condensates [58]. In addition, it

has been used as a means of optically inducing Feshbach resonances [59]. This concept

was first proposed by Fedichev et al. [60] and was further investigated theoretically in [61]

and experimentally in [59].

1.3 Metastable Atoms

The majority of cold collision experiments have been performed using alkali metal atoms [5].

The next most popular system to study are the metastable noble gases. The lower lying

excited states of the noble gases contain some states that are forbidden to decay back to
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the ground state via a single photon transition and are therefore metastable. Typically,

the lifetime of metastable states can range from 10s of seconds to 1000s of seconds. Con-

sidering the interaction time of a collision is in the order of nanoseconds, it is generally

unnecessary to consider decay from the metastable state.

Metastable noble gas systems provide some significant advantages over the alkali sys-

tems, for example; because the most abundant isotopes have a nuclear spin equal to zero

there is no hyperfine structure. The existence of hyperfine structure in alkali metal systems

can significantly complicate collision dynamics. The possibility of transitions between hy-

perfine states means that a large number of molecular states must be taken into account

and it is usually necessary to employ re-pumping lasers. Metastable noble gas atoms

also have a large internal energy, typically between 12 to 20 eV depending on the atomic

species. Collisions involving these systems can be dramatically modified and there is a

significant probability of ionization. The two main ionization processes that can occur

during a collision are Penning ionization,

A∗ +X → A+X+ + e, (1.33)

and associative ionization,

A∗ +X → AX+ + e (1.34)

where, A represents the metastable atom and X the collision partner. The large inter-

nal energy also facilitates relatively simple detection techniques due to ionization of the

individual atoms upon colliding with a surface.

Shimizu et al. [62] first demonstrated laser cooling with a metastable atom in 1987.

In this paper they reported cooling an atomic beam of metastable neon and also a scheme

to transfer the population between two different metastable states. In a later publication

the group demonstrate the first metastable neon trap using a MOT [63]. However, the

most popular metastable species for cooling and trapping is helium. Helium is the only

metastable species that has been used to create BEC. It was first predicted by Shlyap-

nikov ea [64] in 1994 that the elastic scattering length was sufficiently large and also that

by spin polarizing the atomic cloud the rate of trap loss due to Penning ionization could

be reduced by up to four orders of magnitude, therefore, facilitating the creation of BEC.

This prediction stimulated experimental work in a number of research labs [65, 66, 67] be-

fore the realization of BEC in 2001 by two separate groups [68, 69]. The unique properties

of metastable helium when compared to other condensates has made it a popular system

to investigate [70, 53, 71, 72].

Some other early work with metastables involved investigating collisions between atoms

in the presence of a resonant or near resonant optical field. Katori and Shimizu (1994) [73]

and Walhout et al (1995) [74] investigated the use of an auxiliary laser to control collision

dynamics in metastable krypton gas and metastable xenon gas, respectively. In both these
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experiments, the change in collision dynamics was found to be due to the modification of

the interaction potential that occurs when one of the colliding pair is in the excited state.

In general, the ionization rate was found to increase for light that is frequency detuned

to the red of the cooling transition while for light that is blue detuned a suppression of

the ionization rate was observed. Similar studies were also carried out with metastable

helium atoms by Mastwijk et al (1998) [66, 75] where the focus was on the modification

of different ionization channels and the suppression due to blue detuned light was not

investigated.

Another area of interest is the long range interactions between cold metastable atoms.

Generally these interactions are investigated using photoassociation spectroscopy. How-

ever, for metastables, the relatively high internal energy carried by each atom complicates

the interaction process and it was initially expected that the lifetime of a metastable

noble gas molecule formed via photoassociation would be short when compared to a vi-

brational period [52]. In spite of this difficulty, photoassociation has been demonstrated

with metastable helium [52, 53] and recently with metastable krypton [51] and metastable

argon [76].

1.3.1 The Metastable Neon Atom

A metastable atom has a single outer electron in a highly excited state that is close to

the ionization level and therefore can effectively be treated as a single-electron atom. The

ground state neon atom has a closed shell configuration 1s22s22p6 and is well LS coupled.

The two metastable states of neon consist of a 1s22s22p5 inner core as well as a highly

excited outer electron. Because the inner core is not closed, the metastable states will

posses both orbital and spin angular momentum where the total angular momentum is

the sum of the angular momentum of both the inner core and the outer electron. The

scheme generally used to couple these four angular momenta is known as the j` coupling

scheme [5].

This coupling scheme proceeds as follows; the inner shell on its own is well LS coupled

and therefore is first coupled to give the total angular momentum of the core jc. The

core angular momentum is then coupled to the orbital angular momentum of the excited

electron to give K = jc + `e. Finally, coupling K to the spin of the excited valence

electron gives the total angular momentum J = K + se. This scheme is represented by

the nomenclature [77],

(2ScLcJc)ne`e[K]J , (1.35)

The term in the brackets ( ) is the standard LS coupling term for the core electrons and

the principle quantum number of the outer electron is represented by ne.

In the LS coupling scheme these states can be written, 2S′+1LJ , where S′ is the total

spin of the core plus the valence electron. For metastable neon, the coupling between
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Figure 1.6: Energy level diagram for selected states of neon. The (3s)3P2 to (3p)3D3 laser
cooling transition is indicated.

Table 1.1: Table of experimental parameters for 20Ne in the (3s)3P2 metastable state.

Parameter Value

Energy (eV) 16.526
Lifetime (s) 14.7
Transition (3s)3P2 → (3p)3D3

Wavelength (nm) 640.40
Linewidth (MHz) 8.47
Saturation Intensity (mW/cm2) 4.22
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the inner core and the valence electron can be thought of as the coupling between a 2p

hole and a 3s electron. Coupling between two valence electrons would normally result in

singlet and triplet states. Similarly, coupling between the 2p hole and 3s electron also

results in singlet and triplet states, however, the three 33PJ states are inverted with the

singlet 31P1 state having the greatest energy [78]. The j` coupled states can be written as

linear combinations of the pure LS coupled states where the spin orbit interaction mixes

the J = 1 LS coupled states [79],

2P3/23s[3/2]2 = 33P2, (1.36)

2P3/23s[3/2]1 = β31P1 + α33P1, (1.37)

2P1/23s[1/2]0 = 33P0, (1.38)

2P1/23s[1/2]1 = α31P1 + β33P1, (1.39)

where α2 + β2 = 1. Both the 2P3/23s[3/2]1 and 2P1/23s[1/2]1 states are expressed as a

mixture of the 31P1 and 33P1 states and readily decay to the ground state via emission

of a photon. In contrast, both the 2P3/23s[3/2]2 and 2P1/23s[1/2]0 metastable states are

well approximated as purely LS coupled states with well defined spins. Figure 1.6 shows

the relevant ground and excited states of neon.

In this work we investigate neon atoms in the (3s)3P2 metastable state which has a

measured lifetime of 14.7 s [80]. An atom in this state can undergo an electric-dipole

transition to the excited (3p)3D3 state via the absorption of a photon. The only decay

channel from this state is back to the (3s)3P2 metastable state and therefore the transition

is termed closed. The wavelength of this transition is 640.4 nm and is ideal for laser cooling

since only a single frequency is required. Table 1.1 provides a list of relevant experimental

parameters for 20Ne in the (3s)3P2 metastable state.

1.3.2 Experiments with Metastable Neon

The first metastable neon trap was developed by Shimizu et al. [63] in 1989. They

reported a trap of over 107 metastable 20Ne atoms in a MOT using a range of laser

polarizations and detunings. In this experiment, the extraction coil and a second ‘reverse’

coil was used to produce the magnetic field component and the optical component was

produced by two transverse retro-reflecting beams while the third beam was produced by

retro-reflecting the slowing beam. By tuning the frequency of the laser they were able to

observe a trap of both the 22Ne and 21Ne isotopes. The trap of metastable 21Ne atoms was

the first demonstration of laser cooled and trapped fermion-like particles. In a follow up

paper [81], the group reported a new experimental apparatus that was capable of trapping

108 atoms. The main improvement was the use of an optical collimator immediately after

the source that also served to deflect the atomic beam. By deflecting the atomic beam
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unwanted ground state atoms and UV photons are removed and much lower background

pressures could be reached in the trapping chamber. The MOT was subsequently used

for producing an extremely cold atomic beam where the internal energy of the metastable

neon atoms could be exploited. By pumping the atoms into a dark state and dropping

them from the trap, a number of processes could be investigated, such as, interference [82],

two-atom correlations within the atomic beam [83] and specular reflections of atoms from

a solid surface [84].

Other than our group, the two other groups that work with trapped metastable neon

have focussed on the potential for producing BEC with metastable neon. These two

groups are located at the University of Hannover in Germany, and Eindhoven University

of Technology in Holland. The group at Eindhoven were able to produce a very large

number of trapped metastable neon atoms in a MOT [85]. Over 109 atoms were trapped

from a high brightness atomic beam source, where the optical and magneto-optical com-

ponents deliver a 1400 fold increase in beam flux [86]. The group have also performed

investigations into the theoretical prospects for BEC with metastable neon. Initially, the

suppression of ionization rates (due mainly to Penning type collisions) was investigated.

Because of the important role that elastic scattering plays in the successful creation of

BEC, understanding these processes is crucial for attaining BEC with metastable atoms.

As with metastable helium, by spin polarizing the metastable neon atomic cloud, the rate

of Penning ionization should be suppressed [87]. However, when compared to metastable

helium, the suppression is expected to be less efficient for metastable neon, due to the

larger anisotropy of the quadrupole-quadrupole interaction of the core hole [87]. A follow

up paper investigated the evaporative cooling process [88]. This work provided an opti-

mistic outlook for the prospect of creating BEC with metastable neon, provided sufficient

suppression of the ionization rate and a favorable scattering length.

The group at Hannover have been successful in experimentally testing some of the

theoretical work. First 4× 108 metastable neon atoms are captured in a MOT [80]. The

atoms were then transferred into a magnetic trap of the Ioffe-Pritchard configuration [89]

which was capable of capturing 2× 108 atoms, approximately half the number trapped in

the MOT. The group used this apparatus to investigate collisions between the magnetically

trapped atoms, in particular, the role that Penning ionization plays in trap loss [90].

Spoden et al. [90] demonstrated the suppression of ionization rates by spin polarizing the

atomic cloud, however, the measured suppression was not nearly as efficient as predicted

by Doery et al. [87] significantly reducing the prospects for BEC. In this work, the elastic

scattering length, a0, was also measured for both the 20Ne and 22Ne isotopes. Because of

the ratio of elastic to inelastic collisions and also the sign of the scattering length, it was

suggested that 22Ne may be better suited for evaporative cooling than 20Ne. However, to

date, the successful production of a metastable neon BEC has not yet been realized.
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1.4 Motivation for this work

According to Weiner et al. (1999) [6] there are three main questions that have motivated

significant development in cold atom physics and cold collisions: (1) How do collisions

lead to the loss of atom confinement in traps? (2) How can photoassociation spectroscopy

yield precision measurements of atomic properties and quantum insight into the scattering

nature of the process itself? (3) How can optical fields be used to control the outcome of

a collision encounter? In this thesis we shed some light into the nature of metastable neon

in the (3s)3P2 state. By investigating the loss rate from a MOT we can develop a better

understanding of the collision processes between trapped atoms and attempt to answer

some of the question outlined by Weiner.

There are two main processes that lead to trap loss; elastic collisions with thermal

background atoms and inelastic collisions between trapped atoms. Collisions between

trapped atoms in both the excited and ground state have already been investigated in

detail by Kuppens et al. [85]. Collisions with background atoms, however, does provide

significant interest. The rate of elastic scattering with thermal background atoms can

be characterized in terms of a collision cross section. The collision cross section is not

only of interest for the purposes of improving general knowledge of trap loss processes but

is also important to practical applications and new technologies, such as lasers, plasma

televisions, and electrical discharges [91]. The data produced by experimentally measuring

these interactions provide a means of rigorously testing theoretical quantum mechanical

calculations. Collisions between metastables and other atomic or molecular species are

of general interest in excited state chemistry [92]. The internal energy carried by each

metastable atom makes them especially interesting since the the excited state is generally

of higher energy than the ionization potential of most atomic and molecular species [93].

Traditionally, experimental investigation of such processes are carried out using crossed-

beam techniques [94, 95, 96]. Measurement of absolute collision cross section proves to be

difficult using a crossed-beam technique since the absolute number of target atoms and

the overlap of the atomic beams is required. In fact, this is one of the major sources of

error for this type of experiment [97]. The MOT provides a novel tool for investigating

these processes [98, 99, 100]

Photoassociation spectroscopy provides an additional means for investigating the col-

lision dynamics of cold atoms. In [59], the scattering properties, which are essential to the

successful production of a BEC, are controlled by changing the intensity or the detuning

of an auxiliary laser tuned close to a photoassociation resonance. This has implications

for metastable neon where, for example, the elastic scattering length, a0, of 20Ne has been

found to be unfavorable for evaporative cooling. Techniques capable of modifying the

scattering length therefore provide a certain interest regarding the prospects for BEC in

metastable neon. Currently, there has been significant work on trap dynamics and colli-
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sion processes in metastable neon traps, where the focus has been towards the suppression

of ionization rates essential for creation of BEC [87, 88, 90]. However, investigations using

an auxiliary light field as a means to control collisions dynamics have only recently been

reported [100, 101] and photoassociation spectroscopy has not been achieved.

1.5 Structure of this thesis

This thesis is comprised of three main sections. Chapter 2 describes the experimental

apparatus used to cool and trap metastable neon. In this chapter the gas dynamics that

govern the supersonic expansion from a cooled reservoir is examined and an argument is

made for the design of a new metastable source. The cooled atomic beam line and laser

systems are described and the characteristics of the trapped atom cloud are presented for

a range of different trapping parameters.

Chapter 3 is concerned with density dependent collisions between trapped atoms. The

method used to measure the two body loss rate, β, is described. By monitoring the

fluorescence as the trap decays, the collision rate between ground state atoms, kgg, and

also between ground and excited state atoms, kge, is measured. By applying an auxiliary

laser the collision dynamics can be controlled. The effect of optical shielding is examined

and it is subsequently shown that the number and density of atoms in the trap can be

increased by tuning the auxiliary laser to the blue side of the atomic resonance.

Chapter 4 explores the role that collisions with thermal background atoms play in trap

loss. A novel experimental technique is presented that is used to measured total absolute

collision cross sections between the trapped metastables and a background collision species.

The method is based on measuring the rate of collisions as a function of the background

gas density. Using this benchmark technique the collision cross sections for a number of

atomic species are investigated.



Chapter 2

Experimental Apparatus

The most popular neutral atoms for trapping are the alkali metal atoms. This is primarily

due to the relative ease of building and operating optical traps for alkali-metal atoms.

Most modern alkali atom traps are based on a vapor cell MOT (VCMOT) originally de-

veloped by Monroe et al. (1990) [102]. This technique involves loading a MOT from the

slow atoms of a room temperature vapor. There is a significant density of atoms that exist

at the low velocity edge of the Maxwell-Boltzmann distribution of the vapor and these

relatively cold atoms can be directly captured by the MOT. In contrast to the alkali atoms

the use of a VCMOT to capture metastable atoms is not possible. This is because single

photon excitation from the ground state to the metastable state is not possible. There-

fore, metastables are necessarily produced in a discharge via electron impact ionization.

The pressure under which a VCMOT operates is too low to maintain the discharge for

metastable production and therefore alternative methods must be implemented. It should

be noted that there are several techniques with which metastables can be produced [103],

however a discharge provides a relatively straightforward solution.

The original MOT developed by Raab et al. in 1987 [35] was used for trapping neutral

sodium atoms and was loaded from a cooled atomic beam. As a comparison with the

VCMOT, this arrangement while more complex does provide advantages, for example, the

density tends to be greater in atomic beam systems and the lifetime of the trap longer. The

trap loading time is also significantly faster with atomic beam systems. In the context of

metastable atom traps, this technique proves to be advantageous because the production

of metastables can occur at the beginning of the beam line. Here the pressure requirements

are not so stringent and the discharge used to produce the metastables can be sustained.

Therefore, to load metastable atom traps a cooled atomic beam is required. Metastables

are first produced in a discharge at the source end of the experiment before traveling along

the beam line where they are cooled sufficiently such that they can be loaded into the trap.

The additional requirement of producing a cooled beam of metastables makes metastable

atom traps complicated in comparison to the VCMOT’s used to trap alkalis.

The apparatus described in this chapter is used to produce, cool and trap metastable

Ne. It is based on the original work by Raab et al. in 1987 [35] and the first trap for

metastable Ne reported by Shimizu et al. in 1989 [63]. The apparatus essentially consists

22
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Table 2.1: The typical pressure measurements for each section of the apparatus.

Chamber Background Pressure (Torr) Operational Pressure (Torr)

Source Chamber 1× 10−7 1× 10−5

Detection Chamber < 1× 10−9 5× 10−8

Trap Chamber < 1× 10−10 5× 10−9

of a beam of metastable atoms, a 3D optical molasses of circularly polarized light, a

quadrupole magnetic field and a number of detection and diagnostic equipment.

This chapter is organized into 5 sections. The first section describes the apparatus

that is used to maintain the low vacuum requirements for trapping. Section 2 describes

the metastable neon source. An analysis of the supersonic gas expansion provides the

motivation for a new source design. Sections 3 and 4 describe the laser systems and atomic

beam slower. In section 5 the magneto-optical trap is described including characterization

results for the trap temperature, volume, atom number and density.

2.1 The Vacuum System

The apparatus used for cooling and trapping metastable neon is shown in figure 2.1.

Table 2.1 lists background and operational pressure for each section of the apparatus.

The first half of the experimental apparatus is dedicated to producing atoms cold enough

that they can be captured in the MOT. This section consists of the metastable neon

source, atom detection chamber and Zeeman slower. Initially, metastable neon atoms are

produced in the source chamber. The source chamber is pumped by a 700 l/s oil diffusion

pump (Edwards model, Diffstak 160). An interlocked butterfly swing valve is located

between the diffusion pump and the chamber. The pressure is measured using full range

Bayard-Alpert (BA) pressure gauge (Pfeiffer model, PBR260). Typically, the pressure in

this chamber is maintained below 1×10−7 Torr. Under load, while the source is operating

the pressure increases to approximately 1× 10−5 Torr.

Directly after the source is a chamber designed for an optical collimation stage for

increasing the atomic beam flux [104]. However, the optical collimator was not used as

part of these experiments and therefore it will not be discussed in any detail as part of

this thesis. The chamber has a 300 litre/s turbo molecular pump (Varian, model: Turbo-

V300HT) attached that improves the pressure differential between the source and trap

ends of the apparatus.
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A flexible bellows and a manual gate valve separates collimation chamber and the

atom detection chamber. The atom detection chamber is primarily used for measuring

the flux of the atomic beam. This section of the apparatus is pumped by a 250litre/s

turbo molecular pump (Varian model, V250). The background and operational pressure,

respectively, is typically less than 1 × 10−9 Torr and 5 × 10−8 Torr. The final piece of

apparatus before the trapping chamber is the Zeeman slower. After atoms pass through

the detection chamber they are longitudinally cooled. This occurs along the length of the

Zeeman slower, after which, they enter the trapping chamber with sufficiently low energy

they can be captured in the MOT.

The second half of the experiment apparatus is made up of the trapping chamber

which is separated from the Zeeman slower by an automatic gate valve. A 4-way cross

located after the trapping chamber is used as an attachment point for the vacuum pumps.

The trapping chamber is pumped by a 300 litre/s turbo molecular pump (Varian, model:

Turbo-V300HT) and a 150 litre/s ion getter Pump (Varian, model: StarCell VacIon Plus

150). Together they maintain a vacuum within the trapping region of less than 1 ×
10−10 Torr. However, while operating the Ne* source, the additional load means the

pressure can increase to approximately 5 × 10−9 Torr. The pressure in the chamber is

measured using an ultra high vacuum (UHV) BA type ionization gauge (Varian, model:

UHV 24).

2.2 The Metastable Neon Source

Metastable states are inherently forbidden to decay to the ground state via a single photon

transition. It is therefore necessary to produce metastables using alternative means [103].

By far the most common approach is to use an electrical discharge where atoms can

be excited to the metastable state via electron impact. However, the ground state to

metastable state ratios are typically very poor between 105 and 104 for a discharge type

source [103].

Conventional discharge sources for metastable rare gases employ a sharp needle cathode

within a gas reservoir. An exit nozzle allows the gas to expand into the vacuum chamber.

There are typically two design configurations that offer a trade off between the operating

pressure and the metastable flux. The first type of source uses the exit nozzle as the

anode [105, 106, 107]. In this type of source the discharge can usually be maintained at

low operating pressures and with relatively good stability. However, there is significant

metastable density loss that arises through inter-atomic collisions during the expansion

and hence the flux from such a source will typically be relatively low (approximately 1012

- 1013 atoms sr−1s−1). In order to circumvent this problem an external cathode can be

employed [108, 109, 110, 111, 112]. With this type of source the flux can be significantly

improved (approximately 1014 - 1015 atoms sr−1s−1). However, this usually requires higher



26 CHAPTER 2. EXPERIMENTAL APPARATUS

source pressures and currents which consequently has the effect of increasing the discharge

temperature, the mean atomic velocity and the gas load on the vacuum system.

The source of metastable neon atoms used in this work is based on the external-cathode

design of Swansson et al. [112]. Here, the surface area of the cathode is increased in an

effort to minimize the source operation pressure and hence reduce the mean velocity of

the atomic beam.

2.2.1 Gas Dynamics

The gas dynamics that govern the behaviour of the atoms as they pass through the nozzle

is determined by the ratio between nozzle diameter, D, and the mean free path, λ0.

Depending on the value of this ratio the gas expansion will either be an effusive type

or supersonic type [113]. Typically, cold atom discharge sources obey the condition for

supersonic expansion, given by,
D

λ0
� 1, (2.1)

In this regime the pressure differential accomplishes the flow work and the system can be

described thermodynamically by considering the enthalpy of the expansion process [114].

Because the pressure gradient drives the gas through the aperture, conservation of the in-

ternal energy of the gas alone is insufficient to describe the expansion. The gas flow can be

considered an adiabatic, isentropic process and therefore it is suitable to treat the process

in terms of conservation of the sum of both the enthalpy and the kinetic energy of the

atomic beam [115]. The gas in the reservoir starts with a stagnation enthalpy, H0, which

is partially converted into the kinetic energy of the atomic beam, 1
2mu

2. Conservation of

energy gives,

H0 = H + 1
2mu

2, (2.2)

where, H = U + pV , is the rest enthalpy for the expanding beam, U is the internal

energy and p and V are the pressure and volume of the gas respectively. Equation 2.2

physically describes the passage of the atoms through the nozzle. As the gas expands

and cools, collisions continuously cause the stagnation enthalpy to be converted into the

longitudinal velocity of the atomic beam. Therefore, the thermal motion of the atoms is

forced to become predominantly in the direction of beam propagation. When the density

of the expanding beam becomes low enough, the gas flow changes from continuum flow to

collision free molecular flow.

The temperature and kinetic energy of the atomic beam can be found using equa-

tion 2.2. For an ideal gas the enthalpy is defined as, H = CpT , where, Cp is the specific

heat capacity of the gas and T is the temperature. Considering the definition for the speed

of sound of an ideal gas, c =
√
γkBT/m and the local Mach number, M = u/c, the local
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Figure 2.2: Diagram showing the supersonic expansion through the source nozzle. The
reservoir is kept at the stagnation temperature and pressure, T0 and P0. The skimmer
extracts the atomic beam from the collision free ‘zone of silence’.

temperature of the expanding gas can be expressed,

T = T0

[
1 +

γ − 1

2
M2

]−1
, (2.3)

and equation 2.2 can be re-written [114],

1
2mu

2 = CpT0

[
1− 1

1 + 1
2(γ − 1)M2

]
, (2.4)

Here, γ is the specific heat ratio Cp/Cv, which for an ideal monatomic gas is equal to

5/3 and T0 is the stagnation temperature. Given that the kinetic energy of the atomic

beam is proportional to the stagnation temperature, for a beam of atoms with low atomic

velocities it is essential to ensure the gas reservoir is kept as cool as possible. This is

generally achieved through cryogenic cooling techniques.

Supersonic flow is unique as the velocity of the gas continues to increase beyond the

nozzle. Eventually, a terminal Mach number is reached that is only dependent on the

nozzle diameter, reservoir density and certain properties unique to the atomic species. It
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Figure 2.3: The velocity distribution of the supersonically expanded atomic beam modeled
using equation 2.6. In order to simulate the distribution from a liquid nitrogen cooled
source, the reservoir temperature is set to 100 K. The dotted line represents a Mach
number of zero and is equivalent to the velocity distribution from an effusive source.

is expressed in terms of a dimensionless constant G (G ≈ 2 for ideal gases), the mean free

path of the atoms in the reservoir λ0, the specific heat ratio γ, the nozzle diameter D and

the parameter ε, that describes the collisional effectiveness [116],

M = G

(
λ0
Dε

)−(γ−1)/γ
, (2.5)

Figure 2.2 is a visual representation of the expanded beam. The ‘under-expanded’ flow is

at a greater pressure than the background pressure and continues to expand as it attempts

to meet the boundary conditions [115]. As a result, the atomic flow travels faster than the

local speed of sound (M > 1), and hence faster than interactions can propagate between

atoms. The result is a ‘zone of silence’ which ends at the Mach disc. Here, the properties

of the atomic flow are independent of the background pressure. In order to re-adjust to

the boundary conditions imposed by the background pressure, a region of very thin shock

waves exists. These shock waves represent very thin non-isentropic zones of large density,

pressure, temperature and velocity gradients that exist to re-compress the supersonic

flow. The effect of this system of shocks is to reduce the Mach number so that M < 1 and

the flow can re-adjust to the boundary conditions imposed by the background pressure.

To extract the supersonically expanded beam before the flow reaches the Mach disc, a

skimmer is placed within the ‘zone of silence’ allowing the beam to continue unimpeded

into a region of lower pressure. The extracted atoms form the collision free atomic beam.
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The velocity distribution of the atomic beam is dependent on only the Mach number

and the stagnation temperature and is described by [116],

P (ν) ∝ ν3 exp

(
−m(ν − u)2

2kBT

)
, (2.6)

where, u =
√

2(H0 −H)/m from equation 2.2, is the average flow velocity of the expan-

sion which corresponds to the most probable velocity of the atomic beam. The velocity

distribution for an expanding gas of neon at 100 K is shown in figure 2.3. Here, a Mach

number of M = 0 is equivalent to the distribution from an effusive source. By increasing

the Mach number, thereby making the atomic beam more supersonic, the mean of the ve-

locity distribution increases and the distribution itself narrows. Therefore, to increase the

number of atoms in the tail of the atomic beam where the longitudinal velocity is lower,

the source should be operated with a low Mach number, closer to the effusive regime than

the supersonic regime.

2.2.2 Source Design

The source cathode is constructed of a hollow copper cylinder with a diameter of 12 mm,

see figure 2.4. Gas is fed into the source via an insulating teflon tube that is attached

to a thin (OD, 3 mm) piece of copper tubing that carries the gas to the hollow cathode.

The cathode has an inner diameter of 6 mm and is approximately 20 mm long. An

electrically insulating nozzle block contains a 400 µm circular aperture that allows gas

to enter the vacuum system. The discharge is struck through the aperture, between the

hollow cathode and an externally positioned skimmer which acts as the anode. Excitation

occurs in the region between the nozzle and the skimmer, after the gas has expanded

through the aperture.

To reduce the initial thermal distribution of the atoms, the source is mounted within

a liquid nitrogen (LN) reservoir. Consequently, the cathode has to be electrically isolated

from the reservoir but still maintain thermal equilibrium. Therefore, a Teflon insulating

sleeve is used to separate the reservoir and the cathode. Additionally, the nozzle block

is chosen to be made from boron nitride, a ceramic which can be used as an electrical

insulator and also a thermal conductor. It is sealed to the cathode using Torrseal and is

designed so that it remains in contact with both the reservoir and the cathode providing a

good thermal conduit. This design allows the atoms in the cathode to thermalize with the

reservoir before they expand into the vacuum region and maintains the electrical isolation

of the cathode.

A cutaway of the source chamber is depicted in figure 2.5. The liquid nitrogen reservoir

which houses the source is mounted from the 10” flange located at the top of the chamber.

A bellows system along with a set of 4 micrometer adjustment screws allows the source to
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Figure 2.4: A schematic of the metastable neon source.

be positioned in 3-dimensions. The flange that connects the bellows to the source chamber

is an oversized flange capable of sliding while still maintaining the vacuum integrity. An

additional two micrometer screws can be used to translate the sliding flange, and hence

the source, horizontally along the path of the atomic beam line. This feature allows the

distance between the source and the skimmer to be adjusted. An high voltage feed-through

located on the top flange provides an electrical connection to the rear of the source. A

similar feed-through (not shown) is mounted to the side of the source chamber and provides

a connection point to the skimmer. The power supply used to drive the source is a custom

built 2 kV, 20 mA constant current supply and the power supply for the skimmer is a

Spellman (model: RHSR 10PN60) high voltage DC supply that provides 10 kV at 6.5 mA.

The gas handling system for the source consists of a 1-100 Torr Baratron absolute

pressure gauge (MKS, model: Type 122A), a high precision variable leak valve (Granville

Phillips, model: 203019) and a rotary vane pump. The rotary vane pump is used to

remove residual unwanted species in the input gas line and can be isolated from the

system via a three-way valve. The pressure in the source is controlled via the leak valve

and is monitored using the absolute pressure gauge. During operation, the source backing

pressure is maintained at approximately 6 Torr.
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Figure 2.5: A schematic of the source chamber. The cutaway shows the position of the
source in the liquid nitrogen dewar.
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(a) (b) (1) Resonance Ionisation + 
 (2) Auger neutralization

Auger de-excitation

Figure 2.6: The mechanisms describing the ejection of electrons from the metal surface.
(a)(1) The resonance ionization process followed by (2) Auger neutralization. And (b) the
Auger de-excitation process.

The discharge is typically struck with the skimmer voltage set > 6kV and by posi-

tioning the source very close (approximately 2 mm) to the skimmer. By increasing the

source supply current the discharge will spontaneously start. Once a discharge has been

initiated the source can be positioned so the alignment ensures maximum metastable flux.

Typically, the discharge will be most stable with the source power supply switched off. In

this mode of operation the discharge is maintained entirely by the skimmer power supply

which provides approximately 6.5 mA at -700 V.

2.2.3 Metastable Flux of the Atomic Beam

Metastable neon atoms carry approximately 16 eV of internal energy, which far exceeds

the kinetic energy of the ground state atoms in the atomic beam. This relatively large

internal energy carried by each atom can therefore be exploited and serve as a means of

detection. An atom incident on a surface will eject an electron if the excited state internal

energy E∗, exceeds the work function of the material Φ. The rate of electron ejection can

then be measured as a current and related to the flux of metastable atoms.

For a metastable atom incident on a metal surface, the two most common mechanisms
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that lead to the ejection of an electron [117] can be seen in figure 2.6. The first is a

two step process. Initially, Resonance ionization occurs where the excited electron of

the metastable atom tunnels through the ionization barrier to a vacant level above the

Fermi surface of the metal. Auger neutralization of the ion will follow if the energy

required for the recombination to the ground state is greater than twice the work function

(E+ ≥ 2Φ). The Auger neutralization process involves an electron tunneling from the

conducting surface of the metal to the now vacant hole in the ion. To conserve energy, a

second electron in the metal will be excited and ejected from the conducting surface.

The second process, Auger de-excitation, occurs if the surface has no vacant energy

levels and Resonance ionisation is inhibited. The only requirement for Auger de-excitation

is that the excited state internal energy E∗, exceeds the work function of the material Φ

(E∗ > Φ). The process involves an electron from the conducting surface of the metal

tunneling to the ground state of the atom, and simultaneously, the ejection of the excited

electron from the metastable atom.

If the efficiency, γi, of the ionization processes are known, then the metastable flux can

be determined. The current, I, produced when the metastable atomic beam is incident

on a metal surface is related to the flux, F , by [118],

F =
I

eγiΩ
, (2.7)

where, Ω, is the solid angle of detection on the surface and e, is the fundamental unit of

charge. To determine the flux due to metastable neon atoms, we use γi = 0.3 (±25%), de-

termined for chemically clean, polished stainless steel surfaces by the CW photoionization

method [119].

The Faraday plate used to measure the flux of metastable neon atoms is shown in

figure 2.7. The detector consists of the back plate detector and an electron collector. The

back plate detector is a 15 mm diameter stainless steel plate and the electron collector is

3 mm thick, 17 mm diameter stainless steel ring located 5 mm in front of the back plate

detector. The back plate detector is connected to ground through a picoameter (Keithley

model, 610C) and the electron collector is connected to a voltage supply. Both components

are electrically isolated using ceramic spacers on the mount. Incident metastables cause

a charge to build up on the back plate detector due to electrons being ejected from the

metal surface. This in turn causes a current to flow through the picoameter to ground

proportional to the metastable flux. Recombination of ejected electrons back onto the

surface of the detector is inhibited by applying a voltage to the electron collector. The

detector is mounted on a linear feed-through that allows the detector to be moved into

and out of the atomic beam.

A combination of energetic particles are present in the atomic beam. Both 3P2 and
3P0 metastable neon atoms are produced in the discharge along with UV photons and



34 CHAPTER 2. EXPERIMENTAL APPARATUS

Back Plate 
 Detector

Electron Collector

Ceramic
Spacers

A

Picoameter

V+

Figure 2.7: The Faraday plate used for measuring the metastable neon flux.

electrons. All of these particles are of sufficient energy to cause the ejection of electrons

from a stainless steel surface and therefore will contribute to the total current measured

by the Faraday plate. Electrons are removed from the beam using a strong permanent

magnet just after the skimmer, however, there will still be some contribution due to UV

photons. To determine the flux due to only metastables, the UV contribution, FUV , is

measured and subtracted from the total flux, FT . The UV content of the beam can be

measured by leaking nitrogen gas into the detection chamber. At sufficiently high pressure,

the metastable atoms in the beamline are almost totally removed through collisional loss.

The current measured on the Faraday plate can therefore be assumed to be totally due to

UV photoionization.

Figure 2.8 shows the flux characteristics of the atomic beam as a function of the source

driving pressure. At a typical operating pressure of 6 Torr the UV percentage of the atomic

beam is 20% and the metastable flux is approximately 1.5×1015 atoms sr−1s−1. At higher

source driving pressures the metastable flux increases. However, at higher source driving

pressures the gas load on the entire vacuum system becomes greater and the pressure

in the trap chamber can increase above 1 × 10−8 Torr. Therefore a driving pressure of

approximately 6 Torr is chosen to keep the trap chamber pressure below 5×10−9 Torr. The
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(a)

(b)

Figure 2.8: The flux characteristics of the atomic beam. (a) The UV percentage of the
atomic beam (FUV /FT ). (b) The metastable flux is found by subtracting the UV flux,
FUV , from the total flux, FT . At typical operating pressures around 6 Torr, the metastable
flux is approximately 1.5× 1015 atoms sr−1s−1.
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velocity distribution of the atomic beam was not measured experimentally, however, the

most probable velocity can be estimated considering the model presented in section 2.2.1

using equation 2.6. In this model the reservoir temperature was estimated to be 100 K

to be consistent with a liquid nitrogen cooled source. 100 K was chosen as opposed to

77 K to account for additional heating from the discharge cathode. Figure 2.3 shows the

results for Mach numbers up to a maximum of 10. The most probable velocity is found

to be less than 500 m/s for all Mach numbers. As a comparison with experiment, the

velocity distribution for a liquid nitrogen cooled, metastable neon discharge type source

was measured in references [106, 107, 111]. Here the most probable velocity was found to

be consistently measured to be approximately 500 m/s and therefore we estimate a similar

most probable velocity.

2.3 The Laser Systems

Cooling the atomic beam requires interaction with a near monochromatic light field. The

next section is therefore devoted to describing the laser systems utilized as part of the

apparatus. For metastable neon the transition is at 640.4 nm and therefore it is necessary

to use dye lasers to satisfy the laser power requirements for the MOT and atomic beam

slower. Two separate laser systems provide the necessary light. Both are tuned close

to the 640.4 nm, (3s)3P2 to (3p)3D3 transition in neon. A wavemeter (Bristol model,

621 wavemeter) is used as a coarse measure of the frequency, after which each laser system

is able to be frequency locked to a saturated absorption cell [120]. Depending on the

experiment requirements, the lasers can be used in different configurations to provide

light for the trapping beams, slowing beam and also the auxiliary beam used to control

collision dynamics in section 3.2.

2.3.1 Trapping Laser System

The trapping laser beam is generated by a Coherent 899 single mode, ring dye laser

operated using Kiton red laser dye. The dye laser is pumped by a coherent Verdi V5

CW solid state laser which outputs 5.5 W of pump light at 532 nm. The dye laser is

capable of outputting in excess of 850 mW of 640.4 nm red light with a linewidth of

approximately 1 MHz. Figure 2.9 shows the optical arrangement for the trapping beams.

A small portion of the light is immediately picked off from the main beam for use in the

saturated absorption locking system, using a 1/2 waveplate and polarising beam splitter

combination. The main beam then continues through an optical isolator and acousto-

optic modulator (AOM) (IntraAction model, AOM-40) used to set the frequency for the

trapping beams. This AOM also acts as a fast switch for controlling the light to the trap.

A second 1/2 waveplate, polarizing beam splitter combination then picks off a portion of
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Figure 2.9: Schematic of the trapping laser system and optics.

the beam which can be used for slowing in the event that the slowing laser is required for

an alternative purpose. This arm contains a second AOM (IntraAction model, AOM-40)

which shifts the frequency so that it is at the right wavelength for slowing before being

coupled into a single mode optical fibre for transportation to the trapping table. The

main beam then continues and is similarly coupled into a single mode optical fibre for

transportation to the trapping table.

To lock the laser frequency to the (3s)3P2 to (3p)3D3 transition, saturated absorption

spectroscopy is done on an isolated sample of neon atoms. The saturated absorption cell

(SAC) is a glass cell, 150 mm in length and 30 mm in diameter, filled with neon gas at

2 Torr. Two ring electrodes separated by a distance of 30 mm inside the cell are used

to strike an electric discharge. Metastable neon atoms in both the (3s)3P2 and (3s)3P0

states are produced via electron impact within the discharge. The light picked off from

the main laser beam is transmitted through a 50-50 beamsplitter and a 1/4 waveplate. The

1/4 waveplate sets the light polarization to the σ+ orientation ensuring that the atoms are

pumped into the mj = 2 substate. The light is then passed through the SAC and absorbed

by atoms when the laser is resonant with the (3s)3P2 to (3p)3D3 transition. The beam is

then retro-reflected back through the SAC and the intensity of the light measured on a

photodiode. Figure 2.10 shows a typical saturated absorption peak for a laser frequency
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Figure 2.10: The absorption signal from the saturated absorption cell for a scan width of
3500 MHz. The 20Ne and 22Ne peaks are seperated by 1630 MHz.

scan of 3.5 GHz.

The locking system is described in [120]. Essentially, a pair of coils is used to provide an

alternating magnetic field across the SAC which is used to produce a saturated absorption

peak. This works by modulating the magnitude of the Zeeman shift in energy of the atomic

sublevels and is analogous with scanning the laser frequency across the atomic transition.

The intensity signal from the photodiode is fed into differential electronics which in turn

provides a feedback voltage to the laser control box. A second pair of coils can be used

for fine tuning of the laser frequency by providing a constant magnetic field offset. The

DC offset provides a maximum detuning of approximately 40 MHz with an uncertainty of

10%.

2.3.2 Slowing Laser System

The slowing laser beam is generated by a Spectra Physics 380D single mode, ring dye

laser operated using Kiton red laser dye. The dye laser is pumped by a coherent Verdi

V5 CW solid state laser which outputs 5.5 W of pump light at 532 nm. This setup is

very similar to the setup previously described for the trapping laser system using the

Coherent 899, however, the slowing laser system is capable of outputting approximately

450 mW of 640.4 nm red light with a linewidth of approximately 1 MHz. The output power

discrepancy can be explained considering the Spectra Physics 380D laser is operated using

a coarser dye jet and older cavity optics. Figure 2.11 shows the optical arrangement for

the slowing beam. The beam exits the dye laser and passes through the laser reference. A

1000mm lens is located after the reference station that acts to reduce the beam divergence.
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Figure 2.11: Schematic of the slowing laser system and optics.

A 1/2 waveplate, polarizing beam splitter combination is used to pick off a small portion

of the light for use in the saturated absorption locking system. The beam then passes

through an AOM (IntraAction model, AOM-60) that is used to frequency shift the light

for use in slowing the atomic beam. The AOM holds a dual purpose as it is also used as a

fast switch for the beam. Finally, the light is coupled into a single mode optical fibre for

transportation to the trapping table.

2.4 Deceleration of the Atomic Beam

Typically, the force generated by a magneto-optical trap (MOT) limits the capture velocity

to only a few tens of metres per second. The atomic beam to this point has a mean velocity

of approximately 500 m/s and therefore it is necessary to cool the beam before atoms

will be captured in the MOT. The solution is to make use of the momentum transfer

that occurs due to the scattering force. However, as the atoms are cooled, they are

Doppler shifted out of resonance with the laser light and therefore will fail to be cooled

substantially. For example, the (3s)3P2 to (3p)3D3 transition in metastable neon, an atom

will be Doppler shifted out of resonance after a change in velocity of only 5 m/s. A

number of techniques have been developed to overcome this problem, such as, frequency
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chirping the laser [121, 122, 123]. However, the most common method for slowing a beam

of atoms is the Zeeman slowing technique. By manipulating the internal states of the

atom it is possible to use a single frequency laser beam to produce a continuously slowed

beam of atoms [12, 124, 125]. A magnetic field can be used to Zeeman shift the energy

of the atomic transition such that it is equal in magnitude but opposes the Doppler shift,

thereby compensating for the changing velocity of the atomic beam. By utilizing a tapered

solenoid a spatially varying magnetic field is generated and an atom traveling along its

length will be continually shifted back into resonance with a counterpropagating laser

beam. As a result the atomic beam is substantially cooled and the atoms can be captured

by the MOT.

A fundamental drawback with the slowing technique occurs due to the large number

of photon scattering events that must take place to successfully cool the beam. With each

scattering event the atom receives a momentum kick in a random direction. Therefore,

heating due to atomic diffusion occurs after multiple absorption and spontaneous emission

events. The heating that occurs in the longitudinal direction is far outweighed by the

cooling process, however, in the transverse direction the atomic beam can be significantly

heated.

2.4.1 The Zeeman Slower

The Zeeman slower is designed to capture atoms with velocities less than 650 m/s and

cool them to approximately 30 m/s. Figure 2.12 shows the Zeeman slower design and

optics system. Essentially the Zeeman slower is a tapered solenoid wound around a long

stainless steel tube. The magnetic field profile produced by the solenoid is designed to

satisfy the condition for uniform deceleration [126, 127, 128]. It is made up of two separate

components, the bottom 5 layers are of a constant thickness and are used to produce the

bias field. The spatially varying field is produced by the tapered solenoid which is wound

over the top of the bias field solenoid. Each of the solenoids are powered by a Powertech

MP3090 DC power supply, which provide up to 40 A and 15 V. Typically, the bias supply

runs at approximately 17.5 A and the supply for the spatially varying field runs at 19.0 A.

To improve heat dissipation, the Zeeman slower is water cooled. A second stainless steel

tube is located inside the first and runs coaxial providing the inner wall for the water

cooling sleeve.

In addition to the tapered solenoid, an extraction coil causes the magnetic field profile

to taper towards the centre of the trapping region. This enables the atoms to undergo the

last part of their slowing just before they entered the trapping region and provides the

most efficient loading of the MOT. A 12 V, 140 A supply (Xantrax model, XRF 7.5-140)



2.4. DECELERATION OF THE ATOMIC BEAM 41

F
ib

er
 O

ut
pu

t
   

C
ou

pl
er

  L
in

ea
r

P
ol

ar
iz

er

1/
4 

W
av

ep
la

teLe
ns

es

C
om

pe
ns

at
io

n
   

   
  C

oi
l

E
xt

ra
ct

io
n

   
  C

oi
l

S
lo

w
in

g 
O

pt
ic

s

Z
ee

m
an

 S
lo

w
er

A
to

m
ic

 B
ea

m

  S
lo

w
in

g 
La

se
r 

B
ea

m

F
ig

u
re

2.
12

:
A

sc
h

em
a
ti

c
of

th
e

Z
ee

m
a
n

sl
ow

er
an

d
tr

ap
ch

am
b

er
.

T
h

e
in

se
rt

sh
ow

s
th

e
p

re
p

ar
at

io
n

op
ti

cs
fo

r
th

e
sl

ow
in

g
b

ea
m

.
T

h
e

sl
ow

in
g

b
ea

m
is

w
ea

k
ly

fo
cu

ss
ed

to
re

d
u

ce
a
to

m
ic

d
iff

u
si

on
.



42 CHAPTER 2. EXPERIMENTAL APPARATUS

is used to power the extraction coil. A compensation coil is located after the trapping

region that is used for further control of the magnetic field shape. Fine adjustment of the

driving current of both the extraction coil and the compensation coil allows the magnetic

field to be optimized for maximum trap population.

In order to reduce the amount of diffusion that occurs along the length of the Zeeman

slower, the slowing laser beam is weakly focused. This has the effect of imparting a small

component of momentum back towards the centre of the atomic beam. For slowing to

work, the atom must be pumped into a two level system and therefore the light must

be circularly polarized. In this work, σ+ light is used, which pumps the atoms to the

(3s)3P2(mj=2) to (3p)3D3(mj=3) magnetic sublevel system. The slowing beam passes

through the trapping region and therefore the scattering force from the slower cannot

necessarily be neglected. Because the slower is operated at relatively large detunings

(> 8Γ) and due to the large diameter the scattering rate is generally small compared to

the trapping beams. However, at very low trapping beam intensities the effect of the

slowing beam can be observed and in essence a seven beam MOT is created.

A full characterization of the Zeeman slower used in this work, including modeling and

slowing results, can be found in reference [3].

2.5 The Magneto Optical Trap

A magneto-optical trap (MOT) utilizes both magnetic fields and optical forces to produce a

spatially confining potential for atoms. A quadrupole magnetic field generated by two coils

in an anti-Helmholtz configuration produces a linear magnetic field gradient where the field

strength in the centre is zero. In addition, three pairs of orthogonal, counterpropagating

laser beams are circularly polarized and red detuned from the atomic transition frequency

to create a 3D-optical molasses that intercepts at the centre of the quadrupole field. With

this configuration, the spatial component of the force comes from the linearly varying

magnetic field, while the use of circularly polarized laser beams ensures the correct mj

transition is resonant with the light field such that the atoms will always experience an

inward restoring force.

2.5.1 Theory

To describe how this scheme works, it is necessary to consider a stationary atom in a

magnetic field. Due to the interaction of the magnetic dipole with the magnetic field, the

internal level structure of the atom is modified. This perturbation is known as the Zeeman

shift and to first order, can be quantified as,

∆E = −~µ · ~B = µBBgmi, (2.8)
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where, µB, is the Bohr magneton and g is the Landé factor. For a transition, both the

ground and excited state will experience a shift due to the Zeeman effect. The total

frequency shift for a particular atomic transition, ωZ , is given by,

ωZ =
µ′B

~
, (2.9)

where, µ′ = µB(geme−ggmg) is the effective magnetic moment of the transition. Here the

subscripts g and e refer to the ground and excited state, respectively. For the (3s)3P2(mj =

2, gj = 3/2) to (3p)3D3(mj = 3, gj = 4/3) transition in metastable neon, this simplifies to

µ′ = µB.

An atom placed in the MOT will have spatially dependent detuning due to the Zeeman

shift. For an atom placed in the magnetic field, the frequency shift of a particular atomic

transition is given by equation 2.9. For the one dimensional case, a linearly varying inho-

mogeneous magnetic field given by B = B(z) ≡ Gz, will modify the resonant frequency of

a transition by,

∆Z = ω0 + ωZ = ω0 +
µ′

~
Gz, (2.10)

where, G, is the magnetic field gradient. For the simple case of a J = 0→ J = 1 transition

there are three separate Zeeman components given by ∆mj = +1, 0 and −1 where each

is excited depending on the polarization of the incident light field. Figure 2.13 represents

the one dimensional MOT configuration. Consider an atom displaced from the centre in

the positive z direction. Here the magnetic field is positive and for red detuned light the

∆mj = −1 transition is shifted closer to the resonance, while, the ∆mj = +1 transition

is shifted further from resonance. Because σ− photons will be scattered faster than σ+

photons it follows that by selecting the polarization of the light carefully the force on the

atom can be made to be restoring. If light incident from the right is σ− polarized and

the light from the left is σ+ polarized the atom will be pushed towards the centre of the

trap by the σ− light. Likewise, an atom displaced in the negative z direction will have

the shift in each of the ∆mj = ±1 transitions reversed and σ+ photons will be scattered

faster than σ− photons. Therefore, the atom will again be pushed towards the centre of

the trap, this time due to the σ+ light.

The force on the atom is analogous to the spontaneous force in an optical molasses

and for light incident from the +z and −z directions can be expressed,

F±z =
~kΓ

2

[
s0

1 + s0 + 4(∆±)2/Γ2

]
, (2.11)

where, the detuning of each beam is given by,

∆± = δ ∓ ~k ·~ν ± µ′B/~, (2.12)
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Figure 2.13: The principle for the spatially dependent force in a MOT. An atom placed
on the right side (positive z) will experience a force towards the centre of the trap due to
σ− photons. Similarly, an atom placed on the left side (negative z) will also experience a
force towards the centre of the trap due to σ+ photons.

The force described by equation 2.11 exhibits both a velocity dependence and a spatial

dependence. For small displacements and low velocities compared to the laser detuning

the total restoring force can be described by the sum of a term linear in velocity and a

term linear in displacement [129],

~F = −βd~ν − κ~z, (2.13)

where the damping coefficient, βd, is equivalent to the damping coefficient in an optical

molasses, given by equation 1.24 and the spring constant, κ is given by,

κ =
µ′G

~k
βd = − 8ks0(δ/Γ)µ′G

(1 + (2δ/Γ)2)2
(2.14)

The use of a quadrupole magnetic field enables the extension from the one dimensional

case to the 3D case relatively straightforward. The treatment is equivalent in each of the

dimensions with the exception that the field gradient along the z direction is twice the

field gradient along the x and y directions so that, κ ≡ κz = 2κx = 2κy. The motion of

atoms in the trap can be characterized as a damped harmonic oscillator with the damping

rate, γ = βd/m and the oscillation frequency given by ωMOT =
√
κ/m, where m is the

mass of the atom. Typically, in a MOT the dampening rate is several orders of magnitude

more than the oscillation frequency. This results in the atomic motion being overdamped

with the damping time 2γ/ω2
MOT typically on the order of a millisecond.
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2.5.2 Vacuum Chamber

The MOT chamber is depicted in figure 2.14. The inset shows the interior arrangement of

the MOT magnetic field coils and the ion detection system. The chamber consists of an

8” OD 304 stainless steel cylinder custom built by MDC Vacuum Products. Access to the

trapping region is provided by 16 separate ports, 8 in the horizontal plane and an additional

4 angled in each of the +45 ◦ and −45 ◦ orientations. The MOT chamber is separated from

the atomic beam line by an automatic gate valve. Opposite the beam line access port,

a 4” OD 4-way cross allows an optical entry point for the slowing laser beam as well as

a attachment point for the vacuum pumps. A residual gas analyzer (model: Stanford

Research Systems 100) (RGA) provides measurement of partial pressures. Finally, a UHV

rated stop valve is used to allow buffer gas into the chamber for collision experiments, see

section 4.

The ends of the cylinder are sealed using two custom built 10” flanges, which have

an additional 5 ports that are primarily used for trap diagnostics and detection. The

arrangement of the ports can be seen in the image of the MOT chamber in figure 2.14.

Each of the flanges have a central port which when mounted on the trap chamber are

vertically oriented. A feed-through connected to the upper flange is used as an connection

point for the MOT coils which are located within the vacuum chamber. The other 4 ports

are angled at approximately 15 ◦ to give a view of the centre of the trapping region. A

laser beam can be aligned through the centre of one of the angled ports on the top flange

and emerge centrally from a port on the bottom flange, passing through the centre of the

trapping region.

2.5.3 Magnetic Field

The magnetic quadrupole used to generate the spatially varying magnetic field required

for trapping is provided by a pair of coils in an anti-Helmholtz configuration. To generate

a field that is approximately linearly varying in the central region the radius of each coil

is 1.25 times the their separation distance [130]. The current in the MOT coils is provided

with a Xantrex, model: XFR 7.5-140 power supply which can provide up to 140A of

current. Since the coils are situated in vacuum they are necessarily water cooled and

are capable of dissipating in excess of 1 kW of heat. They are constructed from hollow

refrigeration tubing with an outer diameter of 3.1 mm and inner core diameter of 1.2 mm.

As an additional measure, a thermocouple attached to the outside of the MOT coil feed-

through is interlocked to the power supply ensuring the temperature does not rise above

a defined set point.

In order to provide the correct anti-Helmholtz configuration, the copper tubing is

wound such that the handedness of the two coils is opposing. Teflon formers are used to

hold the shape of the two coils and ensure the pitch on the two windings is consistent. To
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Figure 2.14: A schematic of the MOT chamber. The insert shows the position of the MOT
coils and the channeltron.
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(a) (b)

(c)

Figure 2.15: The MOT coil magnetic field profile computed using equations 2.15 and 2.16
for a coil current of 60 A. The magnitude |B| = |Bz| + |Br| is plotted in 3-D (a) and
as a contour map (b). (c) The axial (i) and transverse (ii) fields for Bz(z, r = 0) and
Br(z = 0, r) respectively. Here, the dotted lines are fits that demonstrate the linearity of
the field gradient.

provide a symmetrically consistent magnetic field gradient, the current through each of

the two coils must be essentially the same. Therefore, to avoid complications, the copper

tubing is wound in such a way that both coils are produced from a single length. This

ensures the current through the coils is the same and a single supply is used to provide

the current to each of the coils.

Each coil is made up of 14 windings with a radius of 40 mm and a separation distance of

50 mm. The magnitude of the field gradient produced is found by modeling the magnetic

field profile. The magnetic field from a single coil of wire with radius R, can be expressed

in terms of its radial, transverse and axial components for a given position. Given the

symmetry of the coil, the angular component is zero (Bφ = 0) and therefore only knowledge

of the position, z, along the central axis and r transverse to the central axis is required to

model the field. The axial and transverse field components are respectively given as [130],

Bz =
µ0I

2π

[
1√

(R+ r)2 + (z −∆z)2
×
(
K(k2) +

R2 − r2 − (z −∆z)2

(R− r)2 + (z −∆z)2
E(k2)

)]
, (2.15)
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Br =
µ0I

2πr

[
z −∆z√

(R+ r)2 + (z −∆z)2
×
(
−K(k2) +

R2 + r2 + (z −∆z)2

(R− r)2 + (z −∆z)2
E(k2)

)]
,

(2.16)

where, µ0, is the permeability of free space, I is the current though the coil, and ∆z

describes the axial position of the coil. The complete elliptic integrals K(k2) and E(k2)

are defined as,

K(k2) =

∫ π
2

0

dψ√
1− k2 sin2 ψ

, (2.17)

E(k2) =

∫ π
2

0

√
1− k2 sin2 ψdψ, (2.18)

and the argument, k2, is,

k2 =
4Rr

(R+ r)2 + (z −∆z)2
, (2.19)

Equation 2.15 and 2.16 can be used to model the magnetic field from a single winding.

The total magnetic field is found by summing the contribution due to each of the 14

pairs windings that make up the two MOT coils. The magnetic field profile is depicted

in figure 2.15 (a) and (b), where only the magnitude of the field, |B| = |Bz| + |Br|, has

been plotted. The field gradient is found by approximating a linear fit along the axial

and transverse fields for Bz(z, r = 0) and Br(z = 0, r) where Br(z, r = 0) = 0 and for

Bz(z = 0, r) = 0 and is shown in figure 2.15 (c). From equations 2.15 and 2.16, the

individual field components are linearly dependent on the magnitude of the current in the

coils and therefore the gradient can be expressed in terms of the current. We find that

the axial magnetic field gradient is Gz = 0.44 G cm−1 A−1 and the transverse magnetic

field gradient is Gr = Gz/2 = 0.22 G cm−1 A−1.

2.5.4 Optical Field

We use a typical setup consisting of three pairs of coaxial counter propagating beams.

Where each pair accounts for a single spatial dimension. In order to reduce the number

of required laser beams, each pair is created by retro-reflecting a single beam. The light

for the trapping beams is carried to the experiment via a single optical fibre, as described

in section 2.3.1. A series of λ/2 wave plates and cube beam splitters are used to generate

three separate beams that act as the trapping beams, see figure 2.16.

The lens system on the output coupler is a standard patch fibre output coupler which

gives a collimated 1/e2 beam waist of approximately 6 mm. An optical telescope with 3x

magnification is used as a beam expander on each of the trapping beam arms. The light

going to each of the trapping arms is initially linearly polarized before passing through a λ/4

wave plate which provides the desired circular polarization. The clear aperture diameter

of each of the λ/4 wave plates is 12.0 mm, which has the effect of spatially filtering the
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trapping beams, however, it also has the effect of reducing the volume of the trapping

region. The optical access for the first of the trapping laser beams is via the two 41/2”

view ports located in the horizontal plane, perpendicular to the atom beam line. The

remaining two beams enter the MOT chamber via two of the 23/4” view ports angled

at −45 ◦ with respect to the beam line. This arrangement satisfies the requirement that

the three beams are orthogonally aligned with respect to each other. Each of the view

ports have an anti-reflection coating applied to minimize transmission losses. To satisfy

the requirements for trapping, the retro-reflected beam must be circularly polarized with

opposite handedness. Therefore, upon exiting the trapping chamber, before being retro-

reflected, a second λ/4 wave plate rotates the polarization so it is again linearly polarized.

The beam is finally retro-reflected back through the λ/4 plate which results in the desired

circularly polarized beam with opposite handedness to the incident beam.

2.5.5 Detection Systems

To investigate the characteristics and dynamics of the trapped atom cloud we employ

two different techniques. The standard procedure for detecting atoms is through the use

To Laser
   Table

Output Coupler

λ/2 waveplate

  Polarizing
Beamsplitters

λ/2 waveplate

λ/4 waveplate
Linear Polarizer

λ/4 waveplate
Linear Polarizer

λ/4 waveplate
Linear Polarizer

λ/4 waveplate
Linear Polarizer

Periscope

Lenses

Lenses

Lenses

Trap Beam 1 Trap Beam 2
Trap Beam 3

    Trap 
Chamber

Figure 2.16: Schematic of the trap optics. Each of the trap beams accounts for a single
spatial dimension. Trap beams 1 and 2 are angled out of the page at 45 ◦ and therefore
the retro-reflecting optics are not shown.



50 CHAPTER 2. EXPERIMENTAL APPARATUS

of fluorescence imaging. The trapped atoms periodically absorb and re-scatter photons

from the MOT trapping beams. The amount of light that is scattered is proportional

to the number of atoms in the trap and provides a simple way to diagnose many trap

characteristics. Alternatively, an auxiliary laser can be made to illuminate the atom cloud

and either the scattered photons detected or the shadow of the atom cloud detected using

the technique of absorption imaging. We use a CCD camera to image both the spatial

distribution and the total fluorescence from the trap. Another method for measuring the

trap characteristics is to directly detect the atoms that are ejected from the trap. In

alkali-metal atom traps the atoms usually must be ionized before they can be detected.

Because we use metastable atoms this step is unnecessary in our system and ejected atoms

are easily detected using a channel electron multiplier (Channeltron).

Fluorescence Detection

The camera used to image the trap is a 12 bit charge-coupled device (CCD) camera

(Photometrics, model: Coolsnap CF) and is mounted off the underside of the chamber.

The lens system for the camera is designed to give a magnification of approximately 1.5

and is shown in figure 2.17. The first lens (f = 75 mm) is positioned directly after

the view port and is approximately 295 mm from the centre of the trapping region. A

second lens (f = 20 mm) is located between the first lens and the camera, it is positioned

approximately 125 mm from the first lens and 100 mm from the camera. The position of

both the camera and the second lens can be adjusted to provide fine control of the system.

The camera is interfaced using Digital Optics which is powered by the V++ programming

language.

It is important that the system is calibrated correctly in order that the trap charac-

teristics can be accurately measured. To spatially calibrate the system the ratio between

pixel size and length must be known, therefore a ruler with regular markings of 0.5 mm

295 mm 125 mm 110 mm

Ne* Trap

75 mm lens

20 mm lens

  CCD
camera

Figure 2.17: A schematic of the optics system used for imaging the trap.
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Figure 2.18: A ruler with 0.5 mm markings is imaged by the CCD camera. The spatial
calibration of the CCD camera and optics is found to be 7.1± 0.2 µm/pixel.

Figure 2.19: The intensity calibration of the CCD camera at 50 ms exposure times. The
fit gives a calibration factor of 2.31± 0.04× 10−7 nW/pixel.
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Channeltron
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Figure 2.20: Schematic of pick off circuit and electronics for the channeltron detector.

is imaged at a distance of 295 mm from the first lens in order to replicate imaging the

trap, see figure 2.18. This method also allows for fine adjustment of the lens system to

ensure the focus is correctly set. Because the CCD camera is not positioned directly be-

neath the atom cloud but is mounted to a view port angled 15 ◦ off axis we find that we

underestimate lengths measured along the axial direction by approximately 3%.

To calibrate the system for light intensity, it is necessary to know both the efficiency

of the optics and the solid angle of the detector. The first lens is set at a distance of

approximately 300 mm from the trap and captures fluorescence emitted within a solid

angle of Ω = (1.09± 0.07)× 10−2 str. To calibrate the efficiency of the optics and camera,

an auxiliary laser is shone through the optics system. A power meter (Ophir, model: Nova

II), calibrated in accordance with the NIST standard (ISO 0012-1), is used to measure

the total power incident on the CCD chip, see figure 2.19. The total counts measured by

the CCD is proportional to a total incident intensity. This property is dependent on the

CCD exposure time and it is necessary to calibrate the camera system for each setting of

the exposure time. For the majority of measurements we use an exposure time of 50 ms.

Ion Detection

As discussed in section 2.2.3, one advantage of using metastables is their relatively large

internal energy, which facilitates direct detection of the atoms on a surface. We use a

channel electron multiplier (channeltron) (Philips model, X818BL) to detect charged par-

ticles and metastables that escape from the trap. The collection cone of the channeltron is

typically grounded while the end is set to approximately 2.5 kV. A set of three electrostatic

lenses are mounted directly above the collection cone and are used to discriminate between
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charged particles. The channeltron assembly is housed within an insulating aluminium

cylinder and is mounted so that the collection cone is approximately 115 mm directly

underneath the trap.

A detection event occurs when an energetic particle impacts on the surface of the

collection cone and an electron is released. The signal is amplified as the electron is

accelerated from the collection cone to the end of the channeltron via a cascade process.

The pulse produced by the electrons travels along the same line that provides the high

voltage to the channeltron tail. In order to detect this signal, an RC pick off circuit is

required to discriminate between the DC component and time varying component. The

detection electronics and pick off circuit is shown in figure 2.20.

2.5.6 Temperature Measurements

The equipartition theorem tells us that temperature is related to the average of the energy

of a system. It is with this in mind that we examine the motion of the atoms trapped in

a magneto-optical trap in order to define its temperature. However, it is not necessarily

correct to define a collection of laser cooled atoms in terms of a temperature. Normally,

a system with a temperature is said to be in thermal equilibrium with its surroundings

which is not necessarily true for laser cooling where the atoms are coupled to the laser

field and are continually absorbing and re-emitting photons. While the assignment of

a thermodynamic temperature is therefore not necessarily correct [5], it has become a

convenience in the field that arises from the Maxwell-Boltzmann type velocity distribution

of the cooled atoms [30, 131]. Therefore, the label of temperature can be considered as

shorthand to describe the average energy of the trapped atoms.

Considering that the magnetic centre of a MOT is an optical molasses, the motion

of the atoms can be described in terms of a damping force. Therefore, to define the

temperature we begin with the description as given by equation 1.21. Upon examination,

this description suggests that eventually the atomic velocities and hence the temperature

of the atoms will be reduced to zero. Such a result is in violation of thermodynamics and

therefore there must be some heating mechanism left out of the equation. The solution

comes from examining the random nature of the spontaneous emission process. The

atoms in the optical molasses will undergo many spontaneous emission cycles and therefore

perform a random walk in momentum space, so while the mean velocity reduces to zero,

the mean squared velocity is non-zero. The temperature of the trapped atoms can then

be described by examining the rate equations for heating and cooling. Considering the

damping force described in equation 1.23, the rate that kinetic energy is lost can be

expressed as,
dEcool
dt

= FOMν = −βdν2, (2.20)

The heating comes from the diffusion process described above. The rate of heating is
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simply the time derivative of the kinetic energy, 〈p2〉/2m, of the atoms,

dEheat
dt

=
1

2m

d〈p2〉
dt

, (2.21)

where, for the 1-dimensional case, the mean square momentum is, 〈p2〉 = 2(~k)2Nscat [132].

The number of photon recoil events, Nscat, is described by the scattering rate, ξ, multiplied

by the time, t, the atom is in the light field. The time derivative of the mean square

momentum is then,
d〈p2〉
dt

= 2(~k)2ξ = 2Dp, (2.22)

where, Dp, is known as the momentum diffusion coefficient. Approximating for low power

and a narrow linewidth laser compared to the atomic transition and detuning, i.e. |k · ν| �
|δ|, |k · ν| � |Γ| and s� 1, the heating rate can be expressed,

dEheat
dt

=
Dp

m
=

(~k)2Γ

2m

s0
1 + (2δ/Γ)2

, (2.23)

At steady state, the heating and cooling rates are equivalent. Equating the terms from

equations 2.20 and 2.23,
Dp

m
= βdν

2, (2.24)

From the equipartition theorem the thermal energy is taken to be kBT/2 per degree of

freedom. For the 1-dimensional case this gives kBT/2 = mν2rms/2, where νrms, is the rms

velocity of the ensemble of atoms. The temperature can now be expressed,

kBT =
Dp

βd
=

~Γ

4

1 + (2δ/Γ)2

2|δ|/Γ , (2.25)

The minimum temperature is for when δ = −Γ/2, which gives,

kBTmin =
~Γ

2
, (2.26)

This result is known as the Doppler cooling limit. For the 3P2 to 3D3 transition in

metastable neon the Doppler limited temperature is 196 µK and the corresponding min-

imum rms velocity is 29 cm/s. It should be noted that the diffusion within an optical

molasses and a MOT can be described equivalently since the heating and cooling effects in

the MOT are associated with the light field and not the conservative, restore force that is

a result of the magnetic field. Therefore, the Doppler limit applies equally to both atoms

in molasses and a MOT.

For the applications of laser cooling in this thesis, the temperature of the trapped

atoms are assumed to be Doppler limited. However, it should be noted that that this is

not necessarily the ultimate limit of a molasses or MOT. Lower temperatures are predicted
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when the model is modified to include Sisyphus cooling schemes such as, polarization gra-

dient cooling [30, 133, 134] or magnetically induced laser cooling [135]. The key difference

between these schemes and the Doppler model presented in the previous section is that

the Doppler model assumes only a two level atom, whereas the atomic state of a real

atom is made up of multiple sublevels. The result is that in the presence of a polarization

gradient, a moving atom experiences a periodic potential. By optically pumping the atom

so that it always moves up the potential, energy can be removed from the system in a

irreversible process, thereby cooling the atom. An analogous argument can be made for

the case of magnetically induced cooling. By considering such schemes, a new tempera-

ture limit for cooling in a MOT must be introduced which is a result of the recoil energy,

ER = ~2k2/(2m), associated with the absorption or emission of a single photon. The new

limit is known as the recoil limit and has a corresponding recoil temperature equal to,

kBTR = 2ER =
~2k2

m
(2.27)

Cooling below the recoil temperature is possible only when an atom no longer interacts

with the light field by absorption and emission of photons.

The temperature of the atom cloud is determined experimentally by measuring the

time-of-flight distribution on the channeltron. The time-of-flight (TOF) technique [136]

has been used extensively for measuring the temperature of cold atoms in MOTs [85,

137, 138, 139, 140, 141]. When the trapping light is turned off the atomic cloud will

expand ballistically according to its initial spatial and velocity distributions. Detection

of the expanding atoms is either done by measuring the fluorescence from a probe laser

or, in the case of metastables, the atoms can be directly measured. Assuming the atomic

distribution within the MOT follows Maxwell-Boltzman statistics, the spatial distribution

in one dimension can be written as,

Px(x) =
1√

2πσ0
exp

(
− x2

2σ20

)
, (2.28)

similarly, the velocity distribution in one dimension can be written as,

Pν(ν) =
1√

2πσν
exp

(
− ν2

2σ2ν

)
, (2.29)

where, σ0 defines the spatial size and σν =
√
kBT/m is the initial velocity distribution. At

a time t after an atom is released from the trap, it will have moved to the new position x

defined by the atoms initial velocity,

νx,0 =
x− x0 − 1/2axt

2

t
, (2.30)
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where, ax is the acceleration along the x axis. Considering the initial velocity distribution

of the atoms, the new spatial distribution for atoms released from x0 at time t, is given

by,

Px0(x, t) = Pν(ν)
dν

dx
=

1√
2πσνt

exp

(
−(x− x0 − 1/2axt

2)2

2σ2νt
2

)
, (2.31)

To obtain the spatial distribution from the entire cloud after time t, the contribution

from all possible starting positions x0 in the initial spatial distribution must be accounted

for. Therefore, equation 2.31 is integrated over all initial positions weighted by the initial

spatial distribution, giving the expression,

Px(x, t) =

∫ ∞
−∞

Px(x0)Px0(x, t) dx0, (2.32)

=
1√

2πσx(t)
exp

(
−(x− 1/2axt

2)2

2σx(t)2

)
, (2.33)

where,

σx(t) =
(
σ20 + (σνt)

2
)1/2

. (2.34)

To get an expression for the TOF signal at the channeltron, equation 2.33 can be readily

extended to account for all 3-dimensions. The channeltron is located 115 mm below the

trap centre at the position xd = [0, 0, 0.115] and the only force acting on the atom is due

to gravity, therefore, ax,y,z = [0, 0, g]. The number of atoms dN that are detected by the

channeltron is defined as the number of elements contained within the volume element

dxdydz,

dN = Px,y,z(x, t) dx dy dz, (2.35)

=
1

(2π)3/2σy(t)σz(t)σx(t)
exp

(
−(xd − 1/2gt2)2

2σz(t)2

)
dx dy

dz

dt
dt, (2.36)

Here, the substitution has been made for xd and ax,y,z and therefore the exponential

terms along the x and y axes reduce to 1. The term, dz/dt = νz,0 + gt, is the time

dependent velocity in the z direction and dxdy defines the area of the detector. If the

assumption is made that the temperature in the x, y and z dimensions are equivalent and

the accumulated scan is continuous, then the TOF signal at the channeltron can then be

simplified to,

ITOF (t) ∝ νz,0 + gt

σz(t)3
exp

(
−(xd − 1/2gt2)2

2σz(t)2

)
, (2.37)

The TOF distribution is collected on a multi-channel analyzer (MCA) with a resolution

of 100 µs/channel. The resolution of the MCA is sufficient to ensure the approximation

that the distribution is continuous holds and equation 2.37 is valid. Figure 2.21 shows

a typical TOF distribution collected by the MCA. Each TOF distribution is the accu-
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Figure 2.21: A typical TOF distribution as collected by the MCA. The fit is made using
equation 2.37 and gives a temperature of 1.8± 0.2 mK.

mulation of 200 individual scans. The fit using equation 2.37 gives a temperature of

T = 1.8± 0.2 mK. Here the rms width of the trap was set to be 200 µm and the distance

to the detector was xd = 115 ± 5 mm. The error in the measured temperature comes

from the uncertainty in the distance to the channeltron rather than the error in the fitting

routine which in comparison is relatively small (< 1 %). Here, the error was calculated

by setting the distance to the channeltron to its upper and lower bounds in the fitting

routine. The detuning of the trapping laser was set to 20 MHz and the total power in the

trapping beams was approximately I/I0 = 30.

The Doppler model given in equation 2.25 is only valid for the low intensity regime

where s� 1. For the experiment conditions described, this condition is not satisfied and

an alternative model must be found where equation 2.25 is modified to provide a more

general solution. Lett et al. (1989) [30] provide an approximate solution for moderate

intensities by including a saturation term in equation 2.25,

kBT =
~Γ

4

1 + s0 + (2δ/Γ)2

2|δ|/Γ , (2.38)

where the on resonant saturation parameter is modified such that, s0 = 2NI/I0, to de-

scribe the intensity for each pair of counterpropagating beams in N dimensions. For a

detuning of 20 MHz and total trapping power of I/I0 = 30, equation 2.38 gives a Doppler

temperature of TD = 1.2 mK.
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2.5.7 Volume Measurements

The size of the trapped atom cloud can be found by the equipartition of the energy of

the system, as described by Townsend et al. (1995) [142]. For low atomic densities the

spatial and momentum distributions can be considered Gaussian and the rms radius is

proportional to the temperature of the cloud by,

1
2κiσ

2
i = 1

2kBT (2.39)

where, the subscript i represents the spatial dimensions x, y and z. The radius can

therefore be defined in terms of the spring constant, κi and the temperature of the trapped

atom cloud given by equation 2.38. The spring constant given by equation 2.14 is modified

to account for moderate intensities by including a saturation term in the denominator [30],

κ = − 8ks0(δ/Γ)µ′Gi
(1 + s0 + (2δ/Γ)2)2

, (2.40)

By rearranging equation 2.39 and substituting equations 2.40 and 2.38 the rms radius of

the trap along a given dimension can be expressed [143],

σi =

√(
~Γ

8kµB

)
[1 + s0 + (2δ/Γ)2]3

s0(2δ/Γ)2
G
−1/2
i (2.41)

Due to symmetry of the quadrupole field, the volume is that of an oblate spheroid,

V = (2π)3/2σ2rσz, (2.42)

where, σr = σx = σy, is the rms width in radial direction and σz is the rms width along

the axial direction. Substituting equation 2.41 into 2.42, the volume of the trap is found

to be,

V = (2π)3/2
[(

~Γ

8kµB

)
[1 + s0 + (2δ/Γ)2]3

s0(2δ/Γ)2

]3/2
G−1r G−1/2z , (2.43)

Experimentally, the spatial distribution of the atom cloud is found by fitting a Gaussian

to the intensity profile from a CCD image of the trap. Figure 2.22 shows a typical image

of the trapped atom cloud as captured by the CCD camera. The rms widths in the x

and z direction are found from the Gaussian and the volume can be calculated using

equation 2.42. Figure 2.23 shows the trap volume as a function of the laser intensity and

detuning. The theoretical Doppler volume, predicted using equation 2.43, is shown in red.

The error in the volume is a product of the systematic error associated with the camera

system and optics as described in section 2.5.5. In addition there is an error due to laser

intensity fluctuations which is estimated to be less than 5%. The detuning of the laser is

adjusted by varying the current through the SAC DC offset coils (see section 2.3). Since
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Figure 2.22: (a) An actual image of the trap as captured by the CCD camera and (b) a
three-dimensional plot of the intensity profile. The (c) profile in along the x axis with a
Gaussian fit gives σx = 205 ± 4 µm and (d) along the z axis σz = 192 ± 3 µm. The trap
volume can be be found from the rms widths and is equal to Vrms = (1.27±0.05)×10−4 cm3.
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(a)

(b)

Figure 2.23: Trap volume as a function of (a) the laser intensity (δ = 20 MHz) and (b) the
detuning from resonance (I/I0 = 3). The solid red line represents the volume predicted
by the Doppler theory using equation 2.43.
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the uncertainty in the detuning associated with the coils is 10% it is desirable that only

a small offset is applied. Therefore, to reduce the absolute error in the region of interest

the MOT switching AOM is set to 30 MHz.

The volume of the trapped atom cloud is in general larger than predicted using the

Doppler model. However, it does follow the general trend that is predicted. At very low

laser intensity the trapping potential is too weak and no atoms are captured. Once the

intensity is sufficient to produce an atom cloud the potential is relatively weak and a

large trap is formed. However, further increasing the intensity will reduce the trapping

volume. The discrepancy between the Doppler model and experiment that we observe

is not totally unexpected, for example, the system is not a true two-level system but

a degenerate multilevel system. There are a number of examples that can be found in

the literature where the ability of the Doppler model is found to be insufficient for fully

explaining experimental results [137, 143, 144, 145, 146, 139]. Most notable among the

failures of the Doppler model is the inability to explain the sub-Doppler temperatures

that are described in [133, 134]. In references [139, 142, 146] the effect of the photon

reabsorption is discussed and shown to produce a repulsive force that causes the atom

cloud to expand beyond the prediction of the Doppler model. In this regime, known as

the multiple scattering regime, the resultant density distribution is uniform within the

trapped atom cloud and the volume grows as more atoms are added. Since the repulsive

force is proportional to the rate of scattering and reabsorption, this may explain why the

Doppler model becomes less reliable at small detuning where the scattering rate is large.

Because the multiple scattering regime also predicts a maximum achievable density within

the MOT, it is generally favorable to operate the MOT where the volume is maximized

to increase the total atom number.

2.5.8 Population and Density Measurements

The population dynamics in the MOT can be described by considering the evolution of

the trapped atom number, N(t), as a function of time [85, 147]. The equation describing

the steady state population is then just a function of the loading rate and possible loss

mechanisms.
dN(t)

dt
= RL − ΓBN(t)− β

∫
n2(r, t)d3r, (2.44)

where, RL is the loading rate, ΓB is the trap loss rate due to collisions with residual

background gas atoms, β is the density dependent loss rate for collisions between trapped

atoms and n2(r, t) is the density distribution. It is necessary to introduce an effective trap

volume, which can be used when the size of the trapped atom cloud does not significantly
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vary during a measurement [148].

Veff =
N2∫

n2(r, t)d3r
, (2.45)

Using the equation for the effective volume, equation 2.44 can now be re-written,

dN(t)

dt
= RL − ΓBN(t)− βN2(t)

Veff
, (2.46)

The effective volume is related to the rms volume by Veff = 23/2V , where V is used to

define the rms volume. To find the steady state population, equation 2.46 can be solved

for the condition that N(0) = 0,

N(t) = Ns
1− exp(−tΓ0)

1 + (N2
s β/VeffRL) exp(−tΓ0)

, (2.47)

where,

Γ0 = ΓB

(
1 +

4βRL
Γ2
BVeff

)1/2

, (2.48)

Equation 2.47 describes the loading of the trap from an initially un-populated condition.

Eventually a steady state is reached where the trap population is just equal to Ns, which

is defined as,

Ns =
1

2

VeffΓB
β

[(
1 +

4RLβ

Γ2
BVeff

)1/2

− 1

]
(2.49)

To measure the steady state population of the atom cloud experimentally, the total

power of trap fluorescence is measured using the image collected by the CCD camera.

The power of the fluorescence from a single atom is a function of the photon energy, the

linewidth, Γ, and the excited state fraction, Πe,

Pscat = ~ωΓΠe = ~ωξ, (2.50)

The scattering rate, ξ, is dependent on the effective detuning of the atom from resonance

and due to the spatial gradient of the magnetic field the position of the atom within the

trap will alter the scattering rate. For example, an atom that is displaced from the centre

of the trap is shifted closer to resonance due to the Zeeman effect and will have an effective

increase in the scattering rate. In large volume atom traps this cannot be neglected [85].

However, because our spatial distribution is relatively small, approximately 500 µm, we

assume that the Zeeman shift towards the outer extent of the atom cloud does not lead

to an increase in the scattering rate. Therefore, the total atom number, N , is related to
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the total fluorescence, Pfluor, by,

Pfluor = N~ωξ = NPscat, (2.51)

The total fluorescence is simply the sum of the fluorescence from each of the atoms in the

trap. Experimentally the total fluorescence is calculated from the CCD image of the trap

and generally for any photodetector can be expressed,

Pfluor =
Pdet

Ωηeff
, (2.52)

where, Pdet, is the power measured by the detector, Ω, is the solid angle and ηeff is the

combined efficiency of the imaging optics. Here, Pdet = Iccdηccd where, Iccd is the pixel

intensity from the CCD image and ηccd is the calibration factor. Combining equations

2.51 and 2.52, we can derive an equation for the total number of atoms in the MOT,

N =
Pdet

ΩηeffPscat
, (2.53)

In a MOT, the scattering rate is a function of all the possible transitions between the

various Zeeman sublevels for the ground and excited states. In this case the scattering

rate is approximated [142],

ξ =
Γ

2

[
Cs

1 + Cs+ 4∆2/Γ2

]
, (2.54)

where the equation for the scattering rate from the MOT is equivalent to the scattering

rate for a two level atom (as discussed in section 1.1) except for the addition of the

phenomenological parameter, C, which accounts for the multilevel nature of the atoms.

For a simple 2-dimensional system where the population is equally distributed among

the possible magnetic sublevels, the value of C can be approximated as the average of

the squared Clebsch-Gordon coefficients of all the involved transitions. In a MOT, the

situation is more complicated as both the internal atomic state and the electric field

polarization are position dependent. The average of the squares of the Clebsch-Gordan

coefficients is only representative of a lower limit and does not take into account the 3-

dimensional geometry of the MOT. The actual value that C takes is bounded by 1 and

the value of the average of the squared Clebsch-Gordon coefficients of all the involved

transitions. For Ne, the average of the squares of the Clebsch-Gordan coefficients is 0.46.

An experimental measurement for the value of C in a metastable Ne MOT is not present

in the literature and has not been made as a part of this work. It should be noted that

the value of C was investigated in [149] as part of an experimental consistency check,

however, only an approximate value for the MOT beam overlap and intensity profile was
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made and therefore the result is only an estimation. As a comparison, the value for C in a

Cs MOT is bounded by 0.4 < C < 1 and was measured to be C = 0.7±0.2 by Townsend et

al. [142]. Following this work, we adopt a value of C = 0.7 which is consistent with [85],

where this value is chosen such that the number of atoms in the trap was more likely to

be underestimated than overestimated.

Generally, the trapping region is illuminated by both the trapping beams and the

slower beam. Therefore, the population in the excited state is a function of light from

both beams and if a measurement of the fluorescence is made the scattering rate has to

be modified accordingly. For atoms illuminated by both beams, the total scattering rate

is simply approximated as the sum of the individual scattering rates,

ξtot =ξm + ξs

=
Γ

2

[
Csm

1 + Csm + 4∆2
m/Γ

2
+

Css
1 + Css + 4∆2

s/Γ
2

] (2.55)

where the subscripts m and s represent the MOT and slower beams respectively. Equation

2.55 is only valid for values of s� 1 where the excited state population is low and we can

approximate that the values of ξm and ξs are independent.

The total atom number is found by summing the pixels from an image obtained by

the CCD camera using equation 2.53. The calibration of the CCD camera efficiency ηccd,

and optics ηeff , is found in section 2.5.5. Figure 2.24 shows the total atom number as

a function of the laser intensity and detuning. The error in the intensity and detuning

are discussed in section 2.5.7 and are equivalent to the measurements made of the trap

volume. The systematic error in the atom number comes from the calibration of the CCD

camera efficiency ηccd, and optics ηeff . For each measurement of the atom number, 20

images are averaged and the total error is a combination of both the statistical error and

systematic error.

Examination of equation 2.49 suggests that the number of atoms is dependent on

the loading rate RL, the loss rates ΓB and β, and the volume of the atom cloud Veff .

The loading rate and loss rate due to collisions with thermal atoms should be constant

and therefore the atom number should only be dependent on the volume and the rate of

density dependent collisions, β. Figure 2.25 shows the density as a function of the laser

intensity and detuning. Here it can be seen that density reaches a maximum between

1.5 × 1010 atoms cm−3 and 2.0 × 1010 atoms cm−3, at which point the loss rate due to

density dependent collisions begins to dominate and the density does not increase further.

At this point multiple photon scattering will also be a factor. Once the critical density is

reached, the total atom number will be only dependent on the volume of the atom cloud.

At higher laser intensities the density begins to decrease. This is due to β increasing with

an increasing excited state fraction and is discussed in section 3.1.1.
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(a)

(b)

Figure 2.24: Trap atom number as a function of (a) the trapping beam intensity and (b)
the detuning of the trapping laser.
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(a)

(b)

Figure 2.25: The trap density as a function of (a) the trapping beam intensity and (b) the
detuning of the trapping laser.
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A comparison of figure 2.23 and figure 2.24 confirms the dependence of the atom

number on the volume of the atom cloud. Therefore, for large atom numbers the trap

should be operated at relatively large detuning and low laser intensities. The importance

of the trapping volume in determining the total atom number is also discussed in [85].

Here, large numbers (over 109) of metastable Ne atoms are trapped in a MOT with a

trapping volume > 1 cm3. This is a trapping volume approximately 3 orders of magnitude

larger the maximum in figure 2.23 and highlights the importance of the trapping volume

on atom number. The same is true for metastable He MOTs, for example in [67] the

authors report more than 108 metastable He atoms in a volume > 0.1 cm3.



Chapter 3

Collisions Between Trapped Atoms

Collisions between trapped atoms can either be elastic or inelastic, as described in sec-

tion 1.2. In a MOT, one motivation for studying collision processes is to improve general

understanding of the possible mechanisms that can lead to trap loss [6]. A greater un-

derstanding of these processes can lead to the development of more stable atom traps

containing larger atom numbers and greater densities. Collisions that lead to trap loss

are generally inelastic, exoergic collisions where the internal atomic energy of the trapped

atoms is converted into kinetic energy. If the net gain in kinetic energy of a trapped atom

is greater than the trapping potential, then the collision will result in radiative escape [150]

where it is the kinetic energy of the atoms that lead to trap loss. During optical colli-

sions radiative escape occurs when the absorption of a photon and subsequent emission

produces two energetic atoms with sufficient energy to escape the trapping potential. In

addition to radiative escape, metastable atom traps suffer a significant contribution to trap

loss through Penning and associative ionization. These collisions result in the destruction

of the trapped state and the atoms are no longer confined in the potential. Compared

to the radiative escape process, ionizing collisions are expected to be the dominant loss

mechanism in metastable traps [73]

In general, collisions between trapped atoms are measured by detecting either the

product of the interaction or by measuring the loss rate from the trap. The loss rate due

to collisions between trapped atoms is characterized by the parameter, β and in our work,

is measured by monitoring the fluorescence as the trap decays. The magnitude of β is

dependent on all possible collision processes and is characterized by the internal quantum

states of the colliding atoms. The rate of collisions resulting in ionization can be measured

separately using the channel electron multiplier.

3.1 Trap Loss Rates

This section describes the method used to measure the loss rate from the trap. Essentially

this is achieved by monitoring the number of atoms in the trap as it decays from a steady

state population. The rate that atoms escape the trap is determined by all the possible

collision processes that can occur.

68
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3.1.1 Decay Dynamics: Density Dependent Collisions

The population dynamics in the MOT are described in section 2.5.8. Equation 2.46 de-

scribes the steady state population as a function of the loading rate and possible loss

mechanisms. Consider a trap of atoms in the steady state condition where the number

of atoms in the trap are described by, Ns. By setting the loading rate, R, to zero, the

solution to equation 2.46 is given by,

N(t) =
Ns exp(−tΓB)

1 + [(βNs)/(VeffΓB)][1− exp(−tΓB)]
. (3.1)

The trapping laser beams are operational while the atom cloud decays and the CCD

camera is used to determine the decay dynamics by observing the fluorescence. The

camera system is capable of image capture rates of up to 20 Hz at which point the data

transfer time to the computer is found to exceed the exposure time and results in an

inaccurate time signature for the decay. This can be avoided by decreasing the imaging

region therefore reducing the volume of data that is required to be processed. However, to

capture the entire atom cloud at low intensities or large detunings where the trap volume

is relatively large, the spatial region of interest must also be large and therefore the image

capture rate of 20 Hz is chosen. Since the decay of atoms from the trap is in the order

of a couple of seconds, this image capture rate is found to be sufficient to estimate the

loss rates. Experimentally, the decay of trapped atoms is measured after switching off the

slowing laser beam [99]. Switching off the slowing laser reduces the number of atoms in

the atomic beam that can be captured by the MOT to zero and effectively turns off the

loading rate. The subsequent decay of trapped atoms is shown in figure 3.1.

Both of the trap loss processes due to collisions with residual background gas atoms,

ΓB, and also due to density dependent collisions between trapped atoms, β, can be mea-

sured by fitting equation 3.1 to the decay. In order to simplify the fitting process the

parameter b = β/Veff is introduced. The value of Veff is measured before the slowing

beam is turned off. For a Gaussian density distribution equation 2.45 can be solved to

give [148],

Veff = 8π3/2σxσyσz, (3.2)

Here σx, σy and σz are the rms widths of the trap distribution in the x, y and z directions.

In our trap, due to the radial symmetry of the quadrupole magnetic-field, the volume can

be approximated as an oblate spheroid, therefore we can use,

Veff = 8π3/2σ2rσz, (3.3)

where σr is the radial rms width. Each measurement of the loss rate is made 20 times for a

given set of trapping parameters. The fit to the decay in figure 3.1 gives Γ = 2.3± 1.1 s−1



70 CHAPTER 3. COLLISIONS BETWEEN TRAPPED ATOMS

Figure 3.1: An image depicting the decay of trapped atoms from the MOT after the
slowing laser is turned off. The fit to the decay gives Γ = 2.3 ± 1.1 s−1 and β = (18 ±
4) × 10−10 cm3/s. Here the trapping beam detuning and intensity are 2.2 Γ and 0.6 I0,
respectively. The uncertainty in the data (not shown) is typically of the same size as
the data points and is calculated using the method described in section 2.5.8 with the
exception that only a single image has been used for each data point.

and β = (18 ± 4) × 10−10 cm3/s. Here the quoted error is a combined statistical and

systematic error. The factors making up the systematic error include measurement of the

atom number and volume (< 10%), laser fluctuations and calibration errors (< 3%). The

largest contributor is statistical and is quoted to one standard deviation.

3.1.2 Ground and Excited State Collisions

The measurement of β includes all density dependent loss mechanisms including collisions

where one or more of the colliding atoms is in the excited state. The contribution due to

excited state atoms must therefore be accounted for in order to measure the rate constant

for ionization between two ground state atoms. Because the MOT lasers are active during

a measurement, a proportion of the atoms are excited into the (3p)3D3 state. The value

of β is measured by considering that the decay dynamics will contain a contribution due

to three possible processes: collisions between two ground state atoms (g + g), collisions

between a ground state and an excited state atom (g + e) and collisions between two

excited state atoms (e+ e), and can be written,

β = 2(Π2
gKgg + 2ΠgΠeKge + Π2

eKee), (3.4)
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Figure 3.2: Measured value for β as a function of the excited state fraction. The excited
state fraction is controlled by modifying the power in the trapping beams.

where Πg and Πe are the fractional populations of the ground and excited states. Kij are

the rate coefficients for i-j type collisions. The factor of two in equation 3.4 comes from the

fact that two atoms are lost per collision (the likelihood of a scattering processes occurring

in which one atom is scattered into a trapped state while the other is scattered into a free

state is low due to the nature of the metastable atoms and the high probability of Penning

ionization). In order to distinguish the contribution due to each type of collision, β is

measured as a function of the excited state fraction as in [85]. The number of atoms in

the excited state is controlled by adjusting the power in the trapping laser beams and the

excited state fraction is calculated using,

Πe =
1

2

[
Cs

1 + Cs+ 4∆2/Γ2

]
. (3.5)

The validity of this method to calculate the excited state fraction is demonstrated by

Shah et al. [151] where a model independent charge transfer technique is used to demon-

strate that equation 3.5 is a good approximation. The work by Shah et al. is performed in

a Rb MOT, however, we are interested in metastable Ne and the main uncertainty is due

to the how well the constant C is known. This is already discussed in section 2.5.8 and

the value of C used here is chosen to be consistent with other investigations in metastable

Ne [85]. Figure 3.2 shows the resulting plot.

It is expected that the magnitude of Kee is small enough that it may be neglected [152],
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and therefore only the contribution due to ground state collisions, Kgg, and also the con-

tribution due to collisions between ground and excited state atoms, Kge, can be estimated.

Consider the definition given in equation 3.4, in the limit as Πe → 0 the dominant con-

tribution is due to only collisions between ground state atoms and β ≈ 2Kgg. This yields

the smallest value for β as Πe → 0 is (3.6 ± 2.1) × 10−10 cm3/s which gives Kgg equal

to (1.8 ± 1.1) × 10−10 cm3/s. This value is consistent with other reported values in the

literature. For example, as a comparison with experiment, Kuppens et al. (2002) [85] use

a MOT to measure β and report a lower value of β = (4±1)×10−10 cm3/s and Spoden et

al. (2005) [90] report a value of β = (2.5±0.8)×10−10 cm3/s in a purely magnetic trap. As

a comparison with theory, for the range of parameters investigated in this work, Doery et

al. [87] calculated a theoretical upper limit for the collision rate, Kgg = 0.8×10−10 cm3/s

which is within the experimental uncertainty measured.

Considering that the magnitude of Kee is expected to be small [152], the rate constant,

Kge, for collisions between ground and excited state atoms can be found from a linear fit to

the data in figure 3.2. However, it is necessary to make a second approximation, since β is a

density dependent parameter, measurements are compared over a range where the density

is relatively constant. At very low laser power the trapping potential is weak enough to

cause both the trapping region to expand and the central density to decrease. Therefore,

the data in figure 3.2 less than Πe = 0.03 (corresponding to trap densities given in fig-

ure 2.25 for I/I0 < 2) is excluded from the fit and Kge = (2.0±0.3)×10−8 cm3/s. Kuppens

et al find Kge using a similar method and report a value of (3.5± 1.0)× 10−8 cm3/s. We

expect a factor of two difference between these two measurements due to an inconsistency

in the definition of β. Kuppens et al assume that the rate coefficients β and K to be

equivalent and therefore overestimates the value for Kge by this factor of 2.

3.2 Optical Collisions with Metastable Atoms

The optical collision process between two atoms is discussed in section 1.2.2 using the

GP model. Here the model is discussed in relation to metastable atoms. In general,

the interaction progresses as expected with one of the colliding pair absorbing a photon

and either being accelerated towards or away from the collision depending on the sign of

the detuning of the laser relative to the optical transition. However, the dominant loss

mechanism is due to Penning ionization and associative ionization at short range [153] and

the GP model discussed in section 1.2.2 has to be modified. The fine-structure-changing

mechanism is only relevant for two colliding alkali atoms [6] and can therefore be neglected

from the analysis of metastable atoms.

Consider two colliding metastable Ne atoms in the (3s)3P2 state, separated by a dis-

tance R. When one of the colliding pair absorbs a near-resonant photon exciting it to the

upper (3p)3D3 state, the effective potential experienced by the two atoms is due to the
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-Vge

Vge

Vgg
Rc

V(R)

R

-Vge

Vge

Vgg
RcR'c Rse

(a) δC < 0 (b) δC > 0

Figure 3.3: The optical collision process for a pair of metastable atoms. The collision is
characterized by the survival probability to short range where ionization occurs. For red
detuned light (a) the photon is absorbed at the Condon radius RC exciting the colliding
pair of atoms to the positive Vge potential. The atoms are subsequently accelerated towards
small internuclear distance where ionization occurs. At long range (δC → 0) the photon
is absorbed at R′C and can spontaneously emit a photon before reaching small R where
ionization occurs. For blue detuned light (b) the photon is absorbed at the Condon radius
RC exciting the colliding pair of atoms to the negative −Vge potential. Here the atoms
feel an acceleration towards large internuclear separation and are reflected away from each
other. As the atoms pass through RC they can interact with the laser again and emit
a photon, effectively experiencing a long range elastic collision. If the laser interaction
is weak then the atom pair can pass through the Condon radius without re-emitting a
photon, effectively gaining kinetic energy from the collision. The magnitude of the energy
gain is equal to the energy difference V (RC) - V (Rse), where V (Rse) is the potential at
large internuclear separation where spontaneous emission of a photon occurs.
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resonant C3/R
3 dipole-dipole interaction and is given by equation 1.30. It should be noted

that equation 1.30 gives only a simplistic description of the potential that ignores retar-

dation effects and molecular fine structure, however, it gives a good physical description

of the optical collision process. The collision is characterized by the survival probability

to short range at which distance ionization occurs.

When the frequency of the control laser, δC , is detuned to the negative side of the

(3s)3P2 to (3p)3D3 cooling transition the atoms are excited to the positive Vge potential.

Excitation occurs at the Condon point, RC , where the frequency of the control laser is

equal to the separation between Vge and Vgg. The resulting force accelerates the two atoms

towards a smaller internuclear separation where the probability of ionization is significantly

larger. If only small detuning is applied to the control laser, the excitation occurs at long

range, the increase in acceleration is only small and the collision time can be longer than,

τ , the natural lifetime of the transition. In this case, spontaneous emission of a photon

can occur before the minimum distance for ionization is reached, effectively terminating

the collision. Kinetic energy is gained during the collision equal to the difference between

the photon energies, ∆E = ~ω − ~ω′, where ~ω is the energy of the absorbed photon and

~ω′ is the energy of the emitted photon.

For larger detunings the slope of the potential is much greater and the acceleration is

large. Here, the atoms reach small internuclear separations in a short time compared to

the natural lifetime and the ionization probability is large. However, there are competing

factors and for large detunings the number of available atom pairs is significantly reduced.

Also, the potential is much steeper and an atom pair is more likely to pass through the

Condon point without excitation occurring. Therefore, at large detunings the enhancement

in the ionization rate is simply proportional to the probability that the atom separation

is equal to RC , and is therefore dependent on the control laser detuning by 1/δ2C [74]. For

small detunings there are many more initially excited pairs however their survival to short

range where ionization occurs is poor. A peak in the ionization rate will therefore occur

at the crossover point between the long range and short range interaction.

For blue detuned light the interaction occurs in the same way as described in sec-

tion 1.2.2. The force on the atoms is now a repulsive and the atoms are accelerated away

from each other, effectively shielding the atomic collision. In terms of the ionization rate

the shielding effectively stops the two atoms from reaching small internuclear separation

where ionization occurs. The result is a suppression in the rate of ionization in the trap.

However, it is still possible for radiative escape to occur. The repulsive potential acceler-

ates the colliding atoms away from each other and can lead to trap loss and heating if the

colliding pair do not return to the ground state at RC .
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3.2.1 Photoassociation Spectroscopy with Metastable Atoms

Photoassociation spectroscopy with metastable atoms is made more complicated due to

the relatively high internal energy carried by each atom. It was initially expected that the

lifetime of a metastable noble gas molecule formed via photoassociation would be short

when compared to a vibrational period [52] and a signature suggesting the formation of

molecules may therefore be difficult to produce. In spite of this, photoassociation has been

demonstrated with metastable helium [52, 53] and recently with metastable krypton [51]

and metastable argon [76].

The first paper reporting evidence of photoassociation with metastable He was a col-

laborative effort by two separate Dutch groups from Amsterdam and Utrecht [52]. In

this paper the authors reported results from two separate experimental apparatus. The

techniques used by the two groups were similar, however, in the Amsterdam experiment

photoassociation over a 2 GHz range around resonance was investigated, whereas in the

Utrecht experiment larger detunings were studied. In these experiments the dependence

of the ionization rate is measured by detecting positive ions as a function of the probe laser

detuning from resonance. To ensure the probe laser always interacts with an atomic cloud

with the same characteristics, the experiments were performed using a pulsed technique

where the interaction is turned ‘on’ and ‘off’ intermittently. To explain the increased ion-

ization rate when the probe laser was tuned to a vibrational resonance, the authors suggest

a fine structure crossing mechanism [52]. If the vibration of the excited state molecule

causes the system to cross a region where the fine structure becomes comparable to the

C3/R
3 potential, the population can be transferred from a state which does not undergo

ionization into a state that readily ionizes. The mechanism that governs this mixing is

dependent on the binding energy of the excited state. The authors suggest that in or-

der to produce the well-resolved spectrum displaying vibrational structure, the crossing

mechanism is likely to be an inefficient process.

Leonard et al. [53] used a calorimetric technique to observe purely long-range metastable

He molecules produced by photoassociation in a magnetic trap. For these purely long-

range molecules, the inner turning points are located at relatively large separation distance

and the autoionization process is blocked. Therefore the primary decay mechanism is ra-

diative escape. Because ionization is unlikely at such distances, these molecular states

were not observed in [52] where the ionization rate was investigated. Subsequent anal-

ysis [154] of the spectrum produced accurate calculations of the binding energies of the

purely long-range potential. In addition, the radiative decay rate from the excited 2 3P

atomic state was accurately measured.

Purely long-range molecules have also been observed in a krypton MOT [51]. A pho-

tomultiplier is used to detect UV photons and a channeltron detector is used to detect

positive ions. The signals from these two detectors are recorded as a function of the probe
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laser detuning. The resulting spectrum contains a series of peaks and dips in both the

UV and ion signals. To explain the features in the spectrum, the authors compare the

results to a theoretical molecular absorption spectrum and attribute resonances to both

the singly excited manifold of (s+p) potentials and the doubly excited manifold of (p+p)

or (s+ d) potentials.

In a recent photoassociation experiment with argon [76] the authors observe dips in

the ion signal at very high laser intensities (up to 105 I0). The ion dips in the spectrum are

attributed to a double excitation to the (p + p) manifold. The mechanism is understood

by considering a pair of colliding (s + p) atoms that absorb a photon that is resonant

with a (s+ p) to (p+ p) transition. The absorption of such a photon will compromise the

survival probability of the atom pair to short range where ionization occurs. Therefore,

these transitions will result in a decrease in the ion signal by reducing the occurrence of

(s+ p) ionizing collisions and also by increasing the rate of radiative escape.

Evidence for photoassociated metastable Ne atoms is yet to be observed. However, a

theoretical study by Doery et al. [1] investigated the diatomic potential curves attached

to the metastable Ne (s + p) manifold. In this study, the potential curves connected to

the Ne 3s(3/2)2 + 3p(5/2)3 excited state were of special interest because these two atomic

states form the closed optical transition used for cooling and trapping. The authors

predicted that applying a probe laser detuned below the 3s(3/2)2 to 3p(5/2)3 transition

to a gas of cold metastable Ne atoms would excite atoms to bound photoassociated states.

A number of potentials connecting these two atomic states were calculated (40 in total)

of which half were attractive and supported bound states suitable for photoassociation

spectroscopy. However, it was noted that the ionization probability would play a crucial

role in determining how well resolved an ionization spectrum of these bound states would

be. It is possible that due to the the number of possible bound states the result may be a

broad irresolvable ionization spectrum. The Ω = 5 state was identified as a unique state

due to the relatively low ionization probability when compared to the other states. It was

predicted that this state may be the only distinguishable state in the ionization spectrum.

Here, Ω = |M1 +M2|, where M1 and M2 are the projections onto the internuclear axis of

the total electronic angular momentum, ~J1 and ~J2. For the Ω = 5 state, the associated

molecular eigenfunctions are written:

|5g〉 =
1√
2

(|Ψ2,3〉+ |Ψ3,2〉) , (3.6)

|5u〉 =
1√
2

(|Ψ2,3〉 − |Ψ3,2〉) . (3.7)

The subscripts, g and u, represent the gerade and ungerade states, respectively and the

kets on the right hand side of each equation are the total angular momentum state of each

atom.
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3.3 Controlled Optical Collisions

To investigate optical collisions between metastable Ne atoms, an auxiliary laser is used

to control the interaction between atoms in the MOT. The collision rate is measured by

monitoring the rate that ions are produced using the channeltron detector. This limits

the investigation to collision events that produce ions, however, the majority of collisions

between atoms are expected to be of the ionizing type. The branching ratio is found to be

10:1 in favor of Penning ionization in a metastable Kr MOT [73]. Similarly, for metastable

He the branching ratio favors Penning ionization where the fraction of associative ioniza-

tion is found to be between 3-16% depending on the laser detuning [66]. We assume a

similar ratio for metastable Ne and therefore the majority of ionizing collisions to be due

to Penning ionization. By frequency scanning the control light produced by the auxiliary

laser, the dependence of the collision rate on the position of the Condon point can be

investigated. In addition, scanning the control laser also can be used to investigate the

Figure 3.4: Schematic describing the experimental arrangement used to investigate optical
collisions in the metastable Ne MOT. The computer control is provided by custom written
software written in National Instruments (NI) Labview.
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Figure 3.5: An image of the saturated absorption peak measured while scanning the control
laser. The fit to the peak is used to find the frequency of the atomic resonance.

location of photoassociation resonances.

Two experiments are described. First the MOT beams and magnetic fields are left

operational while the control laser is scanned over the atomic resonance. The result is

a complex spectrum unlike that predicted using the GP model. The spectrum shows

dependence on the magnetic field strength suggesting an influence of the fine structure.

The second technique uses a fast timing sequence to ensure the trap is fully loaded when

the control light is made incident. The resulting spectrum using this technique shows the

characteristic lineshape predicted using the GP model.

The control light is generated using the Spectra Physics 380D ring dye laser which is

frequency locked and has a linewidth of approximately 1 MHz. After passing through the

trapping region, the control laser beam is retro-reflected to increase the total intensity

and collision rate, as in [76]. This also has the effect of increasing the stability of the

trap while the control laser is on as there is no net transfer of momentum to the atomic

cloud. While it has been previously reported [52, 76] that choosing a particular handedness

for the polarization does not have a significant effect on the signal quality, we choose a

polarization aimed at reducing instabilities created by the control beam. Therefore, the

counterpropagating beams are given circularly polarized light with the same handedness

as the trapping beams, such that when the control frequency, δC , is equal to the frequency

of the trapping beam, the control laser acts as an additional pair of trapping beams.

Figure 3.4 shows the experimental setup.

The frequency of the control laser is scanned using an external voltage input and

the absolute frequency is measured via the saturated absorption peak, see figure 3.5.
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The position of the peak in the saturated absorption spectrum gives the position of the

resonance point and the calibration between the voltage and frequency is known to be

1 mV = 12.3 Mhz. The accuracy to which the frequency can be determined using this

method is characterized by the uncertainty in measuring the peak position and also the

rate of frequency drift of the laser. The main contribution to the frequency drift of the

laser is temperature fluctuations and is estimated to be less than 30 MHz over several

hours. A typical measurement takes approximately 30 min and the frequency drift over

this time period is expected to be on the order of a couple of MHz. The uncertainty

in the peak position is estimated statistically by making multiple scans of the saturated

absorption peak. Ten measurements of the control laser frequency gives an accuracy of

approximately ±6.5 MHz. We find that using this method the light can be scanned over

a range of more than 1 GHz without experiencing instabilities such as mode hops.

3.3.1 Continuous Interaction

The experiment is carried out with the trapping beams and magnetic field operational.

The control laser is similarly operational for the duration of the measurement. The trap is

initially loaded and the control laser is tuned far to the red of the cooling transition. The

laser frequency is controlled via the external scan input on the back of the laser control

box. To ensure that ions produced during a collision are detected, the electrostatic lens

located on the front of the channeltron detector is used to discriminate between ions and

electrons. A measurement is made by reading the number of energetic particles incident

on the channeltron as a function of the control laser detuning. A timer counter (EG & G

Ortec, model: 996 timer counter) capable of operation up to 100MHz is used to measure the

number of ion counts and Labview is used to collect the data. A simultaneous measurement

of the photodiode voltage from the saturated absorption cell allows the detuning to be

determined. For these measurements, the laser power was typically of the order of 100

times the saturation intensity, I0, of the cooling transition.

Figure 3.6 shows the resulting ionization spectrum for four different magnetic field

strengths. In general, the spectrum is relatively complex and displays multiple ionization

enhancement peaks as the control laser is frequency scanned over the cooling transition.

The structure is unlike that predicted using GP theory. Consider (a) the first spectrum

displayed, here the magnetic field gradient is 1.32 mT/cm. Upon initial inspection, this

spectrum appears to be displaying features consistent with a photoassociative process

where the peak structure is a result of resolving molecular vibrational energy levels. How-

ever, the presence of an enhancement in the ionization rate at approximately +50 MHz

where the control laser is frequency detuned to the blue of the cooling transition is inconsis-

tent with this hypothesis. A peak on the blue side of the cooling transition is completely

unexpected as optical shielding should occur in this region and therefore the Ne+ ion
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(a) (b)

(d)(c)

Figure 3.6: The ion count rate as a function of the laser frequency detuning relative to
the (3s)3P2 → (3p)3D3 cooling transition. The ion count rate is measured for a range
of magnetic field gradient strengths, (a) the field gradient = 1.32 mT/cm, (b) the field
gradient = 2.64 mT/cm, (c) the field gradient = 4.40 mT/cm and (d) the field gradi-
ent = 6.16 mT/cm.

production should be reduced.

Further experimental investigation reveals that these peaks display a dependence on a

number of parameters, such as, polarization and intensity of the control laser and also the

MOT magnetic field gradient. Figure 3.6 shows that the ionization spectrum is dependent

on the magnetic field produced by the MOT coils. Increasing the current in the coils and

therefore the magnitude of the magnetic field the atoms interact with, produces more peaks

in the ionization spectrum as well as shifting the peaks. The (3s)3P2 →(3p)3D3 cooling

transition displays fine structure and therefore in the presence of the magnetic field, the

magnetic sublevels of the ground and excited atomic states will have their degeneracy

lifted due to the Zeeman shift. Figure 3.7 shows the Zeeman frequency shift for σ− light

(∆mj = −1), π light (∆mj = 0) and σ+ light (∆mj = +1) for the (3s)3P2 → (3p)3D3

optical transition. The frequency shift is plotted as a function of the displacement from

the trap centre for a magnetic field gradient of 2.64 mT/cm. Comparing this to (b) in

figure 3.6, the magnitude of the frequency shift suggests the optical field is interacting with

atoms approximately 1.5 mm from the trap centre. Table 3.1 provides the magnitude of

the frequency shift for a magnetic field gradient of 2.64 mT/cm at a distance of 1.5 mm

from the trap centre.
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Figure 3.7: Zeeman frequency shift for different optical transitions between the
(3s)3P2 → (3p)3D3 transition. The frequency shift is plotted as a function of the dis-
placement from the trap centre for a magnetic field gradient of 2.64 mT/cm.

Table 3.1: Zeeman frequency shifts for different optical transitions between the
(3s)3P2 → (3p)3D3 transition. The table gives the magnitude of the frequency shift for a
magnetic field gradient of 2.64 mT/cm at a distance of 1.5 mm from the trap centre.

(3s)3P2 mj state ∆mj = −1 (MHz) ∆mj = 0 (MHz) ∆mj = +1 (MHz)

2 -58.2 -11.6 35.0
1 -52.4 -5.8 40.7
0 -46.6 0 46.6
-1 -40.8 5.8 52.4
-2 -35.0 11.7 58.2
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In figure 3.6 (b), the spectrum shows that there are two peaks in the ionization spec-

trum at approximately +50 MHz and -50 MHz which are close to the two transitions for

both, σ+ from the (3s)3P2(mj = −2, ∆mj = +1) and σ− from the (3s)3P2(mj = +2,

∆mj = −1) transitions respectively. It is likely that the peaks in the ionization spectrum

are from these transitions as well as contributions from the other transitions that are

not frequency resolved. Interestingly, as the magnetic field gradient is increased further,

only the peaks on the red side of the (3s)3P2 → (3p)3D3 cooling transition continue to

shift further from resonance. The peak on the blue side due to the (3s)3P2(mj = −2,

∆mj = +1) transition remains at approximately +50 MHz. Performing this measurement

in the presence of the MOT magnetic field in addition to the light from both the trapping

lasers and control laser is complicated and it is complex to deconvolve the the effect due to

each individual field. Therefore, in order to remove effects due to the probe being always

on, a pulsed configuration can be used. This allows the trap to re-populate and conse-

quently the probe will interact with an identical atom cloud for the duration when the

ion count rate is being measured. The effect of the magnetic field can also be investigated

by switching the MOT coil current supply with the same timing scheme as the trapping

lasers and measuring the ion count rate.

3.3.2 Pulsed Interaction

The experiment setup for the pulsed interaction is essentially identical to experiment

setup for the continuous interaction, with the exception that the lasers and counting

electronics are controlled with precise timing. The MOT beams and control laser beam

are switched using acousto-optic modulators. The trap ‘on’ and ‘off’ cycles are 50 ms

and 100 µs, respectively. During the ‘on’ cycle the trap remains in the normal mode of

operation. During the ‘off’ cycle, the trapping beams are switched off and the control

laser and gate for the counting electronics are turned on. The duty cycle for the each

measurement was found to be optimal at approximately 20 Hz. This timing scheme ensures

that each measurement is relatively independent of atom number and density fluctuations.

Figure 3.8 shows the timing signal used to control the acousto-optic modulators and also

the gate for the counter. The measurement sequence is repeated 100 times at each detuning

of the control laser so that the total gate ‘on’ time per data point is 10 ms. We find that

increasing our statistics further has a negative effect as the stability of the system becomes

a limiting factor.

Switching the magnetic field with the same timing scheme as the laser beams is found

to have a minimal effect on the result and therefore the magnetic field is left on during the

measurement cycle. This suggests that by using the fast timing scheme the majority of

interactions occur in the centre of the trapping region where the atomic density is greatest.

Here the magnitude of the magnetic field is relatively small and as a result, a spectrum
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of multiple ionization peaks due to the Zeeman shift, such as in figure 3.6, is no longer

observed.

The ion signal, I+, is used to determine, K, the rate coefficient for collisions between

trapped atoms, if the density, n, and volume, V , of the atom cloud is known [73],

I+ = Kn2V ε, (3.8)

where, ε, is the efficiency of the detection system. Since the dominant trap loss mechanism

is expected to be due to Penning ionization and associative ionization [153], we assume only

ions contribute to the loss rate. From equation 3.8 the rate of ion detection is proportional

to the loss rate, K. Since the density and volume of the atom cloud remain unchanged

during the measurement, only the ion signal, I, is required to determine the loss rate and

the value of β can be inferred. The ion detection system is calibrated by measuring the

fluorescence decay to determine the value of β, using the method described in section 3.1.1

and recording the ion signal. This yields a calibration error of approximately 22% which

is equal to the uncertainty in the measurement of β. For consistency in the measurement

of K, the ion signal is re-calibrated before each set of data is taken. The efficiency, ε, of

the system can be calculated to be approximately 10% using equation 3.8.

Figure 3.9 shows a plot of the measured value of β, determined from the rate of ion

production, as a function of the control laser detuning. Three plots are shown at different

control laser intensities. When the control laser detuning is below resonance we find that β

increases with respect to the background value with a peak occurring just below resonance.

Increasing the intensity of the control laser broadens the peak and increases the maximum

ionization rate. For an intensity of 15 I0, where I0 is the saturation intensity, the peak

occurs at approximately -30 MHZ and reaches approximately 3 times the background

100 µs

Cooling & 
trapping lasers

Control laser

Gate for counter

Time

ON

OFF

50 ms

Trap 'off'Trap 'on'

Figure 3.8: Timing scheme used to control the trapping lasers, control laser and gate for
the counter.
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(a) 126 I0

(b) 97 I0

(c) 52 I0

(d) 15 I0

Figure 3.9: Measured β as a function of control laser detuning. Four plots are shown for
laser intensities of (a) 126 I0, (b) 97 I0, (c) 52 I0 and (c) 15 I0. The peak structure is
observed to broaden as the power is increased due to power broadening effects.
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ionization rate. For an intensity of 126 I0, we measure an increase of greater than 4

times the background ionization rate at -60 MHz. If the control laser is detuned to the

blue side of resonance, up to approximately 60 MHz the ionization rate is suppressed.

The maximum suppression factor we measure is approximately 5 occurring at 30 MHz.

Increasing the intensity of the control laser broadens the range of values that suppression

occurs over, however, the maximum does not increase above a value of 5.

The general features of the ionization spectrum are well described by the GP model.

The increase in ionization rate for red detuned laser light can be attributed to the exci-

tation of one of the colliding pair to the C3/R
3 potential. The subsequent acceleration

towards small internuclear separation results in the observed increase in the ionization

rate. Similarly, the effect of optical shielding is clearly present when the control laser is

detuned to the blue side of the atomic resonance. However, there is no signature present in

figure 3.9 to suggest photoassociation occurs. Although the technique we use is similar to

the techniques described in [52, 51, 76], the characteristic photoassociation resonances are

absent in the ionization spectrum that is measured. This result is in disagreement with the

theoretical prediction [1] that resonances connected to the Ω = 5 bound potential would

be resolvable as peaks in the ionization spectrum. However, in [1] it is also predicted that

the large number of bound states connected to the Ne 3s(3/2)2 + 3p(5/2)3 excited state,

each with relatively high ionization probability, would result in a broad irresolvable ion-

ization spectrum. Our results suggests that this process is the dominant collision channel.

In [52] features in the ionization rate are attributed to a population transfer from a state

which does not undergo ionization into a state with a high ionization probability. It is

not clear that excitation to a state with a low ionization probability (like the Ω = 5 state)

would result in an increase in the ionization rate and it may be necessary to monitor the

radiative escape channel, as in [53], to resolve resonances due to photoassociation.

Recent experimental work with metastable Ar [76] showed features in the ionization

spectrum that the authors attributed to the excitation of atom pairs to doubly excited

(p + p) potentials. Similarly, in [51] the authors attribute resonances to both the singly

excited manifold of (s+ p) potentials and the doubly excited manifold of (p+ p) or (s+d)

potentials. Excitation to the (p + p) manifold will result in a decrease in the ion signal

by reducing the occurrence of (s+ p) ionizing collisions and also by increasing the rate of

radiative escape. The lack of any resolvable features over the broad ionization background

in figure 3.9 suggests that bound states connected to the (p+p) potential may not exist in

metastable Ne. However, a detailed theoretical study would need to occur before any final

conclusions could be made. Alternatively, it may be necessary to use a significantly more

intense control laser in order to resolve resonances in the (p+ p) manifold. For example,

in [76], the atom number, density and temperature of the MOT was similar to our work,

however, the intensity of the light used to excite resonances in the (p + p) manifold was

up to 105 I0 which is more than three orders of magnitude the intensity of the control
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laser used in this work. The strength of the molecular resonances was found to increase as

the control laser intensity was increased. This behaviour suggests that the mechanism for

excitation to the (p+ p) manifold in metastable Ar has a relatively low cross section. It is

plausible the cross section for a similar process in metastable Ne would also be relatively

small.

3.4 Optical Shielding

In this section we investigate the effects of optical shielding on the metastable Ne atoms

within the MOT. In our experiment, the trap dynamics are monitored while both the

control laser and trapping lasers are active. The detuning of the control laser is set to

30 MHz where maximum suppression is achieved in figure 3.9. Similarly, the intensity

is set to 126 I0. A suppression of the collision rate is evident when the atom number

and density of the trap is measured while the control laser is active. Table 3.2 contains

the respective measurement of atom number and density. The relative increase in the

atom number is 3.5 and similarly the relative increase in the density is 2.8. The density

does not scale with the atom number as the trap volume is also observed to increase by

approximately 30%. As an additional measure, figure 3.10 shows a comparison of the

decay dynamics for when the control laser is inactive and when the control laser is active.

The measured value for β without the control laser is (1.8 ± 0.4) × 10−9 cm3/s. When

the control laser is turned on we measure β = (1.0 ± 0.2) × 10−9 cm3/s which gives a

suppression factor of approximately 1.8.

Table 3.2: Table of the measured trap parameters for two cases: when the control laser is
inactive and when the control laser is active.

Control laser Atom Number Volume Density β
(×106) (×10−4 cm3) (×1010 cm−3) (×10−9 cm3/s)

Inactive 2.1± 0.1 1.3± 0.1 1.6± 0.2 1.8±0.4
Active 7.4± 0.6 1.7± 0.1 4.4± 0.4 1.0±0.2

The change that we measure in β using this method is significantly less than we

would expect considering the minimum value of β measured in figure 3.9. Walhout et

al (1995) [74] observe a similar result for suppression of metastable Xe collisions using a

blue detuned auxiliary laser. They discuss possible mechanisms for this result and suggest

heating from the control laser as being the most probable reason for maximum suppression

not being reached. Heating occurs when the repulsive potential accelerates the atoms away

from each other [36] and is discussed in figure 3.3. If, after absorbing a photon and being
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Figure 3.10: Comparison of the trap decay. With the (�) control laser on β = (1.0±0.2)×
10−9 cm3/s and with the (◦) control laser off β = (1.8± 0.4)× 10−9 cm3/s.

excited to the negative −Vge potential, the reflected atom spontaneously emits a photon

at a distance along the potential greater than the Condon radius, RC , there is a gain in

kinetic energy. The gain in kinetic energy is equal to the difference between the potential

energy at RC , where the atom is absorbed, and the potential energy at Rse, the point

where spontaneous emission occurs.

The technique demonstrates a relatively uncomplicated method for reducing the num-

ber of ionizing collisions that lead to trap loss and can be used to increase both the atom

number and density in the metastable Ne MOT. However, due to the additional heating

that occurs as a result of the control laser, general applications may be limited to those

for which the absolute temperature of the atoms is non-critical.



Chapter 4

Collisions with Thermal Atoms

Generally, particle loss from a MOT induced by collisions with background gas is con-

sidered undesirable. It is not uncommon for the experimentalist to devote significant

resources in order to reduce the background gas pressure and therefore minimize the rate

constant, ΓB, for these type of collisions (see equation 2.44). This serves to increase both

the total number of atoms that can be trapped in the MOT and also the trap lifetime

after loading is switched off. These measures are practical for investigating processes that

depend on the trap loss parameter, β, which describes loss due to interactions between

trapped atoms. In some cases, if the rate of background collisions is significantly low, ΓB,

can be neglected from the analysis [67]. However, collisional loss due to background gas

can also be useful in determining additional information about atomic interactions. In

this chapter background gas collisions are used as a tool to measure collision cross sections

between the trapped metastable atoms and thermal background atoms [98, 99, 100].

The importance of having accurate knowledge of the collision cross section between two

interacting particles has been pointed out already in section 1.4. Measurements of collision

cross sections have significant implications to a wide range of research fields in addition

to practical applications [91]. In this investigation the collision cross section between cold

metastable (3s)3P2 Ne and room temperature (295 K) He, Ne, Ar, H2, O2, N2 and CO2 are

measured. The average thermal energy of the collisions is between 11 meV and 27 meV. At

these energies collision processes such as associative ionization (Ne∗+X → NeX++e) and

Penning ionization (Ne∗ +X → Ne+X+ + e) have a relatively small cross section [155].

Therefore, the dominant interaction between a cold metastable and a thermal background

atom in the ground state is elastic scattering (Ne∗ +X → Ne∗ +X).

4.1 Crossed-Beam Experiments

The traditional method for carrying out investigations into these processes is to use a

crossed-beam technique [94, 95, 96]. In these experiments, two perpendicular collimated

atomic (or molecular) beams are crossed to ensure a well defined interaction region. The

scattered products that are a result of collisions between the two species being investigated

are then detected. Generally this technique is used to measure differential cross sections

88
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where the angular dependence on the cross section is measured. In this case, the atoms

scattered from the interaction region are detected at some defined angle with respect to

the incident beam. The angular resolution is defined by a narrow slit placed before the

scattered particle detector [156]. However, crossed-beam techniques have limitations. To

measure absolute collision cross section, the absolute number of target atoms, and the

overlap of the atomic beams is required. The accuracy of this type of measurement is

determined by how well these parameters are known and is generally one of the major

sources of error [97].

Regardless of the limitations, crossed-beam techniques have proved to be an incredibly

useful tool for investigating atomic processes. For example, crossed-beam techniques have

enabled a large volume of detailed studies investigating the interactions of metastable rare

gas systems with various other noble gas atoms, diatomics, molecules and electrons [157,

158, 155, 117, 159, 160, 161, 162]. In addition to these broad ranging studies, ionization

cross sections (both Penning and associative) involving mixed and unmixed metastable Ne

in the (3s)3P2 and (3s)3P0 states [93, 92, 163, 164], differential elastic cross sections [94,

95, 96], and velocity dependent elastic cross sections [95, 165] have been determined for

noble gases with other atoms and molecules.

4.2 MOT Technique

The MOT provides a novel tool for investigating these collision processes [98, 99, 100].

The technique is based upon the principle that the collision cross section between the

trapped atoms and a collision species can be determined by measuring the trap loss rate.

This is achieved by introducing a collision species into the trapping region thus increas-

ing the number of collision events. This technique is similar to previous investigations,

where absolute photoionization cross sections of atoms [166, 149], electron collision cross

sections [167] and absolute electron-impact ionization cross sections [168] were measured.

The MOT provides a number of advantages for measuring cross sections when compared

to the cross-beam technique. The MOT provides a pure source of Ne in the (3s)3P2

metastable state and therefore the measurement is not complicated by the presence of

atoms in any other atomic states. In addition, it is not necessary to know the trap pop-

ulation or the overlap volume, it is only required to know the absolute density of the

collision species that is being investigated.

It should be noted that the method presented here has been further developed since

it was originally published in 2008 [98, 99]. In 2009 Fagnan et al. [169] used a technique,

based upon this method, to investigate the cross section for 87Rb – 40Ar collisions using

trapped laser cooled Rb atoms. In particular, the small angle scattering contribution to

the measured cross section was investigated. Given the role that small angle scattering

plays in heating [102], it was suggested that these collisions would figure prominently
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when attempting to measure collision cross sections at low temperature. The trap loss

rate due to collisions with room temperature background Ar atoms was measured as a

function of trap depth at temperatures of 1 K and below 10 mK. To make measurements

over such a broad range of temperatures, both a MOT and a quadrupole magnetic trap

were implemented in the investigation. It is shown that the magnitude of the cross section

varies as a function of the finite trap depth and the retention of atoms that would otherwise

contribute to the loss rate significantly alters the measurement. This is further discussed

in section 4.5. In a follow up investigation [170], this technique was developed further to

demonstrate a method for accurately determining the depth of an atomic or molecular

trap of any type.

Similarly, Wang et al. [171] experimentally measured total absolute collision cross

sections using the technique described in [169]. In this investigation, a MOT and a mag-

netic quadrupole trap were used to measure the collision cross section as a function of

trap depth for cold 87Rb with room temperature gas of He. In addition, the authors use

this technique to further investigate collisions between both 87Rb and 85Rb with a room

temperature gases of Ar and He [172].

4.2.1 Decay Dynamics: Background Collisions

Similar to the technique used to measure, β, the loss rate due to collisions with background

atoms can be found by observing the population dynamics of the trapped atoms as the

MOT decays. The addition of a collision species to the trapping region changes the

population dynamics and an additional loss term, ΓC , must be added to equation 2.46,

which accounts for collisions with the introduced gas,

dNt

dt
= RL −Nt(ΓB + ΓC)− βN2

t

Veff
. (4.1)

The cross section, σ, for collisions between trapped metastable Ne atoms and the

introduced collision species is proportional to the loss rate, ΓC , and is given by [173],

σ =
ΓC
nν̄

, (4.2)

where n is the density of the collision species and ν is the relative collision velocity. The

extremely low temperature of the trapped atoms is such that the relative collision velocity

is determined solely by the mean velocity of the collision species and can be approximated

as,

ν̄ =

√
8kBT

πm
, (4.3)

where T is the temperature and m is the mass of the collision species. If the temperature

and density of the collision species is known the cross section can be found by measuring
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Figure 4.1: The fluorescence decay after the trap loading is turned ‘off’. Two decays are
shown, (◦) decay without an added collision species, (4) decay with a background of He
at a partial pressure of 6.6× 10−8 Torr. The loss rate, (ΓB + ΓC), is 6.3 s−1 and 19.5 s−1,
respectively.

measuring ΓC . If the loading rate RL is set to zero then the decay from steady state is

found by solving equation 4.1, which yields,

N(t) =
Ns exp(−t(ΓB + ΓC))

1 + [(βNs)/(Veff (ΓB + ΓC))][1− exp(−t(ΓB + ΓC))]
. (4.4)

The loss rate due to collisions with the introduced collision species ΓC , is found by

fitting equation 4.4 to the trap decay from steady state. Figure 4.1 shows the trap fluo-

rescence as a function of time after the loading rate is turned ‘off’. Two decays are shown

highlighting the modification of the loss rate as the background gas density is increased.

The cross section can then be found by plotting ΓC as a function of n, the absolute density

of the collision species. This is a linear relationship (equation 4.2) where the gradient is

proportional to the collision cross section σ.

4.2.2 Gas Handling System

Figure 4.2 shows the gas handling system. The collision species is introduced into the

trap chamber via a series of stainless steel gas lines. The flow into the vacuum chamber

is controlled using a combination of two variable leak valves (Granville Phillips, model:

203019). The first leak valve is only required for a gas calibration process. The region

between the two leak valves is the calibration reservoir. As part of this calibration process,

the pressure and volume of the calibration reservoir must be accurately known. The
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Figure 4.2: The gas handling system for the collision species.

volume here has been calculated to be (307 ± 1) ml and a Baratron absolute pressure

gauge (MKS, model: Type 122A) is located along the lines between the two leak valves.

The Baratron is a capacitance manometer pressure gauge capable of measuring absolute

pressures independent of the particular gas species.

The second leak valve is used to control the volume of gas allowed into the trap

chamber, therefore controlling the density of the collision species. Before the collision

species is leaked into the chamber, the background pressure of the trap chamber is typically

10−8 Torr. An all-metal, bakeable, Varian UHV stop valve is located after the second leak

valve. This valve remains open while measurements are being made and is primarily used

only when isolation of the UHV system is required. In order to evacuate the lines of

unwanted constituents, a vacuum pump is located before the first leak valve.

4.2.3 Gas Calibration: Dynamic Expansion

To measure absolute cross sections using this technique the absolute density of the in-

troduced collision species must also be known accurately. The partial pressure of the

introduced species is monitored using the RGA connected to the trap chamber. The RGA

must be accurately calibrated to minimize the systematic uncertainty, however the pres-

sure calibration remains the largest contribution to the uncertainty for this technique. The

calibration of the RGA in the pressure range of interest (10−7 – 10−9 Torr) was performed

using the dynamic expansion method [174] for each gas species. The dynamic expansion

method is utilized in vacuum systems where the vacuum pumps are in permanent opera-

tion, such as for UHV requirements. Once equilibrium has been reached, sorption effects

can be ignored and it is therefore applicable to much lower pressures unlike the static
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Figure 4.3: The pressure in the calibration reservoir after the leak valve is opened. A fit
gives the value of L = (1.46± 0.01)× 10−3 L/s.

expansion technique [174].

Gas is allowed to flow into the trap chamber at a constant, known leak rate Q while

the vacuum pumps connected to the system simultaneously pump gas out of the system

at a constant pumping speed S. Once the system is at equilibrium, the pressure P in the

trap chamber is given by [174],

P =
Q

S
. (4.5)

The total pumping speed of the system S = 121 ± 3 L/s is calculated using the known

pumping speeds and the conductance of the vacuum pumps connected to the trap cham-

ber [175]. If the flow of gas from the calibration reservoir into the trap chamber is molec-

ular, then the throughput of gas, Q, is related to the conductance of the leak valve, L, by

Q = PR/L, where PR is the pressure in the calibration reservoir, giving,

P = PR
L

S
. (4.6)

If a volume of gas held in the calibration reservoir is allowed to leak into the trap chamber,

the pressure in the reservoir will decay exponentially according to,

PR = Pi exp

(−Lt
VR

)
, (4.7)

where VR is the volume of the calibration reservoir and Pi is the initial pressure in the

calibration reservoir. Figure 4.3 shows the pressure in the calibration reservoir after the

leak valve is opened. Fitting this decay enables the conductance to be determined and the
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Figure 4.4: Plot showing the measured partial pressure as a function of the calculated
partial pressure for CO2. The sensitivity factor is calculated as 1.79.

partial pressure of the collision species can be found using equation 4.6. The RGA can then

be calibrated by plotting the calculated partial pressure against the partial pressure reading

from the RGA over a range of different conductances of the leak valve, see figure 4.4. The

gradient of this data provides the sensitivity factor applied to the RGA readings to ensure

the partial pressure readings are absolute for the gas species in question.

The uncertainty introduced by using the dynamic expansion method to calibrate the

RGA contains contributions due to the Baratron (0.5%), the volume of the calibration

reservoir (0.4%) and the uncertainty in the pumping speed (2%). In addition, the magni-

tude of the uncertainty in the RGA is dependent on the partial pressure of the collision

species. For low partial pressures (up to 10−9 Torr), where the magnitude of the un-

certainty is greatest, this uncertainty is approximately 7%. The total uncertainty in the

measured pressure of the collision species is found by summing these uncertainties in

quadrature and is calculated to be 8%. This is a systematic uncertainty and is a limiting

factor in the absolute accuracy that the collision cross section can be measured.

4.3 Systematics

Two additional processes contribute to the total systematic uncertainty of the measure-

ment, the first is due to collisions with atoms that are in the excited state. The MOT

lasers are active during a measurement and therefore a proportion of the atoms are ex-

cited into the (3p)3D3 state. As a result an uncertainty is introduced due to collisions

involving excited state atoms. The cross section from the (3s)3P2 ground state and the
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(3p)3D3 excited state are expected to be unique and therefore the measured cross section

will contain a contribution from both of these states. The second process that contributes

to the measurement uncertainty is due to the recapture of atoms following a small angle

scattering event. Recapture can occur if the momentum transferred to a trapped atom,

in an elastic collision event, results in a velocity gain that is less than the escape velocity

of the trap. In this case the atom has undergone a collision, however, the collision will

not contribute to the measured cross section as the atom is not lost from the MOT. These

two uncertainties yield a combined systematic uncertainty of 5% and is included in any

measurement of the cross section.

4.3.1 The Excited State Contribution

Collisions between trapped atoms in the excited state and background gas atoms or

molecules that lead to trap loss will modify the measured cross section. The excited

state fraction is dependent on the trapping intensity and detuning and can be estimated

using equation 3.5. For these measurements the trap operating parameters were typically

I = 2I0 and ∆ = 3Γ which gives a calculated excited state fraction of 1.4% of the total

trapped atoms. This leads to an uncertainty in the measured (3s)3P2 cross section of only

a few percent [98].

The magnitude of the uncertainty due to collisions with atoms in the excited state

Figure 4.5: The collision cross section of metastable Ne in the (3s)3P2 state and N2 as
a function of the trapping laser detuning. The data shows no significant dependence on
detuning suggesting no significant contribution to the cross section from excited state
collisions or small angle scattering. A weighted average of this data gives σNe∗−N2 =
1259.0± 16.5 Å2, where the quoted uncertainty is statistical.
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can be experimentally estimated by changing the trapping parameters. This is achieved

by varying the detuning of the trapping laser beams thereby modifying the excited state

fraction. Figure 4.5 is a typical graph showing the cross section as a function of the

detuning of the trapping laser. The data from this graph shows no change of statistical

significance, suggesting that the contribution to the cross section from the excited (3p)3D3

state is not significant compared to the total uncertainty.

4.3.2 Elastic Scattering and Re-capture

The other source of uncertainty is the possibility that after an elastic collision between

a trapped metastable Ne atom and a background gas atom or molecule, it could be re-

captured by the trap. If the momentum transferred to the trapped atom is insufficient

to overcome the capture velocity of the MOT causing escape, then it will be recaptured.

As a result, the collision event will not contribute to the measured cross section. This

can occur if the initial angle between the two colliding species is relatively small resulting

in a weak interaction. Under normal operating conditions (I = 2I0, ∆ = 3Γ) the escape

velocity of the trap can be calculated to be approximatley 20 m/s [3]. The minimum scat-

tering angle for which recapture occurs can be determined using conservation of energy

and momentum and is found to be 90 mrad for collisions with thermal argon gas. This is

a small scattering angle and the relative uncertainty in the elastic scattering cross section

associated with the inability to detect scattering events less than this is given by [176],

∆σ

σ
≈ 0.08θ2µ2~ν2σ

4πh2
. (4.8)

For a recapture angle of 90 mrad, equation 4.8 can be used to calculate a relative un-

certainty of approximately 3% of the elastic cross section. This uncertainty lies within the

experimental error of the measured total cross section and therefore has a minimal effect

on the total uncertainty of the measurement. This can be verified by modifying the escape

velocity of the trap and observing the dependence of the cross section. Experimentally this

is achieved by varying the detuning of the trapping laser, using a similar method to the

technique used to determine the uncertainty due to the excited state fraction. Modifying

the detuning of the trapping laser alters the spring constant of the trap and therefore sig-

nificantly alters the escape velocity. The escape velocity can be varied over a range from

approximately 5 m/s to 35 m/s. Inspection of figure 4.5 does not reveal any dependence

between the cross section and escape velocity when the detuning is varied. The evidence

suggests that this source of uncertainty is not significant, which is consistent with the

relative uncertainty as estimated using equation 4.8.
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4.4 Results

In this section the measured collision cross sections for metastable Ne in the 3P2 state with

the ground states of He, Ne, Ar, H2, O2, N2 and CO2 are presented. The results follow a

general trend where the volume of the collision species determines the magnitude of the

cross section. This is expected for interactions where elastic scattering is the dominant

collision channel. The only deviation from this trend exists for metastable Ne – CO2 colli-

sions. The shape of the triatomic CO2 molecule and the existence of multiple vibrational

modes is expected to complicate the interaction and may explain this deviation [175].

4.4.1 Modeling

The measured collision cross sections include a contribution due to all possible loss pro-

cesses. Inelastic collisions, such as, Penning or associative ionization, will remove Ne atoms

from the trap by altering their internal quantum states and leaving them insensitive to

the MOT trapping force. Elastic collisions will lead to trap loss if sufficient collisional

momentum is transferred from the collision species to the trapped metastable Ne atoms.

At relatively low energies, total ionization cross sections for metastable Ne in a mixed

composition of (3s)3P2 and (3s)3P0 [178] are relatively small compared to the total cross

section and therefore elastic collisions are the dominant trap loss mechanism. Therefore,

the elastic cross section is expected to be approximately equal to the total cross section

and the cross section can be approximated as [179],

σtot(vrel) ≈ 8(
C6

~vrel
)
2
5 . (4.9)

Table 4.1: The estimated elastic collision cross section between metastable Ne and various
collision partners. The cross sections are calculated using equation 4.9 [175]. The values
presented for the C6 coefficients are found using techniques which combine experimental
and theoretical methods. For He, the value of C6 is from [177]. For all other gases the
value of C6 is from [165]. In both [177] and [165] the uncertainty in the measurement of
C6 is not explicitly stated and therefore the accuracy of the calculated cross section is
unclear.

Species Value of C6 (10−78 Jm6) Calculated Cross Section (Å2)

He 2.36 168.9
Ar 21.5 702.3
O2 19.9 607.9
N2 21.3 592.5

CO2 34.8 901.8
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The total elastic cross section is calculated over the temperature distribution of the collision

species. This is achieved by calculating the rate of collisions leading to trap loss for each

velocity using equation 4.9 and integrated for a Maxwell-Boltzmann type distribution.

Table 4.1 shows the elastic cross sections calculated using equation 4.9 for a number

of the collision species investigated. It is expected that this approximation is valid only

for the Ne*–He interaction since the ionization energy of He is greater than the energy

carried by each metastable Ne atom and therefore this cross section is entirely elastic.

For the each of the other collision species the interaction will contain contributions due to

inelastic processes.

4.4.2 Cross Section Measurements

As described in section 3.1.1, the loading rate is set to zero by switching off the slowing laser

beam. Similarly, the trapping laser beams are left operational while the atom cloud decays

and are responsible for the fluorescence used to image the trap. A series of fluorescence

images taken with the CCD camera are used to determine the decay dynamics. The

total decay rate due to collisions with both background atoms and the collision species,

(ΓB + ΓC), is measured as a function of the absolute density of the collision species, n and

the collision cross section is found using equation 4.2. Figure 4.6 shows a typical graph of

the loss rate (ΓB + ΓC) as a function of the absolute background density, n.

Table 4.2 gives the measured cross sections between metastable Ne in the 3P2 state

with the ground states of He, Ne, Ar, H2, O2, N2 and CO2. The results are of the form

X±∆Xstat±∆Xsyst, where ∆Xstat are statistical uncertainties and ∆Xsyst are systematic

uncertainties. In order to improve the accuracy of the measurement, the statistical uncer-

tainty is reduced by taking multiple measurements (>10) of the decay rate, (ΓB + ΓC),

for each pressure. A single measurement of the cross section will result in a fitting error

between approximately 2% and 10%. Therefore the cross section for each gas is mea-

sured between 10–20 times to reduce the statistical uncertainty. A weighted average of

the measured cross sections results in the statistical uncertainty being reduced to v1%.

During this process outliers beyond two standard deviations of the average cross section

are removed.

The systematic uncertainties are discussed in section 4.2.3 and 4.3. The most sig-

nificant contribution to the total uncertainty of the measurement is due to the accuracy

with which the absolute density of the collision species can be determined (8%). This

uncertainty is added in quadrature to the systematic uncertainty of 5% which has been

included to account for collisions with excited state atoms and small angle scattering. The

total uncertainty due to systematics is ∆Xsyst = 9.4%.

As a comparison with other measurements of collision cross section with metastable

Ne, this measurement is unique due to the low energy of the collisions and the relatively
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Figure 4.6: Graph showing the dependence of the loss rate, ΓC , of the trap as a function
of the background density of He gas. The linear fit gives σNe∗−He = (169.9± 6.6) Å2.

low uncertainty of each measurement. The only similar measurement from the literature

is that of Rothe et al [178] and are presented in table 4.2 for the purpose of comparison.

In [178] the total absolute collision cross sections for metastable Ne in the (3s)3P2 state

with thermal rare gases were measured using a beam-gas attenuation method [180]. The

collision energy using this method is approximately four times the collision energy for

investigations using a trap loss rate technique. The higher collision energy results in cross

sections which are consistently smaller. However, this is expected since a trend exists for

the elastic cross section to decrease with an increase in collision energy [181].

Comparing the experimental results with the expected results for the elastic scattering

cross section presented in table 4.1, the experimental results are in general significantly

larger. The calculated cross section between metastable Ne - He of 168.9 Å2 exists within

the range of the experimentally measured cross section and indicates the validity of the

technique. With the exception of collisions between metastable Ne and CO2, all other

measured cross sections are greater in magnitude than the calculated elastic cross section.

It is expected that collisions between metastable Ne and He should be entirely elastic and

therefore this interaction will be more accurately represented by the model. Collisions

involving other species will have a contribution due to inelastic processes which will con-

tribute to inconsistencies between the model and experiment. However, the magnitude of

the ionization cross sections presented in [155] are relatively small and therefore inelastic

process are unlikely to be entirely responsible for the discrepancy. It should be noted that

the uncertainties in the C6 values used to calculate the theoretical elastic scattering cross

sections are unclear (see table 4.1) and this may be sufficient to explain the result. Alter-
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natively, the role of small angle scattering in the low energy, quantum diffractive regime

may be underestimated.

4.5 Trap Depth and Quantum Diffractive Effects

The analysis presented by Fagnan et al. [169] suggests that, when measuring the collision

cross section, the rate of small angle scattering events that contribute to the cross section

can be considerable. In [169] the authors study the loss rate from a MOT and also a

purely magnetic trap and measure a significant difference in the loss rate due to the depth

of the potential. This result is attributed to small angle scattering events which occur in

the quantum diffractive regime and impart very little energy to the trapped atoms. The

sensitivity of the trap to these types of collisions is determined by the probability that

atoms are re-captured and therefore the trap depth.

In [169] the total cross section is estimated using a partial wave analysis and compared

to the experimental results as a function of the trap depth. The minimum collision angle

for trap loss is defined as,

θmin = arccos

(
1− maU0

µ2|~νr|2
)
, (4.10)

where ma is the mass of the trapped atom, U0 is the trap depth, µ is the reduced mass

and ~νr is the relative collision velocity. The cross section for loss inducing collisions from

a trap of depth U0 is equal to,

σ(k) =

∫ π

θmin

2π(sin θ)|f(k, θ)|2 dθ, (4.11)

where k = µ|~νr|/~ is the incident wave vector magnitude, and,

f(k, θ) =
1

k

∞∑
l=0

(2l + 1)eiδl(sin δl)Pl(cos θ). (4.12)

Here δl is the phase shift for the lth partial wave. The scattering amplitude can be

calculated for a particular collision wave vector, k, using equation 4.12 and the cross section

for loss inducing collisions at the relative collision velocity described by k is subsequently

found from equation 4.11. By integrating over the entire Maxwell-Boltzmann distribution,

the total velocity averaged cross section for loss inducing collisions from a background gas

at temperature T can be evaluated.

This model is found to agree well with the results of [169] and it reveals that the trap

loss rate varies as a function of the trap depth. In addition, it is shown that approximately

half of the total collision cross section is due to classical scattering, while the other half
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is due to quantum diffractive collisions. As U0 → 0 the rate of re-capture after a small

angle scattering event reduces and a measurement of the collision cross section approaches

the total collision cross section. Therefore, when calculating collision cross section from

measurements of the trap loss rate it is necessary to characterize the result in terms of the

trap depth. To measure the total collision cross section the trap depth should be on the

order of a few percent of the natural energy scale for diffractive collisions, given by [182],

εd =
4π~2

maσ
, (4.13)

where σ is the total collision cross section.

Considering the trap depth for the measurements presented in table 4.2 is on the order

of 1.8 ± 0.2 mK, it is possible that the rate of collisions due to small angle scattering

is underestimated. The measured cross section is therefore expected to be between the

classical scattering limit and the total collision cross section. From equation 4.13, the

trap depth requirements for accurate determination of the total cross section scales as the

inverse of σ. Therefore, for collisions species with small cross sections it is expected that the

trap depth requirements should be less stringent. This suggests that the measurements

made for collision species such as He and H2 should be closer to the actual total cross

section.

Fagnan et al. [169] investigated collisions between trapped Rb and Ar. The magnitude

of the total collision cross section is expected to be similar for both collisions involving

trapped metastable Ne and also trapped Rb. However, εd will be larger for collisions

with metastable Ne, due to the smaller atomic mass, and therefore the trap depth need

not be as shallow. In [169], at a trap depth of 1 mK the measured cross section is

within approximately 10% of the total cross section. Assuming a similar behaviour for the

metastable Ne system, this suggests the measurements made in this work [99, 100] will be

within the same magnitude of the total collision cross section. However, the discrepancy

will depend significantly on the collision species being investigated.
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Summary

Since the development of laser cooling techniques in the early 1980’s there has been a sig-

nificant volume of research aimed at improving our understanding of trap loss mechanisms.

The increasing knowledge of these mechanisms has led to the creation of traps that contain

larger and colder samples of atoms. Laser cooling and trapping of metastable neon atoms

was first demonstrated in 1989 by the Japanese group headed by Fujio Shimizu [63, 81],

and has also been investigated by groups located at the University of Hannover in Ger-

many [80, 90], and Eindhoven University of Technology in Holland [85, 87, 88]. In this

thesis the collision dynamics of cold metastable neon atoms are investigated by examining

the trap loss mechanisms.

In order to investigate these processes, 106 to 107 metastable neon atoms are confined

in a magneto-optical trap (MOT). The techniques required in this first step are compli-

cated due to the metastable nature of the atom being investigated. The atoms are first

produced in a discharge at the source end of the experiment before traveling along the

beam line where laser cooling techniques are implemented to reduce the velocity of the

atoms sufficiently that they can be loaded into the trap. The loss rate from the MOT is

dominated by ionizing collisions. We measure the rate of collisions between ground state

atoms to be, Kgg = (1.8±1.1)×10−10 cm3/s, which is consistent with previously reported

experimental [85, 90] and theoretical values [87]. In addition, the rate of collisions between

ground and excited state atoms, Kge, is measured to be (2.0± 0.3)× 10−8 cm3/s.

In order to induce collisions between pairs of trapped metastable neon atoms, near

resonant light is utilized to control the collision dynamics within the MOT. A control

laser is tuned to the red of the transition where we measure a factor of 4 increase in the

rate for ionizing collisions. The effect of optical shielding is also investigated by tuning

the laser to the blue of the transition and a factor of 5 suppression in the ionization rate is

measured. The suppression of the ionization rate leads to an increase in the density and

atom number in the MOT. Typically, MOTs with greater atom numbers, such as those

reported in [85, 80], have larger volumes, however, the densities are similar to the density

measured for the MOT presented here. Since this technique works by reducing the loss

rate, thereby increasing the maximum density in the MOT, it is expected to be suitable for

increasing the atom numbers of larger MOTs. This could be implemented by including an

103
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additional set of trapping beams in a similar configuration to the control laser described in

section 3.4. However, due to the additional heating that occurs as a result of the control

laser, general applications may be limited to those for which the absolute temperature of

the atoms is non-critical.

The motivation for investigating the collision dynamics with an auxiliary laser stems

from the potential of producing molecules via photoassociation. The technique has pre-

viously been used in a number of investigations where photoassociation spectroscopy was

performed with metastable noble gas species [52, 51, 76]. In 1998 Doery et al. [1] theoreti-

cally investigated the long range diatomic potentials of neon and predicted that resonances

connected to the Ω = 5 bound potential would be resolvable as peaks in an ionization spec-

trum. However, these photoassociation resonances are absent in the ionization spectrum

that is measured (figure 3.9). In [1], the authors also predicted that the large number of

bound states connected to the Ne 3s(3/2)2 + 3p(5/2)3 excited state, each with relatively

high ionization probability, would result in a broad irresolvable ionization spectrum and

this process appears to be the dominant mechanism. In addition to the absence of res-

onances connected to the Ω = 5 potential, there is no evidence to suggest excitation of

atom pairs to doubly excited (p+ p) potentials, such as in [76] and [51].

To further investigate photoassociation spectroscopy with metastable neon alternative

techniques must be used. Considering the Ω = 5 state of neon is expected to have a

low ionization probability it may be necessary to monitor the radiative escape channel,

as in [53], to resolve resonances due to photoassociation. However, for this technique to

be feasible, the temperature of the atom cloud must be well characterized and in [53] a

purely magnetic trap is used.

In a second investigation, collisions with background atoms are investigated. Generally,

these type of collisions result in particle loss from the MOT and are considered undesirable.

Chapter 4 describes a novel technique that exploits these types of collision to measure the

cross section between the trapped atoms and the background gas. In this investigation the

collision cross section between cold metastable (3s)3P2 Ne and room temperature (295 K)

He, Ne, Ar, H2, O2, N2 and CO2 are measured. As a comparison with other measurements

of collision cross sections with metastable Ne, this measurement is unique due to the low

energy of the collisions and the relatively low error of each measurement. Because the cross

section for processes such as Penning ionization and associative ionization are relatively

small [155] at low energy, the dominant interaction between a cold metastable neon atom

and a thermal background atom in the ground state is elastic scattering.

The experimentally measured cross sections are compared with the expected results for

the elastic scattering cross section (given by equation 4.9), and it is found that generally the

experimental results are significantly larger. However, the calculated cross section between

metastable Ne - He of 168.9 Å2 exists within the range of the experimental uncertainty

and validates the technique. Collisions between metastable Ne and He should be entirely
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elastic while collisions involving other species will have a contribution due to inelastic

processes and therefore may explain the consistently larger than expected experimentally

measured results. However, it is noted that this technique has since been developed further

by Fagnan et al. [169], where the authors investigate collisions between trapped Rb and

Ar. This investigation suggests that, when measuring the collision cross section, the rate

of small angle scattering events that contribute to the cross section can be considerable.

However, in [169] at 1 mK the measured cross section is within approximately 10% of

the total cross section. Assuming similar behaviour for the metastable neon system, the

measurements presented here are also expected to be within 10% of the total cross section

and is on the same order of magnitude as the experimental uncertainty.
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