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Abstract

This thesis presents, through a series of experimental and numerical results,
an investigation of the collisional interactions of neutral atoms for topics of
technological and scientific interest, namely, atom-surface interactions for
lithography, and atom-atom interactions in cold atomic mixtures and Bose-
Einstein condensates.

In the first chapter I report on an experimental scheme to investigate the
interaction of metastable helium atoms with molecular surface monolayers,
which act as ultrathin resists for atom lithography. We seek to isolate the
interaction between the metastable atom and the monolayer from other pos-
sible interactions, such as that of ultraviolet photons, which are also present
in significant quantities. Using the characterized properties of a new liquid
nitrogen-cooled discharge source, an experimental scheme was implemented
which utilizes magnetic manipulation techniques for neutral atoms to create
a lithography exposure involving metastable helium atoms alone.

In the second chapter, the development of an experiment for the study of
ultracold interactions between rubidium and cesium atoms is documented.
Starting with an experiment for the Bose-Einstein condensation of Rb-87,
modifications were made which allowed the simultaneous confinement of ru-
bidium and cesium atoms in magneto-optical, quadrupole, and Ioffe trapping
configurations. By imprinting a temperature gradient between the over-
lapped atomic clouds through optical molasses, re-thermalization between
magnetically trapped rubidium and cesium atoms through s- and p-wave
collisions was observed. In order to create precise and variable temperature
gradients in the binary mixture, a modular 6.83 GHz source was imple-
mented for species-selective evaporative cooling at the hyperfine transition
frequency of rubidium. Bose-Einstein condensates of rubidium was created
and the lifetime-limiting losses due to three-body collisions investigated.

The third chapter puts forward the results of numerical simulations on
the creation and propagation of bright soliton trains in Bose-condensates,
based on the experimental observation of soliton trains by Strecker et al. [1].
Using a mean-field approach, numerical solutions of the Gross-Pitaevski
equation were obtained which reproduce the key features of the experiment
and offer insights into soliton collisions and the determination of soliton
number.

Zusammenfassung

Diese Arbeit präsentiert eine Untersuchung von Kollisionswechselwirkun-
gen zwischen neutralen Atomen. Es werden experimentelle und numerische
Ergebnisse vorgestellt, die für technologische und wissenschaftliche Ziele
interessant sind: Atom-Oberflächen-Wechselwirkungen für Lithografie und



II

Atom-Atom-Wechselwirkungen in kalten atomaren Mischungen und Bose-
Einstein-Kondensaten.

Im ersten Kapitel berichte ich über ein Experiment, dass
die Wechselwirkungen von metastabilen Heliumatomen mit
oberflächenmonomolekularen Filmen untersucht, die als ultradünne
Schutzschicht für Atomlithografie dienen. Wir versuchen die Wechsel-
wirkung zwischen den metastabilen Atomen und dem monomolekularen
Film von anderen möglichen Wechselwirkungen, wie die der ultravi-
oletten Photonen, zu isolieren. Diese sind ebenfalls in bedeutenden
Mengen anwesend. Mit den zuvor charakterisierten Eigenschaften einer
neuen flüssigstickstoffgekühlten Entladungsquelle, wurden Experimente
durchgeführt, die die magnetischen Manipulationstechniken neutraler
Atome nutzen. Das erlaubt die alleinige Belichtung mit metastabilen
Heliumatomen.

Im zweiten Kapitel wird die Entwicklung eines Experimentes für
die Studie von ultrakalten Wechselwirkungen zwischen Rubidium- und
Cäsiumatomen dokumentiert. Ein Experiment zur Erzeugung von Rb-
87 Bose-Einstein-Kondensaten wurde derart modifiziert, dass Rubidium-
und Cäsiumatome simultan in der magnetooptischen Falle, der Quadrupol-
falle und der Ioffefalle gespeichert werden können. Durch das Einbrin-
gen eines Temperaturgradienten mittels optischer Melasse zwischen den
sich überlappenden Wolken, konnte eine Rethermalisierung zwischen den
magnetisch gefangenen Atomen aufgrund von s- und p-Wellen-Streuung
beobachtet werden. Um den Temperaturgradienten in der binären Mis-
chung präzise variieren zu können, wurde eine modulare 6,83 GHz-Quelle
zum speziesselektiven Verdampfungskühlen aufgebaut, die Übergänge zwis-
chen den Hyperfeinenniveaus der Rubidiumatome treibt. Hiermit wurden
Rubidium Bose-Einstein-Kondensate erzeugt und die Lebensdauer begren-
zenden Verluste aufgrund von Drei-Körper-Stößen untersucht.

Das dritte Kapitel zeigt die Ergebnisse numerischer Simulationen
von der Erzeugung und Ausbreitung heller Solitonzüge in Bose-Einstein-
Kondensaten. Diese Simulationen basieren auf den experimentellen
Beobachtungen von Strecker et al. [1]. Mit einer Mean-Field-Annäherung
wurden numerische Lösungen der Gross-Pitaevski-Gleichung bestimmt, die
die Hauptmerkmale des Experiments reproduzieren. Außerdem gestatten
sie Einblicke in Solitonen-Kollisionen sowie die Bestimmung der Anzahl der
Solitonen.

Publications

Parts of this thesis have been/will be published in the following journal
articles:

1. V.Y.F. Leung, A.G. Truscott, and K.G.H. Baldwin, Nonlinear atom
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optics with bright matter-wave soliton trains, Physical Review A 66,
061602 (2002).

2. R.R. Chaustowski, V.Y.F. Leung, and K.G.H. Baldwin, Magnetic
hexapole lens focussing of a metastable helium atomic beam for UV-free
lithography, submitted to Applied Physics B.
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Introduction

A large class of the possible interactions of a neutral atom with its envi-
ronment is mediated by collisions. These collisions may take femtoseconds
or hundreds of nanoseconds, be elastic or inelastic, occur in ultracold con-
finement or at room temperature. They may be visualized as the result of
particles following classical mechanical trajectories, or can only be under-
stood as a manifestation of the statistics and dynamics of quantum objects.

Out of the countless situations where the collisional behavior of a neutral
atom leads to observed physical effects, this thesis will consider the follow-
ing scenarios. One is presented because it is technologically intriguing, the
others because they are of current scientific interest.

Through experiments with a class of atoms which contain high internal
energy, the modification of molecular surfaces by neutral atom impact has
been demonstrated for the transfer of spatial patterns on the micrometer
scale. To bring about large-scale structural change to the target molecule,
intermolecular binding energies must be overcome, requiring collision ener-
gies on the order of tens of electron volts. Furthermore, as the atoms are
travelling at velocities of ∼ 1000 m/s, their de Broglie wavelength is much
smaller than the wavelength of light, a necessity for the definition of precise
edges in micro-structures.

In the first chapter I describe our development of an experiment to iso-
late and study in controlled conditions the interaction of these fast, ener-
getic particles with a molecular monolayer. This is accomplished through
magnetic focussing, the effects of which can be described with a classical ray
optics approach due to the overwhelmingly particle-like nature of the atoms.
To this end, I have characterized a new liquid-nitrogen discharge source of
metastable helium for atom lithography, which allowed me to evaluate the
feasibility of using magnetic manipulation for metastable helium atoms at
high longitudinal velocities, and performed experiments on the magnetic fo-
cussing of metastable helium, the application of which is a key point of the
UV-free lithography scheme.

The interactions described in Chapter 1 are some of the most energetic in
neutral atom optics. At the other end of the continuum, there has been much
recent interest in collisions which happen at much lower energies and slower
time scales. The physical simplification brought by lowering the interaction
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2 CONTENTS

energy can be appreciated by considering that at energies near the ground-
state collision energy, scattering processes can be decomposed into partial
waves characterized by the angular symmetry of the collision. Furthermore,
at temperatures of several micro-Kelvin, interactions between alkali neutral
atoms are dominated by the spherically symmetric s-wave, the cross-section
of which is almost completely describable by the two-body scattering length,
a parameter on the order of a few nanometers.

Chapter 2 begins with the study of collisional interactions between atoms
of different species, within a cold atomic mixture prepared using the exper-
imental tools first developed for Bose-Einstein condensation. Early studies
of cold mixtures were often mediated by resonant light due to the trapping
of atoms in hybrid traps of laser and magnetic fields, which facilitated ex-
cited state processes and often lead to complex theoretical descriptions. The
situation can be simplified by transferring atoms of both species into a dark
conservative potential. Here elastic collisions can occur between particles
and drive both clouds into thermal equilibrium. In Chapter 2 I describe our
implementation of a two-species MOT system for the collection of atoms of
Rb and Cs, and the simultaneous transfer of the two species into a magnetic
trap, as well as the first observation of re-thermalization, which I analyze
and present in detail.

Continued reduction of temperature at a given density eventually leads
to the formation of a Bose-Einstein condensate, in which the wave-functions
of individual particles share the same space and the atomic ensemble is dom-
inated by the quantum statistical properties of bosons. To allow one species
of a mixture to be cooled down into the ultracold or quantum degenerate
regime in the presence of the other without the removal of atoms from both
species, species-selective evaporative cooling must be implemented. To do
this, I have assembled and tested a modular microwave system for our future
experiments in sympathetic cooling and interspecies re-thermalization. Us-
ing this system, we have began an investigation into three-body collisions in
our experimental system, starting in the first instance with a single-species
cloud of atomic Rb. In Chapter 2 I present a detailed analysis of this mea-
surement and examine the possible effects of three-body loss processes for
our Rb-Cs mixture.

In probing the effect of atom-atom interactions in Bose-condensates it is
often advantageous to regard interactions not as solely occurring via scat-
tering processes between individual particles but as a collective phenomenon
described by a mean-field. In Chapter 3 I present numerical solutions to such
a mean-field description of a BEC. Regardless of the change in perspective,
however, the interaction of particles in this description remains parame-
terized by the scattering length, which mediates changes in the shape and
size of the condensate, as well as non-linear effects such as the formation
of self-stabilizing wavepackets, or solitons. Working close to the original
experiment conditions which lead to the observation of multiple solitons, I



carried out numerical simulations which reproduce their creation and prop-
agation in Bose-Einstein condensates, and investigated the effects of soliton
collisions and the determination of soliton number.

The thesis is divided roughly equally between work performed at the Atom
Manipulation group in the Australian National University (ANU), and the
BEC group in the University of Bonn. The research areas reported in each
chapter therefore reflect the different experimental directions of these groups,
and some historical perspective on the evolution of the present joint disser-
tation might be appropriate at this point:

� As a doctoral candidate in Canberra, I began working with the ma-
nipulation of neutral atoms in the applied atom-optics field of atom
lithography (Chapter 1). At that time, opportunities were not yet
available to work on BEC experiments in our group.

� BEC experiments of a numerical nature, however, are much more read-
ily procurable, and while in Canberra I reproduced numerically recent
experimental observations of non-linear phenomena in Bose-Einstein
condensates (Chapter 3).

� Shortly afterwards, I began a three-month research visit to the Uni-
versity of Bonn, where I had the opportunity to be involved experi-
mentally in Bose-Einstein condensation. Since joining the BEC team
in Bonn, the experiment has moved past Bose-condensation into cold
atomic mixtures (Chapter 2).

3
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Chapter 1

Metastable helium: magnetic
manipulation and
resist-based lithography

A major achievement of atom optics is the development of tools for manipu-
lating atomic motion. Based on light and magnetic forces, these techniques
allow the position and velocity of neutral atoms to be influenced with a
greater degree of control than ever before.

Exploiting these techniques for pattern-making on the nanometer scale
is the goal of atomic nanofabrication (ANF), a broad term that includes
both direct atomic deposition, and lithographic techniques.

Patterned structures produced through ANF possess a resolution more
than a factor of four superior to what is currently attained by optical lithog-
raphy for silicon-based integrated-circuits [3]. The commercial value of such
a factor of miniaturization can be gauged by considering Moore’s Law, which
states that the number of transistors on a semiconductor chip will double
approximately once every two years.

One can argue that it does not harm a scientific endeavor to find its goals
congruent with one of the most widely validated economic projections of our
time. And although the possibility for mass production on a commercial
scale with ANF has been significantly handicapped by the current speed
limitations of the process, it remains one of the best developed applications
of atom optics.

Today, thirteen years after the first atom deposition experiments by
Timp et al.[2], atomic nanofabrication has developed sufficiently unique so-
lutions to its many technical challenges for the field to be considered an
experimental art in itself [3].

5



1.1 Metastable helium experiments at the ANU

The experiments described here were performed with metastable helium
atoms (He*) - helium atoms which have been excited into a high energy
state from which all optical decay channels to the ground state are forbidden.
Metastable helium has several rather unique properties, and the exploitation
of these properties for specific experimental purposes is a major theme of
the present work.

The number of atom optics groups in the world which uses metastable
helium is small – at the last count, approximately nine [4]. In two of
these groups [5, 6], the Ecole Normale Superieure (Paris) and the Institut
d’Optique (Orsay), the pursuit and subsequent attainment of Bose-Einstein
condensation of He* is a noteworthy experimental achievement which pushed
back the boundaries of ultracold manipulation techniques for this species.
Recently, a He* BEC has also been achieved in two additional laboratories
[7, 8].

At the Australian National University (ANU), the Atom Manipulation
Project is solely dedicated to experiments with metastable helium. Experi-
ments range from guiding He* atoms with hollow optical fibers [9], the de-
termination of the total electron-He* scattering cross-section [10], to resist-
based lithography [17] and Bose-condensation [8].

There are currently three experimental facilities in the laboratory, which
range in sophistication from employing elaborate laser cooling and collimat-
ing systems [4], to no beam preparation at all. They thus differ strikingly
in the degree of control available over the velocity distribution of the atomic
beam. For the period of experimental work that I describe here, the appa-
ratus immediately available for atom lithography is based around a thermal
atomic source, with no subsequent laser cooling.

I have limited what I present in this chapter to an account of what was
achieved in the eighteen months that I was solely responsible for develop-
ing the experiment i.e. (1) the characterisation of a new discharge source
of metastable helium, (2) the development of the magnetic hexapole lens
experiment for atom lithographic exposures with reduced ultraviolet (UV)
photon flux, and (3) observation of the first evidence of magnetic manipu-
lation. Naturally, previous and later work on the ANU atom lithography
project exists, and detailed descriptions can be found in Refs. [15, 16, 40].
The rationale of treating this work as a self-contained unit arises simply
from the relatively large time gaps, on the order of 1-2 years, which existed
between those experiments and what is presented here.

6



1.2 Resist-based atom lithography

The use of atoms to produce planar and even holographic [11] images is
that, in principle at least, the transfer of such patterns and images can be
accomplished with nanometer resolution, far below the diffraction limit of
visible and ultraviolet light.

This becomes apparent when one considers the de Broglie wavelength
λdB of an atom due to the motion of its center of mass:

λdB = h/p (1.1)

where p = mV is the momentum of the atom, m its mass, V its velocity, and
h is Planck’s constant. At room temperature, the de Broglie wavelength of a
helium atom is ∼ 0.05 nm. For comparison, the wavelength of an UV-photon
is on the order of 100 nm.

These comparisons certainly support the argument in favor of atom
lithography as a technology for the fabrication of lateral structures in the
micro- and nanometer regime. However, true realization of the physical ad-
vantage of using atoms requires that this advantage be preserved throughout
the steps of the experimental protocol, without loss of resolution.

One such experimental protocol is resist-based lithography, a technique
widely used in optical lithography. Its core steps, illustrated in Figure 1.1,
are typical of all photoresist-based lithography – a sensitive surface is first
prepared, then exposed, and finally developed to produce a permanent im-
age:

(1) A substrate material, typically a gold-coated silicon wafer, is covered
with a molecular layer or resist.

(2) During exposure a patterned mask above the substrate shields some
areas and leaves others exposed to the atomic beam. The resist becomes
structurally damaged in the exposed regions, and unable to protect the
surface from hydrophilic solvents.

(3) Chemical reagents selectively attack the regions of damage and etch
them into the substrate. The masked regions are left untouched, thus pro-
ducing a permanent surface pattern.

From an atomic physics viewpoint, the exposure stage of the lithographic
process offers a certain freedom to explore the use of different atomic species,
with their wide variety of experimental characteristics due to variations
in mass, internal structure, and magnetic moment. Out of this diversity,
metastable rare gas atoms in general and metastable helium in particular
has become one of the model systems due to recognition of their suitability
for interacting with the molecular resist.

We seek to refine our investigation of the interaction between He* atoms
and the layer of molecules that comprises the resist, by developing a system
which allows He* atom lithography to be performed in a purer environment

7



Figure 1.1: The core steps of resist-based atom lithography – sample
preparation, exposure, and etching.

than has been available so far. To create this environment, we propose to
make use of, among other attributes, the small mass and large magnetic mo-
ment of He* compared to alkali atoms which allow even thermal He* beams
to be magnetically manipulated over feasible distances. To motivate the
experimental proposal, in the next section the atomic properties of He* will
be introduced, and its conventional use in atom lithography demonstrated.
Having established how atom lithography normally functions, we then move
beyond the basic exposure process and concentrate on the isolation of the
He* component from other products of the atomic discharge. Through a
scheme involving the use of magnetic manipulation we find that we can
separate the effects of the highest energy particles, metastable helium and
UV-photons, which usually are allowed to affect the exposure simultane-
ously. By thus significantly reducing the direct UV-flux, we hope to rule out
the possible role of UV-light as a catalyst in the interaction between He*
and the molecular monolayer.

8



Figure 1.2: Helium energy level scheme, with principal laser transitions.

1.3 Metastable helium: ‘nature’s nano-grenades’

Metastable helium atoms have been nicknamed ‘nano-hand grenades’ [4]
due to their ability to carry potential energy from place to place, and the
ease with which they give up these large amounts of energy on contact with
surfaces or other atoms.

Three major contributing factors play a role. First, the amount of energy
in the 23S1 metastable state, 19.82 eV, is the largest of any metastable
atomic or molecular system. Second, the state is extremely long-lived, with
a lifetime of >8000 s, enabling the particle to travel far in its high-energy
state; and third, He* de-excites readily via collisional loss channels such as
Penning and associative ionization into ground-state helium or helium ions,
rapidly releasing all of its stored energy in the process.

In its ground-state, helium is an unreactive gas that has no known com-
pounds found in nature. Consisting of a single electron pair in the S shell
11S0, the resulting closed-shell system is chemically inert, and, significant
from an experimental point of view, ’invisible’ to metastable helium detec-
tors, which typically detect effects associated with a large release of energy
(Sec. 1.5.3).

The first excited states of helium are the spin-opposed (singlet) and

9



spin-parallel (triplet) S states, 21S0 and 23S1 respectively (Fig. 1.2). As a
result of angular momentum and spin selection rules, these are long-lived or
metastable states.

In both the singlet and triplet S states, an electron is forbidden from
decaying into the ground state via an optical transition due to the condition
that ∆L = ±1, where L is the orbital angular momentum quantum number,
and L = 0 for S states. As a result, the 21S0 state has a lifetime of ∼19 ms,
and its eventual decay is due mainly to two-photon processes [12].

In addition, the electron spins in the triplet state 23S1 are furthermore
forbidden from making the spin flip required to form the parallel-spin singlet
11S0 ground-state. Thus doubly forbidden, the decay of 23S1 is extremely
rare, and the state has a predicted lifetime of ∼8000 s, decaying via a single-
photon magnetic dipole transition [12, 13].

We use this metastable triplet state of helium in our experiments. Its
lifetime is far longer than the duration of experimental measurements, and
with an internal energy of 19.82 eV, it is detectable with close to unity
efficiency, either with electron emission charged particle detectors, or via an
atom lithographic resist.

The nucleus of helium has zero spin, therefore its atomic spectra lack
hyperfine structure. In an apparatus which utilizes laser cooling this is a
valuable simplification - the lack of multiple ground-state hyperfine levels
means that it is not necessary for He* laser cooling systems to include a
repumping laser. Two transitions are available for laser cooling – the 23S1−
33P0,1,2 transition at 389 nm, and more commonly used, the 23S1− 23P0,1,2

transition at 1083 nm. Atoms cooled with 1083 nm laser light are sometimes
probed with a 588 nm laser at the 23P − 33D transition, since fluorescence
signals at 1083 nm, i.e. the far infra-red, are difficult to detect.

As the total spin of helium is purely electronic, J = 1 for the spin-parallel
23S1 state, which thus has a total magnetic moment µ = 2µB. This is twice
that of the alkali atoms, for which µ = µB.

Of particular relevance to the motivation of the current experiment are
the singlet transitions which emit photons in the extreme ultraviolet (XUV)
regime. As the energies of these photons are in the range of 20-30 eV,
they can damage a lithographic resist to a comparable degree as metastable
atoms. The 21P1 − 11S0 transition at 58.4 nm, i.e. with an energy of
∼21 eV, is one of the strongest XUV-producing transitions, but nP − 11S0

and recombination transitions from the continuum (>25eV) also contribute
to the XUV flux.

There are two major two-body collisional loss channels for He*. Penning
ionization can occur between two He* atoms, or between a He* atom and
an atom of another gas species:

He∗ + He∗ → He + He+ + e− (1.2)

10



He∗ + X → He + X+ + e− (1.3)

Alternatively, two He* atoms may associate to form a molecular helium
ion in a process known as associative ionization:

He∗ + He∗ → He+
2 + e− (1.4)

De-excitation of the metastable state through collisions is one of the
particular experimental difficulties of working with this species. It is a lim-
iting factor, for example, in the achievable density of a magneto-optical trap
(MOT) [14], and therefore a He* MOT has to be large and dilute, with densi-
ties of ∼109 cm−3, compared to achievable densities of typically ∼1010 cm−3

for alkali atoms.

1.4 Self-Assembled Monolayers

For resist-based atom lithography to succeed, new technology was required
to produce resists which could resolve and register impressions on the order
of the de Broglie wavelength of neutral atoms. Furthermore, in addition to
possessing high resolution, these resists must also be thin – it is estimated
that metastable atoms are able to only interact with the molecular layer to
a depth of ≤ 0.5 nm [29], limiting the possible thickness of a resist to no
greater than ∼3 nm.

The solution was the engineering of molecules which spontaneously as-
semble on a surface, presenting a footprint on the order of nanometers in
single layers no more than one molecular length deep. These so-called self-
assembled monolayers (SAMs) consists of hydrocarbon chains which attach
themselves by their reactive head groups to a surface. Dodecanethiolate
(DDT), a twelve-carbon alkane capped by a sulfur head group, is often
used.

The deposited SAM is 1-3 nm thick, with an average density of
∼4.5 × 1014 molecules/cm2. The packing of the molecules is close and
highly ordered, akin to a 2D organic crystal on a surface. A resist-covered
surface acquires a hydrophobic character which allows it to protect the sub-
strate beneath from attack by water-based etchants. Resist molecules which
have been damaged, however, loses this hydrophobicity. The degree of affin-
ity for aqueous solution thus becomes the differentiating signature between
damaged and undamaged regions of the monolayer.

As each molecule represents a target with a diameter of only ∼ 0.3 nm,
the system is well-suited for achieving high overall resolution. In addition,
measurements have shown that the monolayer is highly sensitive – it requires
on average less than one metastable atom to damage a SAM molecule, due to
secondary electron effects [30]. Therefore potential applications of SAMs are
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not limited to use as an ultra-thin resist for atom lithography, but extends
also to position-sensitive single atom detection, as suggested by Whitesides
et al. [30].

1.4.1 Lithography Exposures

To demonstrate basic atom lithography we have performed exposures with
alkanethiol-coated surfaces at a typical atomic flux density of approximately
5×1011 atoms/cm2/s. The experimental setup is described in detail in Sec-
tion 1.5.2.

We employ as substrates silicon wafers coated with 3 nm of titanium as
an adhesive agent, followed by a gold layer 30 nm thick. The wafers come in
diameters of either 7.5 or 10 cm. Before immersion into the dodecanethiol
(DDT) solution, a wafer is plasma-cleaned to remove impurities, in particu-
lar those of organic origin. It is then cleaved into 1 cm-by-1 cm squares. A
1 mM solution of DDT in ethanol is prepared and the substrate samples kept
under immersion for more than 10 h. Longer immersion times are avoided to
prevent the possibility of multiple stacked layers of DDT molecules forming
on the surface.

Twelve substrate samples are mounted on a shielded rotating holder
which allow the substrates to be exposed sequentially through a 1 cm di-
ameter hole in the shielding. The He* source was maintained at a pres-
sure of 11 mbar and a discharge voltage of 1200 V (Sec. 1.5.2). Exposure
times typically range from 15 min to 1 h, corresponding to a dosage of 1-
4 He*/molecule of SAM respectively. To expose a substrate, it is rotated
into position and a physical mask lowered to within 1 mm of the surface by
a linear motion feedthrough. The mask is a copper transmission electron
microscope (TEM) grid, with a wire width of 9 µm. Before and after expo-
sures the atomic flux can be monitored via secondary electron emission by
a built-in metal surface detector (Section 1.5.3).

The complete set of exposed substrates are kept in vacuo until the wet
etch, which is performed in a laminar flow box. We use a standard gold-
etching solution of ferricyanide [29], which is kept continuously circulating
by a moderately strong nitrogen gas stream directed close to the surface of
the solution. A test sample is used to determine the etching time, which is
then used as a guide for the other samples.

Etched samples are examined in the first instance with a light micro-
scope. For more detailed inspection scanning electron microscopy (SEM)
is employed. Figure 1.3 shows SEM (Hitachi S4500) images of the wet
chemically etched surface at magnifications of 1000×, 6000×, and 60000×
respectively. The recreation of the TEM mask pattern as a result of the
spatially selective removal of the gold layer is clearly visible here.

In previous lithography experiments performed at the ANU it was found
that the edge resolution is limited by the depth of the gold layer to typically
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Figure 1.3: SEM images of a substrate exposed to a He* beam at a
source pressure of 11 mbar and a total discharge voltage of 1200 V, at
1000×, 6000×, and 60000× magnification, respectively. In these images,
gold appears as light and silicon as dark. The white perimeter in the
second image denotes the region of interest for the last and highest level of
magnification.
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tens of nanometers [17]. The best resolution recorded so far is 30 nm, as
measured by atomic force microscopy (AFM), with the isotropic nature of
the wet chemical etching process cited as a limiting factor to greater reso-
lution. In addition it was shown that once a structured gold-layer has been
obtained, the pattern can be further transferred to the silicon substrate via
reactive ion etching (RIE) techniques if desired [17].

1.4.2 Motivation for further beam characterization

So far I have demonstrated the ability of our experimental system to ex-
ecute a standard atom lithographic procedure. In order to transform this
system into one which allows detailed study of the atom lithographic pro-
cess, we propose to add a stage of post-discharge particle selection which
would eliminate XUV photons from the exposure process. The motivation
for our proposal is as follows.

Until now, the exact mechanism which allows a He* atom to modify the
hydrophobicity of the alkanethiol monolayer has not been fully elucidated
[30]. It is not understood, for example, why He* is fifteen times more efficient
at damaging a SAM surface as Ar*, a ratio of effectiveness which is not in
proportion with the relative internal energies or electron emission coefficients
of the two metastable species [30].

Furthermore, basic lithography experiments such as the one previously
described are in many ways ill-equipped for the unravelling of such myster-
ies. In Section 1.5, measurements are presented which will demonstrate that
the output of a He* discharge source typically consists of many components,
including an UV-photon fraction. The presence of UV-photons somewhat
hinders the possibility of performing ‘clean’ experiments which would allow
an unambiguous understanding of the interaction between the He* and the
resist, as it is known that they themselves participate in several photooxi-
dation processes of self-assembled monolayers. In an investigation of these
processes, ultraviolet radiation has been shown to lead to the formation
of ozone, which oxidizes the sulfur head group of the molecule, undermin-
ing its adhesion to the surface [32]. Other oxidation pathways involving
direct photooxidation without the involvement of ozone have also been re-
ported [33, 34].

Coupled with our sparse knowledge of how metastable atoms modify
the hydrophobicity of the resist, the additional complication of having an-
other highly reactive particle-class in the environment is problematic. As
an illustrative example, in one recent publication [35], it was proposed that
physical breaking of a C-H bond by metastable helium results in the cre-
ation of a radical in the hydrocarbon chain. One possible mechanism is for
the radical to then react with oxygen from the background gas, forming an
oxidized polar group which enhances the hydrophilicity of the molecule and
makes it susceptible to etching. Alternatively, after the radical is formed it
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Figure 1.4: Conceptual schematic of an UV-free He* lithography experi-
ment.

may be transferred along the chain, weakening the C-S bond and result in
fragmentation within the head-group itself. We note that both these pro-
posed processes include mechanisms of oxidation and C-S bond weakening
which may in some cases involve the same reaction sites as UV-mediated
processes. Therefore it can be argued that even when the number of UV-
photons present in the exposure is in itself insufficient to expose the sub-
strate, it may nonetheless act as a catalyst for reaction pathways between
the metastable atom and the monolayer which might otherwise not occur.

This being the case, it has been previously noted [31], that there exists a
need to establish for metastable atom lithography a system which utilizes to
as large extent as possible a pure He* beam and act as a control experiment
for the exposure process. As all He* discharges produce large amounts of
UV-photons however, it is not usually possible to produce a beam of UV-free
metastable helium without some deliberate post-discharge manipulation of
the beam.

Following the characterisation of our new He* source, described next,
my task was to begin the development of such an UV-free He* atomic beam
for atom lithography. The conceptual proposal towards this goal is schemat-
ically depicted in Figure 1.4. On emerging from the skimmer, all charged
particles are removed from the atomic beam by a deflecting electric field.
An UV-beam block obstructs the line-of-sight trajectory from the source to
the resist-coated substrate. Thus, assuming low levels of scattered light, the
exposure is ‘UV-photon free’. Meanwhile the He* beam is focussed into the
exposure region by a permanently magnetic hexapole lens. The different
trajectories followed by the two particle classes is illustrated in Figure 1.5.
This scheme relies heavily on the feasibility of magnetically manipulating
He* atoms travelling at longitudinal velocities of 900–1200 m/s, something
I shall discuss in Section 1.6.
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Figure 1.5: Schematic of proposed trajectories of He* atoms (blue) and
photons (red) in the UV-free experiment, in which the direct line-of-sight
from the source to the exposure region is deliberately blocked. The litho-
graphic exposure will take place at the position where the atomic beam is
focussed into the shadow of the UV-radiation.

1.5 He* source characterization

In the following our standard design for a liquid-nitrogen cooled, stainless
steel metastable helium source is described. As such a source for atom
lithography was installed and tested for the first time during my period
of work in the laboratory, it was first necessary to characterize its atomic
beam properties, for which we will use a selection of the detection methods
described in Section 1.5.3. This section culminates in a series of standard
measurements which allows the determination of several important quanti-
tative parameters concerning the atomic beam: the angular beam spread,
the average longitudinal velocity, and the relative magnitude of the UV-
photon component. We will use this information about the atomic beam for
the design and simulation of our proposed UV-free system.

1.5.1 He* source vacuum system

The He* discharge source forms part of a vacuum system which is partitioned
into two independently sealable sections by a 25 cm diameter gate valve
(Fig. 1.6). The first section is a vertical 20 cm diameter cross-piece that
contains the source and the skimmer (Sec. 1.5.2). Its pressure is maintained
by a oil diffusion pump at ∼5×10−5 torr. To prevent pump oil vapor from
contaminating the vacuum, and conversely, condensible gases from entering
the diffusion pump, in between the vacuum chamber and the pump is a
liquid nitrogen cryogenic trap.

On the other side of the gate valve are a connected series of 20 cm- and
25 cm- vacuum sections, where apparatus for beam characterization and
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Figure 1.6: He* source and vacuum system for atom lithography.

atom lithography can be installed. The length of this part of the beamline
is extensible from 0.5 m to 1 m, with a pressure that is maintained at
∼5×10−6–1×10−5 torr by a turbomolecular pump (Turbovac 150) with a
pumping speed of 150 l/s.

1.5.2 The He* discharge source

The production of metastable helium atoms is universally acknowledged
to be an inefficient process. In even the best gas discharges, only a tiny
fraction (10−5−10−4) of the atomic gas flow will gain sufficient impact from
an electron collision to be excited into the metastable state [14].

In addition, metastable atoms for atom optics need to be slow enough
to be effectively manipulated by light and magnetic forces within feasible
distances. For example, the capture of liquid-nitrogen cooled He* atoms
with an average velocity of vav ≈1000 ms into a MOT requires further
cooling by a Zeeman slower ∼2 m long [4, 14, 20]. Lowering the source
temperature will allow the required length of the apparatus to be reduced
in direct proportion.

Unfortunately the simultaneous pursuit of intensity and low velocity are
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Figure 1.7: Comparison of the ANU liquid nitrogen-cooled He* source
(denoted as (a)) with other existing He* sources. Triangles denote sources
operated at room temperature (300 K), diamonds denote sources operated
at liquid nitrogen temperature (77 K), and circles denote the new gener-
ation of He* sources, operated at liquid helium temperatures (5 K). The
labels (a)-(m) corresponds to References ([18]-[28]) respectively.

in some ways experimental contradictions. To maintain an intense discharge
requires high source pressures and currents; however, a discharge with a
high current running through it will undoubtedly produce very hot atoms.
The need for compromise explains why many source designs continue to be
refined again and again over several generations of trial-and-error [20].

The liquid nitrogen-cooled source developed at the ANU [18] represents
a part of this tradition of pushing towards ever more efficient transfer of
helium atoms into the metastable state at ever lower temperatures, the latest
example of which is liquid-helium cooling [20]. Comparisons of the ANU
design with the published parameters of other liquid nitrogen-cooled sources
(Fig. 1.7) indicates that it is one of the most successful of its generation,
achieving a high yield of atoms, ∼1014 sr−1s−1, at a relatively low average
velocity (< 900 m/s).

The source configuration is schematically illustrated in Figure 1.8. Its
mechanical components can be divided into three functional groups, which
are responsible for: (i) maintenance of a dc discharge, (ii) cooling of the
helium gas flow, and (iii), maintenance of a differential vacuum environment.

To excite ground-state helium into the metastable state, an electric dis-
charge is often used. In steady-state operation, a discharge current ∼6-8 mA
is maintained between a tungsten needle cathode, kept at −600 V with re-
spect to ground, and a tungsten ring anode, at +600 V, giving a total dis-
charge voltage of 1200 V. To start the discharge, an additional voltage pulse
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Figure 1.8: Schematic diagram of the liquid-nitrogen cooled He* discharge
source.

of typically −3 kV is applied to the cathode for a duration of ∼1 second.
Around the cathode is a glass cylinder filled continuously with helium

gas from the gas inlet port, via a channel between two tight-fitting layers
of electrical insulator material (Macor). A reverse discharge from the cath-
ode backwards to the grounded helium gas line is prevented by machining
this channel in the shape of a long spiral, thus significantly increasing the
electrical path length.

The double layer of Macor cladding also prevents electrical breakdown
to the stainless steel liquid nitrogen envelope. Liquid nitrogen is gravity fed
into this cooling envelope from an external Dewar above the source. The
envelope is in thermal contact with much of the gas reservoir, and most
importantly, with the source cap, into which is drilled an expansion nozzle
210 µm in diameter. Typically the nozzle is the last point of contact between
the atoms and the source, hence additional care needs to be made to keep it
as well-cooled as possible. For this reason the nozzle is manufactured from
boron nitride, an electrically insulating but thermally conducting ceramic.
Located 7 mm from the nozzle of the source is the skimmer, which has a
diameter of 1 mm.

When a metastable atom is de-excited, for example by collision with
background gas, the atom is said to be ‘quenched’. The possibility of quench-
ing occurring within the discharge is highly undesirable, and for this rea-
son the anode is placed on the high vacuum side of the nozzle, outside the
source body. In this way the afterglow of the discharge, where excitation can
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take place, is drawn into a collision-free region, and the loss of metastable
atoms through quenching with the reservoir gas is reduced. This solution
is not without its drawbacks, as the distance between the two electrodes
now becomes many times the diameter of the nozzle, requiring higher break-
down voltages and higher source pressures to maintain, typically 20-25 mbar.
Overall, this tends to increase the temperature of the discharge.

1.5.3 Electron emission detectors

It may not be surprising that the dominant class of detectors for metastable
atoms are those which utilize the large release of energy when these particles
de-excite.

For some types of surfaces the energy released is greater than the work
function of the surface, resulting in a measurable current of ejected electrons
which is proportional to the metastable atomic flux. If the secondary elec-
tron ejection coefficient γ of the surface is known, the incident He* flux may
be determined absolutely.

In the case of helium in the 23S1 state impinging on a surface of stainless
steel, the secondary electron coefficient has been estimated by a combination
of various methods to be γ = 0.69(3) [37]. In our experiment stainless steel
targets are often used in combination with a positive voltage grid to remove
the ejected electrons. Ultimately, atomic flux measurements obtained this
way can only be considered good estimates, as the value of γ varies to
some degree from surface to surface, and depends on surface cleanliness
[38]. Therefore, to truly use this method accurately, the γ of a specified
surface must first be independently calibrated with methods such as those
employed by Dunning et al. [37].

Secondary electron emission is also the basis of more sophisticated meth-
ods of detection. Two devices which are used frequently in our laboratory
are channeltron electron multipliers and microchannel plates (MCP). In both
devices, an electron ejected by an incident He* atom triggers off an amplifi-
cation cascade of electrons which are accelerated to the back of the channel
by a high external voltage. A channeltron consists of one such channel
wound into a spiral. A micro-channel plate is an array of such channels
set in a glass substrate, which allows it to give spatial as well as dynamic
information concerning the incident atomic beam.

1.5.4 Beam profile and time-of-flight measurements

The transverse velocity distribution determines the angular spread of the
atomic beam and can be characterized by a measurement of the transverse
beam profile. A self-contained measurement unit consisting of a stainless
steel target and a positive voltage grid is moved across the atomic beam with
a linear motion feedthrough, and the secondary electron emission current is
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Figure 1.9: The transverse beam profile of the atomic beam as measured
at a distance of 45 cm from the skimmer, at a source pressure of 15 mbar and
a discharge voltage of 1200 V. Employing a cosine-squared fitting function,
an angular beam spread of 90 ± 2 mrad was obtained.

measured at each point of displacement.
Figure 1.9 shows a typical, normalized transverse profile of an atomic

beam emerging from a skimmer of diameter 0.5 cm, after expanding for a
longitudinal flight length of 45 cm. For this measurement the source was
operated at a pressure of 15 mbar, and a discharge voltage of 1200 V. The
profile can be fitted by assuming a cosine-squared distribution [39], from
which it is possible to estimate that the angular beam spread has a value of
90 ± 2 mrad.

The longitudinal velocity distribution can be characterized by a time-
of-flight (TOF) measurement, in which the velocity of a particle is inferred
from the time it requires to traverse a defined distance within the apparatus.

The atomic beam is first chopped to create a pulse of particles, consisting
of a mixture of UV-photons and atoms (Figure 1.10). Our mechanical chop-
per has a diameter of 100 mm, with a 3 mrad slit, and rotates at ∼60 Hz.
The combination of the chopper slit and a 1 mm pinhole at the front of
the detector ensures that the signal comes only from a collimated beam and
reduces extraneous signal from stray reflections.

After a flight path of length L = 620 mm, the arrival of particles is
detected by a channeltron detector. Typically two signals are observed,
one from the arrival of UV-photons, and a second from the later arrival of
metastable helium atoms. In the context of this measurement the photon
signal can be considered instantaneous, and thus serves as the reference
point for the start of the flight time t0.
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Figure 1.10: Experimental set-up for time-of-flight measurement.

The channeltron signal is received by a multi-channel scaler, a device
which is triggered every time a hole in the chopper wheel sweeps across an
opto-reflective switch. This is followed by computer acquisition and analysis
where, by using the transformation v = L/(t− t0), a velocity distribution of
the atomic beam can be obtained.

It is known that the form of this velocity distribution will vary depending
on whether the gas flow out of the expansion nozzle is effusive or supersonic.
An effusive atomic beam results when a trapped gas, in thermal equilibrium
with itself, is released such that mean free path of the atoms λ0 in the gas is
equal to or greater than the diameter of the hole D, i.e. no collisions occur
during the expansion process.

As the probability that a particle will escape through the hole is propor-
tional to its velocity, it has been found that the velocity distribution of the
beam from a thermal source is not solely a Maxwell-Boltzmann distribution
but such a distribution weighed by v [39], giving:

P (v)dv =
2
α4
v3exp

(
− v

2

α2

)
dv (1.5)

where α =
√

2kBT/m, T the absolute gas temperature in the source, m is
the mass of the atoms, and kB is Boltzmann’s constant.

At high source pressures, D � λ0, particles in the gas suffer many colli-
sions as they escape. The collision of fast particles into the slower particles
in front of them effectively narrows the velocity distribution around a mean
velocity v0 that is greater than the average velocity of particles within the
source itself. Hence the velocity distribution of a supersonic beam has the
form of a displaced standard Gaussian:

P (v)dv = Cv3exp

(
−(v − v0)2

∆v2

)
dv (1.6)

where C is a normalization constant, and ∆v is the width of the distribution.
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Figure 1.11: Velocity distribution of the He* atomic beam for a source
pressure of 11 mbar, normalized to a peak value of unity and fitted with
a supersonic (solid line), and effusive (dashed line) velocity distribution,
respectively.

As an example, Figure 1.11 shows the velocity distribution obtained with
the time-of-flight method for a source pressure of 11 mbar and a discharge
voltage of 1200 V. Fitting this particular dataset with Equation 1.6, we can
extract values for the average longitudinal velocity and the velocity spread
v0 ± ∆v = 885 ± 170 m/s. To illustrate that the gas flow in this case is
indeed best described as supersonic, the velocity distribution of an effusive
beam source with the same average velocity is included for comparison.

The operational conditions of the discharge is very much dependent on
the source pressure, as illustrated by the sequence of plots in Figure 1.12.
We find firstly that the current through the discharge increases with source
pressure (plot 1), and that, despite continuous cooling, the expansion nozzle
heats up by at least several degrees, as measured by a thermocouple on the
boron nitride surface close to the nozzle opening (plot 2).

Lastly, an increase in the He gas flow can be correlated to an increase
in the average velocity of the atomic beam (plot 3), giving a velocity range
from 900 - 1200 m/s as a function of the source pressure. Such a longitudinal
velocity range is comparable to what was measured for the original liquid-
nitrogen cooled source, whose working parameters are given in Ref. [18], and
is to be expected given that both sources are of the same design. For the
numerical simulations that follow, we will assume intermediate source pres-
sures and take the longitudinal velocity of the atomic beam to be 1000 m/s.
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Figure 1.12: The dependence of discharge current, nozzle temperature,
and average atom velocity respectively on the source pressure.
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Figure 1.13: Determination of UV-photon contribution by quenching with
argon gas, with an exponential decay fit, at a source pressure of 10 mbar
and a discharge voltage of 1200 V. The residual signal at a background
pressure of > 1×10−3 torr is approximately 8 % of the total.

1.5.5 Quenching Experiments

As the output of the discharge contains many constituents, independent
measurements dedicated to separating and quantifying these components
are required. This is particularly the case for the separation of UV-photons
and metastable helium atoms - both discharge products are energetic and
neutral, making them, in normal circumstances, difficult to detect in isola-
tion.

The typical signal detected by an electron emission detector placed in
the atomic beam is proportional to the sum of the metastable atomic and
the UV-photon flux. Therefore elimination of one or the other component
allows the relative proportions of the two particle classes to be deduced. Ex-
perimentally, it is far easier to eliminate metastable helium atoms from the
atomic beam by, for example, the deliberate application of He* quenching.
In a quenching experiment, argon or nitrogen gas is gradually introduced
into the vacuum system, resulting in the systematic de-excitation and loss of
the metastable helium population through background gas collisions. The
residue secondary electron current at steady-state can then be attributed to
the remaining photon fraction.

Quantitative measurement of the residual current using the technique
described above is shown in Figure 1.13, for the He* source operated at
a pressure of 10 mbar and a discharge voltage of 1200 V. From the fitting
parameters it is possible to determine that UV-photons make up 8.2 ± 0.6 %
of the total secondary electron emission signal. We note that in general, the
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UV flux varies by less than a factor of 2 with source conditions, and that
subsequent measurements of the UV flux of this source have yielded similar
results as this one [40]. Furthermore, after subtracting this percentage from
the total signal we can infer that the He* output of the discharge source
ranges from 3× 1014–1× 1015 sr −1 s−1, depending on source conditions.

1.6 Magnetic manipulation of He*

The sequence of characterization measurements outlined above is essential
for our development of a system for eliminating ultraviolet radiation from
the exposure. As we have seen our experimental plan proposes to designate
different trajectories for atoms and photons through magnetic manipula-
tion. That being the case, prior knowledge of the spatial and velocity char-
acteristics of the atoms will allow us to determine what kind of magnetic
manipulation is required for a practicable solution.

1.6.1 Hexapole magnetic lens

Magnetic fields have been used to manipulate thermal atomic beams since
the earliest experiments with atoms [39]. The advantage of the magnetic
manipulation experiment of today is that, with the advent of new types of
ceramic rare-earth permanently magnetic materials, it has become feasible
to focus even thermal atomic beams within distances of tens of centimeters.

Since such a manipulation is based on the magnetic dipole force, it can
be applied to any particle with a non-zero magnetic moment. This versa-
tility offers several practical advantages, such as the possibility of using the
same magnetic component for vastly different atomic beams. The hexapole
lens described in the following has been used to manipulate cesium [44],
metastable helium, and most recently, metastable neon [40].

An atom with magnetic moment µ will interact with a magnetic field of
magnitude B with a potential energy

V = −~µ. ~B (1.7)

such that the force on the atom with a constant magnetic moment can be
written as

~F = ∇(~µ. ~B) = (~µ.∇) ~B (1.8)

where we have assumed the magnetic moment is independent of the field
gradient. We see that if V approaches a simple harmonic oscillator potential,
the force on the atom is proportional to its displacement from the central
axis of the potential, thereby acting to bring all particles to a single point of
focus along the axis. For atomic focussing the magnetic substate of interest
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Figure 1.14: Schematic diagram of the magnetic hexapole lens, including
the orientation of the magnetization of individual segments.

is the low-field seeking state, i.e., when the magnetic moment J is anti-
parallel to the external magnetic field, and ~µ. ~B = −µB. Atoms in the
J = −1 and J = 0 states are respectively either defocussed or unaffected
by the magnetic lens. Therefore, as there is no way to state-prepare the
atoms in our experiment, we can expect that only one-third of the atomic
population will be focussed by the magnetic lens.

Such a magnetic component acts as a magnetic analog of an optical lens,
and can be constructed with a six- or hexapole magnetic field configuration.
It can be shown, that the cylindrical arrangement of three pairs of magnetic
poles with alternating surface magnetic potentials gives a field [44]

B(r, θ) = B0

(
r

r0

)2
[
1− 2

(
r

r0

)6

cos 6θ +O
(
r

r0

)12
]1/2

(1.9)

For our proposed experiment, in which we will not be primarily interested
in the detailed imaging properties of the lens, we will consider only the
dominant term, which is quadratic as desired.

Attempts to construct hexapole magnetic lenses for atoms have used ei-
ther current-carrying wires [19], or permanent magnetic material [41]. A
permanent magnet system has the advantage of significantly steeper field
gradients. To give an experimentally realistic example, it has been reported
by Woestenenk et al. that, for the purpose of flux enhancement, their group
can achieve a magnetic flux curvature of ∂2

rB0 =0.6 T/cm2 by running a
current of 20 A through their current-based hexapole lens, but continuous
currents higher than 20 A could not be sustained without cooling [19]. This
can be compared to a typical curvature of 2.3 T/cm2 for a permanent mag-
netic lens in the hexapole configuration [42].

Therefore, structures from permanent magnets bypasses the technical
difficulty of adequately dissipating the heat generated by conducting large
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currents in vacuo, and as such are our method of choice. To construct a
permanently magnetic hexapole lens, the continuous rotation of magnetiza-
tion required is approximated by segments of magnetic material, each with a
stepwise rotated magnetization with respect to the neighboring segment, as
shown in Figure 1.14. This results in a potential that can be approximated
by the following expression:

U(r, z) = µ∂2
rB0r

2S(z) (1.10)

where µ = 2µB is the magnetic moment, ∂2
rB0 the magnetic flux density

curvature, and the envelope function S(z) describes the spatial dependence
of the potential in z.

An expression for the density curvature ∂2
rB0 can be obtained by first

considering the case of an ideal magnetic hexapole, created by continuously
rotating the direction of magnetization around a ring of inner radius r1, outer
radius r2, and infinite length. It can be shown [43, 44] that this cylindrically
symmetric potential can be decomposed into Fourier components, such that

∂2
rB0,ideal =

3BRK

r21
, (1.11)

where

K =
1
2

(
1− r21

r22

)
(1.12)

is the Fourier coefficient for a hexapole, and BR is the magnetic remanence
of the lens material. In our case, BR = 1.12T.

When the rotation of the magnetization is not continuous but segmented
into twelve discrete components, Eq. 1.11 can be modified by a correction
term G, such that ∂2

rB0 = G ∂2
rB0,ideal, where

G =
sin(n+ 1)π/S

(n+ 1)π/S
(1.13)

with the order of the multipole n = 3 and the number of segments S = 12
for the hexapole lens depicted in Fig. 1.14.

Finally, the finite length of the lens leads to a gradual decay of field
strength which can be approximated by Glaser’s bell-shaped curve:

S(z) =
1

(1 + z2

d2 )2
, (1.14)

where the fitting parameter is the characteristic length d. Following actual
experimental parameters, in which we will use a hexapole lens of dimensions
r1 =7.5 mm, r2 =15 mm, and length L =25 mm, the resulting equipotential
surface is shown in Figure 1.15.
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Figure 1.15: Equipotential surface of the hexapole magnetic lens for low-
field-seeking atoms (Eq. 1.10). Due to the finite length of the lens the
radially harmonic potential decays at both edges, which is here described
by Eq. 1.14.

In the first instance it is useful to derive for the magnetic hexapole lens
an equivalent of the thin lens equation. Taking the paraxial approximation,
it can be shown that the focal length f is given by:

f =
mv2/2

µB∂2
rB0L

(1.15)

where m is the mass of the atom, v its velocity, and L is the length of the
lens.

We find that for a beam of He* with an average longitudinal velocity
in the range that we have previously measured, i.e. 900–1200 m/s, f ∼ 25–
45 cm. These are lengths which can be readily accommodated within the
experimental setup. The relatively high longitudinal velocities of a thermal
atomic beam can thus be compensated for by the use of high-gradient mag-
netic components. However, the remaining effects caused by the large beam
spread of such beams are much more difficult to control. This can be very
clearly demonstrated through a numerical simulation, as follows.

1.6.2 Particle Optics Approach

A particle- or ray-optics approach is a simple method for analyzing atom op-
tics experiments where the velocity of the atoms is high and wave-like effects
such as diffraction is negligible. The atomic beam is described as consist-
ing of individual particles each of which follow trajectories determinable by
classical mechanics.
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A numerical simulation can be implemented which calculates the tra-
jectories of each particle given its initial position and velocity. The radial
equation of motion of atoms in our system exhibits cylindrical symmetry
and can be expressed as:

r̈ +
1
m

∂U(r, z)
∂r

= 0 (1.16)

where r is the radial, and z the longitudinal spatial coordinate.
Following the analytical approach of McClelland et al. [45, 46], first de-

veloped for describing the focussing of atoms in a laser beam standing wave,
Equation 1.16 can be parameterized in terms of the longitudinal displace-
ment z as:

d

dz

[(
1− U(r, z)

E0

)1/2

(1 + r′2)−1/2r′
]

+
1

2E0

[
1− U(r, z)

E0

]−1/2

(1 + r′2)1/2∂U(r, z)
∂r

= 0 (1.17)

where E0 is the incident kinetic energy of the atom and r′ is the differenti-
ation of r with respect to z.

Two distortive phenomena which we will almost immediately disregard
for this application are ‘spherical aberrations’ and diffraction limiting effects.
It has been experimentally demonstrated [42] that the anharmonicity of the
potential makes only a minor contribution to the distortion of the image,
and furthermore the deviation of the hexapole lens potential from an ideal
harmonic potential is less than 10% for more than 60% of the aperture area
[14]. Likewise the de Broglie wavelength is in our case on the order of 50 pm,
which, assuming a clear aperture of about 10 mm, gives a negligible wave
diffraction limit of approximately 5 nm.

Although compared to the output of an effusive source a supersonic
atomic beam has a relatively narrow velocity spread, there will remain
nonetheless a variability in the time that the alternately faster and slower
atoms spend in the focussing potential. To estimate the extent of the result-
ing chromatic aberration, the numerical model above was used to stimulate a
atomic population with an average velocity of 1000 m/s and a longitudinal
velocity spread of 200 m/s, the values previously determined by time-of-
flight. The resulting trajectories and beam profile at z = f , where f is
the focal length as calculated with the thin lens equation, are shown at the
bottom of Figure 1.16. We find the longitudinal velocity spread broadens
the bottom of the profile into a pedestal but the width of the profile at half
maximum is still less than 1 mm, making chromatic aberration a tolerable
effect for our purposes.

In principle we can investigate a whole series of particle optic effects in
the manner just illustrated. However, it has been suggested [3] that the
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Figure 1.16: Numerical simulations of aberration effects. In the top row,
the effect of chromatic aberration is demonstrated. The left-hand side show
the simulated particle trajectories, the right-hand side the beam profile at
the focal point as determined by the thin-lens equation. In the bottom two
rows the effect of low- (0.5 mrad) and high- (5 mrad) initial angular spread
on magnetic focussing is shown.
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angular beam spread of the incident beam has by far the largest impact on
the quality of the focussing achieved. In the case of a thermal beam the
effect is arguably large enough to mask all other, more subtle contributions,
and therefore we will now consider this effect principally and in isolation.

Solving Equation 1.17 for varying initial atomic beam spread allows the
influence of a large angular beam spread to be simulated. Two examples will
be given, one for an atomic beam whose angular spread has been reduced
by transverse laser-cooling to θ =0.5 mrad, the other for a thermal atomic
beam, which we assume is physically collimated to θ =5 mrad. This approx-
imation is close to the actual experimental parameters, since the aperture
of the hexapole lens limits the acceptance angle to ∼5 mrad. We will also
assume that the longitudinal velocity is constant at v0 =1000 m/s.

In Figure 1.16 the trajectories and beam profile at z = f are shown.
It can be seen that sending an atomic beam with properties such as those
we expect to find in our experiment through a hexapole lens will produce a
significantly widened focal spot approximately 3 mm in diameter, which is
also in agreement with an estimate made from the thin lens relation ∆r =
fθ [3]. Also, we find that instead of an identifiable focus the narrowest part
of the beam is found anywhere between z = 30–50 cm. This is the case
even though we have already neglected to consider chromatic aberration by
assuming that the longitudinal velocities of the atoms are identical.

In summary, the results presented in Figure 1.16 demonstrate that chro-
matic aberrations affect the focussing of the beam significantly less than
the angular beam spread of the atomic beam. This strongly suggests that,
should the opportunity arise for making an improvement of the experiment
in the future, the strongest imperative for this project is to establish a trans-
verse laser-cooling system of the atomic beam. Furthermore, these results
serve to emphasize our prognosis that, for a thermal beam, the use of mag-
netic manipulation techniques is unsuitable for pursuing imaging applica-
tions, but can be used for enhancing the beam flux and moderate deflection
of the beam.

1.6.3 First evidence of magnetic manipulation

The first attempts at magnetic manipulation utilized the experimental setup
shown in Figure 1.17. As indicated, aligned on a longitudinal rail system are
a pair of electric field deflectors, kept at +300 V and −300 V respectively,
an externally-controlled motorized needle to act as the UV-beam block, and
the magnetic lens, which was positioned 40 cm downstream of the skimmer.
The He* atomic beam was operated at a source pressure of 10 mbar and a
discharge voltage of 1200 V.

To observe magnetic focussing, a MCP detector is placed under an ex-
ternal accelerating voltage of 5 kV, 40 cm from the magnetic lens at the end
of the experimental chamber. A phosphor plate behind the MCP emits a
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Figure 1.17: Experimental setup for UV-free He* atom lithography.

fluorescent signal on receiving an electron pulse. These fluorescent images
are captured through a port window by a CCD camera outside the vacuum
chamber.

Cross-sections from these first images show that, after the background
has been subtracted, the signal from metastable atoms focussed into the
shadow of the needle is on the order of ∼30-50% of the maximum signal
(Figure 1.18). In an atom lithography experiment, the resist within this
area should be exposed to a greatly reduced UV-photon level. The level of
UV-photons remaining will need to be independently determined with the
techniques of Section 1.5.

The images also show segmentation patterns due to the corresponding
segmentation of the hexapole lens. The imperfections caused by approxi-
mating what is ideally a continuously changing magnetic field with twelve
segments become apparent when the size of the atomic beam fills the aper-
ture of the lens. In Figure 1.19 the image contrast has been lowered so that
this effect can be more clearly seen. Such segmentation patterns were also
observed in the first experiments with this type of magnetic lens [44] with a
thermal cesium atomic beam.

1.7 Conclusion

In this chapter I have documented the full cycle of development of an atom
lithography experiment, from the installation and characterization of a liquid
nitrogen cooled discharge source, to the execution of plans to further isolate
the metastable atomic beam from other constituents so as to perform atom
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Figure 1.18: Atomic beam image after magnetic manipulation – the
shadow of the UV-beam block runs diagonally across the center of the
image. The scale is approximately 1:1.5.

Figure 1.19: Atomic beam image after magnetic manipulation, with low-
ered contrast. Note: the needle has been moved out of the atomic beam
and is not visible in this image.
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lithography in increasingly well-defined conditions. In addition, I explained
how the experimental route proposed here is motivated by the need to fully
explain the interaction between metastable rare gas atoms and the self-
assembled monolayer, many aspects of which so far remains uncertain.

Through time-of-flight measurements, it can be determined that the out-
put of the discharge source is a supersonic beam with a mean longitudinal
velocity range of 900-1200 m/s and a spread of ± 170 m/s. This velocity
distribution produces a population of atoms which are moving sufficiently
slowly for us to contemplate implementing magnetic focussing techniques.
The feasibility of magnetic manipulation is furthermore enhanced by the de-
velopment of permanent magnetic components for atom optics, which allow
the application of strong field gradients over a small spatial extent.

Hence, our experiment is not immediately limited by the average longi-
tudinal velocity of the atoms, and focussing can be achieved within a mean
focal length of ∼ 35 cm. It can be shown numerically however, that as a re-
sult of the large angular spread of the atomic beam, only coarse manipulation
of the atomic trajectories can be realistically expected. We have therefore
aimed towards the use of magnetic focussing as a means for overall flux en-
hancement, and designed an experiment for which the ability to deflect the
atomic beam by a small amount allows us to perform atom lithography in
an UV-free environment. Using the setup described here, such lithography
experiments have subsequently been carried out at the ANU [40].
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Chapter 2

Binary bosonic mixtures:
re-thermalization and
species-selective evaporative
cooling

To observe the interaction of any two arbitrary objects it is necessary, in the
first instance, that both those objects are confined to a common location
for a sufficient period of time. In the study of heteronuclear interactions
between atoms, we would furthermore prefer that the kinetic energy of the
atoms be small, as their repertoire of interactions are then quantum mechan-
ically restricted to selected collisional processes, and the subsequent analysis
simplifies substantially.

Over and above a scientific triumph in itself, the way towards Bose-
Einstein Condensation (BEC) provided a highly evolved technical blueprint
for the preparation of cold and ultracold atomic gases. The creation of a
condensate intrinsically satisfies the requirements for spatial confinement
and efficient temperature reduction, and its techniques extend readily to a
range of atomic species.

Therefore as the relative ease with which a BEC is produced worldwide
increases, it is somewhat natural that for many groups the next level of
complexity manifests itself in experiments which involve taking heteronu-
clear collections of atoms into the ultracold regime. By applying the tools
of Bose-condensation to more than one atomic species simultaneously, they
seek to form ultracold mixtures of atomic gases and molecular quantum
gases whose interactions can be manipulated with unprecedented control,
just as a Bose-Einstein condensate is itself an embodiment of large-scale
experimental control over the external and internal degrees of freedom of a
many-particle system.
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2.1 Cold atom experiments at the University of
Bonn

Building on previous work on the physics of single particles [52], the ultracold
mixture experiment at the University of Bonn ultimately seeks to address
topics directed at the boundary between single- and many-particle physics.
This boundary can be visualized by imagining particles being continuously
added to a system initially populated by a single particle. From condensed
matter physics we expect that the growing system must at some point start
to exhibit many-particle behavior, characterized by the existence of quantum
correlations between the members of the ensemble.

Experimentally, an equivalent model system can be realized by immers-
ing a small number of atoms in a quantum degenerate buffer gas. Such an
experiment in addition offers the potential to (i), establish a high degree of
control over the motional state of the single dopant particles, and (ii) inves-
tigate correlated pairs of particles. Consequently the possible directions for
research can be conceptually summarized as:

� the exhibition of many-particle concepts in small samples of atoms,

� use of a quantum degenerate gas to control the properties of a small
number of dopant or impurity atoms, and,

� deterministic creation of single molecules.

We propose to immerse an atomic sample of between 1 and 100 dopant
cesium atoms in a condensate of rubidium. Cesium atoms are in this case
the dopant of choice due to the significant amount of knowledge already
accumulated on the behavior and control of single atoms of cesium at Bonn
(see, for example, References [47]-[54]). The combination of these single
particles with a quantum gas buffer allows this knowledge to be extended
into the ultracold, and perhaps also molecular, regimes.

To develop a mixed species system in which one species is designated to
play the role to a large thermal reservoir, we require that the mechanism
of heat exchange between the reservoir and the sample be well-understood.
Experimentally this amounts to understanding the efficiency of sympathetic
cooling of cesium by rubidium, or in other words, the elastic collisional
behavior of these two atomic species. Concurrently, inelastic collisions must
also be considered in order to take into account the expected losses to atom
number at certain stages of the experimental protocol.

The steps which have been made towards the experimental goals outlined
above, and are described in this chapter, are:
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Figure 2.1: Magneto-optical trap (MOT). In the one dimensional picture
(left), a magnetic field gradient lifts the degeneracy of the excited Zeeman
sublevels. Therefore an atom travelling away from the magnetic minimum
will move into resonance with a laser beam which applies a restoring force
to the trap center. To apply this principle in three-dimensions (right), a
pair of current-carrying coils in the anti-Helmholtz configuration provides
the required linear field gradient.

Magneto-optical trapping of Cs and Rb. (i) Frequency stabilized
laser systems were implemented for the cooling and trapping of
cesium, and the original Rb Bose-condensation experiment was
modified to support laser beams for cooling and trapping at 780 and
852 nm simultaneously. (ii) Simultaneous magneto-optical trapping
of Rb and Cs was achieved, followed by observation of inter-species
light-mediated interactions.

Simultaneous transfer to a magnetic trap and re-thermalization.
(i) Atomic clouds of both species were loaded into a quadrupole and
an Ioffe magnetic potential respectively. (ii) The first observation of
inter-species re-thermalization in the quadrupole potential was made.

Bose-condensation through species-selective evaporative cooling.
(i) Hyperfine evaporative cooling for species-selective temperature
control was implemented, and used to bring the Rb atomic cloud to
quantum degeneracy. (ii) Three-body losses in a Rb Bose-condensate
were characterized, and the consequences for an ultracold Cs-Rb
mixture at high densities explored.

2.2 Simultaneous magneto-optical trapping of Rb
and Cs

Quantitative evidence that clouds of cesium and rubidium atoms overlapped
in space interact with each other at an appreciable rate can already be found
in the very first stages of the cooling and trapping process, when both species
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are simultaneously confined in a magneto-optical trap (MOT) [14]. Flooded
with resonant light from all directions which drive excited state processes,
the MOT by no means represent an ideal environment for collisional studies.
Nonetheless it is here that the behavior of the atomic clouds can be first
observed to differ phenomenologically as a result of their proximity.

Furthermore, functionally the MOT is the source of atoms for confine-
ment and investigation of the atomic mixture in a magnetic trap. The
number, density, and temperature of the atomic cloud in the MOT there-
fore dictates many characteristics of the binary mixture in the magnetic trap
experiments which follow from Section 2.6 onwards.

A detailed description of the MOT can be found at [14]. We will first
note that a cloud of atoms in a resonant laser beam of photons will gain
momentum in the direction of the beam, as well as suffer from random
momentum kicks due to spontaneous emission of the absorbed photons.
When the frequency of the beams are set below the frequency of the selected
atomic resonance, the scattering force becomes velocity dependent due to
the Doppler effect, investing it with the characteristics of a damping force.

In a MOT, such motional damping is combined with the use of circular
polarization and a linear magnetic field to confer trapping characteristics.
As the magnetic field increases radially from the center of the trap, it lifts
the degeneracy of the excited Zeeman sublevels, causing atoms to preferen-
tially absorb light of one polarization (figure 2.1, left). The dissipative force
now acquires a directionality and position dependence, which, for atoms il-
luminated by counter-propagating beams in all three dimensions, induces
spatial confinement (figure 2.1, right). Taken all together, for typical laser
beam intensities at or close to saturation, atoms in a MOT can be visualized
as exhibiting a highly over-damped, harmonic oscillator motion.

In a system where atomic clouds of two different species are in this
way confined and overlapped in space, we expect the diffusive motion of
the individual atoms to sometimes result in intraspecies collisions. These
collisions are often accompanied by the loss of one or both atoms, an effect
we will encounter in Section 2.5 which serves to (i) further motivate the
benefits of collisional studies in a conservative potential, and (ii) account for
a unavoidable loss in atom number in the magnetic trap. Construction of
the two-species MOT involved an experimental setup which we will describe
for the respective species in the next two sections.

2.3 Production of ultracold rubidium

The creation of a Bose-condensate imposes a set of relatively stringent ex-
perimental criteria, therefore when a BEC experiment is used as the starting
point for an excursion into cold atomic mixtures, it brings with it operational
standards which satisfy many of the requirements for its new role.

40



Rubidium-Reservoir

Laser

Differential
pumping tube

Anti-Helmholtz-
Coils

Rubidium MOT 1

50 cm

Laser

Transfer Beam

Cesium
Reservoir

UHV Ion Gauge
Turbo- and
NEG-Pumps

Rubidium MOT 2
Cesium MOT Anti-Helmholtz-

Coils

Glasscell

Figure 2.2: Sideview of the vacuum system. Labelled are the locations of
the two Rb MOTs, MOT 1 and MOT 2, and the Cs MOT. Laser beams
are depicted in red, coils in blue.

In this section a brief description of the rubidium system is provided,
for the purpose of introducing the core experimental structure which acts
as the platform for the modifications introduced later.

2.3.1 Main vacuum system

The series of vacuum chambers within which the atomic clouds are collected
and stored are schematically depicted in Figure 2.2. Located in the upper
vacuum chamber is a magneto-optical trap (MOT 1), which operates in the
vicinity of the rubidium reservoir and acts as the first point of collection of
cold rubidium atoms, to be supplied to a second magneto-optical trap in
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the differentially pumped experimental region in the square glass cell below
(MOT 2).

The upper MOT captures Rb atoms from background vapor with a par-
tial pressure (Rb) of ∼10−9 mbar. It is built in an octagonal steel vac-
uum chamber with seven port windows providing optical access for three
retro-reflected MOT beams, and the vertically oriented transfer beam, re-
spectively. The three MOT beams are ∼ 2cm in diameter, with a power of
approximately 30mW in each beam at the cooling transition. In one direc-
tion is a repumper beam (Sec. 2.3.2) superposed, with a power of ∼ 3mW.
Two anti-Helmholtz configurated coils surround the chamber, producing a
quadrupole field gradient of ∼12 Gauss/cm along the symmetry axis. The
number of Rb atoms collected here is typically on the order of 1-2×109.

From this sector of the vacuum system, a tube 8mm long and 3mm in
inner diameter leads to the the differentially pumped main section, typically
maintained at ∼10−11 mbar. The ultra-high vacuum is maintained by a
combination of a turbopump based on magnetic bearings (Model TCM180,
manufactured by Pfeiffer) with a pumping speed of 180 l/s, and a non-
evaporable getter pump (manufactured by SAES) based on the getter alloy
Zr-V-Fe. The pre-vacuum of the turbopump is maintained by a second small
turbopump, and a membrane pump. Installed close to the pump region is
a hot cathode ionization based sensor (Model Ionivac IE 514, manufactured
by Leybold), specified to be reliable down to 1x10−12 mbar.

The collected atoms are transported through the differential pumping
tube to the UHV MOT, by the divergent transfer beam, whose frequency is
kept in near resonance to the cooling transition. This second MOT (MOT 2)
is located in a 30 mm×30 mm×120 mm glass cell (manufactured by Hellma)
with walls 5 mm thick, and anti-reflection coated outer surfaces. Sandwich-
ing it on either side are two coils in the anti-Helmholtz configuration, and a
third coil which adds a dipole potential for the Ioffe trap configuration. All
coils are water-cooled.

From this point on the experimental setup for Rb and Cs begins to
diverge, and shall be described separately in the next sections. Other sources
of information on parts of the following experimental details can be found
in References [55] and [56].

2.3.2 Laser system for Rb

For the cooling and trapping of Rb atoms we require a total of four laser
sources at 780 nm:

MOT cooling laser. The cooling laser is operated at approximately 2.5 Γ
below the F = 2 → F ′ = 3 cycling transition, where Γ is the natural
linewidth (figure 2.3).

MOT repumping laser. As part of maintaining atoms in the F = 2 →
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Figure 2.3: Level scheme of the rubidium D2-line. Indicated are the
transitions used for cooling and repumping in the MOT.

F ′ = 3 cycling transition, it is necessary to take into account the non-
negligible probability that an atom is off-resonantly excited to the
F ′ = 2 level, from which it is possible to spontaneously decay into the
F = 1 ground state (Fig. 2.3). Subsequent re-entry into the cooling
cycle is then not achievable with the cooling laser alone, due to the
large hyperfine splitting between F = 1 and F = 2. This suggests
the use of a repumping laser to the F = 1 → F ′ = 2 transition, from
which atoms can return to the F = 2 ground-state.

Probe laser. For absorption imaging (Section 2.3.3), we require a probe
laser, at the F = 2 → F ′ = 3 transition.

Reference laser. Finally, for heterodyne referencing of the cooling laser we
have a fourth laser, also resonant to the F = 2 → F ′ = 3 transition.

Although we require additional laser frequencies F = 2 → F ′ = 2 and
F = 1 → F ′ = 2 for optical pumping (Section 2.6.2), they can be drawn
from the cooling and repumping laser beams respectively, and in the case of
the cooling laser light, down-shifted to the right frequency with an acoustic-
optical modulator (AOM).

All the above experimental requirements for laser light are supplied by
external grating stabilized diode lasers based in the Littrow-design. Each
laser is independently held to a predetermined frequency with a precision of
better than 2 MHz by active stabilization locking schemes. In the case of

43



Figure 2.4: Schematic diagram of the optical setup for absorption imag-
ing. The imaging beam is expanded by a double lens system and directed
into the glass cell through the use of a half-waveplate followed by a polar-
izing beamsplitter cube. As the light traverses the vacuum cell parts of it
are absorbed by the atomic cloud, resulting in a shadow which is imaged
onto a CCD chip by a one-to-one imaging system. The shutter prevents
leaked MOT laser light, the direction of which is indicated by light-colored
arrows, from damaging the CCD chip.

the system of lasers at 780 nm the DAVLL (Dichroic Atomic Vapor Laser
Lock) [57] locking scheme is used exclusively.

In addition the frequency of all lasers is referenced absolutely by satura-
tion spectroscopy. Where the detuning of the laser from resonance must be
known with greater accuracy, the frequency is further monitored by creating
a heterodyne beat signal to the designated reference laser.

In general the diode lasers have a power output in the range of 10-15 mW.
A notable exception is the laser maintained close to the cooling transition,
i.e. F = 2 → F ′ = 3, of rubidium. Due to the heavy requirement for power
at this frequency, this laser is coupled to a tapered amplifier chip, giving it
the capacity to supply an output power of approximately 0.5 W.

The laser light is guided to the experiment by single-mode polarization
preserving optical fibers with a coupling efficiency from 30 to 50%.

2.3.3 Absorption imaging system

To detect the atomic cloud, the trapping forces are removed and the ex-
panding cloud imaged with absorption imaging techniques onto a CCD chip.
Almost all quantitative data pertaining to the ultracold atomic cloud is ex-
tracted from absorption images of the cloud in various stages of expansion.

Our imaging system is set up as follows (figure 2.4). A probe laser is
maintained at resonance to the F = 2 → F ′ = 3 or F = 4 → F ′ = 5
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transition, for Rb and Cs respectively. Emerging collimated from the fiber
coupler, the beam size is expanded by a telescope before it is overlapped
with a MOT beam at a polarizing beam splitter cube. The beam then
transverses the glass cell containing the atomic cloud before being detected
by the CCD chip (Model FT18, manufactured by Philips) through a pair of
lenses arranged to form a 4f -imaging system, where f = 12 cm. This allows
the cloud to be imaged in one-to-one proportion to the object itself. For
rapid switching on and off of the probe beam during exposure we employ
an acoustic optical modulator (AOM) as a fast switch.

An image processing protocol utilizing three images is employed. The
first image is taken of the atomic cloud after the designated expansion time.
A second image is taken without the presence of atoms, and a third in the
absence of both atoms and probe light. These images are then processed
according to the relation

T (x, y) =
IA(x, y)− ID(x, y)
IB(x, y)− ID(x, y)

(2.1)

where

IA(x, y) = P (x, y)e−D(x,y) +N(x, y) (2.2)
IB(x, y) = P (x, y) +N(x, y) (2.3)
ID(x, y) = N(x, y) (2.4)

are the absorption, bright-field, and dark-field image respectively. P (x, y) is
the profile of the probe beam, D(x, y) is the optical density of the cloud, and
N(x, y) is the contribution other than the probe light, such as background
light and stray counts.

Having obtained the transmission image T (x, y), the optical density of
the cloud D(x, y) can be found from the relation:

T (x, y) = e−D(x,y) (2.5)

where,

D(x, y) = σnc(x, y). (2.6)

Here σ is the absorption cross section, and nc(x, y) is the integrated column
density of the atomic cloud.

For I � Isat, where Isat is the saturation intensity, the on-resonance
absorption cross section is given by

σ =
h̄ωγ

2Isat
(2.7)
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Figure 2.5: Level scheme of the cesium D2-line. The transitions used for
cooling and repumping in the MOT are indicated.

where ω is the frequency of the light, γ is the photon scattering rate, and Γ
is the natural linewidth.

The D(x, y) so obtained can then be fitted by a two-dimensional Gaus-
sian for further analysis. Furthermore, the total atom number N can then
be deduced from the optical density and absorption cross-section with the
help of the relation

N =
∑

i,j = 1..n

AD(xi, yj)
σ

(2.8)

for a CCD chip consisting of n× n pixels, each of area A.

2.4 New additions for cooling and trapping cesium

As each change to the existing experiment brings about other perturbations,
we strived to make the additions necessary to the cooling and trapping
of atomic cesium with the minimal amount of disturbance to the Bose-
condensation experiment already described. Our approach is documented
in the following section.

2.4.1 Laser system for Cs

We required the implementation of a new system of lasers at 852 nm with
roles analogous to the lasers in our established rubidium system. The system
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comprises of three laser sources in total, all in the vicinity of the cesium D2-
transition at 852 nm (figure 2.5). As for the other laser system we employ
diode lasers in a Littrow configuration, in this case in conjugation with
home-built current and temperature controllers. These lasers and the optics
for their frequency stabilization and monitoring are located on a separate
optical table from the main experiment. Further experimental details of
the 852 nm optical systems, including schematic diagrams, can be found in
Appendix B.

The MOT cooling laser

The MOT cooling laser is locked to the F = 4 → F ′ = 5 cycling transition,
with a detuning below resonance of ∼ 1.9 Γ. Like its 780 nm counterpart the
cooling laser is frequency stabilized by a DAVLL locking scheme. Saturation
spectroscopy and a reference heterodyne signal are used to monitor the
frequency of the laser.

The MOT repump laser

In direct analogy to the laser cooling scheme of rubidium (Sec. 2.3.2), the
continuous cooling of cesium atoms require repumping laser light. The re-
pumping laser returns atoms which have been off-resonantly pumped by the
cooling laser to the F = 3 ground state into the cooling cycle, and is resonant
to the F = 3 → F ′ = 4 transition.

In our experiment this laser is frequency stabilized by polarization spec-
troscopy of cesium vapor cells. Frequency monitoring is accomplished
through saturation spectroscopy.

The reference and probe laser

The output of one laser diode serves both as the reference beam for the
formation of a heterodyne signal with the MOT cooling laser and as a probe
beam for absorption imaging of the cesium atomic cloud.

To facilitate this dual usage, the laser source is locked to the F = 4 →
F ′ = 4/5 crossover, 125.5 MHz below the cooling transition. The beam is
then divided into two beams. One is heterodyned with the cooling laser to
produce a beat signal for referencing that laser with respect to the cooling
transition.

The other beam is designated for use in the resonant illumination of the
atomic cloud for imaging. The requirement for rapid switching suggests the
use of an AOM. We use an AOM with variable frequency modulation (Model
3110-120, manufactured by Crystal Technology), such that on a single pass
the light beam is up-shifted by exactly 125 MHz. Thus by locking the laser
emission to the F = 4 → F ′ = 4/5 crossover we are able to simultaneously
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provide a known frequency reference for the heterodyne signal of the cooling
laser and make use of AOM-controlled switching for the probe beam.

2.4.2 Specialized optics and optical layout

Apart from the reference lasers, all the laser sources described so far eventu-
ally feed into optical fibers that terminate around the vicinity of the vacuum
system. To create a mixed species MOT, cooling and repumping laser beams
at both 780 and 852 nm must be overlapped and directed into the glass cell.

As much as possible, we have maintained the original system of optics.
The use of bichroic mirrors which transmit at 852 nm but reflect at 780 nm
allowed light for the cesium MOT to be inserted into strategic points of the
existing optical system for the Rb MOT (Appendix B). Wherever necessary,
dielectric mirrors and other optical components for 780 nm were replaced
with substitutes which are anti-reflection coated for both wavelengths.

We have also recently acquired custom dual-wavelength waveplates
(manufactured by Lens Optics). These are multiple order optical compo-
nents with a thickness such that they operate as λ/2-plates for one wave-
length and λ-plates for the other. Thus the power distribution in each MOT
beam, which is divided through a combination of λ/2-plates and polariza-
tion beamsplitter cubes, can be adjusted for each wavelength independently.
The first set of waveplates were specified to have a retardation of 17·λ−λ/75
at 780 nm and (15 + 1/2) ·λ+λ/75 at 852 nm. For the purpose of indepen-
dent power distribution, measurements with a test setup indicate that these
waveplates will allow us to vary the intensity of the laser beam at 852 nm
from 10 to 100% of its maximum transmitted intensity while maintaining
<2% variation in the intensity of a superposed laser beam at 780 nm.

All MOT beams for both Rb and Cs have a beam diameter of ∼ 1.5 cm.
The MOT trapping beams at the cooling transition has a power density
of 1.3 mW/cm2 ≈ IS for Cs, and 2 mW/cm2 ≈ 1.2 IS for Rb,
respectively. Both MOTs were operated at a magnetic field gradient of
ζx = ζy = 6 Gauss/cm and ζz = −12 Gauss/cm, where z is the symmetry
axis of the coils. To observe the loading of the Cs and Rb MOTS, photo-
diodes equipped with interference filters allow us to separate and monitor
independently their fluorescence signals.

2.5 Loading a mixed species MOT

The fluorescence signals in figure 2.6 depict the loading of Rb in the presence
of loaded Cs, and Cs in the presence of loaded Rb, respectively. The marked
decrease in cesium atom number decreases in response to the loading of Rb is
clearly visible. In contrast, the Rb atom number is not measurably affected
by the presence of trapped Cs.
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Figure 2.6: Sequential loading of the mixed species rubidium-cesium
MOT. The top plot shows the fluorescence signal of cesium atoms loading
(black line) followed by rubidium (red line). The bottom plot shows the
results of performing the opposite loading sequence; here rubidium (red) is
loaded first, followed by cesium (black). The two fluorescence signals are
measured by separate calibrated photodiodes, from which atom numbers
are deduced based on the solid angle of fluorescence collected by the pho-
todetector, and the estimated photon scattering rates γRb and γCs for Rb
and Cs atoms, respectively.
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This significant loss of Cs atoms due to the presence of Rb can be
attributed to a combination of hyperfine-changing ground-state and light-
mediated heteronuclear collisions between trapped atoms. The net effect of
intra- and inter-species collisions on the cesium atom number can be sum-
marized in a rate equation as

dNCs

dt
= LCs − γCsNCs − βCs

∫
n2

CsdV − βCs,Rb

∫
nCsnRbdV (2.9)

where LCs is the loading rate of cesium, γCs is the coefficient for losses due
to collisions with the background gas, βCs is the coefficient for collisions
between two trapped cesium atoms, βCs,Rb is the corresponding coefficient
for collisions between a trapped rubidium and a trapped cesium atom, and
nCs and nRb is the density of the cesium and rubidium MOT respectively.

Knowing that the number of trapped cesium atoms is small compared
to trapped rubidium, we firstly expect that only a small proportion of the
total atom loss will be due to Cs-Cs collisions. Furthermore, numerical
analysis of the fluorescence signal of the MOTs indicate that βCs is at least
three times smaller than βCs,Rb [55]. Neglecting therefore losses due to
intraspecies collisions, we find that the interspecies loss coefficient βCs,Rb =
(2.25 ± 0.24) · 10−10 cm3s−1 [56].

Comparisons with the loss rates reported by other groups for various
combinations of magneto-optically trapped alkali mixtures indicate that the
loss rate observed by us is relatively large [61, 62]. In general the presence
of a strong radiation field modifies the collision dynamics in ways which are
often not very well described by simple phenomenological approaches. In
this instance at least, it would appear that the trapping parameters of our
system are in favor of a strong coupling between the two species.

For the purely practical purpose of loading both species into a magnetic
trap simultaneously (Section 2.6.1), it is worth noting that the effect just
illustrated represents at steady-state a drop in trapped cesium to ∼60%
of what is achievable when this MOT is operated in isolation. This is a
significant and unforeseeable cost in atom number to take into account.

Effect of additional source on vacuum conditions

As noted previously, the major advantage of a double MOT system is the
ability to maintain a ultra-high vacuum — there are two orders of magnitude
difference between the background pressure surrounding the reservoir and
UHV MOT (MOT1 and MOT2, respectively). However, one consequence of
loading the Cs MOT directly from the background gas in the differentially
pumped region is that a certain amount of degradation to the vacuum con-
ditions there is to be expected. Here in brief is how we propose to maintain
optimal vacuum conditions now and in the future.
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Currently we work with moderate numbers of trapped Cs, and the previ-
ous measurements, for example, were obtained at a background pressure of
1×10−9 mbar. Working in our favor is the rapid rate at which the quality of
the vacuum recovers; on closing the Cs reservoir we can return to pressures
on the order of 5×10−11 mbar after pumping out the chamber for 12-15
hours.

In addition we note that, in its more advanced stages, the number of Cs
atoms required for the experiment is relatively small, on the order of several
tens to hundreds, and as a consequence the partial pressure of Cs in the
UHV region could eventually be substantially decreased. In contrast, there
will always be a demand for a large thermal reservoir of ultracold Rb atoms,
and it would be extremely difficult to maintain ultra-high vacuum condi-
tions and concurrently collect a sufficiently large Rb atomic cloud without
implementing a more sophisticated scheme, such as a double-MOT system.

Finally, we have also had recent success with ultraviolet light-induced
atom desorption [59], and would utilize this effect to a greater extent in the
future.

2.6 Interspecies re-thermalization in a conserva-
tive potential

Although it is certainly possible to extract some insight into the collisional
properties of two atomic species from their interactions in a magneto-optical
trap, such an approach requires taking into account the atom trap param-
eters and the presence of excited states of both species, concerns which
become superfluous for a population of ground-state atoms stored in a dark,
conservative potential.

The physical overlap of two clouds of spin-polarized atoms in a magnetic
trap allows both species to predominantly interact in the absence of losses
from binary collisions. If the thermal energies of the atomic ensembles are
initially unequal, the rate of interspecies scattering can be deduced from
the rate of approach towards a thermodynamic equilibrium between the two
ensembles. Apart from being a useful parameter in itself, the inter-species
scattering rate or collisional cross-section so obtained also determines the
efficiency of sympathetic cooling.

In this section, the simultaneous transfer of rubidium and cesium from
the overlapped magneto-optical traps into a magnetic trapping potential is
described. This is followed by an analysis of our experimental observation of
interspecies re-thermalization in the quadrupole magnetic trap, the results
of which motivates the next section on the development of species-selective
temperature control.
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Figure 2.7: The QUIC trap configuration is composed of two quadrupole
coils and an Ioffe coil (top). The direction of the current flow is depicted
by the arrows. The magnitude of the magnetic fields along the symmetry
axis of the Ioffe coil, as a function of displacement from the quadrupole
trap is shown in the bottom part of the figure. The two quadrupole coils
contribute a linear field (dotted line), while the Ioffe coil produces a dipole
field (solid line). These fields have opposite signs and therefore partially
cancel to produce a net magnetic field (red line) with a non-zero minimum.

2.6.1 Magnetic traps for rubidium and cesium atoms

In the experiments that follow we are assuming that the magnetic moment
of the atom follows the direction of the external field ~B adiabatically, such
that the condition

ωL � |dB/dt|/B, (2.10)

is satisfied, where ωLµB/h̄ is the Larmor frequency, and µ is the magnetic
dipole moment of the atom.

The effective potential is then a function of the modulus of the field, and
the projection of the total angular momentum on the field axis:
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V (~r) = −~µ · ~B(~r) = gFmFµBB(~r) (2.11)

where gF is the Landé factor and µB the Bohr magneton.
Simultaneous transfer of the two species into an effective potential has

been performed for two trap configurations (figure 2.7):
For a magnetic trap in the anti-Helmholtz coil configuration, a

quadrupole field results whose magnitude increases linearly from the cen-
ter in all directions

~B(~r) = ζ

 x
y
−2z

 (2.12)

where ζ, the magnetic field gradient, is constant. In our experiment,
ζ/Icoil = (6.27 ± 0.02) G cm−1 A−1 [60], where Icoil is the current through
the coil system. Eq. 2.12 gives rise to a linear trapping potential VQuad,
which can be written as

VQuad(ρ, z) = µζ
√
ρ2 + 4z2. (2.13)

In the Ioffe trap configuration, the potential Vquad at Icoil = 25.6 A is
modified by the superposition of a dipole field, resulting in an anisotropic
harmonic potential:

VIoffe(ρ, z) =
1
2
m
(
ω2

ρρ
2 + ω2

zz
2
)

+ µB0 (2.14)

where m is the mass of the atom, ωρ and ωz are the trap frequencies in the
radial and axial directions respectively, and B0 is the magnetic offset field.
In comparison to the magneto-optical trap, here we have a potential where
the atoms move in pure harmonic motion with no damping. Experimentally
we have found that for rubidium atoms, the frequency of oscillation ωρ =
2π ·(271±2) Hz, ωz = 2π ·(21.47±0.06) Hz, and B0 = (1.300±0.014) G [55].

With three coils configured as shown schematically in figure 2.7 it is
experimentally possible to gradually deform the magnetic potential from
one configuration to the other through moderation of the current flow in the
Ioffe coil (Sec. 2.6.3).

2.6.2 Loading of atomic mixture into a magnetic trap

The transfer of the atoms from the overlapped MOTs to a quadrupole mag-
netic potential required the following experimental steps to be carried out
for both species simultaneously:

1. MOT compression.
2. Optical molasses
3. Optical pumping
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For efficient transfer that as far as possible preserves atom number, tem-
perature, and density, we first decrease the physical size of the MOT so that
it is more compatible to the initial magnetic potential. This is accomplished
with a two-fold approach. The magnetic gradient is ramped from 6 G/cm to
18 G/cm, and the cooling laser is further detuned from 15 MHz to 20 MHz
below resonance.

This is followed by a cooling stage in an optical molasses. The magnetic
fields are switched off, and the cooling lasers are still further detuned, to
90 MHz, utilizing the full width of the extended locking range afforded by
the DAVLL locking scheme. Although it is not required, in general we
employ the same detuning from resonance for both species for the MOT
compression and the optical molasses.

For maximum transfer efficiency, atoms are optically pumped into the
spin state for the strongest degree of confinement in the magnetic trap. This
is the |F = 2,mF = 2〉 state for rubidium and |F = 4,mF = 4〉 for cesium.
Typical laser power for optical pumping of cesium are ∼ 140 µW at the
F = 4 → F ′ = 4 transition and ∼ 50 µW at the repumping transition
(F = 34 → F ′ = 4). For rubidium, the corresponding values are ∼ 130 µW
at F = 2 → F ′ = 2 and ∼ 30 µW at F = 1 → F ′ = 2 respectively. With
these parameters, the transfer efficiency for both species is on the order of
70%.

2.6.3 Magnetic trap deformation

In general the spherical quadrupole trap is an intermediate point in the route
towards ultracold atomic clouds. Favored as the first recipient of the atomic
cloud collected by the MOT because of the spatial similarities between the
two potentials, it is nonetheless too prone to losses due to Majorana spin
flips, which occur at the magnetic minimum of the quadrupole trap, a region
where the adiabatic condition (Eq. 2.10) is not fulfilled.

Therefore a pure quadrupolar potential, although experimentally con-
venient, constitutes a leaky container at temperatures in the micro-Kelvin
regime. We have adopted the solution of a QUIC trap configuration of
magnetic coils [58], which allows an initially quadrupolar potential to be
adiabatically deformed into an Ioffe potential, which is harmonic in form
and everywhere non-zero.

The transition from one trap configuration to another is mediated by the
current in the Ioffe coil (figure 2.7), which gradually deforms the potential
as illustrated in figure 2.8. The atomic cloud is moved by ∼7.5 mm in the
process, and evolves into an elongated form.

All of the measurements presented here involving atomic mixtures were
performed with our group’s first magnetic coil system. This system, al-
though functional in essential aspects, produced an Ioffe potential which
placed the atomic cloud, at 3.1 mm, undesirably close to the glass wall. As a
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Figure 2.8: Schematic diagram of the evolution from the quadrupole (a) to
the Ioffe (d) potential as the current through the Ioffe coil is increased. The
operation of the Ioffe coil introduces a dipole field with the opposite sign
to the quadrupole field (Fig. 2.7), leading to the creation of two minima in
the effective potential (b)-(c). Plot (d) depicts the final effective potential,
which has a non-zero minima at some offset field B0 (inset). This minima
is ∼7.5 mm displaced from the minima of the initial quadrupole potential
(a).

result, strong atom losses are experienced on transport from the quadrupole
to the Ioffe potential. For cesium, we obtain a transfer efficiency of ∼ 30%
into the Ioffe trap. For rubidium, the transfer efficiency was on the order of
20%.

2.6.4 Thermal contact in a magnetic trap

In working with magnetically trapped atomic mixtures, good thermal con-
tact is perhaps the first prerequisite for bringing the mixture into the ultra-
cold regime, through the process of sympathetic cooling. Here the temper-
ature of one atomic species is deliberately lowered leading to the indirect
cooling of another through the collisional transfer of kinetic energy. Unless
prevented on energetic grounds or by selection rules, most species collide
with each other at a rate which readily leads to efficient cooling and there-
fore sympathetic cooling can be achieved simply by bringing the atomic
clouds into thermal contact, and storing them long enough together for the
temperature difference between them to be brought to equilibrium.

The degree of thermal contact between the two clouds in a magnetic
trap can be estimated with a sympathetic cooling model from Delannoy et
al. [63]. Considering only s-wave scattering between the target gas (Cs)
and its buffer (Rb), the rate of energy exchange can be formulated as W =
kB(TCs − TRb) Γ. This rate is characterized by the number of interspecies
collisions per unit time, Γ, described as

Γ =
NCsNRb

π2ρxρyρz
σRb,CsV exp

(
−∆2

2ρ2
z

)
(2.15)
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where NCs and NRb are the number of cesium and rubidium atoms respec-
tively, ∆ is the gravitational sag, σRb,Cs is the Rb-Cs elastic cross-section,

V =
√
kB(TCs/mCs + TRb/mRb) (2.16)

is the rms sum of thermal velocities for Cs and Rb, and

ρi =
√
kB(TCs/mCsω2

i,Cs + TRb/mRbω
2
i,Rb) (2.17)

is the rms sum of the size of the Cs and Rb cloud in the direction i = x, y, z.
The mass of the atom for cesium and rubidium is denoted by mCs and mRb

respectively.
Inspection of Eq. 2.15 indicates that the rate of sympathetic cooling will

fall off exponentially with the physical separation of the two clouds due
to gravity. As the magnetic moment-to-mass ratio of Rb and Cs, in the
|F = 2,mF = 2〉 and |F = 4,mF = 4〉 states respectively differ by 42%,
it follows that the magnetic trap cannot support the two clouds equally in
the vertical direction. In a harmonic potential, the relative gravitational sag
between them is given by

∆ =
g

ω2
ρ,Cs

− g

ω2
ρ,Rb

(2.18)

where g is the gravitational constant, and ωρ,Cs and ωρ,Rb are the vertical
trap frequencies for cesium and rubidium respectively.

We find that for our trap parameters, ∆ ∼ 2 µm. To calculate Γ ex-
plicitly we require the Rb-Cs elastic cross-section, the exact value of which
remains not well-known, and whose further determination is a current exper-
imental goal. Regardless of this, for the purpose of discussing gravitational
sag it can be seen that Γ decreases as the factor, exp(∆2/(2ρ2

z)). Supposing
now for the sake of argument that the two clouds are close to condensa-
tion, i.e. TCs = TRb = 300 nK, and using the measured values of the trap
parameters ζ and B0 (Sec. 2.6.1), we find that for a sag of ∆ = 2 µm,
Γ(∆ = 2µm) = 0.9 · Γ(∆ = 0µm).

It has been pointed out [64] that for Cs |F = 3,mF = 3〉 and Rb |F =
1,mF = −1〉 states, µ/m would differ by only 2%, thus resulting in almost
complete overlap between the atomic clouds even in the ultracold regime.
However as we have demonstrated, unless the magnetic trap is relatively
weak it should be equally feasible to sympathetically cool the cesium cloud
to degeneracy via the maximally stretched states, since the collision rate
between the buffer and the target will be reduced by only 10% as a result
of incomplete overlap.
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Figure 2.9: The temperature of clouds of Rb and Cs simultaneously
loaded into a quadrupole magnetic trap, as a function of storage time.
The temperature of the Rb cloud is denoted by filled squares. Circles and
triangles refer to the temperature of the Cs cloud obtained from time-of-
flight expansion in the x− and y− directions, respectively. Filled symbols
refer to Cs trapped with Rb, open symbols to Cs trapped alone without
Rb. Information concerning the fitting functions can be found in the text.

2.6.5 Experimental realization of re-thermalization

In the following experiment, we seek to observe re-thermalization of cesium
and rubidium in a magnetic trap, by deliberately impressing a temperature
gradient between the two gases through optical molasses (Sec. 2.6.2).

To accomplish this, we propose to shift the frequency of the optical mo-
lasses for the rubidium cloud from 90 MHz to 30 MHz below resonance
during its transfer into the magnetic trap. The loading of cesium atoms oc-
curs simultaneously and remains unchanged. As a result the two clouds are
brought together into the quadrupole potential with different initial temper-
atures. To maximize the density and hence the rate of re-thermalization we
perform the measurements at the highest possible magnetic field gradient
of 150 G/cm, obtained when with a current of 25A through the quadrupole
coils.

Clouds of 4×107 Rb and 1×107 Cs atoms were loaded into the magnetic
trap. Their temperature evolution over 5 s is shown in Figure 2.9. We find
that the rubidium atoms experience some initial increase in temperature,
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reaching a steady-state value of TRb ∼ 200 µK in 1 s. In the first instance
we will take 200 µK as the lower bound of TRb, for reasons examined in
greater detail below (Sec. 2.6.5). In the presence of the rubidium buffer, the
temperature of the cesium atoms increased asymptotically as

TCs(t) = T0 +Ae−t/τ (2.19)

where T0 = 190± 30 µK and τ = 4.1± 1.9 s. This can be compared to the
temperature evolution of the cesium gas without rubidium, which experi-
ences no change in temperature apart from a comparatively slow heating of
1.9± 0.6 µK/s, as derived from a linear fit.

The temperature range of study accessible with this method is experi-
mentally limited to 100 − 200 µK for rubidium and ∼ 80 µK for cesium.
This puts the re-thermalization process in the regime where the collisions
are not limited to purely s-wave contributions. To estimate what other
partial waves will also be contributing to the thermalization time in this
measurement, we note that in general a partial wave l only starts to make
a significant contribution if the energy of the collision is greater than the
energy of its centrifugal barrier, Ethreshold(l) [65]

Ethreshold(l) =
h̄2l(l + 1)

2Mb2
− C6

b6
(2.20)

where

b2 =

(
6C6m

h̄2l(l + 1)

)
, (2.21)

M = (mCs + mRb)/(mCsmRb) is the reduced mass, and C6 is the van der
Waals coefficient for the Rb-Cs molecular potential. The most recent the-
oretical calculation of C6 can be obtained from Ref. [66]. Alternatively, a
comparable value has also been experimentally obtained from fluorescence
spectroscopy data [67].

Unlike a gas of pure bosons or fermions, for which some partial waves
contributions are prohibited, for two distinguishable bosons all partial wave
contributions are present. We find a threshold energy of Ethreshold(l = 1) =
50 µK and Ethreshold(l = 2) = 290 µK for p-wave and d-wave collisions
respectively. As below the threshold energy of the centrifugal barrier the
probability for a collision partial wave is highly suppressed, we can assume
that our measurement would be dominated by s- and p-wave collisions.

Sloshing and other heating effects

As we have demonstrated, the parameters of the laser radiation employed
for optical molasses allows us coarse control over the initial temperature
gradient between the atomic clouds, and is one point in the experimental
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Figure 2.10: The temperature of the Rb cloud in the quadrupole trap as
a function of time, for an optical molasses prior to loading at 90 MHz (top)
and 30 MHz (bottom) below resonance. Black squares and red circles refer
to the temperature obtained from time-of-flight expansion in the x− and
y− directions respectively.

protocol during which the subsequent temperature of the two species in the
magnetic potential can be manipulated independently.

However arbitrary adjustment of the optical molasses produces a vari-
ation not only in the temperature of the atomic ensemble, but also of its
density, which in a conservative potential leads to a change in the coupling
parameters and thus possibly to center-of-mass motion of the atomic cloud.

This is illustrated by the set of data in figure 2.10, which shows the
temperature evolution of a Rb cloud treated with an optical molasses at the
optimized detuning of ∆ = 90 MHz, and, as in the above measurement, at
a detuning of ∆ = 30 MHz. The temperature of the cloud in the x− and
y− direction of expansion are in good agreement in the first case but differ
significantly when the detuning of the molasses is reduced. Furthermore this
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temperature difference is preserved during the time of observation, indicat-
ing that very little thermalization occurs between the vertical and horizontal
degrees of freedom of the magnetic potential.

We also note that in both cases the cloud experiences heating, a stub-
born effect for which we have no conclusive explanation, although many
efforts have been made towards its removal, and a discussion can be found
at Ref. [55]. Incidentally our manipulation of the optical molasses also in-
creased the heating rate of the Rb cloud, from a time constant of ∼ 10 s to
∼ 1− 2 s.

Therefore to conclude this section, we acknowledge that although it is
certainly possible to find evidence for re-thermalization by the technique
described, and we have done so, the method is strongly lacking in control.
We have shown that, (i), the available temperature range is such that we
will have to take into account both s− and p−wave contributions, and (ii)
by tinkering with the optical molasses to obtain a temperature gradient it
becomes no longer possible to optimally couple the atomic cloud from the
MOT into the magnetic trap with minimum center-of-mass sloshing.

Clearly we are in need of a more sophisticated method of influencing the
temperatures of the atomic clouds independently. This is the topic of the
next section.

2.7 Species-selective temperature control

The well-known physical tendency of the energies of an ensemble of atoms
towards a Boltzmann distribution at equilibrium can be exploited for cool-
ing. When the most energetic atoms of an ensemble are forcibly removed
from the population, the remaining atoms will through collisions naturally
reassume a distribution of energies with a lower average temperature.

Experimentally, the isotropic and conservative nature of a magnetic trap
ensures that atoms with higher energies have a higher probability to be
found further from the center of the potential than colder atoms. Therefore,
systematically reducing the potential depth modifies the atomic population
such that the average temperature of the ensemble is gradually and deliber-
ately lowered.

The design of an evaporative cooling scheme can be conceptually visu-
alized as optimizing the temporal evolution of η, the relation between the
chosen trap depth, and the temperature of the atomic ensemble:

η = Etrap/kBT (2.22)

where Etrap is the potential depth, and T is the temperature of the ensemble.
We seek to find a path for η which would remove the largest amount of
kinetic energy from the system, at the expense of the smallest number of
lost atoms. In any real system atoms will be lost not only as a direct result of
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the evaporative process itself, but also due to inelastic background collisions.
Taking all loss processes into account, the net efficiency at each evaporative
step is given by

α =
ln(T ′/T )
ln(N ′/N)

(2.23)

where T ′ = T +∆T and N ′ = N+∆N , where ∆T and ∆N are the stepwise
change in the temperature and atom number, respectively. Maximizing the
value of α at each discrete time step of the experiment is equivalent to
finding the highest efficiency obtainable within a determined period of time.

As evaporative cooling proceeds, two further parameters can be used to
gauge its progress. The phase space density,

D = nλ3
dB = n

√
2πh̄2

mkBT
(2.24)

where n = N/V is the particle density, is the quantity which most closely
reflects the status of the atomic sample with respect to Bose-condensation
(Sec. 2.8.1).

Secondly, a sustained increase in the elastic collision rate,

γelastic = nv̄σ (2.25)

where v̄ ∝
√
T is the average velocity, indicates that the cooling process is

entering the runaway evaporation regime. Although not strictly required for
the achievement of Bose-condensation, this is nonetheless often the target
of an evaporative cooling scheme, as it signifies that the elastic collision rate
is not only maintained despite continuous atom losses but increased.

Successful evaporative cooling of one species is also required for sympa-
thetic cooling. Although evaporative cooling can be very efficient, cooling
sympathetically is a complementary approach which is widely favored when
one of the atomic species should not, or could not, be cooled directly. Some
of the most likely scenarios where this would be the case are: (a) when the
intra-species collisional cross section of the atomic element in question is
small (e.g. lithium-7) or forbidden in the first order (e.g. fermions); (b)
when it is advantageous to deliberately use one species as a buffer gas or
refrigerant, because, for example, it is technically possible to collect with
relative ease a large number of atoms of one species relative to the other.

Evaporative cooling is commonly implemented through radiative evap-
oration, a general technique using a radiative field to transfer atoms from
a trapped to an untrapped state in an energy selective way. It involves
no modification of the static magnetic trapping fields as the escape rate is
independently controlled by the amplitude and frequency of the applied ra-
diation. A brief coverage of conventional RF-radiative evaporation follows,
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Figure 2.11: RF-evaporative cooling of Rb atoms in a harmonic potential.

which provides the necessary background to introduce the concepts of hy-
perfine evaporative cooling, which, unlike its more familiar counterpart, is
species-selective.

2.7.1 RF evaporative cooling

In the limit of a weak magnetic field, the Zeeman shift is linear and radio-
frequency induced evaporation between |F,mF 〉 and |F,mF − 1〉 states in-
duces spin flips of atoms with a potential energy difference of

gF (mF − (mF − 1))µBB(~x) = h̄ωrf (2.26)

where B(~x) is the modulus of the instantaneous local magnetic field, µB is
Bohr’s magneton and gF is the Lánde g-factor. For harmonically trapped
Rb atoms in the hyperfine state |F = 2,mF = 2〉, these resonances allow
the trapped atom to enter an anti-trapping state with mF = 0,−1,−2, as
depicted in Fig. 2.11. Such atoms are expelled from the trap.

Systematically decreasing the RF-frequency ωrf decreases in proportion
the radius of the surface where the resonance condition is fulfilled, in effect
lowering the trap depth Etrap such that the hottest atoms are allowed to
escape.

The position of the RF-knife depends on the atomic Zeeman-sublevel
spacing of different species. For example, for a mixture of Rb and Cs atoms
the different Lánde g-factors of the hyperfine states, gf=1/2 and gf=1/4
respectively. Therefore for the same resonance condition h̄ωrf , the resonant
shell for Cs will be at twice the magnetic field magnitude B(~x) as for Rb.
In other words in a Rb-Cs mixture, the RF-evaporative cooling of Rb has
no direct effect on the Cs temperature, or conversely, high energy Cs atoms
cannot be removed without the simultaneous and often undesired removal
of a significantly colder fraction of the Rb population.
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Figure 2.12: Hyperfine evaporative cooling of Rb atoms in a harmonic
potential.

2.7.2 Hyperfine evaporation at microwave frequencies

Microwave evaporation uses transitions between Zeeman sublevels belonging
to different hyperfine levels of the ground states. For the case of a Rb atom,
depicted in Fig. 2.12, where the transition occurs between states |F,mF 〉
and |F − 1,mF − 1〉, we have

h̄ω0 + gF (F ·mF − (F − 1) · (mF − 1))µBB(~x) = h̄ωmicrowave (2.27)

where ω0 is the hyperfine splitting (∼ 2π × 9.2 GHz for Cs and
∼ 2π × 6.8 GHz for Rb. The large difference in these frequencies makes
hyperfine evaporation a species-selective process.

Comparing the schemes depicted in figures 2.11 and 2.12, it becomes
clear that in RF-evaporation, resonant radiation addresses all of the
trapped mF states for a particular hyperfine state F , whereas microwave-
evaporation addresses only one Zeeman trapping state. Therefore, unlike
RF-evaporation, hyperfine evaporation does not empty all Zeeman sublevels
of hot atoms. When there has been incomplete optical pumping or processes
which otherwise populate the trapped states not directly addressed by the
microwave field, a population of trapped atoms in another mF level results
which can only be cooled indirectly by sympathetic cooling, thus lowering
the overall efficiency of the evaporative process.

Microwave-field dressed potentials

We note here that as a result of the specified output power of the microwave
field (Sec. 2.7.3), the experiments that follow are performed in the strong
coupling regime. This produces a dressed trapping potential which has the
following properties.
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Figure 2.13: Calculated bare (left) and dressed (right) state potentials
along the z-axis for the Ioffe trap configuration. In the bare poten-
tial picture the upper to lower curves depict the eigenstates for mF =
2, 1, 0,−1,−2 respectively. In the dressed potential picture the lowermost
potential is used for evaporative cooling. The microwave field parameters
used are ∆/2π = 1 MHz and Ω/2π = 60 kHz. Further details are given in
the text.

The dressing of the bare potential Vtrap by the electromagnetic field
Brf cos(ωrf t) can be described by

V (~r) = mF

√
[Vtrap(~r)− h̄∆]2 + [h̄Ω]2 (2.28)

where ∆ is the rf detuning,

Ω = gFµBBrf/2h̄ (2.29)

is the Rabi frequency, gF = 1/2 for rubidium atoms in the F=2 state, and
µB is the Bohr magneton.

Figure 2.13 illustrates the modification of bare magnetic Zeeman eigen-
states by the microwave field. The trapping potential Vtrap(~r) is in this case
an Ioffe potential, given by equation 2.14. We will assume for simplicity
that the microwave antenna behaves as a dipole emitter, with an estimated
output power of 9 W and located 2-3 cm from the atomic cloud. Then we
find that Ω = 40 − 60 kHz. In this picture, radiative evaporative cooling
can then be understood as a gradual shifting of the resonance in the lowest
dressed potential in figure 2.13 towards the center of the trap, thus making
the trapping potential increasingly shallow.

Further experiments with microwave-field dressed states are described in
Appendix C.

2.7.3 Implementation of a modular microwave source

In this section the technical details of a microwave system with a sweepable
frequency range near 6.83 GHz for hyperfine evaporative cooling of rubidium
is described. We require a system which can be ramped over a range of
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Figure 2.14: Schematic diagram of microwave system at 6.83 GHz for
hyperfine evaporative cooling.

6.830 GHz±1 − 80 MHz in a time period of ∼ 100s. Instead of installing a
commercial microwave generator, we have chosen a modular approach which
up-converts the existing radio-frequency knife by 6.83 GHz. This allows us
to retain all the equipment dedicated to RF evaporative cooling in our new
system. In addition this also ensured that our microwave system has the
same resolution and sweepable range as our RF system.

Figure 2.14 is a schematic diagram of our solution. On the far left, a mod-
ulation frequency of 1-80 MHz is generated by the identical frequency gen-
erator (Model 33250A, manufactured by Agilent) used for RF evaporative
cooling. It is frequency modulated by a second device (Agilent 33120A, not
shown), to which the evaporative cooling ramp can be transmitted as a wave-
form via a GPIB (General Purpose Interface Bus) connection from the com-
puter by the master experimental control program. Thus pre-programmed,
the stored waveform can be digitally triggered with a standard experimental
sequence command.

The local oscillator frequency is generated by a high-Q phase-locked
loop coaxial resonator (Model BCO-010-06830-05, manufactured by Miteq)
operating at a fixed frequency of 6.830 GHz at +13 dBm. It is stabilized
by a phase-locked loop to an external reference frequency of 10 MHz at
+10 dBm, provided in our case by a rubidium frequency standard (Model
PRS10, manufactured by Stanford Research Systems).

The two input frequencies are brought together at a custom-made sin-
gle sideband (SSB) up-convertor (Model SM0408G21P, manufactured by
Miteq). This device separates the incoming signals into in-phase and quadra-
ture (0◦ and 90◦) components, then sums components of one phase while
rejecting the other to produce an asymmetric output. In our case this results
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Figure 2.15: Spectral output of the microwave system for hyperfine evap-
orative cooling. Peaks (a)-(d) refer to the lower sideband, the carrier, the
upper sideband, and the first and second harmonics respectively.

in most of the power being carried by the upper sideband, with the lower
sideband strongly suppressed to similar levels as the carrier itself. For the
purpose of evaporative cooling this means that most of the output of the
system is of the desired frequency, which would not be the case if a standard
1 : 1 mixer is employed.

In addition the digital mixer is configured in a carrier-driven mode,
meaning that the carrier frequency is used to switch on the semiconductors
within the device. Using the carrier frequency instead of the modulation or
IF frequency to drive the mixer allows an improved suppression of harmonics
of the modulation signal. For our purposes this is preferable as harmonics
of 0-80 MHz is considerably more disturbing to the physical system than
harmonics of 6.83 GHz.

From the specifications of the device we estimate that, for an initial
carrier frequency at a power of +10 dBm and a modulation/IF frequency at
0 dBm, the upper sideband will experience an insertion loss of 7 dB, while
the carrier and lower sideband will be suppressed by -27 dB and -25 dB
respectively with respect to the upper sideband.

The output of the mixer is amplified by a series of two amplifiers. A pre-
amplifier (Model AMF-3B-040080-25-25P, manufactured by Miteq) takes
the signal power to 10 dBm (10 mW), and is followed by a power ampli-
fier (Model KU684XL, manufactured by Kuhne), which brings the typical
output power to 39 dBm (8 W typical, 10 W maximum).
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As the atoms will be in the near-field of the antenna, it is difficult to
find the most effective type of antenna through calculation. However from
experiences with microwave addressing of single atoms it appears that one
of the most effective microwave antenna is a straight rectangular waveguide
with a coaxial adapter, and this is what is used here [68].

Figure 2.15 shows the spectral output of the entire system, obtained with
a pick-up coil close to the opening of the waveguide. We find that relative
to the upper sideband, the carrier and lower sideband are suppressed by
-33 dB and -29 dB, respectively. Second- and higher-order harmonics are
suppressed to the ∼ −40 dB level. The noise floor is at about -50 dB in
relation to the desired signal.

These characteristics are sufficiently close to our estimated specifications
for us to expect the system to function as designed. Therefore after prelim-
inary demonstrations with magnetically trapped atoms in the quadrupole
potential we began the production of ultracold atomic clouds through hy-
perfine evaporative cooling in the Ioffe trap.

2.8 Quantum degeneracy and three-body colli-
sions

As we evaporatively cool down to lower and lower temperatures we even-
tually arrive into the quantum degenerate regime. Here collisions between
atoms play an important role in determining the collective behavior of the
atomic ensemble. Furthermore, the atomic density in this regime is signif-
icantly higher than at room temperature allowing the possibility of three
atoms approaching and colliding with each other to become a measurable
effect.

In this section we first introduce the properties of the atomic cloud at ul-
tracold temperatures, in order to take into account that these properties are
qualitatively different from any so far documented in this chapter. In par-
ticular the high densities achieved via further cooling raises the importance
of a loss mechanism which we have hereto been able to ignore. We explore
the three-body collision rate in a pure rubidium condensate and from this
and the previous knowledge acquired provide an outlook into what might
possibly be expected in a cesium-doped rubidium condensate.

2.8.1 Bose-Einstein Condensation

At some point in the cooling process the de Broglie wavelength of the atoms
starts to become comparable to the interparticle distance. For particles with
integer spin, further cooling at constant particle density will take the sample
pass a critical ratio, expressible as
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nΛ3
dB = 2.612 (2.30)

where n is the particle density, and

ΛdB(T ) =

√
2πh̄2

mkBT
(2.31)

is the de Broglie wavelength.
At this point the ground state of the atoms becomes macroscopically

occupied, an effect that is possible to grasp by considering the Bose-Einstein
distribution

ni =
1

exp
(

εi−µ
kBT

)
− 1

(2.32)

where ni is the average number of particles occupying a state i of energy εi
and µ is the chemical potential. Inspection shows that as µ → ε0, the ex-
ponential term approaches unity for i = 0, or in other words the occupation
of the ground state n0 diverges.

Bose-Einstein condensation occurs at a critical temperature Tc which
is dependent on the confining potential. For our cylindrically symmetry
harmonic trap,

Tc ≈
0.94h̄(Ntotω

2
ρωz)1/3

kB
(2.33)

where Ntot is the total atom number [69].
In the next chapter we will examine the mean-field approximation of a

BEC, represented by the Gross-Pitaevski description, more closely, in par-
ticular in the creation of non-linear matter-wave effects. In the first instance
we want here to understand enough of the properties of the condensate to
understand the experimental data. For this the Thomas-Fermi approxima-
tion of mean-field theory will suffice.

The Thomas-Fermi approximation

A useful approximate description of the condensate is to neglect the kinetic
energy term in the Gross-Pitaevski or non-linear Schrödinger equation, the
time-independent version of which can be written as(

− h̄
2∇2

2m
+ Uext(~r) + U0|ψ(~r, t)2|

)
ψ(~r) = µψ(~r) (2.34)

where Uext is the external trapping potential, µ is the chemical potential,

U0 =
4πh̄2a

m
, (2.35)
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and a is the scattering length.
For the experimental parameters we consider here, it is often justifiable

to assume that the condensate wave function is dominated by its interaction
energy. Inserting into Eq. 2.34 the approximation U0|ψ(~r, t)2| � h̄2∇2/2m,
we find

[Uext(~r) + U0|ψ(~r)|2]ψ(~r) = µψ(~r). (2.36)

This allows a density profile for the condensate to be deduced which is
accurate over the body of the condensate but deviates at the edges,

n(~r) = ψ2(~r) =

{
µ−Uext(~r)

U0
for µ− Uext(~r) > 0,

0 otherwise.
(2.37)

from which a parabolic fit function for the condensed fraction of the atomic
cloud can be obtained.

In the next section (Sec. 2.8.2), the number of atoms remaining in the
Bose-condensate as a function of storage time is used to determine the three-
body collisional loss rate. Rubidium atoms trapped in an Ioffe potential
were Bose-condensed by the application of microwave knife addressing the
|F = 2,mF = 2〉 → |F = 1,mF = 1〉 transition, producing condensates
containing on average 5 × 104 atoms.

Figure 2.16 shows the typical absorption image obtained, as well as a
cut through the center of the cloud. Compared to the inverted parabola
expected in the Thomas-Fermi limit, the profile exhibits bimodal character-
istics, indicating that the atomic cloud is not a pure Bose-condensate at the
experimental parameters used in these measurements. Instead a fraction
of the atomic population remains a thermal gas, describable by a classical
Boltzmann distribution. The complete fitting function for the partially con-
densed cloud would therefore be the sum of a Gaussian and a Thomas-Fermi
parabolic function, describing respectively the thermal and condensate frac-
tions (Fig. 2.16, bottom).

From the fitting parameters, the number of atoms in the condensate and
thermal fractions, N and Nth, can be obtained through the relations

N = (2π/5)n0
wTF,ρwTF,z

σ
(2.38)

and

Nth = 1.89nth
wth,ρwth,z

σ
(2.39)

where n0 is the measured peak optical density due to the condensate compo-
nent, wTF,ρ and wTF,z are the Thomas-Fermi radii of the condensed fraction
in the directions (ρ, z), nth is the measured peak optical density due to the
thermal component, and wth,ρ and wth,z are the 1/e2 radii of the thermal
fraction. The absorption cross section is denoted by σ.
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Figure 2.16: Absorption image of a partially Bose-condensed atomic cloud
(top), at 25 ms of time-of-flight expansion, and a cut through the center of
the imaged cloud (bottom). The experimental data (black) is fitted with
the sum of a Gaussian and a Thomas-Fermi density distribution function
(red), allowing the number of atoms in the condensed and thermal compo-
nents to be determined through Equations 2.38 and 2.39, respectively. The
fitted Gaussian distribution denoting the underlying thermal population is
denoted by a dotted line (blue).
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Applying this analysis to the atomic cloud in Fig. 2.16, we find that the
condensate fraction makes up 55% of the total atom number; the other 45%
are from thermal atoms. Averaging over all such measurements of initial
atom number, we obtain a mean value of N/Ntot = 0.65.

2.8.2 Trap loss through three-body recombination

In three-body recombination, two atoms form a bound state whose binding
energy is removed by a third atom. Experimentally this usually results in
the loss of all three atoms from the trap.

Theoretically, it has been found that the three-body loss rate constant
L3 can be parameterized in terms of the two-body scattering length a, and
that in many cases, L3 ∼ a4. Why this should be so can in the first instance
be understood in terms of a qualitative argument from Fedichev et al. [70],
which is valid when a is large and positive. However as this condition is
not well-fulfilled for the rubidium atom, we will subsequently introduce a
numerical model from Esry et al., which is valid for all values of a.

The two-body scattering length can be written in terms of the binding
energy of the diatomic molecule as

a = h̄/
√
mε0 (2.40)

where m is the atom mass and ε0 is the binding energy.
In an elastic three-body interaction the binding energy of two atoms is

carried away by the third atom, therefore ε0 ∼ h̄2k2
f/m, where kf is the final

momentum of the third atom relative to the center-of-mass of the molecule.
Substituting Eq. 2.40 into this expression gives kf ∼ 1/a.

As a first approximation, we can assume that the probability for a three-
body collision is found by combining the probability of (i) a pair collision,
and (ii), a third atom being found inside of sphere of radius l ∼ a around
the colliding pair, which we can describe with the weighting factor w ∼ nl3,
where n is the gas density.

Then the number of recombination events per unit time and per unit vol-
ume can be estimated as n2σvw, where σ = 8πa2 is the two-body collisional
cross section, and v ∼ h̄kf/m is the relative velocity of the third atom to
the other two, where we have assumed that the interaction potential created
by the weakly bound pair is much greater than the initial kinetic energies
of all three atoms. Putting all this together gives L3 ∝ 8πh̄a4/m. A more
rigorous derivation yielded the expression [70]:

L3 ' 11.4
h̄

m
a4, (2.41)

Subsequent experimental determination of the three-body loss rate of
various species have in some cases agreed with the prediction given by
Eq. 2.41 [71], but it has also at times been found to be too small [72, 73].
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Figure 2.17: The theoretically predicted recombination length R3 at zero
temperature as a function of the two-body scattering length a, for the
constant r0 = 18.8 a.u. (top). The corresponding predicted loss coefficient
L3 as a function of scattering length (bottom). The two curves are related
to one another by Eq. 2.42.

For the rubidium atom in the stretched state, the best agreement between
experiment [73] and theory has come from the model of Esry et al. [74], who
proposed a universal curve which predicts L3 for all values of a.

Through examining the results of a large number of numerical calcula-
tions for different atomic species, Esry et al. derived an analytical expres-
sion for the loss rate which is species-independent, based on a parameter R3,
which can be directly related to L3, but does not depend on most atomic
properties except for the scattering length:

R3 =
(

2µ
h̄
L3

)1/4

, (2.42)

where µ =
√
m1m2m3/(m1 +m2 +m3) is the reduced mass.

The universal relationship they obtained betweenR3 and a is a relatively
simple piecewise function given by:
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R3 ' max


5.0(a− 3

2r0)[2 sin2(ln 3a
2r0

)]1/4, for a > 0,
−7.7a, for a < 0,
4r0.

(2.43)

where r0 is a free parameter between 1-20 a.u..
Figure 2.17 is a plot of R3 and L3 as a function of a. The best-fit

value for r0 is determined by comparing the analytical description above
with the results of full-scale numerical calculations; for rubidium, this gives
r0 = 18.8 a.u.. Using this model, we find that for the rubidium scattering
length of 100a0 [115], Eq. 2.43 gives a prediction of L3 = 2.10 × 10−29 cm6/s
and L3 = 1.26 × 10−28 cm6/s for rubidium atoms in the F = 2,mF = 2
state in a condensate and a thermal cloud, respectively. The existence of a
factor of 6 between the two loss rates is explained in the next section.

Experimentally this universal dependence of the three-body loss rate on
scattering length has ramifications for the use of Feshbach resonances, since
at the large values of a near such a resonance the three-body losses increases
as a4. In addition for the case of bosonic mixtures we note that D’Incao and
Esry have recently derived universal scaling laws for two identical and one
non-identical boson, i.e. a three-body collision of the form B +B +B′, and
found that the behavior of L3 is similarly dominated by a4 [78].

This strongly suggests that the three-body loss rate involving rubidium
and cesium atoms in our experiment will be significant at higher densities,
particularly given the large positive Rb-Cs scattering length recently esti-
mated by Anderlini et al. [75]. By fitting the results of a re-thermalization
experiment to four sets of theoretical predictions from Jamieson et al. [76],
Anderlini et al. came to a most probable value of a = 595a0, which is almost
a factor of 6 greater than the Rb-Rb scattering length.

Three-body collisions and coherence

The subject of coherence in matter-waves can be made familiar by borrow-
ing concepts from the behavior of photons, which are bosons of spin-1 and
zero rest mass. By taking such a quantum optics viewpoint, we find that
the measurement of the rate of three-body collisions in an atomic cloud of
bosons can be interpreted as equivalent to measuring its degree of third-order
coherence.

First we note that for both laser beams and Bose-condensates, the pres-
ence of first-order coherence can be deduced by the appearance of interfer-
ence fringes when parts of the bosonic system is separated and recombined
with itself. This is because by definition, first-order coherence implies that
knowing the phase of the light- or matter-wave at one point in space and
time allows the phase at any other point to be determined.
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Furthermore, beams of photons also exhibit higher-order coherence in
the form of intensity correlations. As the matter-wave equivalent of inten-
sity in a laser beam is density, we expect the density and hence collisional
probability of a thermal gas and condensate to differ, just as the photon
statistics of an incoherent source and a laser beam exhibits bunching and
anti-bunching behavior respectively. For two-boson correlations, for exam-
ple, the correlation function g(2)(0) for thermal photons or atoms is a factor
of 2! greater than for photons from a coherent source or condensed atoms.

This being the case, Kagan et al. suggested ten years before the experi-
mental realization of BEC that one signature of the phase transition would
be a decrease in the three-body loss rate by a factor of 6 [77]. It was pointed
out that as a result of the third order coherence of the condensate, the prob-
ability of finding three condensed bosons close together is suppressed with
respect to a thermal cloud by a factor of g(3)

th (0)/g(3)
c (0) = 3!, which would

be experimentally observable as a corresponding decrease in the measured
value of L3.

Experimental investigations

To obtain an estimate for L3, condensates of rubidium were produced
through hyperfine evaporative cooling, and the number of atoms remaining
after storage times of up to t = 2 s were determined by fitting absorption
image cross-sections for the condensate and thermal fractions, as described
in Sec. 2.8.1.

As noted previously, this analysis shows that at t = 0 s the condensate
fraction makes up about 65% of the total number of atoms, a feature of the
data which we can use to obtain qualitative evidence of collision suppression
and third-order coherence in a BEC. Fig. 2.18 shows the number of atoms
remaining after a time t in the condensed and non-condensed fractions; each
point is an average of 5-12 measurements. Fitting both atom fractions with
an exponential decay, we obtain time constants of τ3,c = 9.2 ± 1.3 s and
τ3,nc = 3.83±0.84 s for the condensate and thermal cloud, respectively. This
gives a statistically significant factor of 2.5 in the ratio of the three-body
collision rates, but not 6, as as would be expected from bosonic statistics.
We note here that a rigorous experimental approach to determining the ratio
of the three-body collision rates should ideally be carried out with a cloud
of pure thermal atoms and a cloud of almost pure condensate atoms, such
as reported in Ref. [71]. Then it was found that it is possible to extract the
factor of 6 within the experimental uncertainty. In a partially condensed
cloud, however, interactions between the two fractions gives rise to more
complicated behavior, as will be discussed in greater detail below.

Treating now only the temporal evolution of the number of atoms in
the condensed fraction in Fig. 2.18, we will make an estimate of L3, the
three-body loss coefficient for the condensate. At high densities, the effect
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Figure 2.18: The number of atoms remaining in the condensate (squares)
and non-condensate fraction (circles) as a function of time. The exponential
fits yield decay time constants of τ3,c = 9.2±1.3 s and τ3,nc = 3.83±0.84 s
respectively. The roughly factor of 2.5 difference can be attributed to the
third-order coherence statistics of the condensate.

of three-body losses can be seen as a deviation of the number of atoms
N(t) as a function of storage time t from pure exponential decay due to
density-independent background collisions [71].

The time constant for background collisions τ1 is typically on the scale of
100-200 s, which is an order of magnitude greater than the duration of the
present measurement. Therefore as a first approximation, we will neglect the
losses due to background collisions in the following analysis. In addition,
it has been predicted theoretically and demonstrated experimentally that
two-body losses can also be neglected [71, 72].

Then the decay can be described by

dN

dt
= −L3N〈n2〉 (2.44)

where L3 is the three-body loss rate constant, and the mean squared density
〈n2〉 is given by

〈n2〉 =
8n2

0

21
. (2.45)
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Figure 2.19: The natural log of the number of condensate atoms as a
function of time. At this short time scale we expect the loss rate to be
dominated by the effect of density-dependent collisions.

Here n0 is the peak density of the condensate. Taking the Thomas-Fermi
approximation, n0 can be written as

n0 = 0.118

(
Nm3ω̄3

h̄3a3/2

)2/5

(2.46)

where N is the number of atoms in the condensate, and ω̄ = (ω2
ρωz)1/3 is the

geometric mean of the harmonic trap frequencies. This measurement was
performed with a new magnetic coil system, with harmonic trap frequencies
ωρ = 2π · (189.5± 1.9) Hz and ωz = 2π · (9.9± 0.1) Hz respectively.

Results are shown in figure 2.19 as a plot of the natural log of the atom
number against time. We note that the linear slope confirms the validity
of our assumption that contributions from background gas and two-body
collisions may be neglected for a measurement on this time scale. From the
gradient of the straight line fit a value of L3 = (2.5 ± 0.6) × 10−28 cm/s is
obtained.

Comparison with the universal model described by Eq. 2.43 indicates
that our measured value is within a factor of 1.5 of the theoretical predic-
tion for non-condensate atoms, but an order of magnitude greater than the
prediction for condensate atoms. With repeated measurements, and the op-
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portunity to identify and implement the necessary technical improvements,
this difference can most likely be resolved. At this point, however, this
remains our sole measurement of the Rb three-body loss rate.

Finally, the simple model based on Eq. 2.44 which we have adopted
can be made more accurate by taking into account the effect of the non-
condensed fraction, which in our case comprises 20% of the peak density.
Atoms in this non-condensed fraction can contribute to the loss rate of
condensed atoms through collisions. Therefore, Eq. 2.44 should be re-written
as [73]

1
N

dN
dt

= −L3

[
〈n2〉+ 6〈nnth〉+ 6〈n2

th〉
]

(2.47)

where f(N,T ) = 〈n2〉+ 6〈nnth〉+ 6〈n2
th〉 is a function of both atom number

and temperature, and contains terms which describe respectively the con-
tribution of three, two, or one condensate atom to the three-body collision.

In summary, we have began an investigation into three-body collisions
in our experimental system. Treating in the first instance rubidium in the
quantum degenerate regime, we have obtained a first estimate of the three-
body loss rate for this species on its own. Furthermore, as a species-selective
evaporative technique was employed throughout, the experimental approach
and analysis developed in this measurement can be extended to a magnet-
ically trapped mixture of rubidium and cesium atoms, the production of
which was described in Sec. 2.6. This would allow three-body collisions be-
tween rubidium and cesium to be investigated, for which the rate of trap
loss is predicted to be 1000 times larger.

2.8.3 Perspectives for future experiments

Experiments on three-body collisions between neutral atoms have become a
topic of great interest recently due to the results of several new investigations
into three-body effects [79, 80].

In the context of investigating the boundary between single- and many-
particle physics, several applications of three-body collisional effects can be
proposed.

Firstly, three-body collisional losses may be used to measure the decay
of higher-order coherence in a rubidium condensate due to the presence of
dopant cesium atoms. Using a mean-field approach, it has been theoreti-
cally predicted [81] that when a single impurity is doped into a condensate,
it feels and at the same time creates an effective potential around itself.
The strength of this coupling is determined by the atom-impurity scatter-
ing length. When the coupling is weak, the impurity can be treated as a
perturbation to the ground-state wavefunction of the BEC. However there
also exists a strong coupling regime for negative scattering lengths where the
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attractive interaction between the impurity and the condensate: (i) local-
izes the impurity such that it is bound to the atom cloud, and (ii), strongly
modifies the condensate density and in some cases is sufficient to cause con-
densate instability and implosion.

Therefore we can speculate that the formation of a density ‘bump’ due to
a strongly bound impurity atom is equivalent to creating a local fluctuation
in the quantum field of the condensate, which is typically suppressed relative
to the incidence of thermal fluctuations, as we have just experimentally
demonstrated. The subsequent degradation of higher-order coherence should
be observable as an increase in the loss rate of condensate atoms, in this case
rubidium, as a function of dopant atom number, with the maximum loss rate
being a factor of 6 greater than the loss rate in the initial condensate.

One might also note that random implantation of strongly localized im-
purities will effectively create a disordered potential. It has been proposed
that adding disorder to a superfluid is a way to make a phase transition to
a Bose-glass, a state that can be roughly visualized as an amorphous phase
somewhere between a superfluid and a Mott-insulator. Aspects of phase evo-
lution in such randomly perturbed condensates were recently investigated in
an experiment with an optical speckle potential [82]. A physically equiva-
lent experiment with impurity atoms will be one of the few techniques which
would allow the higher-order coherence of such a partially disordered system
to be investigated, as directly imaging the density fluctuations will require
an imaging technique with very high spatial and temporal resolution.

2.9 Conclusion

In this chapter I have described the development of a mixed species ultracold
experiment from its beginnings as a single-species Bose-Einstein condensa-
tion apparatus. The experimental work began with the installation of laser
systems at 852 nm which allow laser cooling and trapping techniques for
cesium atoms to be employed. Simultaneous collection of cesium and rubid-
ium in spatially overlapped magneto-optical traps followed, from which we
observe the interaction of the two species through light-mediated collisions.

However the inter-species collisional effects which we observe in the MOT
is complicated by the presence of near resonant radiation. To investigate the
interactions in a more ideal environment, we transferred both atomic clouds
simultaneously into a quadrupole magnetic trap. Here we implemented a
coarse method of species-selective temperature control. Through manipu-
lation of optical molasses for both species, we were able to imprint a tem-
perature gradient between the two clouds in the magnetic trap. Subsequent
re-thermalization can be attributed to s− and p−wave scattering. At the
same time, the method has several intrinsic drawbacks, including a limited
temperature range, and asymmetric heating.
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A more sophisticated method of temperature control became a necessity.
I described the design and performance of a microwave system at 6.83 GHz,
which will allow us to evaporative cool the rubidium atomic cloud down
into the ultracold regime, without inducing losses in cesium atom number.
Species-selective evaporative cooling also facilitates the implementation of
sympathetic cooling techniques and interspecies re-thermalization experi-
ments, and will be used for the experimental determination of the Rb-Cs
scattering length.

Finally, an investigation into three-body recombination was initiated,
through the measurement and analysis of three-body losses in a rubidium
condensate. As the measurement was performed with the use of species-
selective evaporative cooling, an experimental basis for future investigations
of inter-species three-body collisions between rubidium and cesium has been
developed which, together with the determination of the scattering length,
should allow novel investigations into Rb-Cs few-body phenomena.
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Chapter 3

Bright soliton trains:
creation and propagation

3.1 Non-linear effects in Bose-Einstein conden-
sates

In the previous chapter we saw that the two-body interaction between atoms,
which in the regime dominated by s-wave collisions is characterized by the
scattering length a, has a great impact on the efficiency of evaporative cool-
ing, the re-thermalization rate of mixtures, and the three-body loss rate.

In the work that follows we demonstrate that in a quantum gas, these
interparticle interactions change the shape and size of the condensate, as
well as produce non-linear effects, such as matter-wave solitons. To describe
these interactions, it is convenient to replace the atom-atom scattering point
of view which we have largely used so far with a mean-field treatment of
atomic interactions, as follows.

3.1.1 The mean-field description of condensate behavior

We have already introduced the mean-field approach to describing a Bose-
Einstein condensate in Chapter 2, an approach that is mathematically ex-
pressed by the Gross-Pitaevski equation. In the following chapter we will be
investigating the dynamical properties of the condensate, and thus require
the time-dependent form of the equation, which can be written as

ih̄
∂Ψ(~r, t)
∂t

=

(
− h̄2

2m
∇2 + V (~r, t) +NU0|Ψ(~r, t)|2

)
Ψ(~r, t) (3.1)

where

U0 =
4πh̄2a

m
(3.2)
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Figure 3.1: Expansion or self-defocussing of a BEC as a result of an
increasingly positive scattering length.

While the mean-field approach is not valid for all situations (see, for
example, [83]), it is nonetheless a widely applicable description which al-
lows the expansion and collapse of the condensate to be controlled with one
parameter, the scattering length a, as we shall shortly demonstrate.

Numerical evolution of the Gross-Pitaevskii equation

The effect of a > 0 can be seen by solving the Gross-Pitaevski equation
(GPE) numerically, increasing the value of a as a function of time t. Physi-
cally, a positive scattering length implies the existence of a repulsive inter-
action potential between atoms. We find that for a > 0, the condensate ex-
pands as the magnitude of a grows larger and the mean-field energy resulting
from the mutual repulsion of the atoms increases. In traditional non-linear
optics this behavior would be termed self-defocussing (figure 3.1). For a < 0,
the opposite occurs. The condensate contracts, exhibiting self-focussing be-
havior (figure 3.2). Eventually, for a < acritical, it becomes unstable and
collapses, resulting in ‘Bose-nova’ implosions.

One can ask where these numerical examples correspond to any physical
reality; the answer is yes. The s-wave scattering length between atoms in a
condensate can be experimentally tuned via Feshbach resonances, resulting
in condensate expansions and collapses, just as we have demonstrated here.
In addition, the effect of the kinetic energy term in Eq. 3.1 can also be
similarly illustrated. First a is ramped down, from a > 20 to a = 0, at
which point the atoms neither attract nor repel each other, and the mean-
field energy is zero. Then we release the condensate from the trap, i.e.,
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Figure 3.2: Collapse or self-focussing of a BEC as the result of an increas-
ingly negative scattering length.

we make Uext(~r) also zero. The resulting expansion is now due solely to the
kinetic energy of the trapped atoms. This expansion is exactly what happens
during a time-of-flight measurement of a thermal cloud (figure 3.3).

Figure 3.3: Contraction of an initially repulsive BEC as a → 0, followed
by release from the trapping potential and expansion due to stored kinetic
energy. Temporal direction runs from left to right.

The question that remains is what happens, when the kinetic energy of
the atoms, which as we have seen, causes an expansion, is exactly counter-
balanced by the contraction or collapse due to a negative scattering length?
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Then we obtain clouds of atoms which, when released from the trap, nei-
ther collapses, nor expands. These so-called solitons are the subject of the
following article [84].

3.2 Non-linear atom optics with bright matter
wave soliton trains

3.2.1 Abstract

Bright soliton train creation and evolution in a Bose-Einstein condensate is
simulated numerically using the experimental conditions of Strecker et al.
[Nature, 417, 150 (2002)] as a starting point. We identify the controlling
factors that dictate soliton number, phase-imprinting, and stability. Reli-
able production of multiple phase-engineered condensed matter pulses can
have practical applications to future non-linear atom optics experiments,
which we illustrate with an example of co-linear scattering between repul-
sive solitons.

3.2.2 Introduction

Recent experiments [1, 85] show that a Bose-Einstein condensate (BEC)
of atoms with an attractive interaction can produce coherent matter wave
pulses that propagate without dispersion. In such pulses, or ‘bright’ soli-
tons, the kinetic energy which causes an untrapped condensate to expand
is exactly counter-balanced by the inward pull of the mutually attractive
atoms, an interaction that under other conditions may result in condensate
instability and collapse. In this paper we numerically simulate the results of
one such experiment (Strecker et al. [1]) to (i), demonstrate that a mean-
field approach is capable of describing an attractive condensate in an area of
non-linear behavior such as soliton creation, and (ii), investigate the soliton
interactions by extending the experimental parameters.

The first solitons in a BEC were observed as propagating dark notches
in repulsive condensates [86, 87]. In these experiments phase-imprinting by
non-uniform illumination of the condensate engineered a phase step in the
BEC. By establishing a ‘light block’ in the condensate, dark soliton trains
have also been generated [88]. Of equal interest is the creation of bright soli-
tons, which has been the subject of several theoretical studies [89, 90, 91, 92].
Bright solitons require an attractive interaction i.e. a negative scattering
length, which only allows condensation under a very restricted range of con-
ditions. However, success in the manipulation of the condensate scattering
length through Feshbach resonances [93] has since made experimental inves-
tigations feasible, and this development has generated a great deal of recent
experimental and theoretical activity [1, 85, 94, 95].
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In the experiment we study, the released BEC formed a train of multiple
solitons which oscillated collectively in a weak harmonic potential for many
cycles, each soliton kept apart from its neighbor by the alternating phase
structure of the ensemble [1]. This result suggests the possibility of designing
a series of self-focussing, phase-engineered coherent matter pulses as the
basis of future experiments in non-linear atom optics.

Bose-Einstein condensates can be well-described by the Gross-Pitaevskii
(non-linear Schrödinger) equation (GPE), which treats the condensate as a
single atomic wavefunction subjected to the mean field attraction or repul-
sion of the atoms. Previous investigations of the GPE have predicted that
stable solitons may be found experimentally when the number of atoms per
soliton is small and the condensate is quasi-one dimensional (1D) [89, 90].
In this regime the condensate healing length ξ = (4πna)−1/2 is larger than
the transverse radius of the confining potential, where n is the condensate
density and a is the s-wave scattering length [96]. In addition, stationary
solutions of the GPE have suggested that trains of solitons may be observed
in condensates which have undergone a non-adiabatic excitation [89]. One
significant contribution of the recent experimental results is their support of
the assumption that the GPE is equally applicable to condensates of both
positive and negative scattering length.

Experimentally, as described in [1], a quasi-1D condensate was formed in
a box-like potential with significantly tighter confinement in the transverse
than the axial dimension. Manipulation of a Feshbach resonance rapidly
tuned the scattering length of the atoms from positive to negative, resulting
in a condensate which became attractive at, or shortly after, its release.
Most of the unconfined atoms were ejected in a burst, leaving behind a small
proportion of remnant atoms as solitons. These were allowed to evolve as
they propagated along the axial potential of a far red-detuned laser field for
a short time before being imaged.

The dynamic nature of the experimental initial conditions suggests that
the first step to understanding the mechanism of soliton train formation
and phase-imprinting is best facilitated by a time-dependent model. We
present the results of a dynamic simulation of soliton train creation, based
on the numerical solution of the time-dependent GPE. By adhering closely
to the experimental conditions [1] we are able to reproduce the factors which
determine the stability, number, and phase relationships of the solitons.

An understanding of the manipulation and control of these fundamental
characteristics will assist the design of future experiments. As an example,
we present a numerical simulation of a co-linear scattering experiment.

3.2.3 Simulating a quasi-1D condensate

We begin with the non-linear Schrödinger equation (NLSE),
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ih̄
∂Ψ(r, t)
∂t

=

(
− h̄2

2m
∇2 + V (r, t) +NU0|Ψ(r, t)|2

)
Ψ(r, t). (3.3)

This is a mean-field description of an evolving nonlinear macroscopic quan-
tum state that describes the behavior of N condensate atoms when the tem-
perature is close to zero by taking U0 = 4πh̄2a/m, where m is the atomic
mass [97]. We will assume that V is a cylindrically symmetric potential,
with transverse and axial dimensions given by (r, z) respectively.

Since the condensates in experiments [1, 85] are in the quasi-1D regime,
several simplifications can be made that reduce the dimensionality of
Eq. (3.3). As described in [90], a condensate under much greater trans-
verse than axial confinement with trap frequencies such that ωr/ωz >> 1
can be approximated as a separable wavefunction of the form,

Ψ(r, z, t) = φ(r)ψ(z, t), (3.4)

where within the energy regime of the low-order modes of ψ(z, t), the most
probable state for the tightly trapped component φ(r) is the ground-state.

As V = 1
2mω

2z2 the system has natural units (harmonic oscillator units,
h.o.u.) of characteristic length and time based on the size of the non-
interacting ground-state wavefunction and the period of harmonic oscilla-
tion. Replacing (z, t) with ξ = (h̄/2mω)−

1
2 z and τ = ωt in the 1D version

of Eq. [3.3] results in a dimensionless form of the NLSE [97],

i
∂ψ(ξ, τ)
∂τ

=

(
− ∂2

∂ξ2
+

1
4
ξ2 + C|ψ(ξ, τ)|2

)
ψ(ξ, τ), (3.5)

where, in order to normalize the wavefunction, the non-linear coefficient
C = 4πNa(h̄/2mω)−

1
2 .

Finally, following the treatment of Saito et al. [98], Eq. (3.5) can be
extended to include atomic losses due to inelastic collisions,

i
∂ψ(ξ, τ)
∂τ

=

(
− ∂2

∂ξ2
+

1
4
ξ2 + C|ψ(ξ, τ)|2

−i
(
L2
|ψ(ξ, τ)|2

2
+ L3

|ψ(ξ, τ)|4

6

))
ψ(ξ, τ), (3.6)

where L2 and L3 are the two-body and three-body recombination loss-rate
coefficients, respectively.
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3.2.4 Numerical results and analysis

Reliable methods of soliton creation and phase-imprinting are required if
bright matter wave soliton trains are to be a useful source of coherent wave-
packets. We first present an analysis of these processes, based on the exper-
imental work performed by Strecker et al.. We then show that within the
existing experimental parameters it is possible to create scattering between
matter wave solitons.

Eq. (3.5) was numerically integrated using a fourth order Runge-Kutta
method. To obtain the numerical equivalent of the initial repulsive con-
densate in [1], we started with the analytical non-interacting ground-state
solution and adiabatically ramped to a large and positive C. The ramp is
then rapidly reversed to C < 0, a parallel to the experimental manipulation
of a Feshbach resonance. Concurrently in a time interval ∆τ ≈ 1 h.o.u.
before the end of the reverse ramp the original harmonic trap is replaced by
a much weaker one displaced by ξ ≈ 20 h.o.u. with respect to the first. This
is equivalent to releasing the condensate from the side of a gentle potential
well. Thus the initially stationary condensate will acquire some non-zero
velocity v.

The resulting condensate density Fig. 3.4 shows a train of three wave-
packets which exhibit soliton-like behavior. These are found to oscillate
stably for many periods with neither observable dispersion nor particle ex-
change. Non-interacting particles simultaneously released from different
points of a harmonic oscillator will overtake each other every half-period.
In contrast, as in [1], our simulated particle trajectories do not intersect,
indicating that the solitons are kept apart by a repulsive force.

Mutual repulsion between two solitons arises from their opposing phase
[99]. In a stationary train of equal-sized repulsive pulses this leads to a
series of π phase steps between neighboring solitons [89]. The condensate
in [1] may acquire such a phase structure if the phase gradient is deter-
mined by velocity such that dφ/dz = mv/h̄. Our spatial phase profiles show
that finite phase steps can be expected whenever the solitons are repulsive
and non-overlapping. Lack of effective phase-imprinting, such as when the
reverse ramp is insufficiently rapid, leads to solitons with arbitrary phase
relationships, as is evident from their random relative motion.

In agreement with [1] we have found that Ns increases linearly with ∆τ ,
enabling us to vary the number of solitons created (Fig. 3.4, inset). One
possible explanation is that a total phase difference of φ = Nsπ is required
to produce Ns solitons of alternating phase, and therefore Ns ∝ v. This was
observed experimentally, where v was controlled through manipulation of
the time interval ∆τ between the release of the condensate and the end of
the decreasing ramp, such that v ∝ ∆τ [1]. In the simulation we start from
Ns = 1 for ∆τ = 0. However, in the experiment Ns = 4 for ∆τ = 0. We
note that the predicted single solitons were not observed, perhaps because
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Figure 3.4: Evolution of a train of three repulsive solitons as they propa-
gate in a weak harmonic potential. The plot is of |φ(ξ, τ)|2 the condensate
density distribution, vs. normalized length and time. At τ = 0 (units of
h.o.u.) the non-linear constant here was ramped from C = 200 to C = −22
over a period of τ = 5, and the condensate was released at ∆τ = 1.75 into
a harmonic potential V/600 where V is the initial trapping potential. Inset
shows a plot of soliton number vs. release time (h.o.u.), with conditions as
for the main figure.

irregularities in the experimental potential prevent excitation of solely the
lowest order modes of the soliton train.

Soliton stability was largely determined by the final value for C ∝ a.
As is well known [97], when a > 0 the condensate will expand. If a < 0,
continued increase of the magnitude of a or N will cause the condensate to
contract to the extent that it can no longer be treated as quasi-1D. For our
particular parameters this occurs at Ccritical ≈ −23 [100]. In between lies
a regime of stable soliton solutions, within which we find that maximizing
Ns requires the magnitude of C to be large and close to Ccritical. It has
been shown that the stability criterion restricts the size of any one soliton
to ≈ 6000 atoms (taking a = −3a0) [90]. Therefore, for a given phase
gradient, a greater atom number can only be supported by the creation of
more solitons.

Experimentally, the number of particles in the released condensate
greatly exceeds the number that can be stably contained in solitons [1].
In fact most of the released atoms are lost in a burst, and the solitons are
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Figure 3.5: Implosion and ejection of atoms from the release of a strongly
attractive condensate into a weak harmonic potential. The plot is of
|φ(ξ, τ)|2 the condensate density distribution, vs. ξ, τ (units of h.o.u.). At
τ = 0 the non-linear constant here was ramped from C = 200 to C = −25
over a period of τ = 5, and the condensate was released at ∆τ = 1.5 into
a harmonic potential V/500, where V is the initial trapping potential.

formed from the small number of atoms in the remnant fraction. To in-
vestigate the effect of a burst event on the validity of our conclusions, we
employed Eq. (3.6) to take into account the higher peak densities experi-
enced during the negative ramp as the condensate collapses, and performed
simulations with negative values of C just outside the stability regime of the
lossless equation. Depending on the extent of the non-linearity we observed
both implosions (Fig. 3.5) and soliton-like pulses with this model.

Having studied the process of soliton formation, we then addressed the
issue of soliton interactions. Collisions between solitons will occur if particles
are given enough kinetic energy to overcome the short range repulsive force,
which scales exponentially with pulse separation [99]. Therefore by placing
a series of co-linearly propagating repulsive solitons in a steep potential well,
it should be possible to extend experiment [1] into a BEC soliton scattering
experiment.

Fig. 3.6 shows a pair of pulses in an external potential chosen so that
the repulsive interaction is weak compared to the particle momentum. From
symmetry, the motion of completely non-interacting pulses will bring them
into coincidence at the center of a harmonic potential. If the particles are
repulsive we may expect the point of collision to occur later in the oscilla-
tion, as is indeed observed here. During the collision, the pulses are barely
distinguishable, and the discrete phase steps between pulses are temporar-
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Figure 3.6: Co-linear scattering of two repulsive solitons of approximately
equal size in a harmonic potential, in which the particle momentum is more
dominant than the repulsive interaction. Fig. (3a) is a plot of |φ(ξ, τ)|2 vs.
ξ, τ (units of h.o.u.). Fig. (3b) shows |φ(ξ, τ)|2 vs. ξ for different values of
τ in a collision sequence. Note the change in scale for the fourth subplot.
Soliton [1] overtakes and passes through soliton [2] every half a period, at
the extreme ends of the potential. At τ = 0 the non-linear constant here
was ramped from C = 200 to C = −10 over a period of τ = 5, and the
condensate was released at ∆τ = 1.5 displaced ξ = −20 from the center
as for fig. 3.4, into a harmonic potential of the form V/500 where V is the
initial trapping potential.

ily lost. After the scattering event each pulse regains its identity with no
obvious particle exchange, as is evident from the lack of growth of any one
soliton at the expense of another after many cycles. Following each collision
the solitons eventually become sufficiently well-separated for their oppos-
ing phase relationships to again become apparent. Each collision causes a
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spatial displacement of the solitons similar to scattering of elastic particles.
Thus the results are akin to those found for the scattering of optical 1D
solitons and 3D ‘light bullets’ in a 1D potential [99, 101]. Further analysis
of soliton interaction should be possible through an analytical model such
as presented in reference [102].

3.2.5 Conclusion

As for their optical counterparts, bright matter wave solitons may be useful
as non-linear atom optical wavepackets. In this paper we have attempted
to demonstrate that further manipulation of bright solitons with existing
technology can potentially uncover a rich variety of interesting non-linear
matter wave phenomena.

We have reproduced the soliton trains observed in [1] and also shown
that experiment [1] is capable, with minimum modification, of demonstrat-
ing the scattering of co-linearly propagating solitons, allowing measurement
of the repulsive force between them. Spatial coherence may also be demon-
strated if interference fringes are observed during the collision [103]. This
has implications for the use of soliton trains as an atom laser.

In addition, pulses of different particle number will have different sized
non-linearities and hence different interaction potentials. Finally, creation
of mutually attractive solitons for which φ = 0 will allow the first studies of
matter wave soliton capture and fusion.
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3.3 Factors determining soliton number

One discussion which has continued after the publication of Ref. [1] concerns
the true identity of the physical process which determines soliton number.
In the experiment, the number of solitons formed Ns was observed to scale
with the time interval ∆τ between when the condensate was released out
of tight confinement into the shallow harmonic potential, and the point at
which a becomes positive.

As the oscillation period of the harmonic potential is large, varying ∆τ is
equivalent to releasing the initial condensate at different displacements from
the center of the trap. As a result, initially the number of solitons created
was tentatively attributed to depend on how fast the condensate was moving
when a changes sign [1]. It was postulated that the motion of the condensate
creates a phase gradient across it, dφ/dz = mv/h̄, which subsequently leads
to the separation of sections of the condensate into individual solitons with
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Figure 3.7: Investigation of the dependence of soliton number on the
initial velocity of the released Bose-condensate. The plots are of the con-
densate density distribution |φ(ξ, τ)|2, vs. normalized length ξ and time
τ . At τ = 0 (h.o.u.) the non-linear constant was ramped from C = 200
to C = −10 over a period of τ = 5, and the condensate was released at
∆τ = 1.5 into a harmonic potential V/500 where V is the initial trap-
ping potential. In the first plot the condensate was released with no initial
offset from the center of the trap, in the second plot from an offset of
ξ = 10 h.o.u.. Comparison of the results shows that in both cases two
solitons were created, and that they differ only in the amplitude of their
oscillation in the shallow harmonic potential.
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π-phase steps between them. An earlier release time will lead to a larger
phase gradient, and more solitons, such that Ns = φ/π.

It was soon noted, however, that releasing the condensate at different
potential depths would only vary the center-of-mass motion of the entire
ensemble. It cannot cause any relative motion within the condensate itself
which could produce a phase gradient and thus influence soliton formation.
Since in our simulations we observed the same linear relationship betweenNs

and ∆τ (Fig. 3.4 (inset)), this argument can be demonstrated numerically.
Fig. 3.7 shows the results of two simulations which were identical in all
respects except for where in the trap the condensate was released. It can be
seen that, for a given time difference ∆τ , Ns = 2 regardless of whether the
condensate was kept at the bottom of the trap and had no center-of-mass
motion, or if it was released from one side and gains some velocity v.

It is now postulated that what actually happened in the original experi-
ment was that, by increasing the time between the release of the condensate
out of confinement and the switching on of attractive interactions, the con-
densate is allowed to expand to greater axial sizes, which allow a larger
number of solitons to be supported. This was tested by a follow-up experi-
ment from Strecker et al. [104].

This outcome left one remaining question – if the alternating phase struc-
ture was not created through the relation dφ/dz = mv/h̄, how is it created?
An explanation based on quantum-mechanical phase fluctuations has been
proposed by Al Khawaja et al. [95]. Alternatively, it has been suggested
that solitons are created with arbitrary phases and evolve through collisions
and collapses into a stable configuration [104, 105].
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Chapter 4

Conclusion and Outlook

4.1 UV-free He* lithography

In the first part of this thesis, I presented an experimental scheme for UV-free
lithography with metastable helium atoms. Based on the short de Broglie
wavelength of atoms and the numerous techniques available for their ma-
nipulation, neutral atom lithography remains a viable potential route to
sub-micron structuring of semi-conductor surfaces. Metastable helium, with
its high internal energy, is one of the model systems in resist-based atom
lithography. The experiment I developed allows He* exposures to be per-
formed in a better controlled environment than previously possible, and the
interaction between the metastable atom and the self-assembling monolayer
to be investigated with fewer secondary effects.

4.1.1 Exposures with magnetically focussed atoms

Following the experimental developments reported in Chapter 1, further
magnetic focussing and UV-free lithography exposures with metastable He
atoms have been performed based on this scheme ([40], [106]).

The images in the left column of Fig. 4.1 show optimized focussing with
the hexapole lens. In the absence of the lens, the signal from the He* atoms
is diffuse and relatively weak, compared to the clear focussing of atoms
around the needle when the lens is inserted. Furthermore, the dependence
of the average longitudinal velocity on source pressure was observed to cause
an observable shift in the position of the focus. On the right-hand side of
Fig. 4.1, a comparison is made between focussing obtained at high source
pressures, and hence high longitudinal velocities (Sec. 1.5.4), and that at
low source pressures and velocities.

Finally, lithography experiments were performed in the UV-free region
behind the shadow of the needle, at a discharge voltage of 1200 V and
a flux of ∼ 4 × 1011 atoms/cm2/s, which required an exposure time of
30 min. Scanning electron microscopy images at increasing magnifications
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Figure 4.1: Magnetic focussing of metastable helium atoms around a
needle. MCP images in the left column show the atomic beam without
(top) and with (bottom) a hexapole magnetic lens. Images in the right
column demonstrate the velocity dependence of magnetic focussing. The
sharpness of the beam focus varies dramatically in response to changes
in the gas pressure in the metastable helium source. The top image was
obtained at a high gas pressure, corresponding to high atom velocity. The
bottom image shows focussing at low gas pressure and velocity.

of the resulting exposed substrate is shown in Fig. 4.2, where a mask with
holes of diameter 200 µm had been used to produce the pattern transferred.
The region exposed to metastable helium atoms focussed by the hexapole
lens can be seen as a spot in the center of in the unexposed stripe across
the substrate, which corresponds to the shadow of the needle. Within this
central spot, the exposure is from magnetically focussed He* only and is
UV-photon free.

4.2 Ultracold collisional studies with Rb and Cs
mixtures

In the second part of the thesis, I have presented the preparation of a mag-
netically trapped, binary bosonic mixture, and steps in the investigation
of two- and three-body collisions between 87Rb and 133Cs in the cold and
ultracold, quantum degenerate regime. Ultracold mixtures offer the possi-
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Figure 4.2: UV-free lithography with metastable He. SEM-images at
increasing magnifications of a gold-coated silicon substrate exposed to
metastable He atoms at the focus of the hexapole lens (Fig. 4.1). The light
stripe across the center of the top image represent regions in the shadow
of the needle. In the middle of this area is a well-exposed region corre-
sponding to exposure by the focussed atoms. In addition there is some
exposure outside this region due to imperfect focusing by the lens. The
second and third image shows the region exposed to the focussed atoms
at greater magnification. Samples were exposed for 30 min at a flux of
∼ 4 × 1011 atoms/cm2/s. Gold regions are light, silicon regions dark. The
holes in the mask have a diameter of 200 µm.
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bility of studying novel many-body behavior and the deterministic creation
of cold heteronuclear molecules, which have been implicated, for example,
in schemes for quantum computation [107]. I have shown that we have
achieved simultaneous transfer of an atomic mixture of rubidium and ce-
sium to a magnetic trapping potential, and can control the temperature
of rubidium in a species-selective way, facilitating the application of sym-
pathetic cooling methods as well as re-thermalization measurements which
could lead to the determination of important interaction parameters such as
the Rb-Cs s-wave scattering length.

4.2.1 Determination of aRbCs and Feshbach resonances

Currently measurements are underway to determine the s-wave scattering
length between rubidium and cesium. As we have seen, this parameter
plays a pivotal role in many processes at ultracold temperatures, in both
thermal clouds and Bose-condensates. Its accurate determination will allow
interesting questions to be answered, such as the whether it is possible to
sympathetically cool Cs down to quantum degeneracy with ultracold Rb, as
well as the estimation of important parameters, such as the Rb-Cs three-
body loss rate L3,RbCs.

Further to this, the next experimental goal is to transfer the atomic
mixture to an optical dipole trap, created with a far-detuned laser. In
optical traps atoms do not have to be spin-polarized, allowing large external
magnetic fields to be applied for experiments with Feshbach resonances. A
Feshbach resonance is a scattering resonance in which free pairs of atoms are
tuned via the Zeeman effect into a vibrational state resonance of a diatomic
molecule. The presence of a Feshbach resonance can be experimentally
observed as an enhanced loss due to inelastic collisional processes such as
molecule formation.

Therefore if a Feshbach resonance for the Rb-Cs system is found, it would
allow aRbCs to be experimentally varied as a function of the applied magnetic
field. As we have seen in Chapter 2, the scattering length controls the rate
of elastic collision, and thus, evaporative and sympathetic cooling, as well as
being the determining parameter in the rate of three-body recombination.
Although it is in general considered difficult to theoretically predict the
location of Feshbach resonances in the Rb-Cs system, examination of other
mixed alkali systems give good reasons to believe that a high probability
exists of finding a Rb-Cs resonance within an experimentally achievable
range of applied magnetic field strengths. With the newly installed magnetic
coil system, magnetic offset fields of up to 1000 G can be created for such
experimental attempts.

Ultimately, the ability to controllably manipulate the scattering length
will allow pairs of Rb and Cs atoms to be brought together to form molecules,
in a reversible process that, unlike conventional chemical processes, does not
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involve excess energy other than the binding energy.
In addition, Feshbach resonances will allow the investigation of some of

the most currently intriguing aspects of three-body physics. Recent exper-
iments [79, 80] have demonstrated enhancement of three-body recombina-
tion at a Feshbach resonance, an effect attributed to the influence of Efimov
physics on these neutral atom interactions. As we have seen, for a < 0
the universal analytical model of Esry et al. (Eq. 2.43) predicts a smooth
increase in the number of recombination events with increasingly negative
a. However, numerical calculations performed simultaneously have shown
features of a resonance in this region at which three-body recombination
rates are strongly enhanced [74]. By measuring the three body loss rate
in the vicinity of a Feshbach resonance, such a resonance feature have now
been observed experimentally with a Cs condensate, and attributed to the
binding of three atoms in an Efimov trimer state, a quantum state which is
predicted to form a universal set as a function of the two-body interaction
strength [108, 80].

All of the above points to a plethora of rich and interesting physics
which can be explored with our ultracold mixture experiment through the
controllable manipulation of the Rb-Cs scattering length.

4.3 Matter-wave soliton trains

Finally, I presented a numerical study of non-linear behavior in a Bose-
Einstein condensate, initiated by a rapid change in the sign of the scattering
length. Experiments such as these represent investigations into condensate
behavior at the important crossover region from positive to negative values
of a, a crossover that is traversed in many important processes, such as the
formation of molecular Bose-condensates and the onset of superfluidity in
degenerate Fermi gases. Solitonic solutions represent a way in which a con-
densate can remain stable during such rapid and dramatic transitions. This
is perhaps one of the reasons why matter-wave soliton trains continue to be
an area of theoretical and experimental investigation — very recently, for ex-
ample, soliton trains were produced for the first time in a three-dimensional
potential [109].
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Appendix A

Atomic data

The following tables summarize some important properties of the atomic
species discussed in this thesis. The values for the rubidium and the cesium
scattering length, aRb and aCs, are currently the most accurate determina-
tions available.

Mass mHe 6.65 · 10−27 kg

Metastable level 23S1

Excitation energy 19.82 eV

Ionization energy 24.580 eV

Lifetime 7900 s

Table A.1: Selected physical properties of the metastable 4He atom, ex-
tracted from Ref. [14].

Mass mRb 1.44 · 10−25 kg
2S1/2 ground state HFS ωhfs 2π · 6.834682611 GHz

Wavelength (D2-transition) λ 780.03 nm

Natural linewidth (D2-transition) Γ 2π · 6.07 MHz

Saturation intensity (D2-transition) I0 17 W/m2

|F = 2,mF = 2 〉 �|F ′ = 3,mF ′ = 3 〉
Two-body scattering length aRb (98.98± 0.04) · a0

Table A.2: Selected physical properties of the 87Rb atom. All numerical
values are extracted from Ref. [113], except for the scattering length, which
is from Ref. [115]. (a0 = 0.0529177 nm)
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Mass mCs 2.21 · 10−25 kg
2S1/2 ground state HFS ωhfs 2π · 9.192631770 GHz (exact)

Wavelength (D2-transition) λ 852.11 nm

Natural linewidth (D2-transition) Γ 2π · 5.22 MHz

Saturation intensity (D2-transition) I0 11 W/m2

|F = 4,mF = 4 〉 �|F ′ = 5,mF ′ = 5 〉
Two-body scattering length aCs (2400± 100) · a0

Table A.3: Selected physical properties of the 133Cs atom. All numerical
values are extracted from Ref. [114], except for the scattering length, which
is from Ref. [116]. (a0 = 0.0529177 nm)
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Appendix B

Cesium optical system

In this Appendix I present further details of the optical systems we have
added to the main BEC experiment for the simultaneous cooling and trap-
ping of cesium.

Figure B.1 is a schematic diagram of the optical setup for the cooling,
reference, and imaging laser systems at 852 nm. For the cooling laser system,
the output of a diode laser is split into two beams, the majority of which
is coupled into a single-mode polarization-preserving fiber which runs to
the main experiment depicted in Fig. B.3. The remaining light is used for
frequency stabilization, which is composed of three sub-systems: DAVLL,
saturation spectroscopy, and heterodyne referencing.

The DAVLL scheme employs a magnetic field to split themF levels of the
Doppler-broadened resonance of the atom. The difference in the absorption
rates of these Zeeman components in a right- and left-handed circularly
polarized light field is then used to create an dispersive lock signal [57]. In
addition, in order to determine and adjust the laser frequency with respect
to the cooling transition, saturation spectroscopy [110] and the heterodyne
beating of light from the cooling laser with an independent reference laser
have been implemented. For the latter, the resultant difference signal from
the fast photodiode is monitored with a spectrum analyzer (Model R4131C,
manufactured by Advantest).

Adjacent to the cooling laser is the optical setup for the reference and
imaging laser systems. Laser light for frequency referencing and imaging are
both taken from the same diode laser (here denoted as the ‘Master laser’),
which is locked onto the F = 4 → F ′ = 4/5 crossover. As this laser is
located in an adjacent laboratory, a single-mode fiber guides the light to the
experimental setup, from which it is split into two beams. One is superposed
with the cooling laser to create the above-mentioned heterodyne signal for
determining the detuning of the cooling laser from the F = 4 → F ′ = 5
transition. The other beam is passed through an acoustic-optical modulator
(AOM), where it is up-shifted by 125 MHz so as to be on resonance with
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Figure B.1: Schematic diagram of the optical setup for the cooling, refer-
ence, and imaging laser systems. The output of the diode laser for cooling
is split into two beams, the majority of which is coupled into an optical fiber
which runs to the main experiment depicted in Fig. B.3. The remaining
light is used for frequency stabilization, which is composed of three sub-
systems: DAVLL, saturation spectroscopy, and heterodyne referencing, for
which further details can be found in the text. An optical fiber brings in
light from the reference laser, which is split into two beams, for heterodyne
referencing and imaging. (PBC = polarizing beamsplitter cube)
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Figure B.2: Schematic diagram of the optical setup for the repumper laser
system. The majority of light from the repumper diode laser is guided to
the main experiment by an optical fiber. A small proportion is used for po-
larization and saturation spectroscopy, which allows the laser to be locked,
and the frequency to be independently monitored. (PBC = polarizing
beamsplitter cube, BC = beamsplitter cube)

the F = 4 → F ′ = 5 transition, which is also used for absorption imaging.
The AOM allows the imaging beam to be switched on a time scale of a
hundred nanoseconds. The beam is then guided to the main experiment by
a polarization-preserving, single-mode fiber.

The optical setup of the repumping laser system is depicted in figure B.2.
Here again, most of the output of a diode laser is guided to the main ex-
periment by an optical fiber. The rest is divided between a polarization
spectroscopy [111, 112] and a saturation spectroscopy setup.

The outgoing optical fibers from figures B.1 and B.2 brings cooling and
repumping light at 852 nm to the main experimental setup in the vicinity
of the UHV glass cell and magnetic coil system, depicted in Fig. B.3. Here
the cooler and repumper are combined at a polarizing beamsplitter cube,
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Figure B.3: Schematic diagram of the main experimental setup around
the UHV-MOT. Cooling and repumping light at 852 nm are combined and
superposed with the cooling light at 780 nm at a dichroic mirror. Laser
beams at both frequencies are then split into six sub-beams, two for each
dimension of the MOT. The x- and y- beams enter the glass cell at an angle
of 45o from the vertical. (All beamsplitter cubes are polarizing.)

and then inserted into the existing optical system for 780 nm via a dichroic
mirror. From that point onwards, the optics for the cooling and trapping of
cesium and rubidium are identical. Through the use of λ/2-waveplates fol-
lowed by a polarizing beamsplitter cube, light is divided into six beams, two
in each direction for the x-, y-, and z-dimensions of the MOT respectively.
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Appendix C

Further experiments with
microwave-field dressed
potentials

Depending on the direction of the frequency ramp, modifying the trapping
potential with microwave fields can produce intriguing features in the spatial
and/or momentum distribution of the atomic cloud.

Figure C.1 shows the absorption image and optical density profile taken
of a cloud containing 5.6 ×106 atoms in the quadrupole magnetic trap after
a microwave field has been ramped from 6.83→6.85 GHz over 10 s. After
2 ms time-of-flight, the diameter of the hole in the center of the cloud is
∼1 mm.

We have inquired into the effect of the polarization of the microwave field
on the atomic cloud by rotating the rectangular waveguide antenna by 90o,
and observed identical results. This was a point of investigation because
the atom-field coupling depends on the orientation of the atom magnetic
moment relative to the polarization of the microwave radiation. Therefore
changing the polarization might change the orientation of the ring relative
to the imaging plane. However we found that this did not occur.

In addition, we have performed a series of relaxation measurements,
where, at the end of the upwards frequency ramp, the microwave field was
switched off and the atomic cloud stored for a time interval ∆t = 0 − 5 s.
We found that the dip in the optical density profile can be discerned for at
least 1 s after the radiation field is no longer present.

Currently two proposed interpretations are being considered. One is that
the ring-shaped optical density distribution can be attributed to an atomic
cloud held in a microwave field-induced adiabatic potential. By sweeping
the microwave field frequency from below resonance to the detuning ∆,
i.e., in the reverse direction to evaporative cooling, atoms initially in the
|F = 2,mF = 2〉 state will be adiabatically transferred to a dressed potential
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Figure C.1: Absorption image of an atomic cloud after an applied mi-
crowave field is swept through resonance to a positive detuning of ∆/2π =
15 MHz (top). An optical density profile taken from a slice through the
cloud (bottom), exhibits a dramatic density minimum at the center.

depicted in Figure C.2, where ∆/2π = 15 MHz. The probability that they
will follow adiabatically is described by the Landau-Zener effect and can be
written as

Padiabatic = 1− e−2πΓ, (C.1)

where Γ = (1/4)(Ω2/dω/dt), and dω/dt is the rate of change of the bare-
state separation. Taking a Rabi frequency of Ω = 60 kHz and a sweep time
of 5 MHz/s, we find that, for an atomic population of temperature 200 µK,
Padiabatic → 1. An alternative explanation which is also being considered is
that as the microwave knife sweeps upwards in frequency, it selects in some
way for atoms whose motion has high angular momentum, resulting in a
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Figure C.2: Dressed state potential along the z−axis for Ω = 60 kHz and
∆/2π = 15 MHz. The first plot shows the dressed potential (solid line),
and the bare potential (dots). In the second plot we have zoomed in on
one of the potential minima.

depletion of atoms orbiting near the center of the cloud.
Therefore the exact mechanism which causes the ring of atoms is still

under investigation. More generally speaking, strong microwave fields are
increasingly being used to modify static magnetic potentials for situations
where an arbitrary non-harmonic potential is required, such as in recent
experiments with two-dimensional Bose-condensates [117] and on atom
chips [118, 119]. Also, in the context of atomic mixtures, we note that
a 6.83 GHz microwave-field induced adiabatic potential would exist for ru-
bidium atoms but not for cesium, and would therefore be a species-selective
potential.
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