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ABSTRACT

Ultracold atomic gases have proven to be an excellent tool for research in quantum
systems. A Bose gas can be trapped on an atom chip using very well defined and
tunable spatially-dependent potentials. The proximity of the atoms to the chip

permits the use of low currents allowing for highly accurate temporal changes.

Excellent experimental apparatus is needed to achieve Bose-Einstein condensa-
tion with a sufficient atom number to study low-dimensional physics. The setup
described in this document utilises a set of current-carrying structures on top
of which an atom chip sits. For improved atom loading rate, a two-dimensional
loading stage was added, extending the lifetime of the magnetic trap. From this
loading stage to the atom chip, Bose-Einstein condensation of 10° Rubidium-87
atoms was achieved in less than 30s, allowing for a large rate of experimental
cycles. The high spatial and temporal tunability of this setup results in the ability
to split the atomic cloud and quench the trapping potential geometry.

Maximising the ratio between trapping frequencies for different spatial directions
leads to the system presenting features of a one-dimensional gas. Manipulating
the coherence dynamics of a one-dimensional Bose-Einstein condensate creates
fluctuations in the phase properties of the wavefunction. These fluctuations are
observed as atom density perturbations after releasing the trapping potentials, and
are a tool for temperature measurements. When the cloud of atoms is positioned
at a few tens of micrometres from the surface of the atom chip, corrugations in
the microstructures of the chip affect the trapping potentials at very low tem-
peratures < 11uK. This effect is simulated and quantified in the thesis, with the
aim of improving future setups. Additionally, the effect is explored for microscopy

purposes.

The behaviour of a Bose-Einstein condensate, especially the expansion rate, has
long been studied. In this thesis, the Gross-Pitaevskii Equation is introduced, find-
ing its numerical solutions to the two-dimensional and three-dimensional forms,
using the Split-Step Fourier Method. The results show very good agreement with
the experimental results, as well as with other well-established theories of con-
densates. The creation of such a toolbox opens up the opportunity to further

investigate the coherence dynamics of low-dimensional systems.
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Chapter 1

Introduction

In 1924, physicist and Nobel laureate Albert Einstein received a letter from Satyen-
dra Nath Bose deriving quantum radiation without any reference to classical
physics. It was describing what are now known as photons. Impressed with this
work, he translated it to German and published it in Zeitschrift fir Physik [1].
Einstein developed these ideas, extending them to matter [2]. Ironically, he did
not pursue this any further due to his scepticism about the physical realisation
of Bose-Einstein condensation (BEC) [3, 4]. In 1995, Eric Cornell and Carl Wie-
man, at the NIST-JILA lab, produced the first condensate of an atomic Bose gas,
using Rubidium atoms [5]. In the same year, the group of Wolfgang Ketterle, at
MIT, achieved the first condensate of sodium atoms [6]. For these achievements,
the three of them received the Nobel Prize in Physics in 2001 [7]. This indicates
the greatly varying evolution rate of physics, especially quantum physics, and the
impossibility of predicting how it will develop. If the great Albert Einstein could
not envision the realisation of his own work, where will quantum physics lead us

to in the next years?

The study of ultracold atomic physics is a branch of research that is helping
greatly to understand the complex world of quantum physics. Its complexity of
experimental realisation has fuelled some scepticism amongst physicists ever since
the first experiments were built. Nevertheless, it has proven many times to be
worthwhile pursuing. Creating ultracold atoms relies on the ability to trap and cool
neutral particles, from a room temperature of 300 K to the micro- and nanoKelvin
regimes [8]. The versatility of using neutral atoms for the study of quantum

physics is immense, and offers a great tool for the realisation and investigation of
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quantum models. Systems can be easily tuned by modifying their environment.
For example, the application of external magnetic fields modifies the splitting of
the atomic energy levels, changing the photon-atom interaction. One of the main
uses of this technology has been in the field of interferometry [9-11]. In the same
way that light can be used as an interferometer, matter can also be used for

interferometry, addressing the phase and spin of the atoms [12].

Laser cooling uses the principle of radiation pressure to cool atoms, in conjunction
with the Doppler effect [13, 14]. Additionally, magnetic fields split the energy
levels of the atom due to the Zeeman effect [15]. A stable laser source is required
to resonantly excite specific atomic transitions. An atom sitting still in a space-
dependent magnetic field potential will absorb a photon from a laser beam with
circularly polarised light, inducing an atomic transition. Immediately after, a
photon will be emitted in a random direction. For a large number of absorption-
emission processes, there will be a net force in the direction of the oncoming
beam. Using the same procedure in all three coordinates will cause the atoms to
be confined and cooled at the minimum of the magnetic field [16, 17]. The Doppler
effect states that if the atom is moving, the observed resonance frequency will vary.
This makes the trapping and cooling process velocity dependent, meaning that,
by tuning the frequency of the photons, slower or faster atoms can be selectively
addressed [18, 19]. So far, over thirty different elements and molecules have been
successfully cooled down using this technique. Each element has a different energy
level scheme, which will result in pros and cons for different experiments. Alkali
atoms are the most common elements for ultracold atom experiments. They are
easier to manipulate and have a relatively simple atomic level structure [20, 21].
This simplicity in the energy levels results in fewer dark transitions and, therefore,
fewer repumping lasers are required to mantain the atoms in the cooling transition.
Additionally, the cooling transitions in alkali atoms are typically at frequencies
for which lasers are easier to fabricate. The typically repulsive nature of the
interactions in alkali atoms leads to more stable clouds of cold atoms. Experiments
with Erbium, for example, show the complexity of energy levels of some atoms

22, 23], which makes trapping and cooling harder.

Louis Victor Pierre Raymond de Broglie proposed early in the twentieth century
that matter behaves like waves, with its characteristic wavelength inversely pro-
portional to the momentum of the particle [24]. An ensemble of neutral atoms at

a temperature T' of mass m has an associated de Broglie wavelength
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As the temperature is reduced this wavelength becomes larger. Bose-Einstein
condensation can then be achieved, with a macroscopic fraction of the atomic

cloud gathered in the ground state of the system.

The experimental setup described in this document was designed and built to reach
a Bose-Einstein condensate of Rubidium-87 atoms on a chip. Atom chips are great
tools for manipulation of ultracold atomic gases, especially in a condensed state.
Their close proximity to the sample means that the currents can be reduced, and
therefore the magnetic field potentials can be carefully manipulated, achieving fine
control of the system [25]. Micro-fabrication techniques, like the “lift-off proccess”
used for the chip in this setup, ensure a level of precision better than any previous
technique [26]. In the last few years, additive manufacturing groups have started
to show the potential of 3D printing in atom cooling [27, 28]. The presence of
a large number of different current-carrying wires on the chip allows for a wide
experimental parameter space, from shaping of energy potentials to the application
of Radio-Frequency (RF) signals on the atoms for evaporative cooling or dressing

of states.

The presence of the atom chip poses also some disadvantages, especially dur-
ing the first stage of the experimental cycle. An ideal Magneto-Optical Trap
(MOT) configuration for laser cooling would be a six-beam configuration with
light shone symmetrically onto the central region of the trapping potential. The
typical configuration in an atom chip experiment is a mirror-MOT, where there
are two counter-propagating beams parallel to the surface of the chip, and another
two beams that are shone at an angle on the reflective surface of the chip. The
efficiency of this configuration is reduced due to its lower capture volume. Nev-
ertheless, a MOT containing 5 x 10% atoms can be reproducibly obtained in the
experiment, and cooled down to a few tens of micro-Kelvin. After this point and
due to the Doppler cooling limit, quantum degeneracy can only be achieved using
a different technique, called evaporative cooling. In this setup, evaporative cooling
is realised by applying a frequency and amplitude-varying RF magnetic signal that
will induce a resonance between atomic levels. Carefully controlling this resonance
will see the hottest atoms being removed from the trap, leaving only the colder

atoms and, therefore, lowering the overall temperature of the sample [29].



Chapter 1. Introduction 4

The work presented in this thesis is a combination of experimental and theoretical
work. The experimental part is a continuation of the work done by previous
members of the laboratory, Dr. Gal Aviv [30], Dr. Anton Piccardo-Selg [31], Dr.
Fedja Orucevic and Dr. Thomas Barrett [32]. Bose-Einstein condensation on the
atom chip was achieved shortly after the start of the work here presented. After the
first realisation of a 8"Rb BEC in Nottingham, the setup was modified significantly
to ensure a stable and reliable performance, with the optical setup re-designed,
and a pre-cooling stage added. This pre-cooling stage was designed and assembled
as part of a project prior to the start of this thesis work [33]. Tt greatly improved
the lifetime in the evaporative cooling stage, ensuring a reproducible BEC of 10°

atoms.

This setup allowed the study of dynamics in an elongated BEC. Aspect ratios
of up to 120 are easily obtained, with the system presenting characteristics of
one-dimensional Bose gases. In this limit, the phase of the system can fluctu-
ate randomly along the weak direction of the BEC, but remains unaltered in the
strongly confined radial component [34]. When the system is released from the
trapping potential, these fluctuations in the phase result in density modulations.
The system interferes with itself. The analysis of this pattern reveals dependence
on the time-of-flight and temperature. Additionally, rapid changes on the trapping
geometries can infer a “breathing” of the system, characteristic of BECs and pre-
sented in this document. With the Bose gas trapped at distances of a few tens of
micrometres, a fragmentation can be observed. The reason for this fragmentation
is still unknown, although it motivated a theoretical investigation on the role of
lithography defects. Nanoscale imperfections on the wires of the chip can alter the
electron distribution in the gold wires, modifying the flow of current and, there-
fore, the trapping potentials at very low temperatures. The effect of the proximity
of the cloud to the surface of the chip serves as a proof of the potential of these

systems for magnetic microscopy [35].

In order to fully understand the behaviour of BECs, one has to investigate the
solutions to the Gross-Pitaevskii Equation (GPE) that defines the macroscopic
wavefunction of the system when 7" = 0 [36]. Numerical solutions were found
using the Split-Step Fourier Method (SSFM) for both a two-dimensional GPE
and a three-dimensional GPE. Comparison with experimental results showed very

good agreement, as did when comparing to the well known analytical derivations
of Dalfovo et al. [37, 38].
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Quantum physics has been revolutionary in the last century, with great contri-
butions to the understanding of it, but it has only been in the last decade that
practical applications have started to be considered. This last decade has seen a
dramatic shrinking in the size of the setups, with the first experiments leaving the
labs [39], and companies selling fully-operational apparatus. The United Kingdom
government is investing £270m for the first stage in development of a UK Quan-
tum Technologies program (2014-2019). The University of Nottingham is part of
a group of universities that have received this funding. As part of this work, a
collaboration was established with the University of Strathclyde, creating the first
single-beam grating MOT with 9V battery powered optimised coils. Optimisa-
tion of magnetic field generating structures is one of the key components in this
new era of Quantum Technologies, with applications such as Magnetic Induction
Tomography (MIT) [40].

The work carried out and presented in this thesis can help with further studies
regarding atom-surface interactions, as well as low-dimensional physics. The labo-
ratory is now in a fully functional, stable and reliable operating state. Additionally,
the work on the GPE can be used to further understand the quantum behaviour of
the atoms, with the potential of exploring other phenomena like solitons [41, 42],
vortices or quantum reflection [43]. The outline of the chapters in this thesis is as

follows:

Chapter 2 This initial chapter starts with an overview of laser cooling techniques and
their limits, followed by the evaporative cooling technique. The magnetic
trapping systems used are explained. The final part of this chapter derives

the fundamental physics of Bose-Einstein condensation.

Chapter 3 The description of the experimental setup employed, along with the char-
acterisation of it, are presented in this chapter. The experimental method
to achieve condensation is explained in detail, describing the improvements

made to the setup and characterising the experimental performance.

Chapter 4 In this chapter, the experiments realised in the laboratory are explained
and analysed. These include splitting of the cloud, one-dimensional quench-
ing generating “breathing” of the BEC, analysis of the density modulations
arising from in-trap phase fluctuations and microscopy in the proximity of

surfaces.
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Chapter 5

Chapter 6

Chapter 7

Motivated by the fragmentation observed in the experiment, this chapter
attempts to explain the cause of it, simulating the effect that nano-scale

current flow corrugations in the chip have on low temperature systems.

This chapter presents the numerical solutions for the two-dimensional and
three-dimensional Gross-Pitaevskii equation, using the Split-Step Fourier

Method, comparing it with the experimental results.

Some additional experiments are presented as a proof-of-principle of the
miniaturisation and optimisation of components, and how this will affect
the future of Quantum Technologies. An outlook of the ultracold atoms
field, in particular suggestions for further work building on that presented

in the thesis, is given in the last chapter.



Chapter 2

Trapping and cooling of neutral

atoms

In order to achieve the Bose-Einstein condensation of a sample of bosons, the
sample must first be trapped and cooled down to hundreds of nano-Kelvin regime.
This cooling process can be divided into two main steps, laser cooling in a Magneto-

Optical Trap (MOT) and evaporative cooling in a conservative trap.

The first step in this process is the MOT, in which the sample is illuminated by
appropriately circularly polarised laser beams, inducing atomic transitions and
reaching temperatures of a few tens of micro-Kelvin. After this, the evaporative
cooling technique is then used to further cool and reach condensation. This tech-
nique consists of removing the hottest atoms from the sample, letting the sample
re-thermalise and therefore acquire a lower temperature. It results in temperatures
at which Bose-Einstein condensation occurs, and can be experimentally realised

in either a magnetic trap or an optical dipole trap [29, 44-46].

The experiment described in this document takes advantage of a mirror-MOT,
followed by two stages of evaporative cooling inside a magnetic trap: one using
a large magnetic trap structure and a final one generating the magnetic trapping

potential using an atom chip.
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2.1 Laser cooling and trapping of neutral atoms

Laser cooling and trapping techniques have been around for over three decades
now. Several breakthrough developments have happened along the way. In 1997,
Steven Chu, Claude Cohen-Tannoudji and William D. Phillips, received the Nobel
Prize in Physics for their developments of methods to cool and trap atoms with
laser light [47-49].

2.1.1 Radiation pressure

Cooling atoms requires shining laser light with the right frequency. In our case,
this frequency is determined by the energy level transition between the 525, /2 and
52 Py /5 energy levels. For Rubidium-87, this transition has a wavelength of 780.244
nm. Photons coming from a laser beam with this wavelength will be absorbed by
87Rb atoms, inducing an excitation of the atom to the 52Py 5 level. The atom will
then spontaneously emit a photon with the same frequency, decaying back to the
5251/2 level.

The force exerted by a laser beam is called radiation pressure. Considering a
static atom in a two-level system, with a natural linewidth of I', a laser is shone
with an angular frequency wy, that is nearly resonant with the atomic transition
frequency w,4. The atom absorbs photons with momentum Ak from this laser
beam and emits them spontaneously in random directions, meaning that the force
originating from this emission will be in a different random direction for each
emission process. Each absorbed photon gives the atom a kick in the direction
of the oncoming beam. Averaging over a large number of absorption-emission
processes, the net force will push the atom in the direction of the laser beam.
The rate of these absorption-emission cycles is defined by the Rabi frequency, €.
This force saturates to a maximum value of hkI'/2 because at high intensities
the populations in the two-level atom system are equally distributed between the
upper and lower states. It is worth noting that this force is several orders of
magnitude higher than the force resulting from gravity. The Doppler effect is then

exploited to address moving atoms.

If the atom is travelling at velocity v towards the laser beam, the frequency of

the laser must be shifted such that w; < w,. This is referred to as a red detuned
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frequency. Due to the Doppler effect, the effective frequency will be resonant with
the atomic transition of the atoms travelling towards the laser beam. With a laser

intensity [ this force will be given by:

r I/ 1
F = hk— .
214 I/ 15 + 46%/12

(2.1)

where the saturation intensity, I, is defined as I /I, = 202 /T2

When this process is extended to three spatial dimensions, atoms in the system
become effectively cooled. This cooling, commonly referred to as Doppler cooling,
is the overall result of all the absorption and emission processes. However, during
each absorption-emission process, the atom is heated, undergoing a random walk.
This effect occurs for each and every emission, independently of the number of
processes, resulting in a constant random motion of the atom. Due to this constant

motion, there is a theoretical lower temperature limit for Doppler cooling

LI’

Tp = ——
D oks

(2.2)
which, for 8'Rb, corresponds to Tp = 146 uK [50]. Here, kp is the Boltzmann

constant.

2.1.2 Sub-Doppler cooling and the recoil limit

Experimental realisations with 8"Rb have shown that laser cooling is capable of
reaching temperatures below the theoretical Doppler cooling limit described in
eq. (2.2) [19]. The mechanism behind this effect was later explained in detail by
Jean Dalibard [18] and Harold J. Metcalf [16], among others.

The counter-propagating pairs of laser beams, with opposing polarisation with
respect to the lab frame (same handedness), generate a polarisation gradient that
induces a sinusoidal variation of the hyperfine structure of the atoms in the ground
state. By stimulating the cooling transitions when atoms are at their maximum
energy configuration in this sinusoidal variation, energy is removed from the sam-
ple, effectively cooling down the cloud of atoms to temperatures of the order of

tens of micro-Kelvin. The temperature can potentially be further reduced using
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this mechanism at the expense of loss of atoms, resulting in a trade-off between
the number of atoms and temperature of the cloud. For this mechanism to work,
a large frequency detuning of the order of several I' is needed for a short period of

time.

2.1.3 The Magneto-Optical Trap (MOT)

The process previously explained cools the atoms down but is not sufficient to
trap atoms. In order to efficiently trap and cool hot atoms, a magnetic field must

be introduced.

Energy

A

Q
Q
ES

Position

t >»
0

FIGURE 2.1: Energy level scheme for describing laser cooling and trapping. The

energy levels of the atom (solid black lines) are separated by applying spatially

varying magnetic fields. Clockwise and anti-clockwise circularly polarised light

(o7 and o~ with respect to the lab frame) is shone onto the atoms from opposite

directions. Atoms absorb photons in a resonant transition (dashed red lines) and

re-emit them in a random direction, effectively creating a force in the direction
of the travelling laser beam.

The MOT was first proposed by Jean Dalibard in the 1980s, and later realised
experimentally with Sodium atoms in the group of David Pritchard [14]. Figure 2.1
shows the energy level scheme of the atoms along the propagation line of one of
the laser beams. A linearly varying magnetic field is added, splitting the energy
levels of the atoms differently depending on the spatial position. Laser light is
shone from both sides of the sample, inducing the required cooling transitions.
Since the energy levels are split due to the Zeeman effect, the exact frequency

required to illuminate the atoms with, will differ from the resonant frequency
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with mp = 0. The higher the magnetic field magnitude, the larger the splitting
between the mp = 0, mp = —1 and mprp = +1 levels will become. To excite
the atoms to one of these mp = —1 or mp = +1 states, it is necessary to shine
circularly polarized light, as shown with the horizontal red arrows in fig. 2.1. The
o polarised light excites Am = +1 transitions and the o~ polarised light excites

Am = —1 transitions.

2.14 U-MOT

The are several different ways to create the desired magnetic fields in order to split
the atomic levels of the atoms and contribute to the laser trapping and cooling
process. Arguably, the simplest and most widely used technique is to create a
quadrupole field, where the fields are symmetric around each axis. Typically,
this is achieved using two simple coils in anti-Helmholtz configuration. This has
disadvantages, especially due to Eddy currents in the larger coils when trapping
potentials need to be rapidly modified. Additionally, in the setup described in
this thesis, the system was designed to be more compact. For these reasons, the
magnetic potentials are created by passing currents through copper structures

underneath the atom chip.

Bx

FIGURE 2.2: Diagram of a U shaped conductor structure used for a MOT.

The thick blue line indicates the current carrying structure and the direction

in which the current travels. The red thin lines indicate the direction of the

bias magnetic field. The addition of both fields creates a spatially dependent

magnetic potential, with a minimum |B| = 0 above the central region of the U.
See [25] for more details.

When a MOT is created in this way, a “U” shaped copper current conductor
is implemented. With the aid of an external bias magnetic field, a minimum
of magnetic field potential is created above the central region of the U. This is

graphically shown in fig. 2.2 and described in detail in [25]. This configuration
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allows for a large MO to be created, compressing the trap and varying its position
in time. The bias field is usually created using external coils in a Helmholtz
configuration. In the setup described here, the bias field can also be created with
the use of a metallic sheet placed underneath the U structure, which produces a

homogeneous bias magnetic field above the central trapping region.

2.2 Magnetic trap

Once the atoms are trapped and cooled to their sub-Doppler cooling limit, they are
transferred to a pure magnetic trap. Atoms are trapped in the |F =2, mp = +2)
state, being subjected to a spatially dependent potential energy. This trap is first
created by passing currents through the copper structures underneath the atom
chip, and then created by passing currents through the gold wires embedded in
the atom chip.

The trapping potential is generated by the position dependent shift of the energy

levels of the atoms. This is called Zeeman shift and is given by

U= ,UBmFgF|B| (2-3)

where pp is the Bohr magneton constant and gg is the g-factor or gyromagnetic
ratio. The potential will then be stronger for higher mp values, and will change

sign between positive and negative mp states.

2.2.1 Optical pumping

For the atom transfer between the MOT and the magnetic trap to be efficient,
both the U shaped MOT and the magnetic trap potentials have to be aligned
in the same position and have similar energy depth. Additionally, only atoms in
the |F'=2,mp = +1) and |F = 2, mr = +2) states will be trapped. A technique
called optical pumping is then used to transfer all atoms into this |F = 2, mp = +2)
state. A magnetic field to split the F' = 2 state into its hyperfine structure is
applied. Circularly polarised (ot with respect to the lab frame) light induces

transitions in which Ampr = +1, represented by dashed orange lines in fig. 2.3.
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FIGURE 2.3: Optical pumping scheme designed for pumping atoms into a spe-

cific hyperfine state. Due to the orientation of the spin of the atom, only atoms

in mp > 1 states are magnetically trappable. With a magnetic field splitting

the hyperfine structure, a circularly polarised (o) laser beam is shone onto the

atoms, inducing transitions where Ampg = +1, effectively pushing all the atoms

into the |F' = 2, mp = +2) state. Orange dashed lines show the absorption pro-
cesses, and blue dotted lines show the emission processes.

The atoms will spontaneously decay via Amp = 0, +1, —1 transitions, represented
by dotted blue lines in fig. 2.3. This process will end with the atoms pumped into
the trappable |F' = 2, mp = +2) state.

2.2.2 Z-wire trap

Similar to a MOT, in a magnetic trap a spatially dependent energy potential is
needed, with a potential minimum in the centre of the trap. In principle, one
could think of a U shaped wire, creating the same energy potential as in the
MOT. Unfortunately, when atoms move through a region in which the magnetic
field vector rotates, their spin has to follow this rotation. For the relatively large
temperatures present in the MOT, atoms are not affected by the minimum of
the U shaped trapping well, where the magnetic field equals zero. However, as
the temperature is reduced in the magnetic trap, atoms can travel through this
magnetic field zero. At this exact point, there is no defined spin of the atoms

due to the absence of magnetic field. When the atom returns to a region of finite
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magnetic field, it can adopt the opposite spin orientation, resulting in the atom
not longer being trappable. This is the so-called Majorana spin flip [51, 52]. The
way to avoid this effect, is to ensure that atoms are always subject to a magnetic

field potential.

A 7 shaped wire [25] can be used in a similar way to the U-MOT presented in
the previous section. In addition to the current flowing through the wire, there
are two other bias fields. One of them locally cancels out the field produced by
the wire (vertical red lines in fig. 2.4), effectively creating the trapping potential
in the central region of the structure. The second bias field (horizontal green lines
in fig. 2.4), perpendicular to this and parallel to the chip surface, will counteract
the effect from the legs of the Z-wire. Modifying the strength of this last field is
very useful during the process of evaporative cooling to carefully control the final
temperature of the system by tuning the trap depth. Similarly to the U-MOT, the
external bias magnetic fields in the Z-wire trap are usually generated using coils
in Helmholtz configuration. In an atom chip, these coils can be replaced by other
wires to produce a BEC, thus greatly reducing power consumption, and being a

unique feature of this experimental setup, explained in detail in section 5.1.1.

FIGURE 2.4: Diagram of a Z shaped conductor structure used for a magnetic
trap. The thick blue line indicates the current carrying structure and the direc-
tion in which the current travels. The vertical red lines indicate the direction
of the main bias magnetic field B,. The addition of both fields creates a spa-
tially dependent magnetic potential, with a minimum |B| > 0 above the central
region of the 7Z wire. The additional bias field By, represented by horizontal
green lines, counteracts the effect of the (upper and lower) legs of the Z-wire,
controlling the height of the trap bottom. This configuration eliminates losses
due to the Majorana spin flips occuring when an atom travels through a region
of zero magnetic field.
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The magnetic fields generated from this configuration will be further investigated
in chapter 5, where the magnetic trapping potentials are simulated and analysed

in detail.

2.2.3 Evaporative cooling

After achieving sub-Doppler cooling in a magneto-optical trap, atoms are further
cooled using a different technique. This technique, called evaporative cooling, will
see the hottest atoms selectively removed from the trap, leaving only the colder
ones, effectively reducing the overall temperature of the sample. This technique
can be achieved in an optical dipole trap [46] or in a magnetic trap [51]. The latter
is the technique used in the experiment described in this thesis. Radio-Frequency
(RF) signals can be used to drive transitions between the mp levels of the atoms.
Optical dipole traps are often used in experiments where the tuning of external
magnetic fields is necessary for other reasons, such as Feshbach resonances. Evap-
orative cooling was first proposed by the group of Prof. Kleppner [44, 45] in 1986,
for cooling polarised hydrogen. It was a key step towards achieving Bose-Einstein

condensation in alkali metals a decade later.

The ultimate purpose of evaporative cooling is to achieve the reduction in tem-
perature faster than the loss of atoms. The efficiency of evaporative cooling relies
entirely on the ratio between elastic and inelastic collisions in the system. For it
to be an effective cooling tool, 'good’ elastic collisions must be predominant over
'bad’ inelastic collisions by a factor of ~ 150 [53]. Inelastic collisions occur when
two atoms collide with each other and induce a change in the internal state of
the atoms, such as a change of spin or change in the hyperfine structure. Inelas-
tic collisions often result in atoms being expelled from the trap. On the other
hand, elastic collisions result in an exchange of kinetic energy, but do not infer
a change in the internal state of the atoms. Such collisions are responsible for
the re-thermalisation process, which happens when the hottest atoms have left
the trap. The re-thermalisation speed will determine the efficiency of the whole

evaporative cooling process.

Consider an atom with energy E, which is part of an atom cloud of temperature
T, inside a harmonic potential of depth U. The energy required for this atom to

leave the trap is given by
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E., = (n+ K)kpT, (2.4)

where 0 < k < 1 determines the fraction of energy that is carried away by the

atom and 7 is the truncation parameter, given by

n=-—:. (2.5)

The energy reduction due to an atom leaving the trap is given by [54]

where N is the total number of atoms. The loss of atoms during evaporation is
found to be [55]

dN
(E>ev = —ngove "N, (2.7)

with ¥ = 1/8kpT /mm being the thermal velocity, ng the density and o the atom-

atom scattering cross-section.

The total variation of energy during the evaporation process is

dF dN dT
(E)w =3 (E)w Fpl 3 (E)w il (28)

This, together with eq. (2.6), leads to

(

&5

) (2)

= %(7]4—/{—3) (2.9)

N~
=

Quantum degeneracy in a three-dimensional harmonic oscillator occurs when the
Phase-Space Density (PSD), which is the number of atoms in a volume of size A3,

reaches a value of 1.202 [56]. The de Broglie wavelength, \p, is given by

2w h?
Aag = 1/ 2.10
dB kaT’ ( )
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where T is the temperature of the sample, and m is the mass of the atom.

The evolution from an initial PSD; to a final PSDy is given by

PSD; [N\
P%‘(E) ’ (21

where N; and Ny are the initial and final number of atoms, and o = (n+x —3)/3.

Following this derivation, it can be concluded that the larger the truncation pa-
rameter, 7, is, the more efficient the evaporative cooling will be. The lifetime of the
vacuum will also affect this truncation parameter. A new system (section 3.4) was
implemented in order to reduce the collisions of the atoms with the background
gas. Experimentally, it was found that the optimum value for the truncation pa-
rameter is n = 7 (section 3.6.1) for the experiment described here. Keeping this
truncation parameter constant throughout the whole process is important in order

to maintain a predominant ratio of elastic collisions over inelastic collisions.

2.3 Bose-Einstein condensation

In 2001, Eric A. Cornell, Wolfgang Ketterle and Carl E. Wieman received the
Nobel Prize in Physics for the achievement of Bose-Eintein condensation in dilute
gases of alkali atoms, and for early fundamental studies of the properties of the
condensates [57, 58].

Bose-Einstein condensation occurs when a large number of particles occupy the
ground state of a sample of integer spin atoms, i.e. bosons. The wavefunctions
of the atoms overlap when the de Broglie wavelength A\;p is comparable to the
inter-atomic distance, A\gg = n~ /3, and the atoms are then described by a single
wavefunction. The quantum properties of a condensate differ from those of a

classical gas.

From eq. (2.10), the temperature at which condensation occurs is

O fi2n2/3
Tp=""" (2.12)

ka
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This is true as long as there are no other size or shape constraints in the system.

The exact details depend on the potential [56].

2.3.1 Bose-Einstein distribution

Consider a Bose gas of identical particles, confined in a harmonic oscillator poten-
tial, V., at a temperature 7. In three-dimensions, this harmonic trap is of the

form
1 2.2, 292 22
Vewt(r) = 5™ (wiz? + wiy? + w?z?) . (2.13)

The quantum energy levels of the system can be written as

1 1 1
Enm,ny,nz - (ng; + 5) th + (ny + 5) h/wy + (nz + 5) hwz, (214)

where n,, n, and n, are the quantum numbers corresponding to the motion of
the particles in the three-dimensions. These quantum numbers are integer values

greater than or equal to zero.

The average number of particles in a certain energy state (n,,n,,n,) is given by

the Bose-Einstein distribution,

F B oyn.) = 55— (2.15)

e (Enz,ny,nz _M) _ 17
where 8 = 1/kpT, E,, n,n, is the energy of the state, and p is the chemical
potential. Additionally, the total number of particles must be equal to the sum of

the average number of particles in each state, i.e.

1
N = Z e (o (2.16)

Nz, My ,Mz

For high temperatures, the chemical potential tends to very negative values. When
lowering the temperature, while keeping the number of atoms constant, the chem-
ical potential tends to Fy . In this case, it is convenient to split the total number

of atoms as follows
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1

N=No+ Y, p g (2.17)
Nz ,Ny,Nz 70

In the thermodynamic limit, the large size of the system means that the excitation

energy kg1 is much larger than the separation between two consecutive energy

levels. This allows replacing the summation for an integral,

> dngdnydn,
N =N, —|—/0 pz——, (2.18)

This integral converges to a finite value, meaning that the excited states will be
saturated and, therefore, there will be a macroscopic occupation of the ground

state of the system, forming a Bose-Einstein condensate.

2.3.2 Critical temperature

At high temperatures, the atoms populate the excited energy levels. This means
that Ny < N, and the chemical potential takes negative values much larger than
the energy of the ground state, u < Ejy. As the temperature lowers, the chemical
potential approaches the value of Ey. condensation occurs at a critical temperature
T, when particles macroscopically occupy the ground state. This is the result of
the chemical potential being equal to the value of the energy in the ground state.
As the temperature goes below T, the chemical potential stays constant at that
value. The ground state of the system will not have any restriction on the number

of bosonic particles it can take, unlike in the case of a Fermi gas.

The critical temperature is the lowest temperature at which the total number of

particles is equal to the number of particles in the excited states. Knowing that

dN = D(E)dE, (2.19)

where D(E) is the density of states, and assuming Ey = ¢ = 0, eq. (2.18) can be

rewritten as

N = dE 2.2
/0 G'BE 1 ) ( O)
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where f = 1/kgTc. For a large system, the zero-point energy, when n, = n, =
n, = 0, can be ignored and n; expressed as a continuous variable. Additionally,
the number of quantum states will be large enough so that the total energy F of
the system may be also expressed as a continuous variable. This total energy can
be linked to a coordinate system and defined by E; = hw;n;, for the energy in
each dimension. In such a system, the number of states with energy less than F

is given by

1 E (E—E, E—E,—E,
N(E)= —— / / / dE.dE,dE,. (2.21)
o Jo 0

R3wawyw,

Integrating eq. (2.21) gives

E3

6w wyw,

N(E) (2.22)

From eq. (2.19), the density of states can be obtained from the derivative of
eq. (2.21)

EQ

DEF)= ————.
(E) 23w wyw,

(2.23)

Substituting this result in eq. (2.20), the number of particles is then given by

1 ©  p2
N=— / dE. (2.24)
0

N 2h3w,wyw, ePE — 1

Using x = &, eq. (2.24) can be rewritten as

1 [e%¢) xa—l
N=——7—(kgT:)" d 2.25
2h3wxwywz( 5Tc) /0 1 ( )

where a = 3 for the three-dimensional harmonic oscillator case. The integral can

then be solved using the general result [59]

/0 h xall dz = T(a)C(a), (2.26)

with I'(«r) being the Gamma function and ((«) the Riemann zeta function.
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In the case of the three-dimensional harmonic oscillator, a = 3, I'(a) = 2 and

((ar) = 1.202, resulting in a critical temperature of

h
Te = 0.94ng1/3, (2.27)

1/3

where W = (wywyw,)

For quick reference, eq. (2.27) can be approximated to
W13
Te = 0.045—— N'/3nK. (2.28)
2m
This, for the experiment described later in this document, gives a condensation

temperature of the order of a few hundred nano-Kelvin, which is in perfect agree-

ment with the experimental results.

Knowing the critical temperature, the condensation fraction can then be extracted

using eq. (2.17),

% - (%)3 (2.29)

2.3.3 Macroscopic wavefunction

The wavefunction of a system without interactions composed of N particles is

given by the product of its individual single-particle wavefunctions,

U(ry,..,ry) = qu(ri), (2.30)

and the wavefunction of a particle in its ground state is given by

_\ 3/4
%(ﬂz(%) e B (wna® by uwsst), (2.31)

The spatial density is N|i(r)|?. For a pure condensate, at T = 0, the number of
atoms will only alter the height of this distribution, but not its width.
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For temperatures 0 < T' < T, there will be two distinct distributions, with a
condensed fraction appearing in the central peak. This is often used as a tool to
confirm the formation of a Bose-Einstein condensate in an experiment, and has

been used since the very first observations of BEC [5].

So far, the phenomena of condensation has been described assuming no inter-
atomic interactions were present. This is not the case in a real condensate and,
although often weak, interactions are not negligible. Interactions play a very
important role in the stability of condensates, and can be attractive or repulsive.
The Hamiltonian has to be changed to accommodate the effect of the interactions.
This is addressed in detail in chapter 6, where a BEC system with interactions is
described using the Gross-Pitaevskii Equation (GPE) [36], and numerical solutions

developed.

So far, the chemical potential has been described as a negative quantity that
tends to zero as the temperature drops below the critical temperature [60]. The
inclusion of interactions in the description of the system leads to a positive value
of the chemical potential, raising the effective potential that the thermal atoms

experience [61].



Chapter 3

System components development

and characterisation

The production of a Bose-Einstein condensate (BEC) requires a complex exper-
imental setup placed in a controlled environment. The laboratory comprises a
large room with controlled humidity and temperature conditions, and a control
room adjacent to it, from which the experiment is run. The experimental ap-
paratus is controlled via a National Instruments PXIe-1065 with a PXIe-8130
controller, feeding four PXI-6733 analogue output cards. These components are
run using Python-based software developed by Dr. Matthew Jones and Dr. Asaf
Paris-Mandoki [62, 63]. The camera is controlled with a Matlab script developed

specifically for this experiment.

A cold atoms setup requires three main aspects to be addressed: vacuum, optics,
and magnetic fields. These are described in detail in the first three sections of
this chapter. The vacuum system is explained first, giving a brief description of
the components of it, and summarising the procedure followed in order to achieve
the required Ultra-High Vacuum (UHV) with a pressure of < 10~ mbar needed
for a BEC. The cooling and trapping of the atoms is achieved with the use of
laser light. The associated optical bench setup and the cooling and repumping
transitions are described in this chapter. The energy levels of the atoms are
addressed by the implementation of magnetic confinement potentials, which are
produced by an understructure and an atom chip, together with external coils

creating homogeneous magnetic bias fields.

23
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The rest of the chapter focusses on the description of the procedure required to
reach BEC, showing the performance of the setup. The addition of a pre-cooling
2D MOT stage is explained in detail, showing the advantages of the implementa-

tion of such a system in an atom chip experiment.

A functioning cold atom experiment was already present at the start of the work
described in this thesis. However, several changes were made to the setup in
order to improve its reliability and performance. The author was responsible for
the addition of a 2D MOT (section 3.4), the implementation of a new imaging
system (section 3.8), and the measurements that characterise the performance of
the experiment (sections 3.5 to 3.8). At the same time, the author participated
in improving the vacuum system (section 3.1), preparing and mounting the atom

chip (section 3.7), and modifying the optics setup (section 3.2).

3.1 Vacuum system

One of the key components of a cold atoms experiment is the vacuum system.
UHYV is vital in order to perform such experiments. Typically, a Magneto-Optical
Trap (MOT) type of experiment can only be performed with a pressure below
~ 1 x 10"%mbar. The MOT is very robust in this aspect, although much lower
pressures are required to perform experiments in the quantum degeneracy regime.
When the cloud is transferred to a magnetic trap, the background collisions have
a greater effect on the lifetime of the trap, resulting in larger losses as the pressure
increases. The nature of the experiment will determine the vacuum needs. For
example, a simple experiment performed at temperatures of tens of pK, can work
at pressures as high as &~ 1 x 107 mbar. On the other hand, experiments that re-
quire lower temperatures, or even condensation, have to be performed in pressures
lower than & 1 x 1072 mbar (depending on the collision rate) in order to increase
the lifetime of the atoms in the trap, as required to implement the evaporative

cooling technique.

For the experiment described in this document, the pressure in the main chamber is
~ 1 x 107! mbar, making condensation of 8’Rb possible. In a MOT stage of a cold
atoms experiment, the aim is to collect the largest possible number of trappable
particles, whilst maintaining the lowest number of non-trappable particles in the

background. This means having a good UHV system with a fully functioning ion



Chapter 3. Components development and characterisation 25

pump working constantly and having alkali dispensers running at relatively high
currents. In the magnetic trap stage, the aim is to have the lowest possible number
of particles in the background, including trappable particles. The reason for this
is that since atoms can only be captured in the MOT stage, any non-captured
atoms present in the background will produce background collisions and result in
loss of atoms from the magnetic trap. At this stage, a balance between achieving
a good level of UHV and a large enough number of 8"Rb atoms in the MOT is

essential.

The way 8"Rb is outgassed into the experimental chamber is by passing some
current through what is called a “dispenser”. A dispenser is a metal rod covered
by a coat of the desired alkali element. On top of it, a sealant cover is also
applied to avoid oxidation of the alkali when in contact with air, before placing it
in UHV. Once the dispensers are mounted in the vacuum, and UHV achieved, a
large current is passed temporarily to break this seal, which will then be absorbed
by the ion pump. After this procedure, *Rb will be outgassed in a larger or
lower quantity, depending on the current applied. Too little current will not heat
up the rod enough for the Rubidium to evaporate. Too much current and the
dispenser can break. Usually the dispensers are run at constant current all day
long. In some experiments, like the one described here, it is common practice to
run the dispensers pulsed, having them on at larger currents than usual during
the MOT stage to achieve a large capture ratio, and off during the magnetic trap
to reduce background collisions. Unfortunately, this practice poses a high risk
to the dispensers, since the current during the MOT stage has to be larger than
usual to compensate for the time they are off during the magnetic trap stage.
A broken dispenser no longer functions and can also cause extensive damage to
other vacuum components, such as the atom chip, which can result in a need for
replacement. This is one of the reasons why a 2D MOT system was implemented

in this setup, as explained in detail later in this chapter.

3.1.1 Vacuum components

The main vacuum components of the setup described in this document are shown
in fig. 3.1. The functionality of each of them and the pumping procedure is as

follows:
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FIGURE 3.1: Schematic of the vacuum system. 1. External pump port and

turbo pump. 2. Vent valve. 3. Sputter Ion Pump (SIP) with integrated

Non Evaporable Getter (NEG). 4. Hot-filament ion gauge. 5. Electrical

feedthroughs. 6. Main chamber. 7. Dispensers feedthrough. 8. 2D MOT.

The schematics shown have been developed by various members of the labora-
tory over the years.

1. External pump port and turbo pump. The first stage for achieving UHV
is done using an external “roughing pump”, connected to the system via
a small Klein Flange (KF'), which allows for easy fitting and replacement.
The are many types of roughing pumps, all of which are based on the same
principle: mechanically pumping air out of the system. A “turbo pump” is
seen attached to the system. The turbo pump has a set of rotary blades
inside and the purpose of it is to aid the roughing pump by forcing more air

out of the system and into it.

2. Vent valve. After using the roughing pump in conjunction with the turbo
pump, and following a bakeout procedure (section 3.1.2), Ultra-High Vacuum
(UHV) is achieved in the chamber. A vent valve is then closed to isolate these

pumps from the rest of the system.

3. Sputter Ion Pump (SIP) with integrated Non FEuvaporable Getter (NEG).
Sputter Ion Pumps are essential in order to reach a good level of UHV.
They are composed of a large permanent magnet which hosts a multicell an-
ode and titanium cathode plates. The basic principle of them is to use ions
to sputter titanium off the cathode. The particles present in the background

are then pumped into the walls of the cathode, and slowly buried into it as
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the titanium is sputtered. Inert gases such as helium are also removed by
ionisation. An SIP can only be switched on at HV pressures to avoid dam-
age. Non Evaporable Getter (NEG) pumps work in a similar way to SIP,
without ionisation. Active gases adhere to a metal substrate. NEG pumps
require re-activation by heating. This NEXTorr pump achieves a pumping
speed of 5001s™! for the NEG and a 61s™! for the SIP. This system was
implemented to replace a previous Titanium Sublimation Pump and a much
larger and old-fashioned Sputter Ion Pump, greatly reducing the size of the
setup and allowing for better optical access, as well as reducing the effective

volume of air to be pumped out.

4. Hot-filament ion gauge. In order to read pressures at a UHV level, an ion
gauge is needed. The ion gauge is formed of an anode rod surrounded by a
cathode grid. Electrons are accelerated in the enclosed volume of the gauge,
colliding with gas particles and ionising them. The ionised particles then hit
the cathode, inducing an emission of more electrons. An ionization current
is formed, which is proportional to the density of the gas and, therefore,
proportional to the pressure. A tungsten filament is heated to ensure a
constant controlled rate of free electrons leaving the metal, making ionisation
work at lower pressures. Readings of pressures below ~ 1 x 107! mbar are
not very accurate. Similarly to SIP, ion gauges can only be switched on at

HV to avoid damage.

5. FElectrical feedthroughs. This part of the vacuum system allows electrical
connections to be made from the outside to the inside of the system. Such
feedthroughs are attached to a port of standard size DN100OCF. The central
part is used for the atom chip connections, while the larger connectors are

used for the understructure, both of which are explained later in this chapter.

6. Main chamber. The main chamber is the space where the understructure and
the atom chip sit, trapping and cooling the atoms in the central region of this
component. Optical access to this chamber is realised by the use of vacuum
windows, usually of a standard size DN40CF or DN63CF. The material used
to construct this chamber, and most of the vacuum components, is stainless
steel 316LN, which is a special non-magnetic steel. Connections such as
flanges and windows are sealed in between with a thin gasket that adopts
the shape of any possible imperfections. Vacuum ports also have a knife

edge where the gasket sits, improving the sealing. Gaskets are typically
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made out of copper, but can be made of other metals. Lithium experiments
sometimes have nickel gaskets to avoid the copper reacting when in contact
with lithium.

7. Dispensers feedthrough. The alkali gas is released into the chamber by pass-
ing a current through a dispenser. Several dispensers are mounted in differ-
ent locations of the system in case one of them runs out, or breaks. Since a
dispenser breaking can damage adjacent pieces of equipment, the dispensers
were installed in different locations within the system, avoiding direct line

of sight with the atom chip.

8. 2D MOT. Atoms in the experiment are first trapped and pre-cooled in the
2D MOT. It contains two dispensers, and is connected to the main chamber
through a small differential pumping tube, thus ensuring larger loading rates
of the MOT and longer lifetimes in the magnetic trap. It is explained in detail

in section 3.4.

3.1.2 Bakeout procedure

Achieving Ultra-High Vacuum is a very methodical procedure, often referred to
as “bakeout”. Figure 3.2 shows the pressure measurements made with the ion
gauge at different stages of the pumping procedure. As explained above, the ion
gauge can only be switched on at High Vacuum (HV) pressures. Therefore, the
first pumping stage is not displayed in the graph.

HV is obtained with the sole use of a roughing pump and a turbo pump. After this
is achieved, the chamber is covered in heating belts that will heat up the whole
system evenly to 200 °C. The reason for this is to remove all of the particles that
have adhered to inside walls of the vacuum components. This heating has to be
done progressively to avoid any major differences in temperature along different
parts of the system, since this can cause damage to them or leaks to appear. The
pressure will increase as the temperature of the air inside increases. After the
temperature of 200°C is reached, the roughing pump, in conjunction with the
turbo pump, will pump away these particles. Once the pressure starts levelling
out, the temperature is gradually reduced to room temperature, with the pressure
dropping once again during this cooling time. After pressure stabilises again,

the Non Evaporable Getter (see section 3.1.1) is re-activated, producing a short
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FIGURE 3.2: Bakeout procedure to achieve Ultra-High Vacuum (UHV) <

1 x 1079 mbar. The hot-filament ion gauge can only be switched on in High

Vacuum. After this, the bakeout procedure is represented in this graph, showing
the pressure in the chamber throughout each step in the process.

peak in pressure, and quickly dropping the pressure below previous values. The
roughing pump and turbo pump are switched off and the Sputter lon Pump (see

section 3.1.1) is then switched on, helping to reach and maintain a UHV.

The last step before the vacuum system is ready is to flash the dispensers at
very high current for short periods of time, until the coating has evaporated.
These currents are specified in the datasheet of each dispenser. Once the pressure
stabilises again, the vacuum system is ready to use. The whole procedure described

here took approximately two weeks to complete for this setup.

3.2 Laser system

As with the vacuum system, the laser system is also one of the key aspects of a
cold atom experiment. Laser light is used in many different fields of experimental
physics. It is needed to trap and cool atoms, and to image and probe the samples
while carrying out experiments. Lasers are also essential to manipulate the internal
state of the atoms. For this reason, the frequency and power of the laser light
have to be meticulously controlled. The 780 nm D, cycling transition in 8"Rb is

responsible for laser cooling. The natural linewidth of this transition is 6.1 MHz
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[64]. Therefore the laser used has to have a linewidth of ~ 1 MHz. For this reason,

commercial lasers with external cavities are used in this setup.
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FIGURE 3.3: Level scheme of 8"Rb [64], with the cooling and repumping tran-
sitions. Acousto-Optical Modulator (AOM) showing the smaller frequency de-
tunings needed for cooling, imaging, repumping and optical pumping. In blue
are the lines generated with the TA-Pro laser and in red the ones generated
with the DL-Pro laser.

Figure 3.3 shows the employed transitions.

The repump laser is stabilised, or

locked, to the |FF = 1) — |F’ = 1) transition using standard frequency mod-

ulation spectroscopy [65] to avoid any long-term frequency drift. Any change in

the laser’s current results in a change in the laser’s frequency and power. The
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atomic frequency reference to which the laser is locked is provided using Doppler-
free saturation spectroscopy with a rubidium vapour glass-cell [66]. The cooling
laser is stabilised with an offset of 6.622 GHz to the repump laser. This is done
using a digital beat-locking technique, which constantly compares the difference
to a reference frequency provided by an external frequency generator [67]. The
cooling laser is then locked to the |[F' =2) — |F’' =1® 3) crossover peak. With
these two lasers stabilised, the frequencies needed for cooling, repumping, imag-
ing and optical pumping can easily be tuned using Acousto-Optical Modulators
(AOM). The AOM will shift the frequency by a determined amount. It is common
practice to reflect the beam after this, to send it back to the AOM, thus doubling
the frequency shift. This so-called double-pass AOM is used to avoid any spatial
drifts of the light path caused by different settings in the AOM, allowing smooth
frequency scanning. Additionally, the laser frequencies needed for the 2D MOT

setup are also extracted from these two lasers.

Laser frequency stability is of high importance in experiments like this one. All
the optics are mounted on a floating optical table to avoid any vibrations, and
enclosed in a laser box, which helps to maintain stable temperature and humidity
conditions, as well as keeping dust out of the optics. For this reason, very stable
commercial lasers are used. In particular, there is one cooling laser (Toptica TA-
Pro), one repumping laser (Toptica DL-Pro) and one tapered amplifier BoosTA
for the repump line. The optics setup is shown in the schematics in fig. 3.4, with
the red lines representing the light used for the main experiment. The green lines

represent the light used for the pre-cooling 2D MOT stage.

The repumping light is seeded into the tapered amplifier before being split into a
3D MOT repumping AOM and a 2D MOT repumping AOM. The repumping AOM
is used with double-pass at 78.5 MHz to achieve the desired repumping transition
that will act on two of the 3D MOT beams and on two of the 2D MOT beams.

The intensities of each of them can be independently modified.

The cooling light is split into several AOMs for 3D MOT cooling (double-pass
at 98 MHz), 2D MOT cooling (double-pass at 98 MHz), 2D MOT pushing beam
(double-pass with variable frequency - see section 3.4), imaging (double-pass at

106 MHz) and optical pumping (single-pass at 75 MHz).
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FIGURE 3.4: Schematic of the optics setup used in the atom chip experiment.
Green paths indicate the optics needed to achieve the pre-cooling stage, or 2D
MOT. Red paths indicate the main laser paths to create a 3D Magneto-Optical
Trap, including cooling, repumper, spectroscopy, imaging and optical pumping.
Schematics have been done to a scale 1:10 of the real dimensions.
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3.3 Understructure to generate magnetic fields

The magnetic field is needed to split the energy levels of rubidium so that the atoms
can then be trapped and cooled to near-absolute zero. The most widespread way
of generating magnetic fields is by using coils. Typically, a MOT type experiment
will have a set of coils to create a quadrupole. In our setup, the magnetic fields
responsible for trapping and cooling are generated by an “understructure”, con-
taining different shapes of copper tracks (see fig. 3.5). This was designed primarily
by a previous PhD student Dr. Anton Piccardo-Selg [31]. The understructure al-
lows for different configurations of trapping potentials, depending on the paths and
directions of the current, allowing it to perform well in both the MOT stage and
magnetic trap stage. Additionally, with the use of different tracks, the trapping
potential can easily be modified, changing its shape, gradients and/or position.

The understructure allows for fine control when performing experiments.

The understructure, shown in fig. 3.5b, consists of a central copper sheet (brown)
covering the whole region, on top of which a thinner sheet (green) runs orthogonal
to it. An “H” shaped track (blue) and two “sidebars” (red) are present on top
of the sheets. This is all embedded in a boron nitride piece, which keeps the
structure in place. The copper tracks are then connected via copper rods to the
feedthrough. The atom chip is screwed on top, using four screws on the corners of
the understructure, and its connections are realised using spring-loaded rods. This
technique, although tricky to first set up, provides a very fast and user friendly
way of swapping chips. The whole understructure and chip are placed upside
down inside the chamber to be able to let the cloud of atoms undergo a ballistic

expansion.

Planar structures are capable of producing the necessary magnetic fields for a MOT
and magnetic trap, although for convenience a bias field is sometimes generated
with coils. This ensures a more homogeneous bias field. In this setup, the MOT is
created with a U-MOT type of trap, which consists of a planar U shaped copper
structure accompanied by a bias field. In our setup, this can be achieved in
several ways. The first alternative is to use the “H” shaped central piece (blue
tracks in fig. 3.5b) with current flowing between either the top two or the bottom
two contacts. This gives a simple and relatively low power consumption MOT
when an additional bias field is generated by using two external coils in Helmholtz

configuration. This setup was later changed to be able to control the height and



Chapter 3. Components development and characterisation 34

(b) Understructure CAD drawing.

(a) Understructure photograph.

FI1GURE 3.5: Understructure of size 70 x 70 mm for creating the magnetic field

for a Magneto-Optical Trap (MOT) and a magnetic trap. The red and green

tracks in (b) are used together in the MOT stage creating an effective U-MOT.

The blue track is used for the magnetic trap stage with current flowing in a Z

shaped configuration. The atom chip is mounted on top of this understructure,

using a screw in each corner. The electrical connections for the chip are realised
with spring loaded push rods.

shape of the potentials independently. In this case, the green sheet in fig. 3.5b was
activated, in conjunction with the red sidebars and the external coils to create the
bias field. The currents through both of the structures are driven with independent
power supplies. The magnetic trap stage is generated by connecting the “H”
shaped track to form a Z shaped current path, and the bias field is again generated
with external coils in the Helmholtz configuration. The reason to not use the same
configuration as in the MOT stage is due to the Majorana spin flips, described
in the previous chapter. It is very important that this Z shaped current path
flows in the same direction as the Z shaped wires of the atom chip, to ensure a
fast and efficient transition between the understructure magnetic trap stage to
the atom chip magnetic trap stage. The bias field can be created by the bottom
sheet of the understructure if desired, although the resulting magnetic bias field
is not as homogeneous, leading to shorter lifetimes of the trap and a less efficient

evaporative cooling process.

In addition to the understructure, the chamber is surrounded by five pairs of coils.
With the z and y coordinates as shown in fig. 3.5b and the z coordinate being
away from the surface of the chip, there are two pairs of X-Bias (with the coil plane
parallel to the yz plane) coils, two pairs of Y-Bias (with the coil plane parallel to
the zz plane) coils and another pair of Z-Bias (with the coil plane parallel to the

xy plane) coils. One of the X-Bias pair of coils is used in the formation of the
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MOT trap and the other pair in the formation of the magnetic trap, as described
in the previous paragraph. The first Y-Bias pair of coils is used to modify the
bottom of the magnetic trapping potential in the magnetic trap stage, as well as
in the atom chip trap. The other two pairs of coils, with the help of the X-Bias
used in the MOT, are used to compensate for external unwanted magnetic fields in
all three spatial coordinates, as well as to move and position the cloud in certain
regions of the chamber. The X-Bias pair of coils used for the MOT is also used
in the optical pumping stage. Although the compensation coils are not needed
for trapping and cooling, they are essential to position the cloud of atoms in the
correct place to perform transitions between the MOT and the magnetic trap and

between the magnetic trap and the atom chip magnetic trap.

To ensure a precise magnetic field, the current lowing through the understructure,
as well as through the coils, should ideally be constant. Typically, the current com-
ing out of a power supply is of constant voltage, with the current being dependent
on the resistance of the load. If the resistance of the load changes, the current
changes and, in an experiment of this kind, the magnetic field changes. Since large
currents are driven, the temperature on the understructure and coils will change
dramatically from when it is first switched on to when it is fully warmed up. This
causes a long term drift that will stabilise faster or slower depending on the cur-
rent, the material, and the cross-section of the conductor. In some experiments,
hollow-core water-cooled coils are employed to avoid excessive heating. The best
way of controlling the current out of a source is to constantly drive a larger cur-
rent and build a circuit with a feedback that transforms the excess current into
heat and dissipates it with a large heat-sink. For the majority of the magnetic
field generating devices in this experiment, running the power supplies in voltage
controlled mode results in a long term drift that stabilises in some thirty minutes,
thus eliminating the need for current regulation. In the case of the power supply
employed for the Z shaped track, this effect is more dramatic due to the use of
larger currents, and the magnetic fields drift even during each experimental cy-
cle. For this reason, this power supply had a large current controlling box, built
by the electronics workshop of School of Physics and Astronomy, University of

Nottingham.
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3.4 2D MOT

The use of a pre-cooling stage has been mentioned several times before in this
thesis. In this section, the design and implementation of such a system is explained
in detail. The reasons that lead to this modification are also stated. The basic
design of the apparatus has been taken from the author’s final year M.Sci. project
[33] done prior to the work described in this document, and based on a design
from the University of Heidelberg [68, 69]. This design is characterised by the use
of three or four independent trapping and cooling regions, as opposed to the most
common version with only one elongated region [70]. The three regions setup has
proven to be equally effective and, at the same time, cheaper to build, due to the
use of standard optics instead of the more expensive custom made elongated lenses

and mirrors.

Differential pumping tube

Cooling + Repumping beams

Pushing
beam

Cooling + Repumping beams

y
2D MOT
z
3D MOT

FiGure 3.6: Simplified diagram showing the main chamber on the left, with

a cloud of atoms (red disk) trapped inside, and the 2D MOT attached to it on

the right. The orange arrow shows the trajectory that the atoms will take from

one chamber to the other, passing through a differential pumping tube. In the

2D MOT, atoms are trapped within three different cooling regions to produce
three elongated clouds of 8"Rb (red ellipses) [33].

Bose-Einstein condensation was achieved prior to the implementation of this de-
vice. Unfortunately though, the background pressure instability during the mag-
netic trap stage meant that condensation was only achieved for a few hours per day.
When the dispensers are first switched on after several hours of being switched off
and with the pumps working, the density of trappable particles increases rapidly,
making condensation possible. After a few hours, the background pressure of non-
trappable particles slowly increases, incrementing the rate of 8Rb atom collisions

with background particles. Additionally, the cycle of the dispensers had to be
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run pulsed, driving larger than usual currents during the MOT stage but none
during the evaporative cooling cycle, thus risking damage to the dispensers. For
this reason, the implementation of the previously designed pre-cooling stage was
necessary. A pre-cooling stage, such as the 2D MOT, is of great importance for

two main reasons;

e Dispensers are outside the main experiment chamber, which helps to control
the background pressure in the experiment thanks to a differential pumping

tube dividing both chambers.

e Atoms are trapped and pre-cooled before being sent into the 3D Magneto-
Optical Trap increasing the loading rate of it. This effectively acts as a
velocity selector, as well as ensuring that only trappable 87Rb is sent into
the main chamber, leaving unwanted particles in the 2D MOT glass cell.
Normal commercial rubidium dispensers are generally composed of 72 % of
the 8°Rb isotope, and only 28 % of the 8"Rb isotope.

This type of pre-cooling stage is called a 2D MOT simply because it follows the
same principle of trapping and cooling as the well known MOT, but only acts on
two dimensions instead of three, generating a quadrupole field along one axis [50].
A basic diagram on the principle of this 2D MOT stage is shown in fig. 3.6, where
atoms are first trapped in the 2D MOT glass cell along three different regions of
space, and then pushed with the aid of a pushing beam towards the 3D MOT
chamber. Figure 3.7 is a photograph of the fully implemented and functioning 2D

MOT running in the experiment. The components of it are as follows:

1. Glass cell. The vacuum is generated inside this glass cell type of chamber,
which is custom made to the desired size by company Japan Cell. It is made
out of Schott Tempax Borofloat glass with a 780 nm anti-reflection coating
on the outside. The size of this cell is 245 x 35 x 35 mm with the flat-sided
usable length of 140 mm. This glass cell design was carried out prior to the

work presented in this document [33].

2. Permanent magnets. Two aluminium rectangles with permanent magnets
placed inside are positioned flat to the diagonal of the glass cell, at a 45°
angle from the zz plane. Polarity of the magnets is opposite in each bar,
creating the necessary quadrupole field inside the glass cell to trap and cool

87Rb. The magnets are explained in more detail in section 3.4.3.
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3. Compensation coils. Two pairs of compensation coils were wound to better
control the position of the cloud with respect to the differential pumping

tube that connects the two chambers.

4. Optics cubes. These cubes, containing a Polarising Beam Splitter (PBS),
a A\/2 plate and a A/4 plate, are responsible for the correct splitting and
polarisation of the light distributed among the three trapping regions. This
optics cubes design was carried out by the author, prior to the work presented
in this thesis [33].

5. Cooling and repumping guns. These tubes contain the optical fibre outcou-
plers, and the collimating optics, directing cooler and repumper light to the

optics cubes.

6. Pushing beam. Optical fibre outcoupler for the pushing beam, responsible

for aiding in the transfer of atoms to the main chamber of the experiment.

7. Vacuum flange with differential pumping tube. The whole structure and
glass cell are supported by this custom made DN40CF vacuum flange, which
includes the differential pumping tube that connects the two chambers. It
was built by company LewVac out of 316LN stainless steel. Feedthroughs
for dispensers are connected through a standard CF16 vacuum port. This
flange design was carried out by the author, prior to the work presented in

this document [33].

8. Dispensers. Rubidium is evaporated inside the 2D MOT chamber using two
dispensers, placed on either side of the differential pumping tube. Small con-
nectors had to be carefully designed to make sure they fit inside the narrow
part of the glass cell, without touching other components. Any contact with
other components can result in damage from the high temperatures produced

by the dispensers and/or short-circuiting of the electrical connections.

9. Port aligner. The port aligner bellow, purchased from company Lesker, is
placed between the 2D MOT and the rest of the vacuum system. It is used
to align the stream of atoms exiting the 2D MOT with the centre of the
trapping potential in the 3D MOT. Gravity has to be accounted for when
aligning the 2D MOT stage.

Figure 3.8 is a fluorescence image taken at the position of the pushing beam

outcoupler, looking straight into the differential pumping tube. Atoms can be
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FIGURE 3.7: Photograph of the 2D MOT pre-cooling stage implemented in
the setup. 1. Glass cell. 2. Permanent magnets bar. 3. Compensation coils.
4. Optics cubes to split light for the three independent regions. 5. Cooling
and repumping beam guns. 6. Pushing beam outcoupler. 7. Custom built
flange with integrated differential pumping tube and support for the structure.
8. Dispensers inside the glass cell mounted to feedthrough with home-made
connectors. 9. Port aligner bellow connecting 2D MOT with 3D MOT main
chamber. See text for details.

FIGURE 3.8: Fluorescence of 8"Rb atoms inside the 2D MOT along the longi-
tudinal axis of the trap (marked with a red circle). Picture taken with a finger
camera without IR filter.

seen trapped in the centre of the glass cell, marked with a red circle. This image
was taken in this direction since the Optical Density (OD) is not sufficient for
the atoms to be seen along the longitudinal axis. The camera is a cheap “finger”

camera that does not contain any IR filter.

A different method for slowing down atoms, that is also commonly used, is the
“Zeeman slower” [71]. It consists of a large tube surrounded by different coils

that generate different magnetic fields. Atoms travelling at high speed through
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the tube are slowed down before they reach the main chamber. The slowed down
atoms are effectively cooled down and increase the chances of getting trapped in
the MOT. This type of slower is also used for other types of particles, such as
lithium, that needs to be preheated in an oven and leave the oven at high speeds
[72]. Tt is also common in mixture experiments, in which different species of atoms
can be slowed down using the same Zeeman slower with different currents running
through the coils for each species [62]. Some versions use permanent magnets that
are placed closer or further away from the tube depending on the desired magnetic
field [73]. For 8"Rb atoms, the 2D MOT setup has proven to be very reliable over
the years [74, 75].

3.4.1 Pressure difference

The greatest advantage of using a different chamber to first trap and cool the atoms
is to be able to maintain a different pressure in different stages of the experiment.
As discussed before in this document, the MOT stage of the experiment benefits
from a large background pressure of trappable particles, as opposed to the magnetic
trap stage where the higher background pressure results in losses. With a 2D MOT
setup, the dispensers run only in the separated chamber, increasing the pressure
in this chamber. Once the atoms are trapped, they can be transferred into the
main chamber, which contains the Sputter Ion Pump (SIP) and sits at a lower

pressure.

The difference in pressure between two chambers is given by the dimensions of
the connecting tube. A thinner and longer tube will maintain a larger pressure
difference than a shorter and wider one. This flow resistance occurs as a result of
friction among the gas particles themselves and with the wall surface. In vacuum
technology, it is common to refer to the conductance, which is the reciprocal of
the flow resistance. Given a tube with length L and internal diameter D, both in

centimetres, the conductance when L > D scales as [76]

12.1D3
C=—"= (3.1)

If several geometries inside the connecting tube are present, the total conductance

is
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The pressure difference between the two chambers will then be given by the effec-

tive pumping speed Sygy of the vacuum system [76]

Do _ Cr (3.3)
P3D SUHV‘ .

The setup presented in this document has a differential pumping tube with two
different stages, the larger one with L = 153 mm and D = 5.6 mm, and a smaller
tube on the 2D MOT side with L = 8 mm and D = 0.8 mm. Figure 3.9 shows the
internal geometry of the differential pumping tube. The vacuum pumping system

has an efficiency of 5001s7!.

Due to its location, far from the main chamber,
the effective pumping speed will be reduced to a few tens of 1s~'. This leads
to a pressure difference between the chambers of Pyp ~ 103Psp. Therefore, the
pressure in the 2D MOT can be raised up to 10~" mbar without experiencing

dramatic losses in the experiment’s magnetic trap lifetime.
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FicUre 3.9: CAD drawing to scale of the flange with transparency showing

the two stages of the differential pumping tube (red and green) integrated in

the custom made vacuum flange, viewed from the side. The total length of the
tube is 165 mm.

At the same time, as well as keeping the desired difference in pressure, the physical
angle at which the atoms can enter the main chamber has to be as large as possible.
This is the reason why some setups contain a set of differential pumping tubes

that progressively increase in diameter. In the setup described here, this angle is
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limited by the shorter piece of tube, which gives a solid angle of 36.6 mrad. The
Heidelberg setup [68] gives a solid angle of 64 mrad at the cost of a lower efficiency
of the differential pumping tube.

3.4.2 Optics setup

The trapping and cooling technique in a 2D MOT does not differ from the tech-
nique used in a 3D MOT. Cooling and repumping transitions have to be induced
with laser light. In this setup, the cooling and repumping beams come from the
same set of lasers used for the main experiment. The frequency shift is achieved
using different AOMs since the timings are different from the 3D MOT. The 2D
MOT light can be left constantly on so that atoms are already trapped and cooled
before the 3D MOT loading even starts. To achieve a good radiation pressure bal-
ance, both cooling and repumping light are combined and sent in the two spatial
components of the 2D MOT. The optics setup to prepare the light is shown in
green in fig. 3.4. Each of the two beams is then split into three different regions,
and sent into the glass cell, as shown in fig. 3.10. The light is then retro-reflected
to achieve the two dimensional trapping. Some experiments contain four trapping
regions [77], and claim no significant improvement from the three regions setup.
The detuning of the cooling and repumping beams employed is similar to the one
for the 3D MOT. The cooling light was found to saturate at ~ 100mW of total
combined power, where the repumping was saturating at ~ 10 mW. This light is

then split into six retroreflected beams using 1”7 optics.

Differential
Pumping ' ' '
Tube

‘[I: e e | e
8Rb Pushing

‘ ‘ ‘ Beam

Two-Dimensional Cooling Beams

FIGURE 3.10: Schematic of the optics employed on the 2D MOT apparatus,

showing the splitting of cooling and repumping light into the three regions. Two

rubidium dispensers can be seen inside the glass cell, adjacent to the differential
pumping tube. Image for visualisation purposes, not to scale.
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Once atoms are successfully trapped and cooled inside the 2D MOT glass cell,
they have to be transported to the main chamber, through the differential pump-
ing tube. For this, an additional beam is set up, called the pushing beam (see
fig. 3.10). The optimal power for this beam was found to be ~ 480pW. Re-
garding the detuning, the setup was found to work to a good standard with both
red-detuned (negative detuned) light and blue-detuned (positive detuned) light
over the cooling transition. A red-detuned beam would act on the atoms trav-
elling towards the oncoming beam, effectively pushing them and turning them
around. A blue-detuned beam, on the other hand, would act on the atoms trav-
elling in the same direction as the beam, effectively giving a further kick to the
atoms already travelling towards the differential pumping tube. Even though both
detunings worked well, and a lot of groups claim red-detuning to work better [68],
in this experiment having the pushing beam blue-detuned seemed to be the op-
timum setup. The pushing beam also greatly helped with the alignment of the
bellow, since the beam could be seen passing through the differential pumping
tube and reflected on the internal surface of the main chamber, giving an idea as

to where the stream of atoms would point.

Several groups have implemented the so-called 2D+ MOT. It is based on the same
principle of two-dimensional trapping and cooling but, additionally, some light is
sent in the third spatial dimension along the longitudinal direction [78]. For this
purpose, the tip of the differential pumping tube of the setup described here was
designed to be at a 45° angle to the walls (see fig. 3.9) and polished to be reflective.
In this way, a beam can be sent from the bottom of the apparatus, reflecting onto
this surface, and acting as an additional trapping component together with a red-
detuned pushing beam. Although some groups claim an advantage with this setup
[68], a quick test in the laboratory showed no visible improvement on the behaviour
of the 2D MOT. A blue-detuned pushing beam without the additional reflecting
beam was found to be more efficient than the implementation of the 2D+ MOT

system.

3.4.3 Permanent magnets

When designing magnetic field generating structures for atom trapping and cool-
ing, several factors have to be accounted for. Typically, the MOT magnetic field

is created using large coils sitting outside the UHV chamber. The reason for this
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choice is that coils are reliable, relatively simple to design and build, if great accu-
racy of the field is not needed, and are very inexpensive. The major disadvantage
of the use of coils is the power consumption, which, in a laboratory, is not usually
a handicap. It is also important to take into account whether there is a need to
eventually switch off these magnetic fields, e.g. for imaging purposes. In the case
of a 2D MOT, permanent magnets seemed to provide the best balance between
the pros and cons. Magnetic fields do not need to be turned off at any stage of
the experiment, and the apparatus is far away enough to not interact dramatically

with the main experiment.

A set of aluminium bars was designed to host the permanent magnets. In this way,
the whole set of magnets can be moved around and positioned altogether with ease.
Each aluminium bar was placed at each end of the diagonal of the cross-section of
the glass cell (see fig. 3.7), forming a 45° angle with the horizontal xz plane. The
magnets, of size 25 x 25 X 5 mm, were acquired from company “First4Magnets”,
and are made out of N42 Neodymium, with 11kg of pull. Initially, weaker mag-
nets were acquired, relying on the results of the simulations but, after experimental
testing, it was discovered that magnets quickly lose ~ 25% of their magnetisa-
tion. A quadrupole field is then generated in the glass cell. The simulation of
the quadrupole field, shown in fig. 3.11, was done using Finite Element Method
Magnetic (FEMM) software, which is open-source software specifically meant for
simulating fields generated by permanent magnets. The red arrows in the picture
show the opposite polarisation of the magnets. The set of magnets are placed at
different distances from the edge of the aluminium holder, as seen in fig. 3.12. In
this way, the field created along the longitudinal z axis is more linear in space, and
slightly stronger on the tip of the tube, ensuring that atoms are squeezed towards
the hole. The bars can be displaced freely along the xy plane, ensuring that the
correct magnetic field gradient is achieved, and that the centre of the quadrupole

field aligns with the hole in the differential pumping tube.

The external coils seen in fig. 3.7 were added to better control the positioning of
the atom cloud with respect to the hole in the differential pumping tube. They
are not necessary, since this can be optimised via the positioning of the permanent
magnets aluminium bars alone. Nevertheless, the ability to precisely control the
position without physically moving components, give these coils a great advantage.
The coils were home-built, optimised primarily for the shape of the structure and

to allow access to manipulate and align the optical components of the system. A
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FiGurg 3.11: Colour map showing the quadrupole magnetic field generated

by two permanent magnets at a distance of 100 mm from each other in the zy

plane cross-section of the 2D MOT. Orientation of the poles of the permanent

magnets is shown with red arrows. Simulation carried out using opensource
Finite Element Method Magnetics (FEMM) software.

FIGURE 3.12: SolidWorks drawings of the permanent magnet bars designed and

built in-house. Different number of magnets are placed in each slot, which are

at different distances from the edge, to create the desired magnetic field. The

base and the lid are screwed together and then fixed to the 2D MOT structure
using two screws.

great benefit of having external compensation coils in a 2D MOT stage, is that
the cloud of atoms can be pushed far away from the hole after the 3D MOT is
loaded. This avoids any possible leak of atoms into the 3D MOT chamber.

Overall, the improvement on the experimental cycle has been excellent. The 3D
MOT loads to a few hundred millions of atoms in 10's, whilst maintaining a vacuum
pressure between 1 x 10719 mbar and 1 x 107" mbar. For practical purposes, this

resulted in repeatable and stable Bose-Einstein condensate (BEC) production.
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Even after having the system off for a long time, BEC is achieved in the first
minute after switching on the apparatus. This fact, when compared to other

setups, indicates the high performance of this apparatus.

Aside from the great improvement for this experiment, the successful realisation
of trapping and cooling atoms using permanent magnets is a big step towards
low power consumption portable devices. In such devices, one can think of a
MOT stage with permanent magnets, and the field can be cancelled temporarily
for science or imaging purposes, with the use of optimised coil design techniques.
These devices would benefit from a very low power consumption and reduced size.

Colleagues in Nottingham are currently designing and making such structures.

3.5 Magneto-Optical Trap (MOT)

In order to carry out experiments with cold atom, the first step is to trap and cool
the atoms in the experimental chamber. The MOT is a very powerful and robust
system, not very sensitive to misalignment of the optics, changes in detunings or
changes in background pressure. At this point of the cycle, 3’Rb atoms at a few
hundred degrees Celsius are captured and cooled down to a few tens of micro-
Kelvin. In the case of the experiment described in this document, the loading of
the 3D MOT is done from a stream of already cooled atoms emerging from the
2D MOT stage, making the capture efficiency of the 3D MOT even greater. The
theory behind the MOT has been addressed in section 2.1, where it is explained
how the MOT relies on a combination of splitting of atomic energy levels with
external magnetic fields and a set of laser beams with the correct detuning and

polarisation acting on all three spatial dimensions.

The production of the desired quadrupole magnetic fields is done using an un-
derstructure, described previously in this chapter. Current flows along the green
sheet bar and along the red sidebars (see fig. 3.5b) forming a U shaped pattern.
This is accompanied by a homogeneous external bias field generated by X-Bias
coils that surround the chamber. The sheet bar is typically run at 80 A, the side-
bars at 20 A and the X-Bias coil at 3.2 A, the latter producing a homogeneous
bias field of magnitude 5.5 G. It is important to take into account the heating and
consequent expansion of the copper understructure due to large currents. The

long rods connecting the feedthrough to the understructure have a large thermal
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expansion and can lead to short-circuiting of the different elements of the under-
structure, and even push the atom chip which sits on top. Electrical isolating and
vacuum compatible Kapton tape was added in the newest version to avoid any
short-circuiting. Nevertheless, damage on the chip can still happen if the expan-
sion of the rods is excessive. To avoid this, the sheet bar is only driven at 80 A,
instead of the larger currents with which the MOT increases its performance. The
distance of the atoms to the surface during the loading stage is typically ~ 6 mm,

and can be adjusted by changing the currents employed.

Perhaps intuitively, the optimal arrangement of the oncoming beams would be
all three components orthogonal to each other. The nature of this experiment,
containing an atom chip, makes this configuration not valid, since one of the axes is
completely blocked by the understructure containing the atom chip. Additionally,
the axes of the quadrupole field generated by the U shaped structure, forces two
of the beams to shine in with an angle with respect to the surface of the chip.
The MOT configuration in this case is the so called “Mirror-MOT” [79]. One
of the spatial coordinates is addressed horizontally using two counterpropagating
laser beams through the side DN40CF windows of the chamber. The other two
spatial coordinates are addressed from the bottom DN100CF window. Two beams,
coming at a 32° angle with respect to the vertical, are shone onto the surface of
the chip and reflected back (see fig. 3.13). This angle should be as close to 45°
as possible, but is limited by the physical configuration of the chamber and the
Z-Bias coils. The surface of the atom chip is built with a high (98 %) reflection
coefficient for this purpose. The loading efficiency of this type of MOT is good for
an atom chip experiment, in which the chip itself has a limitation in the number

of atoms that can be loaded.

The MOT light is transported from the optical bench with the aid of polarisation
maintaining optical fibres. These help to maintain polarisation as well as to restore
and improve the gaussian shape characteristic of a laser beam. After the fibre
output, the beams are collimated with a lens. The output light from a polarisation
maintaining fibre is linearly polarised to the fast axis of the fibre. A \/4 plate then
converts this polarisation into the desired circular polarisation (see section 2.1 for
details). The 1/e? diameter of the MOT beams after collimation is 20 mm, which
is large enough for trapping whilst still fitting on the surface of the chip. Any light
hitting the edges of the atom chip would produce unwanted reflection that would

affect the efficiency of the setup. The light intensity of the cooling beams was found
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F1GURE 3.13: CAD drawing of the orientation of the MOT beams with respect

to the chamber. The imaging beam crosses the chamber from side to side in the

drawing, with the rest of the beams being cooling and repumping light. The

bottom beams are incident at an angle of 32° with respect to the vertical, and
reflect from the chip surface and onto each other’s paths.

to be optimum at 50 mW each for the bottom beams, and 30 mW each for the two
horizontal counterpropagating beams, resulting in a good atom number and low
temperature in the MOT. For convenience, repumping light was only added to
the horizontal beams, with a combined power of 12mW. The distribution of
the light intensity between beams is carried out on the optical bench. Detuning
of the cooling AOM was found to be optimum at 196 MHz, 16 MHz from the
|FF=2) — |F' = 3) transition (see fig. 3.3).

The cloud of 8"Rb atoms is constantly monitored on a TV screen with a finger
camera set on one of the side DN40CF windows of the main chamber. Atoms can

be seen due to fluorescence. An example is shown in fig. 3.14.

Thanks to the addition of the 2D MOT stage, the atom loading rate of the 3D
MOT is up to 5 x 107 s}, reaching a few hundred millions of atoms in 10 to 15
seconds. It is important to note that the MOT can be optimised for greater atom
number, but this does not necessarily mean better efficiency. A larger number of
atoms can result in a higher overall temperature and/or lower density, leading to

more pronounced losses during transfer to the magnetic trap.
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FI1GURE 3.14: Photograph of a typical mirror-MOT fluorescence image. Atoms
can be seen in the centre of the chamber, inside the red circle, at 6 mm from the
surface of the chip. Photograph taken with a finger camera without IR filter.

3.5.1 Sub-Doppler cooling and compression

This type of cooling presents a lower temperature limit, at which the heating
due to spontaneous emission of the atoms competes with the cooling process (see

section 2.1.2). This Doppler cooling limit is given by [64]

hI’

Tp = ——
D 2kB,

(3.4)
where I is the natural linewidth of the electronic transitions, resulting in a temper-
ature limit of ~ 145 pK for 8" Rb atoms. Cooling below this limit is achieved using
other techniques, such as polarisation gradients in an optical molasses [80]. In the
setup described here, in the last 5ms of the MOT, the cooling beam is detuned
up to four times its value, and due to the AOM’s reduced efficiency at this point,
the intensity of the beams is also reduced. Since the temperature of the sample
is directly proportional to the intensity of the light, and inversely proportional to
the detuning, this simple mechanism reduces the temperature. To illustrate this
technique, a temperature measurement is shown in fig. 3.30. With this technique,

temperatures down to a few tens of micro-Kelvin have been observed in the MOT.

At the end of the MOT stage, the cloud of rubidium atoms is at a distance of
~ 6 mm from the surface of the atom chip. At this distance, the atoms cannot be
captured by the magnetic trap produced by the understructure. For this reason,
in the last 200 ms of the MOT loading process, the field from the X-Bias coils is

increased by up to three times its initial magnitude, effectively pushing the cloud
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of atoms to a distance of &~ 1.5 mm from the surface of the chip. The additional Y-
Bias and Z-Bias coils are used to accurately position the atomic sample matching
the position of the centre of the magnetic trap. The current in the sheet bar and

the sidebars is modified at the same time to shape the cloud of atoms.

3.6 Magnetic trap

Once the cloud of atoms has been compressed and moved closer to the surface of
the chip, a transfer to a purely magnetic trap is then carried out. This magnetic
trap is achieved with the use of the central “H” shaped track in the understructure
(represented in blue in fig. 3.5b), passing current from one of the extremes to
another, effectively driving the current in a “Z” shaped. This, with the addition
of an external homogeneous bias field generated using the X-Bias coils, creates the

desired magnetic trap potentials.

The transfer of atoms from the Magneto-Optical Trap (MOT) stage to the purely
magnetic trap stage is a very delicate procedure. It requires optimisation to reduce
the atom number losses during the transfer and to avoid excessive heating of the
whole sample. For this transfer to be as efficient as possible, the two trapping po-
tentials from the MOT and magnetic trap have to be centred in the same position,
and the magnetic trap stage should be deep enough to host the whole cloud of
atoms being transferred. If there is a large trapping potential mismatch between
the initial and final traps, the cloud of atoms will try to follow the change, resulting
in a loss of atoms and an overall heating of the sample. For this reason, the initial
magnetic trap is set to be weak, maximising the number of atoms trapped. To
check if the two traps (MOT and magnetic trap) are centred in the same position,
a scan of position versus time after transfer is performed, showing oscillation of
the atoms. The closer together the two traps are, the smaller this oscillation will
be.

As explained in section 2.2, a purely magnetic trap will only trap atoms in the mag-
netic spin states |F' = 2, mp = +1) and |F = 2,mp = +2). Additionally, in the
later compression of the trap and evaporative cooling procedure, the experiment is
optimised for the |F' = 2, mpr = +2) state, which experiences a tighter confinement
compared to the |F = 2, mp = +1) state. In the MOT, atoms are distributed over
the five magnetic spin states of the F' = 2 state, mp = —2,—1,0,+1,+2. For this
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reason, it is important to first transfer as many atoms as possible to this state.
This is achieved via optical pumping and described in detail in section 2.2.1. Af-
ter all the fields and laser light for the MOT are switched off, optical pumping is
carried out. For a period of time of 3ms, atoms in all five states are addressed
with a homogeneous magnetic field of 3 G created by the X-Bias coils, splitting the
energy levels of the atoms. A pulse of light of 3ms from a single pass AOM shift
of =75 MHz (see fig. 3.3) is sent through a polarisation maintaining optical fibre
(same fibre as the imaging beam), with a o™ circularly polarised light, addressing
all Amp = +1 transitions. In this way, atoms undergo the |F = 2) — |F' = 2)
transition with a Ampr = +1, leading to ~ 96 % of the atoms being trapped in
the |F' = 2, mp = +2) state. During this period of time, repumping light is also
shone into the sample, to recover atoms falling to the dark F' = 1 state. Proper
functioning of the optical pumping procedure can be checked by simply removing
this stage and comparing the magnetically trapped atoms resulting. If needed,
a Stern-Gerlach type of experiment can be carried out. By applying a strong
magnetic field gradient before imaging, atoms with different magnetic spin are
accelerated differently, with mpr = 0 not being accelerated, and mp = 41, +2 and
mp = —1, —2 being accelerated in opposite directions. In this way, the population

of each magnetic spin state can be extracted.

Once the atoms are trapped in the |F = 2, mp = +2) state, and positioned in the
centre of the magnetic trap potential, the Z shaped understructure path is driven
with 80 A and the X-Bias coils with 28 A, giving an axial trapping frequency of
2m - 17.9Hz and a radial trapping frequency of 27 - 77.8 Hz. No Y-Bias field is
used at this point to keep a high trap bottom for the transfer. This transferring
process, when optimised, has a typical transfer efficiency of ~ 70% and a final

mean temperature of ~ 120 pK.

3.6.1 Evaporative cooling

The magnetic trap stage is used to achieve further cooling below the MOT cooling
limits. For many experiments, the goal of this stage is to get a cold thermal cloud
of a few tens of micro-Kelvin. In the case of the experiment described here, the
goal of the magnetic trap stage is to achieve a low enough temperature for the

atoms to be transferred into the atom chip trap. This is realised after the so called
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evaporative cooling procedure. Additionally, the Phase-Space Density (PSD) of

the cloud is increased by a few orders of magnitude.

Evaporative cooling is a procedure in which the hottest atoms are removed from
the sample, leaving only the coldest atoms in the trap and, effectively, reducing
the overall temperature of the sample. This is carried out via Radio Frequency
(RF) evaporation. Starting with a cloud of atoms trapped in the |F' = 2, mp = +2)
state, fig. 3.15, frequency vgp is applied to the sample of atoms. When gpug|B| =
hvgr, atoms experience a resonance between different magnetic spin states sep-
arated by hvgpr (green lines in fig. 3.15), thus linking these states. Atoms that
reach the truncation energy ¢; o< kgT', will be automatically transferred to the
|FF = 2,mp = +1) state, followed by a transfer to the |F = 2,mp = 0,—1,—2)
non-trapping states. In this way, these hot atoms with energy greater than the
truncation energy, ¢, are removed from the trap. The truncation energy is given
by

€t = 2h(vrr — 1p), (3.5)

where vy = 0.70 MHz G~! corresponds to the separation of the energy level at their

trap minimum.

The cloud of atoms then re-thermalise again to a Maxwell-Boltzmann distribution.
The RF frequency vgp is gradually reduced, evaporating the hottest atoms of
this re-thermalised cloud. The truncation parameter, 1, determines the efficiency
of the evaporative cooling process, and is a measure of how far into the energy

distribution the RF cut is. This parameter is given by

€t

n = k;B_T’ (3-6)

and, for optimal efficiency, has to be kept constant at a value of =~ 7 through-
out the whole evaporative cooling process. This determines the speed at which
the evaporative cooling process has to be carried out. If the process is too fast,
the truncation parameter rises dramatically. In this experiment, the evaporative

cooling stage is typically 10s long.

An interesting experiment that helps to explain this process is the RF knife. In

an RF knife measurement, the atom number is measured as a function of the
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FIiGUurE 3.15: Evaporative cooling scheme. Black curves show energy versus

position of the atoms for mrp = —2, —1,0,+1, +2 sublevels. With all the atoms

initially trapped in the |F' = 2, mp = +2) state, the applied frequency addresses

the hottest atoms, removing them from the trap, and effectively cooling the

sample. Atoms are represented with red dots, and the induced energy transitions
with green lines.

RF frequency, vrr, applied. It can be deduced from fig. 3.15 that the number of
atoms will be lower for lower vgp values. When the trap bottom is in resonance
with the RF frequency applied, i.e. hvy = hvgp, all the atoms are removed from
the trap. But for hyy > hvgp, none of the atoms are addressed and they all
remain trapped. Figure 3.16 shows an example of this type of measurement. This
technique is used to optimise the evaporative cooling process. The trap bottom
can be easily extracted by finding the frequency at which the graph goes from
maximum atom number to zero atom number. Note that the sharpness in this
change is given by the linewidth of the RF frequency applied. The larger the
linewidth of the frequency generator, the larger the frequency range addressed
at each single point in time. RF knife measurements are essential to optimise
the power of the radio frequency signal. A low signal power results in the cloud
not being completely addressed when hry = hvgp, and the graph not reaching
the zero value at any point. A high power results in the signal addressing atoms
at different frequencies, producing an extended zero line around the trap bottom
(near 0.8 MHz in fig. 3.16).
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FIGURE 3.16: Radio Frequency (RF) knife measurement. The RF frequency

is scanned, to address different trap frequencies. This type of measurement is

performed in order to optimise the RF cooling. Power and linewidth of the RF

signal are factors affecting the shape of this graph, therefore helping to optimise

them. The height of the trap bottom can also be easily extracted from the sharp
change in atom number.

The radio frequency signal is sent to the atoms via an antenna. This can be
implemented in different ways. The closer the antenna is to the atoms, the better
the efficiency of the system. For this reason, in this experiment, the radio frequency
generator system is connected to two of the legs of the “H” shaped understructure
piece (fig. 3.5), forming a “U” shaped antenna that emits the radio frequency
in the central part of the “H”, directly below the cloud of 8"Rb. The signal is
typically ramped linearly from a value of 20 MHz to a value of ~ 0.8 MHz, very
close to the frequency of the bottom of the trap, in a time-scale of 15s. In the last

4s of the ramp, the slope of the ramp is usually flatter, ensuring the truncation

parameter is kept close to its ideal value of 7.

Along with the gradual change in the Radio Frequency applied, adiabatic com-
pression of the cloud is carried out. The confinement of the trap is progressively
changed along with the frequency of the trap, increasing the density of the cloud
of atoms and, therefore, also increasing the rate of elastic collisions that determine

the re-thermalisation speed. The amount of compression is limited by three-body
losses.
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The ultimate purpose of the magnetic trap stage, with the compression and evap-
orative cooling processes, is to increase the Phase-Space Density (PSD). The PSD
is a measure of the atomic density of the cloud of atoms. It typically starts at a
value of ~ 10722, going up to ~ 1078 by the start of the evaporative cooling and,

ultimately, reaching condensation at a value of 1.202. The PSD is given by

PSD = nA3,, (3.7)

where n is the density of atoms derived from the peak OD, and

h

Ajp = ——v 38
B rmkgT (38)

is the thermal de Broglie wavelength. PSD is therefore determined by the num-
ber of atoms, the frequency of the trap at each step in the compression and the
temperature of the cloud, emphasizing the importance of both the adiabatic com-
pression and the evaporative cooling processes. Figure 3.17 shows the change in
atom number and temperature throughout an example of evaporative cooling, in
which the BEC transition line (see eq. (2.27)) is represented in red in fig. 3.17.

Note that if the slope of the graph is too large, condensation is never reached.

The purpose of the magnetic trap stage in this experiment is to reach low temper-
atures before transferring the thermal cloud to the atom chip. Evaporative cooling
in the magnetic trap in this setup is usually stopped at 20 pK, which results in
~ 100 % transfer efficiency to the atom chip trap. Nevertheless, condensation is

achievable and was observed in this trap by further cooling the sample.

The understructure used in this experiment is also a very useful tool to modify the
shape of the sample of atoms. Using only the “H” shaped structure for creating the
trapping potential, opens up the possibility of using the sidebars (red in fig. 3.5b)
to modify the aspect ratio of the trap. Additionally, the combined use of the
understructure and the atom chip is possible. The use of two wires of the chip
running parallel to the legs (vertical sections of the wire in fig. 3.20a) of the Z
trap, gives the ability to easily modify the aspect ratio of the trap, reaching aspect
ratios of up to 40 in this type of trap. These elongated traps showed characteristics
of density modulated BECs arising from in-trap phase fluctuations, discussed in

detail in section 4.2.
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FIGURE 3.17: Measurement of atom number and temperature throughout the

evaporative cooling process. The Phase-Space Density (PSD) increases during

this process from a value of ~ 107® to ~ 1, with condensation happening at

PSD = 1.202. The red line represents the BEC transition line, at which the

cloud condenses. The slope of the data points is represented by a black dashed

line. The efficiency of the process is determined by the slope of this data: if the
slope is too large, condensation does not happen.

3.6.2 Lifetime measurement

In order to reach the desired temperature and PSD, the lifetime of the magnetic
trap has to be sufficiently long (or the collision rate has to be high enough) to apply
an effective evaporative cooling procedure. The lifetime is measured by measuring
the number of atoms remaining in the trap with respect to the time of the trap.
It is determined by the loss rate, with the atom number decaying exponentially

according to

N = Noe™ -, (3.9)

with ¢ being the time of the trap, Ny the initial atom number, and 7 the lifetime
of the trap. Figure 3.18 is an example of this type of measurement, in which
a magnetic trap lifetime of 7 = 9.3s was achieved. This example of lifetime
measurement, was taken prior to the incorporation of the 2D MOT stage, which
critically increased this value to ~ 20s by reducing the background gas pressure

present in the magnetic trap stage.
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FIGURE 3.18: Lifetime measurement of the magnetic trap prior to the incor-

poration of the 2D MOT stage. Lifetime measurements are very important to

determine whether evaporative cooling is possible. The lifetime in this example

is 7 = 9.3 s, and proved the necessity to increase it, by reducing the background
gas pressure with the addition of the 2D MOT.

3.7 Atom chip

Similar to the magnetic trap described in the previous section, the atom chip is
also a purely magnetic trap system. It is based on the same principles of trapping,
and addresses the same magnetic spin state |F' = 2, mp = +2) of the atoms. With
the dimensions of the chip being in the micrometre range, this stage requires an
already cold and dense cloud of gas of a few microkelvin. The imperfections in the
atom chip are in the nanometre range, resulting in smoother and more accurate
magnetic fields than in the macroscopic trap when close to the conductors. The
chip used in this setup is shown in fig. 3.19. The trapping potentials generated by

this atom chip are described in detail in section 5.2.

The current carrying wires in the atom chip are all bonded to a PCB board that
surrounds the chip, and acts as a connection point to the spring loaded copper
rods that are then connected to the vacuum feedthrough flange. Wire bonding
is a very delicate technique that requires “clean room” facilities. It is performed
prior to installation of the chip, and was done using a microscope connected to
a robot. Thin gold wires are attached to the connecting pads of the chip and to
the pads on the PCB. Each electrical connection is realised with around 25 gold
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FIGURE 3.19: Atom chip used in the setup. The chip is held in place using a
70 x 70 mm boron-nitride holder (white) that screws on top of the understruc-
ture. Wires are connected to the PCB board that surrounds the chip and is
placed in contact with spring loaded copper rods. The rods are then electrically
connected to the outside of the vacuum chamber via a feedthrough.

(b) Wire bonding.

(a) Atom chip.

FIGURE 3.20: Micrographs of the atom chip. The central Z shaped current

carrying wires and the additional lateral U shaped wires can be seen in the

optical micrograph in (a). The optical micrograph in (b) is an example of the

wire bonding needed to electrically connect the atom chip to the surrounding
PCB board.

wires, shown in fig. 3.20b, ensuring that, together, they withstand currents of up

to a few Amps.
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3.7.1 BEC on the atom chip

Loading atoms into the chip trap is done from the macroscopic magnetic trap,
with the transfer found to be optimum when performed at a temperature of 20 nK.
The transfer efficiency at this stage is ~ 100 %, with very small atom loss. It is
performed after stopping the evaporative cooling process, and is typically realised
in 300ms. The process starts with a linear ramp of the current through one of
the Z shaped wires of the chip, shown in fig. 3.20a, to a value of 1 A. At the same
time, the X-Bias coils are ramped down to a much smaller magnetic field value of
a few Gauss. The Y-Bias field used to control compression and the trap bottom in
the previous step is ramped down to zero. Note that the direction of travel of the
current in the Z wire has to be the same as the one in the macroscopic magnetic
trap, so that the homogeneous X-Bias field required points in the same direction.
At 60ms after starting the transfer, the ramping down of the Z shaped copper

track from the macroscopic magnetic trap starts.

By the end of these ramps, the atoms are trapped in the atom chip trap, and
further cooling is resumed. The induced Radio Frequencies (RF) in this stage of
the evaporative cooling process also originate from the understructure copper track
acting as an antenna. The purpose in this phase of the experiment is to achieve a
PSD of 1.202, resulting in condensation of the sample of 8Rb. The length of this
stage is again dictated by the lifetime of this trap, and by the n parameter (see
section 3.6.1) being close to 7 throughout the ramp. The optimum timescale for
the ramps in the chip trap was found to be between 2s and 3 s in length, resulting
in the generation of BEC. Figure 3.21 shows how the cloud peak Optical Density
(OD) dramatically increases in the final few tens of kHz of the RF ramp, with the
BEC starting to appear in the centre of the thermal distribution (fig. 3.21c), and
ending in an almost pure condensate with very little thermal cloud (fig. 3.21d).
Figure 3.22 is an example of the OD integrated in the radial direction and fitted
to a bimodal distribution containing a thermal Gaussian part and a condensed

Thomas-Fermi part (see section 2.3).
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(a) 688 kHz. (b) 678 kHz. (c) 668 kHz. (d) 658 kHz.

FIGURE 3.21: Formation of a Bose-Einstein condensate (BEC) in the final part

of the evaporative cooling procedure. The condensed part can be seen appear-

ing in the central part of the thermal cloud in (b) and (c), and progressively

increasing to form an almost pure BEC in (d). The BEC atom number is ~ 10°

and the temperature is &~ 500nK. The frequencies represent the final Radio
Frequency (RF) applied during the evaporative cooling.
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FIGURE 3.22: Example of bimodal fitting (red curve) of the integrated Opti-
cal Density (OD) (blue circles) of a BEC formed in the atom chip trap. The
condensate, described within the Thomas-Fermi approximation fit (red dotted
curve), can be clearly distinguished from the thermal Gaussian part (green dot-
ted curve). From this type of fitting, parameters such as atom number and size
of the condensate can be extracted.
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3.7.2 Trapping frequencies and aspect ratio

In order to achieve full understanding of the physics behind an experiment, it
is essential to be able to measure and control each and every physical parameter
present in the experiment. In a cold atom experiment, some of the most important
variables are determined by the trapping frequencies, which are the frequencies at
which the atoms oscillate in each of the trap directions. These drive the inter-
atomic interactions and, therefore, determine how the atoms interact with each
other. For the majority of the experiments carried out, a simulation of the trapping
frequencies can be carried out starting from the currents delivered to each of the
trapping structures and wires in the system. While this gives a fast and relatively
accurate result, to determine the frequency more accurately it has to be measured

experimentally.

The frequency of the trap determines the vibration of the atoms inside it. For this
reason, the frequency is calculated from the motion of the atoms. To be able to
visualise this motion, the best route is to induce a perturbation in the magnetic
potential. This perturbation, or quench, is either first added and then switched
off rapidly or first removed and then switched on rapidly, allowing for the atoms
to recover their initial position in space, resulting in an oscillatory damped motion
that can be imaged and adjusted to a damped harmonic oscillator model of the

form

y = ae” 7 cos(wt + @) + yo, (3.10)

where 7 is the decay, a is the amplitude, ¢ is the shift, y, is the offset and w gives

the angular frequency of the trap, which is typically around a few hundred hertz.

For this setup, in the stage of magnetic trap prior to the atom chip trap, the most
reliable method was to induce the perturbation in either the Z shaped structure
or the coils. During the chip trap stage, the perturbation was easily added by
small changes in the currents of certain wires. This ability to rapidly manipulate
currents with a very low inductance feedback from the system is a well known char-
acteristic of atom chips. For measuring the radial component of the frequency, the
perturbation was induced on the main Z shaped trapping wire and, for measuring
the axial component of the frequency, the aspect ratio of the cloud was modified

by applying currents to two wires that add (or remove) magnetic field to the legs
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(vertical sections of the wire in fig. 3.20a) of the Z wire. This procedure is par-
ticularly useful to measure the aspect ratio of the cloud, A. Knowing the aspect
ratio is of extreme importance when studying the physics of a quasi-1D system,

or 3D elongated system.
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FIGURE 3.23: Axial and radial measurements of the trapping frequencies for

an extreme aspect ratio value of 160, obtained by displacing the cloud of atoms

closer to the surface of the chip (&= 10 pm), at a time-of-flight of 1 ms. Frequen-

cies are measured by inducing a perturbation kick on the system and analysing
the oscillation pattern arising.
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FiGureE 3.24: Radial frequency of the trap versus current in the Z shaped
trapping wire.

The aspect ratio of the trap can be easily modified by pushing the cloud closer
to the surface, which changes the radial frequency, by suppressing or enhancing
the effect of the legs of the Z wire, which changes the axial frequency, or by a
combination of both. The cloud can be moved closer to the surface by altering
the ratio between the current through the Z wire and the current through the coil
that induces the bias field used for trapping. The effect of the legs of the Z wire is
modified either by changing the current through the coil that creates the additional
bias field used to raise the bottom of the trap, or by altering the current through
wires that run parallel to the legs of the Z wire (see fig. 4.3a). Since the control
of the currents through the atom chips is more manageable than through coils,
modifying currents only on the chip is often the path chosen to measure trapping
frequencies in these experiments. In order to maintain the same temperature of
the cloud with the same evaporative cooling procedure, the trap bottom has to be

adjusted for each configuration of currents.

The aspect ratio of the cloud can be easily modified to achieve values ranging
from A\ = 26 to an extreme A = 160 (see fig. 3.23a and fig. 3.23b). Figure 3.24
shows the large effect that the distance to the surface has on the radial frequency.
A lower Z wire current means that atoms are trapped closer to the surface. This
greatly helps with the study of quasi one-dimensional physics and effects like phase

fluctuations, explained in more detail in section 4.2.
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3.7.3 BEC lifetime in a chip trap

Once the cloud of 8"Rb atoms has condensed into a BEC, and it has been fully
characterised, experiments with the BEC can start. For this, it is important to
be able to keep the BEC in the trap for sufficient time, ensuring that realisation
of the experiments is plausible. At this stage, the forced RF cooling has been
stopped, and the BEC sits in the atom chip magnetic trap. During this time, the
sample starts slowly heating up and, although the lifetime of the cloud can be long
enough for experiments, the cloud may not remain condensed for that time. In
order to ensure that the condensate is maintained during this time, an RF shield,
or RF knife, is employed. Keeping a constant RF frequency equal to that used
for the final value of the evaporative cooling ramp ensures that atoms heating up
above the corresponding trap height will be expelled from the trap, following the
scheme represented in fig. 3.15. In this way, the BEC is maintained for longer, but
atoms are lost from it. Figure 3.25 shows the lifetime curve measured with the
peak Optical Density (OD). Peak OD is a parameter that characterises the BEC.
The higher the peak OD, the more likely it is that condensation is present. The
lifetime of the BEC shown in fig. 3.25 increases dramatically with use of the RF
knife.
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FIGURE 3.25: Example of a Bose-Einstein condensate (BEC) lifetime measure-
ment showing peak OD of the sample measured over a standby period with
(green triangles) and without (blue circles) an RF knife. The RF knife BEC
lifetime increases when applying a constant RF frequency, effectively capping all
the atoms that heat up in the trap, maintaining the BEC for a few hundreds of
milliseconds. The BEC lifetime is important for the realisation of experiments.
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3.8 Imaging system

The imaging system is the most important source of information from the exper-
iment. Therefore, a careful design and implementation is essential. The setup
described in this document contained an ImagingSource DMK-21BF04 CCD sen-
sor camera, with a pixel size of 5.6 pm and a resolution of 640 x 480 pixels. This
camera gave sufficient resolution for a MOT stage and even for magnetic trapping
of thermal atoms. Unfortunately, the quality and noise level of the camera was

not sufficient for imaging a BEC.

A new imaging system was implemented, with a state of the art Andor iXon3 888
CCD sensor camera, with a pixel size of 13 um and a resolution of 1024 x 1024
pixels. The camera, along with all the optics, was mounted on an optical board,
shown in fig. 3.26, and on top of a three way translation stage. The magnification
was chosen to be 5, using two lenses, L; and Lo, with focal length f; = 150 mm
and fo = 750 mm, placing L; closer to the target and Ls closer to the camera (see
fig. 3.27). This configuration gave a good resolution of the BEC, enabling more
accurate experimental measurements. The only drawback was that, for aligning
the MO, this configuration is not useful. For this reason, a more complex system
was developed, in which both cameras, ImagingSource and Andor, can be swapped
rapidly without any alignment needed. Leaving L; unchanged for both setups,
Ly determines the magnification and position of the camera. Figure 3.26 is a
SolidWorks drawing of the setup with the Andor camera in place on the right.
A section of tube containing lens L, is attached to it and, on the left part of
the drawing, a mirror redirects the light after passing through L;. Swapping to
the ImagingSource is as easy as removing a section of tube and sliding it in the
central supporting pillars shown in the drawing. With L, for the ImagingSource
setup having a focal length of fo = 75mm, the system can rapidly swap from a
magnification of 5 to a magnification of 0.5 for alignment. The whole imaging
system is slightly tilted to avoid L; and the surface of the UHV window to be
parallel to each other, which would produce interference due to coherent reflection

of light on both surfaces.
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Andor
Mirror I—z camera

ImagingSource
camera mount

FI1GURE 3.26: CAD drawing of the imaging system employed in the laboratory.
On the left side, there is the L; lens together with a mirror. The mirror was
added due to space constraints of the room and the optical bench. In the middle
section, two free supporting pillars are placed to host the ImagingSource camera
with a different Lo lens integrated in it, used for MOT alignment. The Andor
camera along with the Ly lens is shown in the right side of the drawing.
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FIGURE 3.27: Absorption imaging scheme showing the imaging beam emerging

from the polarisation maintaining fibre on the left. The light interacts with the

atoms, represented by a red circle, and the attenuated light then travels through

two lenses and is focused into the CCD chip of the camera. The focal length and

position of the lenses is of high importance and the ratio between focal lengths
determines the magnification of the system.

3.8.1 Absorption imaging

Experiments are realised by interrogating the sample. Atoms are typically imaged
using the absorption imaging technique. For this, light and magnetic fields used
for trapping have to be eradicated beforehand. External magnetic fields greatly
affect the imaging, since they alter the energy levels of the atoms, splitting them
and upsetting the absorption of photons coming from the imaging beam. To make
sure no fields are present during imaging, data are always acquired after some
ballistic expansion time, or time-of-flight (TOF). The shortest TOF before taking

reliable data is 1 ms in the magnetic trap.
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The image obtained in absorption imaging is extracted from the attenuation of the
imaging light that the atoms create. An oncoming resonant laser beam shines on
the sample, creating a shadow that is imaged on the CCD detector of the camera.
This shadow is generated when the atoms absorb the oncoming photons. For this
reason, it is a destructive method, since the cloud is heated considerably in the
process. The propagation of a beam of intensity Iy along the z direction is given
by the Beer-Lambert law [15]

I(z,y) = Iy(z,y)e 0P, (3.11)

The OD is defined as

OD(z,y) = on(z,y), (3.12)

where the density of atoms is integrated along the path of the beam

n(x,y) = /n(x,y, z)dz, (3.13)

and the photon-atom scattering cross-section is given by

I+ (20T + /1o (3:14)

When the light is on resonance (§ = 0), the cross-section is defined by

 hwl
B 2[sat ‘

(3.15)

0o

The saturation intensities can be found in the Rubidium 87 D Line Data [64].

Light from a polarising maintaining fibre is collimated and shone onto the atomic
sample. With the light being resonant with the |F' =2) — |F” = 3) transition,
atoms will absorb these photons and re-emit them in random directions, effectively
creating a “shadow”, as seen in fig. 3.27. Although not essential, repumping light

is also added during this pulse to repump any atoms that fall into the dark state.
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In the experiment described here, the light (and shadow) will then hit the atom

chip, reflecting from it before reaching the L; lens.

The common absorption imaging procedure involves taking three consecutive im-
ages, with a temporal separation of ~ 100 ms, and is illustrated in fig. 3.28 for
MOT imaging using the ImagingSource camera. The first image contains the
atoms and, therefore, the shadow that they create through interaction with the
imaging light. The second image is taken after the sample of atoms has escaped
the trap, with the imaging and repumping beams both on. The third image is
taken with both laser beams off, giving the background intensity I;,. This back-
ground is removed from the first and second pictures, which are then compared
to determine the region occupied by the atoms. The optical density shown in
fig. 3.28d is then given by [81]

IO(xay) - I(.ﬁlﬁ,y) —In I(:c,y) - [bg(x>y) '

OD(z,y) =
( y) Isat I()(l',y) - [bg<x>y)

(3.16)

The imaging beam pulse lasts for a few tens of microseconds, and its power is set
to ~ 1mW (intensity of ~ 0.3mW cm~2), which was optimised by previous PhD
student Dr. Gal Aviv [30] using the ImagingSource camera. The exact frequency
shift applied with the AOM is found by performing a fine scan of frequencies to

find the optimum value. This scan is then fitted to a Lorentzian function

1 ir
L(z) = = 2 - 3.17
) ™ (x —m0)° + (3T) 10

where zq is the centre and I' is the width.

Figure 3.29 is an example of one of these scans. This scan was performed to find
the optimum imaging frequency. At that stage in the experiment, the optimum
imaging frequency was found to be 212.4 MHz, with [I' = 7.2 MHz. The imaging
frequency is a very sensitive experimental parameter, since the absorption will be
reduced with small drifts from the resonance frequency, leading to errors in the

atom number calculation, temperature measurements, etc.
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(d) Processed image.

FIGURE 3.28: Example of absorption imaging procedure, using the Imaging-

Source camera on a MOT cloud of 8”Rb. Three pictures are taken for each

absorption imaging process. (a) is the first picture showing the shadow of the

atoms created through interaction with the imaging beams. (b) is the second

picture for normalisation of the laser beams intensity without atoms. (c) is the

third picture for capturing the background intensity. (d) is the processed image
(see text for details).
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FIGURE 3.29: Imaging frequency scan showing the Lorentzian distribution (red
curve) fitted to the measured data (blue circles and error bars). The peak of
the distribution lies at 212.4 MHz, with I' = 7.2 MHz.
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3.8.2 Temperature measurement

The temperature of a thermal cloud of atoms can be extracted by analysing the
change in size of the atomic cloud during ballistic expansion. The expansion of
the cloud when released from its trapping potential is caused by the temperature
of its particles. The expansion of the sample due to its temperature T' is given by

[82]

o?(t) = o*(0) + 7152, (3.18)

with ¢ being the time of flight, or expansion time, and o (¢) the RMS width of the
Gaussian profile of the cloud at time ¢. Figure 3.30 is an example of a tempera-
ture measurement carried out in the laboratory. The temperature is extracted by
fitting the square of the measured radial (y) and axial (z) RMS widths versus the
expansion time squared. This is a very reliable way of measuring the temperature

of a sample of thermal atoms.
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o Ty,=137.54 pK
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FIGURE 3.30: Example of the measurement of the width of the atomic cloud

during ballistic expansion, at the end of the MOT stage. The temperature of

the sample is extracted from the fits (red lines) of the measured axial (blue

circles) and radial (green triangles) widths. A higher temperature causes the
cloud of atoms to expand more rapidly.
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3.8.3 Resolution focus and magnification

The whole imaging system was mounted on a three-way translation stage. This
allows for centring of the image to the atoms. Its usual position is just below
the line of sight of the chip but, for some experiments requiring long expansion
times, the imaging system needs to be moved down to capture the falling atoms.
The ability to move the entire imaging system closer or further away from the
atoms facilitates the correct focusing of the camera. Additionally, the resolution
of the imaging system was measured using a resolution test target, and found to
be 10 pm. This is an important test in order to accurately measure small distances

when running experiments.
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FIGURE 3.31: Magnification of the imaging system is extracted from the dis-
tance travelled by the atoms during ballistic expansion. The graph shows the
measured mean position of the atoms (blue circles) in pixels using the Andor
camera with the imaging system described in this section. The pixel size of the
Andor camera is 13 pm. Red curve shows the best fit to the experimental data.

The main and most important source of information coming from the experiment is
the absorption images extracted. Therefore, the more optimum an imaging system
is, the more accurate the experimental results will be. The optimum parameters
of the imaging system are calculated and set beforehand but, due to technical
limitations and possible imperfection of components, the actual results can differ
slightly from the calculated ones. Magnification is one of the most important

parameters in the imaging system, since it affects calculations of atom number,



Chapter 3. Components development and characterisation 72

the size of the cloud and position of the cloud. In the setup with the Andor camera,
the magnification was theoretically calculated to be 5. The most straight forward
way of calculating this value is to measure a parameter linked to a known constant.
Letting the sample fall due to gravity, and knowing that the pixel size of the camera
is 13 pm, the magnification was measured to be 4.9740.04. Figure 3.31 shows the
mean position of the sample during ballistic expansion, measured in pixels of the

camera. For the ImagingSource camera, this magnification was found to be 0.49.



Chapter 4

Low-dimensional Bose gas in an

atom chip

This chapter describes several experiments that can be performed using the setup
described in previous chapters of this document. The full potential of an atom
chip experiment is explained and experimentally realised. It is shown how the trap
can be quenched and manipulated, thus altering the trapping potentials, aspect
ratio and position of the atoms. The chapter is divided into three main sections;
the quenching and manipulation of traps in an atom chip, the observed density
fluctuations after ballistic expansion, and the microscopy of imperfections on the

surface of the chip.

Two examples of experiments are described in section 4.1. First, in section 4.1.1,
a cloud of cold 8Rb is divided in two clouds with the aid of various chip wires.
When using two parallel Z shaped wires, depending on the currents used, the cold
cloud splits either vertically or horizontally. This experiment is also simulated in
order to pre-determine the required currents. The results show splitting of the
cloud in the vertical direction. With the present setup, only the vertical splitting
can be imaged. The second experiment, in section 4.1.2, uses two additional side
wires on the chip in order to perturb, or quench, the trap in which the cold atoms
are sitting. Depending on the adiabaticity of the quench, a strong oscillation in

the dimensions of the Bose gas can be observed.

Section 4.2 focuses on the effect that phase fluctuations have on the density of
the cloud after some time-of-flight. A one-dimensional cold cloud exhibits thermal

excitations over a specific range of frequencies, where these thermal excitations

73



Chapter 4. Ezperiments with a BEC 74

alter the phase along the gas. In time-of-flight, these alterations can be visualised
and characterised [83]. This section also shows the phase fluctuations dependence

on the temperature of the gas.

In the last part of this chapter, it is shown how microscopy can be achieved with
a cold atoms setup such as the one described in this document. Microscopy of
one of the wires on the atom chip is achieved, realising the first step towards a

functional BEC microscope, which is capable of microscopy at a nanometre scale.

4.1 Quenching and manipulation of atom clouds

in a chip trap

In order to understand the behaviour of the atoms at temperatures near absolute
zero, and to be capable of using these systems for different applications, such as
interferometry, it is necessary to acquire the ability to quench (rapidly change
the shape of the trapping potential) and manipulate these gases of atoms inside
the trap. The development of atom chips has greatly helped towards achieving a
precise and controlled way of manipulating atomic traps. By using different wires
with specific currents through each of them, one can quench or modify the trap in

a desired way.

4.1.1 Splitting of a cold atom cloud

When it comes to the design of the layout of an atom chip, there are plenty of
options available and plenty of examples in different groups. A common character-
istic, though, is the addition of several wires running parallel to the main trapping
wire. This feature facilitates the development of more complex experiments that

require, for example, the use of RF dressing potentials or double-well potentials.

A double-well potential can be created by using two parallel current-carrying wires
in the presence of a uniform bias field, and can be used as an interferometer [84].
Depending on the current that passes through them, keeping a constant bias field,
the splitting is either vertical or horizontal, going from horizontal to vertical as

the current increases. A simulation of this is shown in fig. 4.1. This splitting can
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FIGURE 4.1: Simulated splitting of the trapping potential in the xz plane using
two parallel wires with current flowing along the y direction, and a constant
X-Bias field. The two wires are positioned at z = £75um and the current flows
in the same direction in both wires. The colour scale (arb. units) illustrates
the position of the potential minima (dark red). For I < 400mA (a) the two
minima are separated horizontally. As I increses, the two minima gradually
approach, merging at I = 400mA (b). For larger current values, I > 400 mA
(c), the two minima split in the vertical direction, with different values of the
trapping potential minima.

also be realised by keeping the same current in the wires and changing the X-Bias
field.

In the experimental setup, the magnetic trap cooling stage is done partially by
using the copper understructure, as explained in the previous chapter. For this
reason, when the atoms are transferred to the chip, the experimental sequence has
to be optimised for one of the wells, leaving the other one empty. The ultracold
cloud of atoms is therefore first achieved in one of the two wells. After the cloud of
atoms is prepared using just one of the wires (E-C or S-P), the current through this
wire is ramped down to 400 mA at the same time as the other wire is switched-on
and current through it is ramped up to 400 mA, in a time period of 50 ms. This
allows for some of the atoms to spill onto the other well. The current through both
wires is then ramped up simultaneously, in another 50 ms, to a value of 480 mA,
which creates two clearly independent wells filled with atoms. Figure 4.2b shows
the result of this process, using absorption imaging. In this image, four different
regions can be distinguished, corresponding to the double-well and its reflection

from the surface of the chip, as explained in the previous chapters.

The trapping potential and well depth in each well cannot be independently con-
trolled, leading to an impossibility of controlling the population of atoms for each
well. In this setup, there is no straightforward way of imaging the two horizontal

wells, making vertical splitting the only option. For the vertical splitting, as the
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FIGURE 4.2: Double well produced by a combination of currents passing

through two parallel Z-shape wires. Figure 4.2a shows the two wires used,

E-C and S-P. Figure 4.2b is an average of a set of experimental images of the

atom cloud density after 0.8 ms time-of-flight. The image is doubled, showing

four regions with atoms, due to the mirroring effect of the chip, which is in a

horizontal position in the middle of the picture. The well depths in each well
are different, leading to a difference in atom number.
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current through the wires is increased, the two potential wells that are formed
have different minimum values. This leads to an imbalance in the atom popula-
tion between wells, as well as a difference in the trapping frequencies of each of
them (see fig. 4.1c).

The different values of the potential minima means that, in principle, the cloud
would not be cooled down equally in both wells, ending up with different temper-
atures in each well and, most likely, a condensate in one but not the other. This
problem could be addressed by a more complex evaporative cooling sequence, in
which both wells would have to undergo the final cooling stage independently, us-
ing a different RF frequency ramp for each. Additionally, for this vertical splitting,
the separation of the wells will always have to be comparable to the separation
between the wires used. For this reason, interference between both clouds is very
difficult. For these experiments, the closest possible separation between wells is
~ 40 pm, which suggests that the time of flight for the clouds to overlap is in the
order of tens of milliseconds. For this time of flight, the fringe spacing caused
by interference would be smaller than the resolution of the imaging system (fringe
spacing calculated in section 5.3), which is configured for a resolution of 2.6 pm per
pixel. The issue could be solved with a longer time of flight expansion, increasing
the fringe spacing. Some experiments have been realised in which, using magnetic

levitation, interference for large cloud separations can be imaged [85].

4.1.2 One-dimensional quench

When modifying a trapping potential it is important to know whether the tran-
sition is adiabatic or non-adiabatic. In other words, to know whether the atoms
are able or not to follow the change in the potential. In an adiabatic transition,
atoms follow the change, and the PSD of the cloud remains constant during and
after the transition. On the other hand, if it is a non-adiabatic transition, the
PSD of the cloud will change together with other characteristics of the cloud, i.e.

the aspect ratio of the cloud of atoms.

As a rule of thumb, any change in the trapping potential undergone in a shorter
time-scale than the trapping frequency will be non-adiabatic. This means that, in
order to keep the PSD constant, the change in trapping potential should be slower
than the trapping frequency.
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(b) Quench of the trap for different ramp times.

FIGURE 4.3: Breathing modes of cold atoms in a chip trap. Figure 4.3a shows
the wire configuration used for this experiment, with current flowing in the S-
P trapping wire and the change in aspect ratio realised with current flowing
through wires W-V and D-C in (a). Figure 4.3b shows the change in axial size
of the atom cloud after different ramping times of the current flowing through
wires W-V and D-C. The size is shown as o, value extracted from the Gaussian
fit of the atom density in the axial direction after 17 ms of time of flight. A non-
adiabatic transition happens for 10 ms (blue circles) and 50 ms (green triangles)
ramp times, where breathing modes are clearly seen. An adiabatic transition
happens for a 200ms (red squares) ramp time, where there are no breathing

modes seen in the system.

A very interesting effect produced by a non-adiabatic change in the trapping po-

tential in a very cold cloud of atoms is known as breathing. Starting with a low

temperature system, a quench in the trapping potential is induced, this results
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in a sharp change in the magnetic potentials of the trap. The atom cloud tries
to follow this change but, if the change is faster than the trapping frequency, it
starts “breathing”. The atoms will expand and contract rhythmically, resembling

the breathing of an animal [86].

Atom chips are great tools for studying quench experiments. In this experiment,
the use of two side wires helped by inducing a rapid change in the trapping po-
tential along the axial direction of the trap. The wires used for this experiment
are shown in fig. 4.3a. Current along these wires was ramped-up to the desired
value. The speed of this ramping determined the adiabaticity of the transition. In
fig. 4.3b it can be seen how this breathing decreases the more adiabatic the process
is. In this experiment, the axial frequency is changed from 27 - 20 Hz to 27 - 23 Hz,
with an initial temperature of 1 pK. The cloud is then held in the trap and the
change in size is analysed. The atom number decreases due to the lifetime of the
trap, and the size increases due to heating of the cloud. The rapid decay is due to

a high temperature of the cloud and possibly cross-coupling between dimensions.

The manifestation of breathing modes during non-adiabatic quenches has also been

studied theoretically using the numerical tools described in detail in chapter 6.

4.2 Low-dimensional behaviour of a BEC

Low-dimensional cold clouds have always attracted lots of attention from re-
searchers [87]. The quantum behaviour of the atoms when placed inside a low-
dimensional anisotropic trap gives rise to some interesting physics. One of the
most well known and, probably, least understood phenomena, is phase fluctua-
tions. Phase fluctuations were first seen shortly after the realisation of the first
Bose-Einstein condensate. Macroscopic phase is related to many properties of
BECs such as quantum coherence, superfluidity and superconductivity effects.
Therefore, studying the behaviour of the phase in these reduced-dimensionality

systems is of great importance.

4.2.1 Phase fluctuations in an elongated 3D BEC

In a BEC, the coherence length defines the point of condensation. When this

length becomes larger than the inter-atomic distance, the system can be described
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by a single wavefunction. Coherence properties are essential for applications of
BEC such as matter wave interferometry [88]. In the case where the trapping
frequencies are anisotropic, the coherence length can be larger than the radial
size of the trap but shorter than the axial size. This is commonly referred to
as a quasi-BEC, or quasi-condensate. In a one-dimensional harmonic oscillator,
condensation does not occur at finite temperatures due to the density of states,
where a =1 in eq. (2.25) [89].
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FIGURE 4.4: Example of a density modulated 8’Rb atom cloud derived from

in-trap phase fluctuations and imaged with absorption imaging 20 ms after re-

leasing the trap. The axial trap frequency is w, = 27 -20 Hz and the radial trap
frequency is w, = 27 - 850 Hz.

Interestingly, a Bose gas does not need to reach these extreme cases to exhibit
some low-dimensional physics not encountered in three-dimensional systems. It
has been shown experimentally that, for aspect ratios over A = 40, the condensate
already starts mimicking the behaviour of a low-dimensional Bose gas, as can be
seen in fig. 4.4 where phase fluctuations were seen in a condensate with an in-
trap aspect ratio of A = 45. In these cases, the coherence length becomes larger
than the radial size of the trap. When this happens, phase fluctuations inside the
condensate appear due to thermal excitations. If the wavelength of the thermal
excitations is smaller than all dimensions of the condensate it has a 3D character
and does not lead to pronounced phase fluctuations. For elongated condensates,
low energy axial excitations have wavelengths larger than the radial size of the
sample and therefore acquire a pronounced 1D behaviour, leading to axial phase

fluctuations. Phase fluctuations depend on temperature of the condensate, atom
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number, and trapping geometry. Since they are the result of thermal excitations,

they only appear at finite temperatures.

Let’s define a one-dimensional quasi-condensate with a radial frequency w,, an

axial frequency w,, and an axial length L as follows:

(J.Jp
/T\ >

L z

FIGURE 4.5: One-dimensional quasi-condensate.

From the Bogolyubov equations, the mean square thermal fluctuations are given
by [90]

/

(], -5 S22 ) ()]

(4.1)

where P;l’l) is a Jacobi polynomial, Ny is the number of BEC particles, and Nj is
the equilibrium occupation number for the excitations. They are defined by the

following equations:

¢; = hw, JUIS), (4.2)
T
N] - o (43)
€
8

In the Thomas-Fermi regime, the 3D density distribution has a parabolic shape

1/2

with radius Ryp ~ (2u/mw?)1/? and maximum density value ng,, = u/g, where g

is the coupling constant.

At temperatures T' > hw, and on a small distance scale of |z — 2’| /L, the phase

fluctuations are determined by [90]
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( [56(z.2) ’ ) =dile—I/L (4.5)

where

52 32uT

L= 15Ny ()2 (4.6)

The Thomas-Fermi chemical potential is given by

3/5
15Nog 2/5 mwﬁ/gwi/g /
W= - — =5 . (4.7)

Hence,

(1))

For Ny ~ N, the fluctuations are governed by the parameter 2. For 62 > 1, the
nature of the BEC depends on temperature. Therefore, there is a characteristic

temperature at which 62 ~ 1, given by

15N h%w?

‘T 32p1(wp, w:) (4.9)

In the temperature interval Ty < T' < T, the phase fluctuates. In other words, the
phase will undergo pronounced fluctuations when hw, < |u| < hw,. This interval
is larger for larger atom number inside the same trap as well as for more extreme

aspect ratio configurations.

It is hard to get a full picture of the phase of the condensate in trap. Some groups
have developed simulations showing how the phase fluctuates [83, 90]. When it
comes to measuring it, the phase at each point has to be compared to an already
known phase. One could think of an experiment in which two condensates are
generated, one with a three-dimensional character and therefore constant phase in
trap, and another one with a one-dimensional character presenting phase fluctua-
tions. Using the system as an interferometer, the phase at different points of the

elongated condensate can be interrogated. Since the phase fluctuates randomly,
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the interrogation in different locations along the one-dimensional condensate has
to be done in the same cycle. For this, a multi-condensate experiment can be a
great tool (see section 5.3), where the condensate is divided in two condensates,

and one of them is then fragmented into multiple three-dimensional condensates.

A more straight forward way of studying the physics of low-dimensional conden-
sates is to look into density fluctuations, produced by in-trap phase fluctuations,

after ballistic expansion.

4.2.2 Density fluctuations in free expansion of the atom

cloud

Phase fluctuations produce large phase gradients in the trapped atom cloud. These
gradients induce different velocities in different regions of the condensate. After
switching off the trap, the mean-field interaction rapidly decreases and the axial
velocity field is then converted into a particular density distribution after ballistic
expansion. In the equilibrium state of a BEC in a trap, the density fluctuations
remain unaffected even if the phase fluctuates - the mean-field interparticle in-
teraction prevents the transformation of the local velocity fields provided by the

phase fluctuations into modulations of the density.

In the experiment, the cloud of atoms was first cooled down to a few hundred
nano-Kelvin before extracting the atom density profile from the absorption imag-
ing process. To ensure proper visualisation of the different density regions when
imaging, the resulting image was de-noised, ignoring features that are not rele-
vant to this study, such as the photon noise. The way this is done is by Fourier
transforming the image, removing the high frequencies, and transforming it back.
During this process, the vertical and horizontal axes were de-noised differently, to
ensure that the features coming from the fringes were not removed or altered. After
this, the density profile of the cloud was extracted, and fitted to a bimodal dis-
tribution with a Thomas-Fermi region and a Gaussian region, shown in fig. 4.6a.
Extracting the fit from the density profile results in the plot of the residuals,
fig. 4.6b. With the Thomas-Fermi radius being calculated from the bimodal fit,
the shot noise shown in the thermal part is then removed to avoid it having any
effect on the measurement of the density of fringes. Then, the amplitude of fringes

and the number of fringes can be measured.
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FIGURE 4.6: Analysis of phase fluctuations for the density plot shown in fig. 4.4.
The phase fluctuations in-trap induce density modulations after ballistic expan-
sion, which can be quantified from the residuals of the bimodal fitting in the
Thomas-Fermi region. (a) shows the bimodal fit (red line) of the optical density,
OD, (blue dots) of a BEC with phase fluctuations, after 20 ms of time of flight.
(b) shows the residuals extracted from the difference between the blue points
and the red line in (a), and provides a tool for measuring the root mean square
of the atom density fluctuations. The axial trap frequency is w, = 27 - 20 Hz

and the radial trap frequency is w, = 27 - 850 Hz.
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A very simple test to ensure that the density modulations are indeed generated by
in-trap phase fluctuations is to average over a set of images taken in consecutive
experimental cycles. Since the fluctuations are random, the averaged image should
not show any density modulations. This test was carried out several times in
the experiment, confirming the existence of such phase fluctuations, as seen in
fig. 4.7. One might claim that the shot noise is responsible for the random fringe
pattern formation. To eliminate this possibility, different laser intensities were
used when imaging the atoms. Even though the shot noise scales down at higher
imaging intensities, the measured atom density profiles still revealed a clearly

distinguishable fringe pattern.

B B0
elelele

FIGURE 4.7: Set of density modulated atom cloud images taken in consecutive
experimental cycles with their average (right-hand side), to ensure that the
density modulations are indeed generated by in-trap phase fluctuations.

The scale of the mean square density fluctuations in the central part of the cloud,

after a ballistic expansion time, ¢, can be expressed as [90]

9 2
OBEC _ &z hl(w/’t) 1+ 14+ hw—gt — \/5 (4 10)
no w, Ty 7T feIn(wpt) ‘ .

This equation predicts a linear variation of the density fluctuation amplitude with
the temperature of the system [34, 91], as well as showing how the density of the
fringes should increase over the time-of-flight, ¢. Since measuring the temperature

of a cold Bose gas is not an easy task, having a way of doing thermometry from
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the density modulations alone can be a very useful tool in such low-dimensional
setups. Thermometry was attempted by scanning the temperature of the cloud
of atoms from T ~ 850nK to T" ~ 240nK. Fringes are clearly seen as soon as
T < T.. When going below 240 nK, the condensate disappears rapidly, making it
very complicated to image the region where T' < T;. The chemical potential in this
region is very low, making the condensate extremely susceptible to any external
perturbation. Consequently, measurements in this region are highly sensitive and

inaccurate.

A finer scan of the temperature was taken, using extra wires on the chip to increase
the aspect ratio to A = 45, with temperatures ranging from around 750 nK to
around 200 nK in nine steps. For this, ten different sets of images were taken after
18 ms of time-of-flight, and the results averaged. Figure 4.8 shows the root mean
square of the fringe density averaged along the BEC, versus the temperature of
the cloud. The error in the y axis is taken as the standard error of the ten sets
measured. The temperature was estimated from the final value of the RF frequency
applied for the evaporative cooling. For this, the temperature was previously
measured for different RF values by fitting the thermal part of the distribution to a
Gaussian. This method needs improvement for further study of phase fluctuations
but, for the work in this thesis, it proves the dependence of the fringes on the
temperature, and gives very precise results when comparing it to previous work

from other groups [34].

From eq. (4.10) one can see the relation between the density of fringes and the time-
of-flight. The longer the time-of-flight, the more pronounced these fringes will be.
This behaviour is clearly observed in the experimental data shown in fig. 4.9. The
values plotted on the vertical axis are the root mean square density fluctuations
in the cetral part of the cloud for different time-of-flight measurements, with the
error being the standard error of the three sets measured. These results agree well
with previous work from other groups [83, 91], where the theoretical density of
fringes from eq. (4.10) shows a very similar trend in the data. The data in fig. 4.9
is in arbitrary units since they are derived from the number of counts per pixel of

the camera, and the image is also post-processed.

When a phase fluctuating Bose gas is released from its trapping potential, atoms
start travelling freely along the cloud. Therefore, the density modulations of the

expanding cloud will only appear after an atom, starting from the centre of the
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FIGURE 4.8: Root mean square of the atom density fluctuations averaged along

the atom cloud for different temperatures. Points show experimental values av-

eraged over ten sets. Temperature is calculated by fitting the Gaussian thermal
cloud surrounding the condensate.
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FIGURE 4.9: Root mean square of the atom density fluctuations averaged along

the atom cloud for different time of flight values of the phase fluctuating cloud.

Points show the experimental results averaged over three sets. Dashed line is
the linear fit to the measured data to help visualisating the results.



Chapter 4. Ezperiments with a BEC 88

Bose gas, has had enough time to travel to the edge of the cloud. This time can

be estimated from the thermal velocity of a particle, via the following equality

3 1
§kBT = §m02, (411)

where kg is the Boltzmann constant, 7" is the temperature, v the velocity of the

particles and m the mass of the atoms, in this case 5"Rb.

In our case, with an axial Thomas-Fermi radius measured to be roughly 60 um,
indicating the size of the condensed region, the estimated time for the fringes

to start appearing is ~ 4ms, which agrees with the experimental observation

(fig. 4.9).

4.3 BEC microscopy and disorder

In the last few decades, there has been great interest in, and development of, imag-
ing techniques [92, 93]. Macroscopic imaging techniques have been well researched
and developed, leading to many advances in science and technology. The problem
comes when trying to image at a microscopic level, on the scale of nanometres. A
common example to illustrate this scenario is checking for cracks in the wings of
aeroplanes. It is well known from studying material fatigue that, before a complete
break down of a material, microscopic cracks start appearing. Being able to image
these cracks can prevent disastrous consequences. Using atoms in their lowest en-
ergy configuration is arguably one of the best routes to achieve the required scale

and sensitivity for microscopy to detect early signs of fatigue.

The principle of Bose-Einstein condensate microscopy relies on the effect that the
surface has on atoms trapped just above it. Let’s consider an already-formed
BEC on a chip. The BEC can be transported over the material that needs to
be analysed. Passing a current through such material will create a magnetic field
component that will then affect the trapping potential of the chip. In the case of
cracks on aeroplane wings, this addition should only add one component of mag-
netic field, orthogonal to the flow of current. This will displace the cloud, without
altering its form. On the other hand, if the wing presents some imperfections,
the current flow will not be straight, but will follow some meandering path. This

path generates magnetic fields with two or three spatial components. The cloud of
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FIGURE 4.10: Atom density profile measured for a fragmented BEC 10 pm from

the surface of the chip. The top image shows the fragmented cloud, and the

bottom image is the fragmented cloud with the centre of mass displaced to the

right, showing how the density maxima occur at the same positions, proving
that the BEC is performing microscopy of the trapping wire.

atoms will then be displaced in different directions as well as fragmented. Imaging
the fragmented and displaced cloud of atoms can enable reconstruction of the path

that the current passing through the wing took.

To demonstrate this, an experiment was carried out on the atom chip. Starting
with a BEC, the current through the Z wire was reduced gradually to 150 mA,
positioning the condensate closer to the surface of the wire. This could have been
done by ramping up the bias field instead, but that would make the magnetic
potential tighter and therefore the scanning area would be smaller. When the
cloud is placed within 20 ym from the surface, the condensate fragments into sub-
condensates within multiple potential wells, as shown in the top image in fig. 4.10.
This fragmentation is produced by the imperfections in the chip wire used to
trap the atoms [94]. Such imperfections are shown in the microscope photographs
taken in the fabrication report (see fig. 4.11). To prove that the fragmentation
is not caused by any other factor, in a second experiment, a 2A current was
passed through one of the side-wires, V-W in fig. 4.3a, adding an extra magnetic
field component that pushes the whole centre of mass to one side. The bottom
image in fig. 4.10 shows that even though the whole cloud was displaced to the
right, the atom density maxima still fell at the exact same positions, proving that
the underlying potential perturbations were indeed generated by the imperfections
from the trapping wire of the chip. Additional study of the effects of imperfections

on the chip are further developed in section 5.1.

Once a region of space has been imaged, the microscope can be moved and the cy-
cle repeated. With each cycle lasting under 30s, and the possibility of decreasing
this time-scale, surfaces can be scanned in a matter of minutes. Further devel-

opment could see the creation of a two-dimensional condensate, instead of the
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(a) Atom chip surface roughness. (b) Atom chip edge roughness.

FIGURE 4.11: Micrographs from the fabrication report from Ben Gurion Uni-

versity showing the atom chip used in the experiment. Microscope images show

(a) the granular surface roughness and (b) the edge imperfection generated dur-
ing the fabrication process.

one-dimensional condensate described here, which would result in the imaging of
two-dimensional surfaces in a single cycle. This research shows the potential for
using cold atomic clouds for microscopy, although further miniaturisation of the
setups will be needed in order to make these systems portable and reliable enough

for the commercial market.



Chapter 5

Fragmentation of a

low-dimensional condensate

This chapter is divided into three sections, the first part of the chapter addresses
the experimental observation of fragmentation in low-dimensional Bose-Einstein
condensates (BEC) at short distances to the surface. The second part proposes a
possible explanation for this fragmentation. Finally, the third part of the chapter
describes the experimental capabilities of having multiple condensates in each

experimental cycle.

The unexpected fragmentation of the condensate observed when lowering the
atoms closer to the surface of the chip is addressed at the beginning of the chapter.
Different tests done in the hope of understanding this effect are described in the
following paragraphs. After not reaching a clear conclusion as to how this effect
originates, a possible explanation is proposed on the grounds of these tests, sug-
gesting that imperfections in the conducting wires of the atom chip explain this
effect. An uneven distribution of electrons in the conducting wires would cause
corrugations in the current flow. These imperfections would be at a nano-scale,
making it impossible to be observed using conventional microscopes. A very brief
description of the manufacturing process is then given, and a simulation of the

trapping potentials from such wires is performed.

The final section of this chapter focuses on how this fragmentation can be used
to the advantage of having multiple condensates per cycle. This ultimately can
result in several experiments performed at the same time, potentially saving time

when running experiments or using the setup as a quantum sensor.

91
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5.1 Fragmentation of a low-dimensional BEC

As explained in section 4.3, one of the applications of such an experiment is to
image surfaces by analysing the magnetic field generated when passing a current
through those surfaces. This is because any change in the direction of the current
will induce a magnetic component in a certain direction, affecting the effective
trapping potential seen by the atoms. The magnetic field generated scales down
with the square of the distance from the source. This means that, the closer the
sensor is placed with respect to the object, the larger the effect on the trapping

potentials will be.

In the experiment described in this document, the imperfections due to irregu-
larities on the wire can be seen with distances < 10 pm. Unfortunately, in this
experiment, the elongated condensate splits in different high atom density sub-

clouds before this point, at distances < 80 pm.

5.1.1 Formation of sub-clouds in an elongated 3D-BEC

The formation of sub-clouds when pushing atoms closer to the surface has been
one of the major issues encountered when studying low-dimensional behaviour of
the BEC. This effect has been observed every single time that the atoms were
moved closer to the surface of the atom chip, independently of the method used
for this purpose. Figure 5.1 shows an example of an image of a cloud of ¥"Rb

atoms trapped on the atom chip at a distance of ~ 10 pm.

0.4 -0.2 00 02 0.4
¥ (mm)

FIGURE 5.1: Fragmentation of a low-dimensional condensate trapped on the

atom chip with 200mA through the Z-wire, at a height of ~ 10 pm, and 1ms

time-of-flight. This elongated atom cloud was achieved with the use of wires

VW and CD (see fig. 4.3a). The horizontal axis determines the distance from
the centre of the atom chip.



Chapter 5. Fragmentation of a BEC 93

Different tests were carried out in the hope of finding clues leading towards a

better understanding of this effect.

The first, and most obvious, was to determine whether this effect was observed
regardless of the method used to push the atoms closer to the surface. The atoms
will move closer to the chip as the total magnetic field component in the direction
normal to the surface of the chip becomes weaker. As seen in section 3.7, this
can be done either by reducing the current through the Z-wire, by increasing the
component of the X-Bias field, or by a combination of both. In all three cases
the fragmentation effect was observed with ease. The only differences were in the
trapping frequencies in the axial and radial components, which is expected since

the trapping potentials are configured differently.

The design of the Ben-Gurion chip allowed for the use of up to seven different
wires with a 7 shaped configuration, as seen in section 3.7. All of these wires
(except for the ones with broken connections) were tested by BEC imaging of the
potential landscape to determine if the fragmentation is caused by imperfections
in one, and only one, of the wires. In all cases, fragmentation was clearly seen,
independently of the wire used. It is good to note that, even though the centre
of mass was displaced by the different position of the legs of the Z-wires (vertical
sections of the Z-wires in figs. 5.2a and 5.2b), the sub-clouds occur in the same
position (see fig. 5.2¢). Such separation corresponds to approximately half of the
distance between adjacent U shaped wires surrounding the Z shaped wires. This
suggests that even though no current flows through the U shaped wires, their
presence might still be influencing the atom density profile. Figure 5.2¢ shows
two different images taken with a condensate trapped using the P-S wire (see
fig. 5.2b) and the C-E wire (see fig. 5.2a), respectively. For both cases the current
was 200 mA and the height over the atom chip surface ~ 10 pm. The lower atom
number in the bottom image is due to the BEC experimental cycle being optimised
for transfer into the P-S wire, and not the C-E wire, as well as the imaging system

being out of focus for the latter.

One could also question whether charges can accumulate on the conducting plates
of the chip, effectively acting like a capacitor and inducing an extra electric com-
ponent that affects the confining potentials, fragmenting the cloud. To ensure that
this was not the case, all conducting parts of the chip not used for the production
of BEC were connected to a specific potential (—12V, 0V and 12 V) with respect
to the Z-wire. This also showed no effect on the splitting of the condensate. Only
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(c) Fragmentation of the atom cloud held above P-S (top image)
and C-E (bottom image) wires.

FIGURE 5.2: Fragmentation observed for BECs trapped with different Z shaped

wires. The atom density plot in (c¢) shows fragmentation of a low-dimensional

condensate trapped using the P-S wire (top image) and the E-C wire (bottom

image). In both cases the condensate was trapped passing 200 mA through the
Z-wire, and the image taken after 1 ms of TOF.
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a slightly lower atom number was observed due to noise induced with the addition

of cables and power supplies.

Taking into account the results of the tests explained here, one can realise that
such imperfections are present in, at least, all of the central wires, and located
at the same position with respect to the comb structure comprising U shaped
wires. During the manufacturing process of the chip, the fabrication of the comb
structure part could have influenced the quality of the central Z shaped wires. If
this was the case, these wires would induce an extra component of the field in
the x-direction, altering the trapping potential that the atoms see and, effectively,
creating small dips in which the atoms would fall once the sample is cold enough.
Assuming there is some kind of imperfection present in all central wires, these
extra components of the field can be cancelled by applying current in the opposite
direction in adjacent wires. An experiment was carried out in which the X-Bias
field, usually generated by the use of external coils, was then generated using
different wires in the chip. This creates a self-contained atom chip trap, that does
not require the use of external coils for achieving condensation once the atoms
are transferred into the atom chip magnetic trap. Two different schemes were
used for this test (fig. 5.3). In the first case (fig. 5.3a), the P-S wire was used as
the trapping wire, and wires h-d and X-b (red) were used to create the X-Bias
field with currents running in opposite direction to P-S wire. In the second case
(fig. 5.3b), N-M was used as the trapping wire, and S-P and E-C created the
X-Bias field component. The first configuration was still showing fragmentation,
whereas with the second configuration, the fragmentation completely disappeared,
as shown in fig. 5.3c. This suggests that there is some kind of imperfection present
in all of the central Z shaped wires, since the imperfections are counteracted using
these parallel wires for creating the X-Bias field. Figure 5.3c shows the atom
density profile of a condensate trapped by passing a current of 150 mA through
the N-M wire and 400 mA through the S-P and the E-C wires (fig. 5.3b wiring

configuration).
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(c) Atom density profile of a BEC ~ 15 pm from the surface using the
wiring configuration in (b).

FIGURE 5.3: Two wiring configurations implemented in order to create a self-
contained atom chip trap, without external coils. (a) shows a configuration in
which the U shaped wires (red) are used to generate the X-Bias field component.
(b) shows a different configuration with parallel Z shaped wires used to generate
the X-Bias field component. The density profile of the BEC shown in (c) was
taken using the configuration in (b). No fragmentation was seen, even at atom
chip distances much smaller than those at which fragmentation usually occurs.
The image was taken 1ms before switching off the trap to ensure that the
expansion of the condensate does not mask any fragmentation of the atom
cloud. This smoothness was observed also after time of flight.
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5.1.2 Atom chip fabrication

The fabrication of atom chips has become a whole area of research in the last
decade. Its complexity and nano-scale require new and improved fabrication tech-
niques [95]. A simple wire bond between an atom chip and a PCB requires hours

of work in the clean room facilities.

The atom chip used in this experiment was manufactured using a “Lift-off process”
26, 96, 97], in the Ben-Gurion University of the Negev. The process is started by
placing an empty wafer of the desired material, in this case a 500 + 25 pm thick
polished Si wafer, boron doped and covered by a 100nm thick SiOs insulating
layer (fig. 5.4a), with an additional photoresist layer on top. A lithography mask
with the negative image of the pattern of the desired chip is then placed on top
(fig. 5.4b), and UV light is shone onto the sample for a few seconds. Baking this
sample makes the previously exposed areas insensitive to further exposure, and the
unexposed areas are carefully removed (fig. 5.4c). Thermal evaporation of a 30 nm
thick Ti adhesion layer and 2 pm thick Au top layer then takes place. (figs. 5.4d
and 5.4e). Removing the photoresist areas uncovers the final atom chip (fig. 5.4f).

S Mask] [Mask]  [Mask] [Mask
|SI ‘u::.ml‘r:rsl5 I
(a) Wafer and photoresist (b) Mask
LW light Au evaporation
- — — — — B mm §
(c) UV light (d) Ti + Au evaporation
Lift-off
’_i_-_i_‘ |
(e) Lift-off (f) Atom chip

FIGURE 5.4: Atom chip lift-off process. A photoresist material is applied on

top of a Si wafer. Using UV light and a mask, the desired patterns are printed

on the photoresist (red). The gold tracks (yellow) of the atom chip are then

evaporated on top. Finally, the photoresist is removed, leaving the gold wires
on the Si wafer. See text for details.
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5.1.3 Swuppression of imperfection effects

A change in the trapping potential is given when the imperfections add a perturb-
ing component of field in a direction other than orthogonal to the current flow.
A method to eliminate this perturbation is presented in [98]. By modulating the
current from negative to positive, both on the chip wire and for the bias field,
the additional field components created by the imperfections will be counteracted.
Since the bias field is also oscillating in phase with the current oscillation in the
chip wire, the trapping potential will be kept. Although this system might sound
like a great solution to ignore imperfections, there is an additional difficulty present
when using AC currents instead of DC currents. Controlling the current output of
an AC power supply imposes new challenges, e.g. making sure the modulation in
the bias field and in the chip wire is in phase. Moreover, the use of coils to create
the bias field in this case becomes trickier, since the inductance of the coils is too

high for them to change direction of current at a sufficiently fast rate.

5.2 Effect of a corrugated current flow

In this section, a possible explanation for the fragmentation observed experimen-
tally is proposed. The nano-scale nature of atom chips makes invisible imperfec-
tions alter the trapping potential that atoms see [99]. This is even more critical
when the atoms sit close to the surface of the chip, at distances < 100 pm. When
the confining potential changes slightly, the evolution of the BEC will be different
[100]. It can lead to a splitting of the BEC, forming a string of several BECs.

The first step is to simulate the fields created by a simple Z-wire, without any
imperfections. Then, a pattern of “zig-zag” imperfections is introduced, making
the corners of the “comb” structure coincide with the corners of the “zig-zag” wire.
Figure 5.5a shows the coordinate schematics of the chip used in this section. Fig-
ure 5.5b is the schematic showing the imperfections with a larger amplitude of the
zig-zag. This second figure is just for explanatory purposes, and this configuration

was not used.

Taking the parameters used in the experiment, the simulations reproduce all three
components of the magnetic field. For this, the Z-wire is considered to be an

infinitesimally thin stick wire. Some tests were done with a rectangular wire,
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FIGURE 5.5: Schematics of the atom chip structure used for the simulation.
The central wire is in a “zig-zag” configuration emulating a corrugated current
flow. The simulation was performed with a change of 0.04° in the path of the
current at each change in the wire direction, corresponding to (a). (b) contains
the same corrugation with 103 larger scale, only for illustration purposes.
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FIGURE 5.6: Angles of rotation o and 6.

showing no notable difference in the results. This is because the height of the
cloud of atoms is a few times larger than the width of the wire. Each wire is then
defined by a set of segments that form the Z-wire. The field generated by these

independent stick wires is calculated at each point in the trapping region.

The first step is to define each independent wire segment, with a starting point
P1(z1,y1, 21) and a final point P2(xs, ya, 22) (see fig. 5.6). The angle of rotation «

around the z-axis is calculated,
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— 180
a = arctan (u) (—) . (5.1)
To — X1 ™

Once « is calculated, the length of the projection of the wire on the XY plane is

given by (z2 — 1)/ cos(a) and the angle of rotation # around y-axis is,

— 180
0 = arctan % — . (5.2)
cos(Qoz) - cos(lcx) ™

To facilitate application of the Biot-Savart law to the zig-zag line elements, the

following transformations are applied, which centre each element at (0,0,0).

T+ T
r=x— ,
2
Y1+ Yo
21+2’2
Z2=2z—
2

Knowing «, 6 and the length of the wire

L=+/(zs—21)>+ (12 —11)* + (22 — 21)?, (5.4)

the rotated coordinates are obtained, using the rotational matrices [101]. The

coordinates are rotated first around the z-axis and then around the y-axis,

cos(a) sin(a) Of |z z cos(a) + ysin(a)
R.(a) = | —sin(a) cos(a) 0| |y| = | —zsin(a) +ycos(a) |, (5.5)
0 0 I |z z

cos(f) 0 —sin(0) x cos(a) + ysin(a)
R, (0) R.(a) = 0 1 0 —xsin(a) + ycos(a) | , (5.6)
sin(f) 0  cos(f) z
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FIGURE 5.7: Biot-Savart law applied to a stick wire of finite length.
x, = z cos(a) cos(0) + ysin(a) cos(#) — zsin(6)
y, = —xsin(a) + y cos(a) (5.7)

2. = x cos(a) sin(f) + ysin(a) sin(f) + z cos(0).

The magnetic field created by a conductor volume is given by the Biot-Savart law

(fig. 5.7),

L g dl X P
dB = 1=, (5.8)

where dl x 7 = dz sin(y) @. The Biot-Savart law is sometimes presented in the
integral form

. pol [*? dl x 7
B(r) = £ a3 (5.9)
47 —L/2 |7

from which the two non-zero components of the field are extracted:

x
B

N

SL‘+%
Z_

)2 4 gy2 4 22 (y2+z2)\/(x+§)2+y2+22

o |l

z (5.10)
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:L'—l—% r—

B, = _
(y? + z2)\/(x +L)2 g2+ 22 ! (y% + z2)\/(:v —

y. (5.11)

po |t [l

>2+y2+z2

These field components can now be projected into the original coordinate system,

by applying the reverse transformations:

B, = B, cos(a) cos(f) — By sin(a) + B, cos(a) sin(6)
By, = B, sin(«a) cos(8) + B, cos(a) + B, sin(a) sin(6) (5.12)
B., = —B,sin(f) + B, cos(f).

Each magnetic field component will then be given by the projected field component
scaled to the current, I, passing through the wire. A simple scenario of comparison
between experiment and theory is proposed in the next few paragraphs. The initial
condensate is generated at a distance from the chip of &~ 159 pm, using a fixed value
of I._yire = 1000mA. The distance from the atom cloud to the surface is set by
varying the X-Bias field component (varying the current through the coils). The
Y-Bias field component is used to raise or lower the trap bottom. This is often
neglected in theoretical work, but of high importance in experimental work, since
the height of the trap bottom will determine the RF parameters needed during the
evaporative cooling stage. The height of the condensate over the surface of the chip
can be modified by lowering the current through the chip wire, or by increasing
the current through the coils that generate the X-Bias. The first option results in
lower confinement in the y direction, due to a weaker effect from the legs of the
Z-wire. This option is the one chosen in this document. Experiments using the
second option were carried out, proving the higher difficulty in creating elongated
condensates. The wire currents used for the comparison were 1000 mA and 200 mA.
For each current, the Y-Bias field was corrected (both in the simulations and with
coils in the experiment) to keep a similar trap bottom and, therefore, a similar

temperature of the cloud.

Figure 5.8 shows the field components calculated versus z, y and z for two different
current configurations. There is also a representation (blue shaded region) of how
the atoms would fill up the potential if the depth of the atom potential is about
50kHz. When I,_,;, = 200 mA, which corresponds to ~ 36 pm from the surface
of the chip, fragmentation is clearly visible (see fig. 5.8d). The distance between
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FIGURE 5.8: Simulated magnetic field variation along z (a,b), y (c,d) and z

(e,f) for different currents through the trapping Z-wire (1000 mA, left column;

200mA, right column). Lower currents through this wire result in closer prox-

imity to the surface of the atom chip. Fragmentation is seen along the y axis

for lower I, currents (d). Blue shaded region shows how the atoms would fill
up the potential if the depth of the atom potential is about 50 kHz.

fragmented trapping potential minima, the depth of these fragmented potentials,
and the distance from the atom chip at which they appear, are remarkably similar
to the experimental observations. Figure 5.9 is a more visual representation of
the trapping potentials. In this way, the simulation is easily comparable with the
images taken in the experiment. Fragmentation becomes obvious in fig. 5.9b and

the simulation agrees well with the experiment, as shown in fig. 5.10.
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FIGURE 5.9: Simulated in-situ density profiles for 8 Rb BECs, as seen along the
y axis for different I, currents. Fragmentation can be seen for I, = 200mA (b),
which corresponds to an atom chip separation of &~ 36 pm. Scales along vertical
axis in (a) and (b) are different for clearer visualisation of the fragmentation.

The effect of nanometre scale imperfections on the atom chip poses a limitation
on its applications. Some groups are starting to pursue different techniques, e.g.
painted potentials [102], as substitutes for atom chips in cold atom experiments,

showing a better reliability in the generation of cold clouds.
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FIGURE 5.10: Comparison between experiment (top image) and simulation
(bottom image) for the normalised density profiles of a BEC trapped at =
36 um from the chip with corrugated current flow in the Z shaped wire. The
experimental image is taken after 1 ms of time of flight, whereas the simulation
shows the in-situ trapping potential, thus the vertical axis scales are different
to ensure proper visualisation of the formation of the fragmentated potentials.

5.3 Exploitation of fragmentation for multiple

parallel studies

Building the Atom Chip BEC experiment at the University of Nottingham began
eight years after the first BEC on an atom chip [103]. At that time, little was
known about the behaviour of condensates near conducting wires. The aim of
this experiment was to explore this unknown field. One of the main hopes was to
understand condensation in very elongated traps. By using the atom chip Z-wire,
the three-dimensional BEC could have been stretched to form a one-dimensional
quasi-condensate. Unfortunately, this is not possible due to the trapping potential
fragmentation. Therefore, so far in this document, the fragmentation of the cloud
of atoms has been treated as a negative effect, resulting from “imperfections”
in the chip. Focus was into understanding the “problem”, the origin of it, and

possible ways around it.

A more positive approach to this situation, would be to exploit the potential of
a system that is capable of generating multiple condensates at once. Since every
time an image is taken, the atomic sample is altered, it is necessary to generate a
new sample of atoms for each measurement. This process slows down considerably
any experiment or sensor measurement. In fact, some groups have been working to
achieve fragmentation of the cloud and then exploit it to create a multi-experiment
machine [104-106].
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One of the instruments used to extract information from a condensate is to inter-
rogate its phase. The way of doing this is by comparing the existing phase with
a known phase. It is a common practice to split a condensate once it has been
formed, perform any desired experiment on one of the two parts, and then recom-
bine both condensates to study the evolution of the phase. The phase coherence
in Bose-Einstein condensates can be estimated by the interference pattern created
when merging a previously split BEC. This was done experimentally shortly after
the achievement of the first condensate [107], as well as simulated theoretically
in several publications [108-111]. This pattern would resemble the one seen in
the phase fluctuations section (section 4.2). In a “multi-experiment setup”, the
fragmentation of the condensate could lead to multiple BECs that could be used
for parallel experiments in which interference occurs between different sub-clouds.
Note that for this to work, the condensate would have to be created before the frag-
mentation happens, with the condensate generated at distances > 80 pm. After

this, the experiment would be performed, and the trap released.

Consider a condensate that is split in two, a and b, condensates, positioned at
e = —d/2 and x, = d/2. The relative phase of such condensates inside the trap
will be

¢ = ¢a — P (5.13)

At t = 0 they are released from their trapping potential. The mean field energy
will make the condensates expand in all directions and, eventually, make them
overlap and interfere. During the overlapping process, density modulations are

given by

n = ng + ny + 2v/nanp cos(pg — @), (5.14)

where the gradient of the phase is described by the velocity field of the wavefunc-
tion V¢ = v/ [112]. Approximating to the classical velocity of the particles, the

gradient of the phase becomes

Vo= rap (5.15)
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Integrating eq. (5.15), gives the expression for the two phases,

P = %(r +d)r + ¢, (5.16)

with the integration constant being the initial relative phase. This then leads to

Po — Oy = ST + ¢ (5.17)

Using eq. (5.17) in eq. (5.14), reveals that the density modulations will depend on

the initial separation of the condensates as well as the initial phase,

md
n=ng + ny + 24/ NNy cos(ﬁr + ¢). (5.18)
The absolute position of the fringes depends only on the initial phase, making
this a good mechanism to find that initial phase in an experiment, by using the
resulting interference fringes. With the pattern of the fringes being cos(%fr +¢),

the fringe spacing is then given by

ht
\ =

_m_d-

(5.19)

Unfortunately, the distance between the fragmented trapping potentials in this
experiment is too large for the interference pattern to be visible. This poses an
experimental problem, that would have to be solved by completely re-designing
the imaging setup to get a closer look at this specific region of space. Some
experiments have been carried out in which the cloud is held for long expansion
times using magnetic levitation [85]. As this was not the primary aim of the work

presented here, this experiment was not pursued further.
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Expansion of a low-dimensional

condensate

This chapter is focussed on simulating the expansion of the Bose-Einstein con-
densate (BEC) after releasing the trapping potentials from an anisotropic mag-
netic trap. This will help validating the results obtained in the previous chapters,
by making a direct comparison with the experimental results. To simulate the
behaviour of the Bose gases, the Gross-Pitaevskii equation (GPE) will be intro-
duced. Its solutions are found numerically using the Split-Step Fourier Method
(SSFM), which is described in this section. The results of these simulations are
then analysed and characterised, showing an excellent quantitative agreement with

the experimental results.

The expansion speed can be extracted from the solutions of the GPE, as well as
the aspect ratio. Arguably the best known characteristic of an anisotropic BEC
is its change in aspect ratio when undergoing ballistic expansion. This change is
analysed in this chapter, comparing full GPE simulations to the well-established
Dalfovo theory and to our experiments. The theoretical results are compared side
by side with the experimental data, giving a good picture of the agreement with
the method developed and employed in this document. The limitations of these
numerical solutions for the GPE are also discussed. A good selection of time steps,
space steps and boundary conditions is crucial for acquiring accurate results, as

explained in this chapter.

The GPE is developed using a two-dimensional model with rotational symmetry

about one axis, corresponding to the lowest trapping frequency. In this way, the

108
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model is effectively three-dimensional, saving the complex computational resources
involved in the development of a fully three-dimensional model. Nevertheless, the
three-dimensional simulation was also developed, and is presented in this chapter.
An overview of the computational requirements is given, presenting ideas to accel-
erate the simulation process, and leading to a Matlab script that can be run from

a standard laptop computer.

6.1 Gross-Pitaevskii Equation (GPE)

Assuming that thermal interactions are not present in a fully condensed cloud of
particles, which is often the case for temperatures below the critical temperature
(or transition temperature), the assumption of the gas being at zero temperature
becomes accurate for modelling the system. The description of such a system
would, ideally, be realised by representing the full many-body wavefunction of a
system with NV particles. Unfortunately, the complexity of this makes it non-viable.
In a BEC, the inter-atomic interactions are weak, with the s-wave scattering length
as being two orders of magnitude smaller than the de Broglie wavelength Ayg. This

is due to the weak forces between neutral atoms.

Assuming that the gas is at zero temperature, and the interactions between atoms
in the BEC are weak, the Gross-Pitaevskii Equation (GPE) can be used to describe

the system, with a macroscopic wavefunction

(7 1) = /n(F, t)e T, (6.1)

The Gross-Pitaevskii Equation (GPE) was developed by Eugene P. Gross and Lev
Petrovich Pitaevskii to describe superfluidity [113], and then applied to describe
the behaviour of BECs [108]. It is a Nonlinear Schrodinger Equation (NLSE)
in which the nonlinear term approximates inter-atomic interactions. Taking into

account these interactions, the NLSE is

5 0(x, 1) B2 9%y (x,t) )
L t t). 6.2
For interaction parameter g < 0, the interactions are attractive, and the conden-

sate would collapse. For g > 0, as presented in this thesis, the interactions are
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repulsive [114]. The dominant interactions are given by van der Waals elastic

two-body interactions. For these interactions,

Anh%a
g= 5 (6.3)

m

where a4 is the s-wave scattering length, which is specific for each element, being
as = 5.8-107%m for "Rb [108, 114-117].

A full derivation of the GPE can be found in [36].

The NLSE is a Partial Differential Equation (PDE) derived from the well-known
diffusion equation, with imaginary time [118; 119]. Considering the general form

of such equations

Aqvba;ac+B¢xt+c¢tt+D¢z+E¢t+F¢ = R(C(],t), (64)

B? is equal to 4AC and, therefore, the equation is Parabolic [120]. Although it is
known that the equation is parabolic, an analytical solution is, in practice, not usu-
ally obtainable. Therefore, the solution of this equation must be obtained numer-
ically. There are different solving methods for the GPE [114]. In this document,
the Split-Step Fourier Method (SSFM) [121] is applied. The reason for choos-
ing this method over others, like Runge-Kutta or Crank-Nicolson, is its efficiency
when it comes to computational resources. Some groups have developed an alter-
native method using the Projected Gross-Pitaevskii Equation (PGPE) [122, 123].
Although the PGPE describes the behaviour of a Bose gas in a relatively accurate
way, it neglects the highest energy modes of the sample.

6.1.1 Condensates in anisotropic harmonic potentials

In the experimental setup, the BEC is trapped in a harmonic magnetic potential.
This confinement overcomes the inter-particle interactions. The shape of this
potential will determine the shape of the condensate. Typically, a BEC can be
found with a spherical shape (w, ~ w, = w,), a pancake shape (w, > wy,w,),
or a cigar shape (w,,w, > w,). In the case of w,,w, > w, and h(wzwy)1/2 > U,
excitations of the BEC are suppressed in the radial direction and only present in

the axial direction, which makes an effective one-dimensional condensate. In this
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case, the condensate can be described using a one-dimensional Gross-Pitaevskii
Equation (1D GPE).

6.1.1.1 Weakly interacting regime

When ]Nl—“ < 1, where the harmonic oscillator length is defined as I; = \/h/muw;,

the condensate can be considered to be in the weakly interacting regime. There

is a macroscopic occupation of the ground state of the system, which has an

approximately Gaussian form. This is often referred to as the ideal gas condensate.

The effective interaction strengths for a 1D GPE and a 2D GPE are given by [114]

9ip = 2nll, (6.5)
and
g
= ) 6.6
92D \/%lm ( )
The chemical potential of the systems are then
hw,  hw,
fup == - = (6.7)
and
hw,
Hep = b — 5 (6‘8>

6.1.1.2 Thomas-Fermi approximation

When |Nl_;13| > 1, or > h(w.w,)'?, the interaction strength starts to grow. The
particle distribution loses its characteristic Gaussian shape, widening in the middle
and acquiring an inverted parabolic shape, which mirrors that of the harmonic
trap. In this regime, the kinetic energy term V24 can be neglected. This is known

as the Thomas-Fermi approximation and has a density profile given by
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(6.9)

B ’5‘ <1 -z -4 — ;—2) ., inside ellipsoid,
n(x,y,z) =
0

, elsewhere.

This approximation is used in the modelling of the expansion of the BEC and
leads to a very good comparison with the experimental results obtained in the

atom chip setup (section 6.3).

6.2 Split-Step Fourier Method (SSFM)

The Split-Step Fourier Method was originally proposed in 1973 by American physi-
cist Frederick Tappert [124] and has, since then, been used across a wide range of
applied sciences, including waves and acoustic propagation. In the case of a BEC,
it is based on splitting the GPE into the linear and the nonlinear part [125], and
analysing them independently. To get a good idea of how this method works, the
next few lines describe the procedure in the one-dimensional case. Starting from

a one-dimensional NLSE

~

o(x,t) _ Hop(x,t) = Tb(w,t) + Vab(x,t), (6.10)

h
LAY

taking into account the interactions, as in eq. (6.2), there is an exact solution of

the form

b(x,t+ At) = e 72 (2, 1), (6.11)

The equation is split into the nonlinear part it); = —[¢)|*y and the linear part
Wy = —%wm. In this way, the solutions to the potential energy operator V can be
found directly in position space, and the solutions to the kinetic energy operator
T can be found with the Fourier transform since 7' is diagonal in k-space, but
not in position space. This can be done using the first order Lie-Trotter splitting
[126, 127]

W, t+ At) a0 e 1 AT =R AV (o 1), (6.12)
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or the second order Strang splitting [127, 128§]

U(x,t+ At) ~ e_%ﬁmve_%mfe_%hmvw(x, t). (6.13)

The method developed by Strang is implemented in this simulation, since it has
been proved by various groups to give a smaller error for large number of steps
[129-131]. Higher order splitting methods would be possible and could lead to
better accuracy. However, the implementation of these would require additional
complexity and, for diffusion equations, it can introduce issues with stability [132,
133]. Therefore, the Strang splitting method provides a good compromise between

accuracy and complexity.

Using the Fourier transform % to solve T in reciprocal space,

b, t+ At) r e (V@HglvPAL g1 [e‘%QAtﬁ" [e_%(v(“’)“'wp)m?ﬂ(aﬁ,t)H .
(6.14)

When no interactions are taken into account, the initial wave function has a Gaus-
sian profile. For the case of weak interactions, when |Nas/l.| < 1, the initial wave

function is also Gaussian of the form

N 1 1/4 _ﬁ
Y=y (E) e, (6.15)

for the 1D case [114]. For the 2D case

N 224y
R o (010
T Y

In this document, the SSFM is implemented using Matlab. The reason for us-
ing Matlab over Python for this particular simulation is that Matlab computes
the discrete Fourier transform more efficiently and faster. Given the fine spatial
grid and fine time steps needed, this proved to save about a third of the process-

ing time. The problem is approached assuming that the condensate has a cigar
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shape, presenting a rotational symmetry around the axial direction. Given this
assumption, the y and z variation of the trap potential can be characterised by the
same frequency and will therefore show the same expansion, in contrast with the

x variation, which has a much lower frequency and will show a slower expansion.

The first step is to define a 2D meshgrid given by © = [-MAz, MAx] and y =
[— LAy, LAy|, with M and L being the number of spatial steps and Az and Ay
the distance between adjacent grid points. The whole script works using Cartesian
coordinates, assuming that the expansion in y and z are equal. The wavefunction is
then evolved over NV, time steps, of fixed internal At, using eq. (6.14). In which & is
the Fourier transform parameter, or wave number, given by k, = [-MAk,, M Ak,]
and k, = [-LAk,, LAk,|, where Ak, = 7/(MAx) and Ak, = 7/(LAy). This
method has been implemented, both in Matlab and Python, using the pseudo
code algorithm 1.

Algorithm 1 Split-Step Fourier Method pseudo code

Yo = ¢
for n =1 to N; do

¥ =pexp [ 5 (V(2) + gly (2, 1)]*)]

vr=F[]

Vi, = i exp [—lQA—nT]fz}

=T ]

¥ =pexp [ 5 (V(2) + gl (2, 1)]*)]
end for
Return ¢

Special care has to be taken when choosing the time step size, as a large time
step would result in an inaccurate approximation to our problem, and a too small
time step would incur in unreasonable computing times. The time step chosen
was 1076, The local error in the Strang splitting method decays as At® [114, 132].
The global error is given by the local error multiplied by the number of steps
N; = t/At, meaning that the method is second order accurate. Similarly, for the
spatial step-size, a balance between accuracy in the result and computational time
has to be found [134].

The SSFM for the 3D is implemented in this case assuming rotational symmetry
around the x axis, effectively reducing the system to 2D. The initial wavefunction
is defined using the Thomas-Fermi approximation described in section 6.1.1.2, in
an anisotropic potential, with w,,w, > w,. The ground state of the system and

its chemical potential can be introduced analytically or by evolving a NLSE in
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imaginary time, starting with a Gaussian density distribution. Excitations of the
ground state often result in corrugations of the density distribution of the system,

with the formation of solitons and vortices [41, 42].

Figure 6.1 shows the qualitative results of the SSFM method along with the ex-
perimental results, for comparison. The wavefunction is evolved over different
times-of-flight, setting the trapping potential to zero everywhere, in order to sim-
ulate simple ballistic expansion following switch off of the trap. In the left hand
column, figs. 6.1a, 6.1c and 6.1e show a 3D surface plot of |t (tror)|? over its zy
plane contour projection. The colour scale of the plot is normalised for better
visualisation. In the right hand column, figs. 6.1b, 6.1d and 6.1f show a 3D sur-
face plot of the Optical Density extracted from the experiment using absorption
imaging, and plotted over its zy plane contour projection. The x and y scales are
equal in the left and right hand columns. In both the experimental and the SSFM
cases, the condensate atom number was 10°, with an axial trapping frequency of

2m - 20 Hz and a radial trapping frequency of 27 - 1000 Hz.

The experimental results are for a non-pure BEC, averaged over three sets of
data. This averaged BEC profile contained density modulations arising from in-
trap phase fluctuations (see section 4.2), explaining the origin of the “noise” in the
axial direction. The fluctuations in the atom density in the radial direction (or
gravity direction) are due to an imaging artefact, specifically optical diffraction
generated by light reflecting from the surface of the atom chip. The condensate
fraction of these results is ~ 40 %, leading to a Gaussian shaped thermal atom
cloud surrounding a condensed part of parabolic form. This is the reason why for
short times-of-flight, the experimental results have a larger atom density than for
the SSFM counterpart. For longer times-of-flight, the thermal part expands much
faster than the condensate, having very little presence in the region of the image,
therefore showing a much closer result to the SSFM simulation. The effect of
gravity is clearly identifiable, especially in fig. 6.1f, showing the Gaussian thermal
distribution skewed in the direction of gravity (blue region skewed towards the
plane of the paper). This is due to collision forces dominating over the gravitational
force in the high-density condensate part of the atom cloud, compared to the low-

density thermal cloud, in which the force of gravity dominates.
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FIGURE 6.1: Simulation [(a),(c),(e)] of the expansion of a BEC compared to
the experimental data [(b),(d),(f)] for the same conditions and for ballistic ex-
pansion times of tr7or = 1ms [(a),(b)], tror = 5ms [(c),(d)], and tror = 13ms
[(e),(f)]. Each panel shows a 3D surface of |1(t = tror)|?, or Optical Density
(OD) in the experimental case, and its 2D contour projection underneath. Num-
ber of atoms in the BEC N = 10°, radial trapping frequency w, = 2 - 1000 Hz,
and the axial trapping frequency w, = 27 - 20 Hz. Figure size is 600 x 600 pm.
The simulated expansion dynamics were obtained using the Split-Step Fourier
Method (SSFM) for a two-dimensional Gross-Pitaevskii Equation (GPE) as-
suming rotational symmetry around the x axis. The measurements were made
using the experimental setup described in chapter 3, following release of the
BEC from the atom chip trap, and averaging over three data sets. The colour
scale is normalised in both cases for clearer visualisation, and the x and y scales
are equal in all figures.
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Overall, the performance of the SSFM script is very good, being capable of accu-
rately predicting any experimental procedure performed on the BEC, with easy
tuning of the initial conditions. For experiments with short time-of-flight mea-
surements and corresponding fewer simulation time steps required, the processing
speed increases dramatically. These results are further analysed in the next sec-
tion, which provides more detailed description and characterisation beyond the

3D surface and the 2D contour visualisation plots shown in fig. 6.1.

6.3 Expansion of a low-dimensional condensate

As explained in section 3.8.1, experiments on cold atoms can be visualised by
imaging the system immediately after the experiment is performed. In this setup,
images are taken after 1ms to avoid residual magnetic fields affecting the de-
tuning needed for imaging. Additionally, for certain experiments, longer ballistic
expansion times are needed. Therefore, a full understanding of the expansion of a
condensate is essential in order to extract information from the system by using

absorption imaging.

6.3.1 Expansion speed

The expansion speed of a cloud of atoms at low-temperatures is determined by
many different factors. The trapping frequency (section 3.7.2) is determined by
the magnetic potentials generated for a specific trap configuration. This explains
the aspect ratio inversion seen in a cigar-shape BEC undergoing free expansion
(see fig. 6.3), where the trapping frequency in the radial direction is much larger
than in the axial direction, delivering a much faster expansion speed in the radial
direction once the trap is released. The vibrational excitation of the particles
is directly related to the temperature of the atom cloud, meaning that a larger
temperature produces a faster expansion speed. Inter-atomic interactions also play
an important role, and are different for different species of atoms, due to factors

like the scattering length (see section 6.1).

Figure 6.2 shows how a three-dimensional elongated condensate expands once
the trapping potential is released. The condensate atom number was N = 10°,

with an axial trapping frequency of 27 - 20 Hz and a radial trapping frequency
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FIGURE 6.2: Evolution of the size of the condensate during time-of-flight for
the 2D GPE SSFM simulations (blue circles and green squares show axial and
radial expansion, respectively) and the experimental data (orange dots with
errorbar show radial expansion). Lines show the fit to the plotted data. The
radial and axial expansion speeds depend on the initial trapping potentials,
which strong anisotropy produces the much faster expansion speed in the tightly-
confined radial direction. The experimental data show a slower expansion speed
compared to the 2D GPE.

of 27 - 1000 Hz. Solving the GPE numerically via the SSFM method shows an
expansion speed in the radial direction of approximately 14 mm /s, whereas in the
axial direction the expansion speed is < 1 mm/s. Simulation results are plotted in
fig. 6.2 together with the experimentally measured radial expansion speed for the
same initial system. The aspect ratio flip characteristic of an expanding elongated

condensate is clearly seen here, and will be addressed in the next section.

Interestingly, the radial expansion speed extracted from the experimental data
(orange line in fig. 6.2) is lower than predicted with the GPE simulations (green
line in fig. 6.2). The experimental condensate fraction in this case is of ~ 40 %,
meaning that the BEC is surrounded by a non-condensed thermal cloud of atoms.
When the trap is released, the atoms in the thermal cloud expand in all directions,
effectively “pushing” outwards as well as inwards, thus opposing the free expansion

of the condensed part.
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6.3.2 Aspect ratio

To analyse the evolution of the aspect ratio, the Split-Step Fourier Method results

were compared with corresponding experimental data, and to the derivation made

by Franco Dalfovo in the late 90s [37, 135], which is the most common theoretical

model followed for predicting the expansion of a BEC.

For a large number of atoms in trap, the Gross-Pitaevskii Equation (eq. (6.2)) can

be reduced to the atom density continuity equation

J
5T V(vn) =0,

and to the Euler equation for the velocity field:

) mu?
m&V—FV (Vemt—l—gn—i—T) —O,

where the external potential is Vize = 2 > w?r?.

Taking the Thomas-Fermi ground state atom density profile

n(r) =g 1 — Veal,

the solutions to eq. (6.17) have the density profile

ap(t) — az(t)a* — ay(t)y* — a.(t)2*, n(z,y, 2, 1)

n(x,y,z,t) =

> 0,

0, n(x,y,z,t) <0

and a velocity field, from eq. (6.18), of the form

v(z,y,2,t) = %V[%(zﬁ)x2 + a, () y? + . (t) 2.

Knowing that

Y

(6.17)

(6.18)

(6.19)

(6.20)

(6.21)
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h
v(z,y,z,t) = EVS(x,y,z,t), (6.22)
the phase is given by
S(x,,2,t) = grlan(tla® + oy Dy + (1)), (6-23)

The parabolic shape of the density (eq. (6.20)) remains, with the radii scaling as

2
R;(t) = bi(t), 6.24
(1) = /i) (6:24)
where
2
T oi (6.25)

O bbb b2

15N>/
ap = — ( ) (arayaz)l/“r’. (6.26)

8

From the density and velocity field, the following equations can be derived [100]

. ) wa; ( )
bibabyb.

For an anisotropic trap, much as the one described in this chapter, eqs. (6.27)

and (6.28) can be solved to give

b= (6.29)

& by = <“w_> (6.30)
d(w, )2 " 2,027 ‘

Yy,z2"x
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These differential equations can be solved analytically, giving the ratio of expansion

in both the axial and radial directions of the trap;

by,2<wy,zt) =4/1+ (wy,zt>27 (6.31)

2
by(wy 1) =1+ ( i ) {(wyyzt) arctan(w, ,t) —log /1 + (wy7zt)2] : (6.32)
Wy, »

where the aspect ratio of the expanding cloud is %
y,z0z

Figure 6.3 shows the evolution in time of the aspect ratio calculated from the 2D
GPE SSFM solutions, the experimental data, and the expansion rate predicted by
the analytical egs. (6.31) and (6.32). The experimental data is taken as the average
over three sets with a condensate atom number of N ~ 10°, an axial trapping
frequency of 27 -20 Hz and a radial trapping frequency of 27 - 1000 Hz. These same
parameters were used for the two theoretical plots in fig. 6.3. The expansion of
the surrounding thermal cloud opposes the expansion of the condensate in both
the radial and axial directions, thus the aspect ratio evolution is independent of

the condensate fraction.

It is important to note that the experimental values of the aspect ratio for trop >
5ms were taken by fitting the Thomas-Fermi atom density distribution and ex-
tracting the Thomas-Fermi radius, whereas the values for t7or < 3 ms were taken
from the Half-Width Half-Maximum (HWHM) of a Gaussian fit due to the con-
densed and thermal clouds not being clearly distinguishable at this point. As a
result, the data measured for shorter time-of-flight values agree slightly worse with
the SSFM results than those at late times. The missing points in the experimental
dataset (orange dots in fig. 6.3) are due to imaging artefacts affecting the quality
of the image. The reflection of the light from the surface of the atom chip leads to
diffraction lines that alter the optical density imaged by the CCD camera sensor.
These diffraction lines can be avoided by tilting the imaging beam for different

time-of-flight measurements, since it shifts the position of the lines *.

'Due to the laboratory being moved to a different institution, further data acquisition was
not possible.
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FIGURE 6.3: Evolution of the aspect ratio of the condensate during time-of-
flight expansion. Results from the 2D GPE SSFM are shown by blue circles.
Experimental data are shown in orange, with the errorbars arising from the stan-
dard error of the three different sets taken. The green dashed line corresponds
to the Dalfovo derivation [108]. The condensate atom number is N = 105,
with an axial trapping frequency of 27 - 20 Hz and a radial trapping frequency
of 2w - 1000 Hz. There is good agreement between all three datasets, with the
experimental results suggesting that the 2D GPE SSFM is slightly more precise.

The agreement between the 2D GPE SSFM and the experiment is very good, with
almost all of the theoretical points in fig. 6.3 lying within the experimental error.
The qualitative and quantitative agreement with the Dalfovo derivation is also
very good. The 2D GPE SSFM predicts a flip in the aspect ratio at t7or ~ 6 ms,
and the Dalfovo theory at tror =~ 8 ms. Comparison with the experimental data
suggests that the 2D GPE gives better accuracy than the widely used analytical
egs. (6.31) and (6.32). These results show the potential of this 2D GPE SSFM as
a modelling tool, not only for pure BECs, but also for cold atomic clouds with a

non-condensed part.

Further to the work presented in this thesis, quantum reflection and breathing
modes have also been simulated by the author using this GPE tool, proving its

accuracy and extensive capabilities.

So far, the SSFM has shown results that are consistent with experiment qualita-
tively and quantitatively. Another interesting check for the expansion simulation is

to reduce the size of the spatial grid used in the simulations, effectively forcing the
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wavefunction to hit the grid boundaries, which act as infinite potential barriers,

while expanding and so generating a reflecting wave and associated interference.

Several improvements to the processing efficiency were developed, leading to a final
overall processing time of under 40 hours for the whole expansion modelling. The
same code was also developed to work with Python, resulting in an increase of the
processing time of about 10 %, due to the management of the Fourier transform
process. If developing a 3D GPE SSFM script in the same way, for a system
without rotational symmetry, the processing time would be very difficult to handle.
A faster version of the script could be realised by coding and compiling the actual

SSEFM part in C language.

6.3.3 Three-dimensional modelling

The evolution of computing in the last two decades has been revolutionary. How-
ever, there are still plenty of limitations arising from computing resources. The
vast majority of the work presented in this chapter was carried out using a two-
dimensional implementation of the Split-Step Fourier Method. The symmetric
character encountered in typical trapping geometries gives, in this case, a rota-
tional symmetry along the axial axis of the trap. For a Z-wire trap, this is true
as long as the temperature is small compared with the depth of the trapping po-
tential well. In this situation, there is a lower axial frequency and two higher
radial frequencies that can be described as one radial frequency with rotational
symmetry. This allows for good understanding of the behaviour of the condensate,
and a reasonable computational speed. Nevertheless, this work was extended to
full three-dimensional modelling, i.e. with no axis of symmetry assumed, in which
different shapes and configurations of traps are allowed, making it an ideal toolbox

for any type of experiment in any possible configuration.

Figure 6.4 shows the simulated expansion of a condensate with atom number
N = 10°, an axial trapping frequency of 27 - 20 Hz and a radial trapping frequency
of 27100 Hz, with ballistic expansion times of 1 ms, 8 ms, and 15 ms. The evolution
in time is clear, with the condensate expanding faster in the more confined radial

direction than in the weaker axial direction.
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FIGURE 6.4: Isodensity surfaces showing the expansion of a BEC, simulated

using the Split-Step Fourier Method (SSFM) for a three-dimensional Gross-

Pitaevskii Equation for ballistic expansion times of (a) 1ms, (b) 8 ms, and (c)

15 ms. Isodensity surfaces plotting values > 1/30 of maximum. Speckle pattern
is an artefact of the visualisation, with no physical significance.
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The full set of data, with ballistic expansion times ranging from 1ms to 15ms, is
compared to the commonly used theory of expansion developed by Dalfovo [37].
This is shown in fig. 6.5, which compares the evolution of the aspect ratio found

in simulation and experiment and shows good agreement between the two.
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FIGURE 6.5: Aspect ratio of the condensate calculated versus time-of-flight
using full three-dimensional GPE modelling. Results from the 3D GPE SSFM
are represented by blue circles. The green dashed line corresponds to the Dalfovo
derivation [108]. In both cases, the condensate atom number is N = 10°, with
an axial trapping frequency of 27 - 20Hz and a radial trapping frequency of
27 - 100 Hz. Good agreement can be seen between both theoretical datasets.

For constructing the figures from the evolved wavefunction, the density distribu-
tion matrix is interrogated step by step, plotting only the values that are above a
certain probability threshold. Computing resource is a limiting factor, especially
on the graphics side. Perhaps, the most interesting and relevant way to visualise
the results is through isodensity surface plot of the atom density, which determine
the overall size of the system. This enables the whole process to be run from
a standard laptop computer, with running times comparable to the previously
described 2D GPE SSFM script.
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Emerging Quantum Technology

components

In the last decade, a lot of interest has been focussed on the use of quantum physics
outside the laboratory environment. In 2013, the UK government announced an
investment of £270m in quantum technologies, in which the University of Not-
tingham is active through partnership in the UK Quantum Technologies Hub for
sensors and metrology. The aim of this funding is to convert quantum physics

research into commercial products.

From a gravity sensor, to a rotation sensor, to a magnetic field sensor, the potential
of quantum physics devices is huge due to their high sensitivity. These devices can
improve the sensitivity of measurements by several orders of magnitude compared
to present sensors. The application range is vast, including examples like a gravity
sensor used to precisely image underground structures, or a rotation sensor used

as an inertial navigation system.

Great progress has already been realised within the Quantum Technologies pro-
gramme, with some example demonstrators already leaving the laboratory envi-
ronment. However, there is still a long way to go before achieving fully compact

and portable devices.

In the following sections, a brief description of devices and applications outside
the laboratory environment is exposed. A portable 9V coil system and a Magnetic

Induction Tomography experiment are also described, showing the potential for

126
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improved magnetic field generation systems. Finally, a “dual-colour” scheme for

improving atom number in the MOT is explained and experimental results shown.

7.1 Optimisation of magnetic field generation

When doing research in a very conceptually and technologically complex setup,
such as a cold atoms setup, it is easy to forget the foundations of these systems.
The production of a MOT is a very robust process. Large variations in parameters
such as background pressure, laser frequency or magnetic field potentials, will
affect the MOT but will not necessarily stop it working completely. For this
reason, magnetic fields are usually generated by large rudimentary home-built
coils, designed for ease of construction and mounting on the setup. This often
results in coils that overheat, and so need to be water cooled, consume large
amounts of power, needing an industrial three phase power socket, and generate
far from optimum magnetic potentials. Prof. Mark Fromhold and Dr. Nathan
Welch have been developing optimisation codes to find the best magnetic field
configuration for a specific purpose. Most of the time, this configuration relies
on multiple coils, for which they have also developed an optimisation tool. With
the help of a coil winding machine and the electronics workshop, these coils have
been manufactured in-house. The fields have also been measured experimentally,
validating the theoretical predictions, and showing great improvements in power

consumption and field fidelity.

7.1.1 Battery powered magneto-optical trap

The optimisation of magnetic fields was realised experimentally by the construc-
tion of a compact coil system capable of producing the magnetic field gradients
necessary for trapping and cooling 8"Rb atoms. The two coils were designed by Dr.
Nathan Welch and manufactured by Mr. Ian Taylor, with a resistance of 183.5€2
and an inductance of 9.25 mH each. The coils are powered by a commercial off-
the-shelf 9V battery. The whole setup fits inside a small lens box, 65 x 65 x 40
mm in size (see fig. 7.1a). To ensure a constant magnetic field, a current regulator
circuit was designed, built and added to the setup. This circuit is based around
a LM317 3-terminal adjustable regulator, drawing 3 V. The result is a MOT coil
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(a) Compact coil system for a MOT
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(b) Current through coils and battery output voltage measured
versus time for a 9V PP3 battery.

FIGURE 7.1: Compact and portable coil system (a) capable of generating the

magnetic field gradients necessary to trap and cool 8’Rb atoms, driven by an

off-the-shelf 9V PP3 battery for a period of 14 hours. The setup is housed in a

standard 2” Thorlabs lens box. The graph in (b) shows the measured stability

of the coil current (blue circles) and battery output voltage (green triangles)
throughout the 14 hours.

system driven by a single 9V battery for a period of 14 hours non-stop, as shown
in fig. 7.1b.

To prove the portability, the system was transported home in a backpack during
this working time, showing a small bump in the data (arrowed in fig. 7.1b) due to

a change in the measuring device.

Additionally, a second iteration of this system was developed to be integrated in

a grating MOT (GMOT) experiment, based at the University of Strathclyde, in
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(a) Coil setup.

FIGURE 7.2: Optimised asymmetric coil system developed for the University

of Strathclyde to generate a MOT with a single MOT beam reflecting from a

grating, using only battery powered coils. The coils are housed in a 3D printed
mount (blue) designed specifically for this setup.

the group of Prof. Erling Riis, Dr. Aidan Arnold and Dr. Paul Griffin [136, 137].
An asymmetric coil configuration was developed in order to fit around a glass
cell, greatly reducing the overall size of the system, while keeping a low power
consumption. A few days were spent at the University of Strathclyde, working
on creating a MOT using these coils, powered from a 9V battery. Figure 7.2
shows the system, with a 3D printed mount, containing the coils and grating. Up
to 2 x 10°% atoms were trapped using a single beam and generating the necessary
magnetic fields using an off-the-shelf standard battery. To the author’s knowledge,
this constitutes the first ever MOT generated with coils driven from a standard

battery.

These systems are a first step, on the magnetic fields side, towards a compact and
portable quantum technologies device, and prove that there is still plenty of room

for optimisation regarding magnetic field generation.

7.1.2 Magnetic Induction Tomography (MIT)

The ability to accurately control the production of magnetic fields, opens up new
prospects for both classical and quantum physics. An important branch of contem-
porary research is imaging. From imaging imperfections in engineering products,

to imaging the brain, the spectrum of areas is vast. The possibility of finding
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(a) Empty space (b) Aluminium plate (c) Copper plate

FIGURE 7.3: Basic MIT experiment to show how different conductivities can
be extracted from measured Eddy currents induced in different samples.

the structure of mechanical systems depends on how well these systems can be

analysed. Security has also become an important issue in the 21%¢ century.

Some preliminary research on Magnetic Induction Tomography (MIT) was carried
out. The concept of MIT is based on inducing Eddy currents in a metallic object by
placing the object inside a well characterised magnetic field. These Eddy currents
will then induce a magnetic field that can be measured with external pick-up
coils. Measuring the magnetic field generated by the object requires being able to
distinguish between the initial magnetic field and the one generated by the Eddy
currents in the conductor. A way to solve this problem is to apply an AC magnetic
field [138]. In this way, the Eddy current will induce a change in the amplitude
and a phase shift in the measured signal. Different materials interact differently
with the magnetic fields, leading to the ability to calculate the spatial conductivity
variation of such materials and, therefore, being able to predict the material that
is inside the interrogation area. This method is of great interest because it is non-
invasive, unlike X-ray scanners, and can provide information about the location

and type of material.

An experiment to demonstrate this effect was built using the coils described in
the previous section. The coils are connected in an anti-Helmholtz configuration
to a signal generator delivering a 1 kHz sinusoidal signal. A signal amplifier was
connected in between to increase the current output of the system. The setup is
shown in fig. 7.3, showing the RMS magnetic field measured using a Gaussmeter

that is connected to a Hall probe.
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The measured magnetic field will result from the addition of the applied magnetic

field and the magnetic field generated by the Eddy currents,

1B] = \/ Bupptial® + | Biany " (7.1)

with | Bappiica| = 0.3 G. Therefore, the magnetic field produced by the Eddy current
is 0.412 G for the Aluminium plate and 0.687 G for the Copper plate. As the Eddy
current scales with the resistivity of the material, it can be seen that the ratio of
the two fields, 1.667, is within 10 % of the ratio of the two resistivities for Copper
(1.68 x 107*Qm) and Aluminium (2.65 x 107 Qm).

This is a very simple, yet powerful, experiment that shows the potential of MIT
technology to image objects in a non invasive way. As well as showing how there

is still room for optimisation and improvement of magnetic field generation.

7.2 Optimisation of the MOT with a dual-colour

scheme

For trapping and cooling atoms, there are three main areas to tackle, magnetic field
generation, ultra-high vacuum and laser systems. With magnetic field generation
being more and more developed with optimised coils, and background pressure
being reduced with the implementation of pre-cooling devices such as the 2D
MOT described in section 3.4, the last thing to look at is laser systems. There has
been a lot of work in different groups trying to miniaturise these systems, as well
as trying to enhance the trapping capabilities of a device. One way of increasing

the atom number in trap is to use a “dual-colour MOT”.

At the beginning of the work presented in this thesis, some time was spent de-
veloping a laser system scheme to improve the size of the atomic cloud in the
magneto-optical trap stage. This scheme is based on using two different laser
cooling frequencies [139, 140]. As seen in section 2.1, a usual cold atoms setup
includes one cooling frequency, red-detuned by some factor ¢ from the cooling
transition. The dual-colour MOT proposal involves using two different cooling
frequencies, one detuned positively by d4. from this § value and the other one de-

tuned negatively by a frequency shift d4., giving it the name of “dual-colour” due
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FIGURE 7.4: Level scheme for a dual-colour MOT in 8”Rb, with a two-frequency
detuning cooling system, where d4. is the frequency shift.

to the positive and negative detunings from the optimal single frequency detuning.
Experimentally, this scheme was implemented in two different ways to ensure that
no experimental artefact was influencing the data. One implementation was using
two different AOMs to modulate the frequencies. The other setup used a single
AOM coupled to an RF frequency combiner, effectively driving the single AOM
with the two frequencies at the same time. Results in both cases were similar,
with small differences in atom number values, arising from technical differences
between the two setups. Figure 7.4 shows the schematics of the laser frequencies
used. Figure 7.5 is the resulting atom number measured versus the frequency shift
04e- It is very clear that an almost threefold improvement in the atom number
arises with frequency shifts of d4. &~ 2 MHz, with an initial detuning of 6 = —3I".

These results were obtained by averaging over four sets of data.

The density and characteristic Gaussian shape of the cloud were distorted during
this procedure, so an additional MOT stage of a few milliseconds was implemented
at the end to re-shape the cloud of atoms. This additional stage was enough to
re-shape the cloud of atoms and increase its density while still preserving a twofold

improvement in the atom number compared to a single frequency scheme.

This scheme has been the object of study for some groups for a few decades. At
present, and to the knowledge of the author, no reliable explanation for this effect
has been yet presented. Nevertheless, it can be a useful setup for experiments that
require larger atom number in the magneto-optical trap stage. Moreover, some
experiments require larger atom numbers with low density of atoms, like in the

case of an atomic fountain [141], for which the setup could be extremely useful.
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FIGURE 7.5: Atom number measured for different d4. shifts. An increase in

atom number was measured for a frequency shift 4. ~ 2 MHz in a dual-colour

MOT configuration. An increase of up to three times can be achieved by using
two cooling frequencies.

Due to the tight trapping potentials of the atom chip, it was not necessary to
use a dual-colour MOT for the setup presented in this document. However, for

quantum technologies out of the lab, the technique may be advantageous.

7.3 Conclusions and Outlook

This thesis has attempted to describe and explain some of the physics of low-
dimensional Bose-Einstein condensates, both theoretically and experimentally,
based on the work developed in the atom chip experiment described in chap-
ter 3. Throughout, the advantages and limitations of this type of setup have been

discussed together with the attempts to overcome these limitations.

The work carried out in the laboratory (chapter 4) shows the potential of atom
chip based experiments both for low-temperature physics research, e.g. quenching
dynamics (section 4.1) and phase fluctuations (section 4.2), and for applications
outside the laboratory, e.g. BEC microscopy (section 4.3). Interesting physical
effects were seen and analysed, helping to elucidate the physics of low-temperature

Bose gases. Technical details of the experiment have been also presented, e.g.
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showing the great improvement experienced by the addition of a 2D MOT that uses

permanent magnets to generate the trapping potentials, described in section 3.4.

Some of the limitations that arose from this laboratory based work were devel-
oped and explained theoretically in chapter 5, especially the demonstration that
imperfections at a nanometre scale were shown to have a large effect on the cold
atomic cloud of Bose gas, presenting possible ways to solve the issues encountered
in the experiments. This work can be of use for future development of atom chips.
Graphene is currently set to revolutionise the state-of-the-art in atom chips. This
new research promises to produce single layer conducting paths with reduced re-
sistance and fewer imperfections. The development of these will definitely mark a
significant improvement in the capabilities of experiments such as those described

in this thesis.

Theoretical work was also developed to find numerical solutions for the non-linear
Schrodinger equation in chapter 6. The Split-Step Fourier Method was chosen
due to its reliable results. The expansion of Bose gases was presented, attempting
to understand and explain the experimental results obtained, as well as the lim-
itations encountered in the simulations, such as reflection of matter waves from
the simulation grid boundaries. The results were compared in section 6.3 to pre-
vious analytical work done by F. Dalfovo, S. Stringari and L. Pitaevskii [135],
amongst others, and also with data obtained from the laboratory, showing very

good quantitative agreement.

As with every other experiment, there is always room for improvement, from
improving the cycle times, to increasing the atom number, to reducing noise levels.
A multi-condensate experiment was proposed in section 5.3, taking advantage
of the fragmentation induced by imperfections on the atom chip, and using it
to generate multiple experiments per cycle, considerably reducing experimental
times. In section 3.4, the 2D MOT was shown to greatly accelerate the loading of
the magneto-optical trap, as well as remove any background pressure effects that

can considerably disturb the condensation of the Bose gas.
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