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Abstract

This thesis describes the design, construction and optimisation of two compact
setups to produce 8"Rb Bose-Einstein condensates and dual “Li -5’Rb Magneto-
Optical Traps (MOTs). The motivation for compact systems is to have simplified
systems to cool the atoms. The first experimental setup is based on a single Pyrex
glass cell without the need for atom chips. Fast evaporation will be achieved in a
hybrid trap comprising of a magnetic quadrupole trap and an optical dipole trap
created by a Nd:YVO4 laser and with future plans of using a Spatial Light Mod-
ulator (SLM). To enhance an efficient and rapid evaporation, we have investigated
Light-Induced Atomic Desorption (LIAD) to modulate the Rb partial pressure dur-
ing the cooling and trapping stage. With this technique, a ¥Rb MOT of ~ 7 x
10" atoms was loaded by shining violet light from a LED source into the glass cell,
whose walls are coated with rubidium atoms. The atoms were then cooled by optical
molasses and then loaded into a magnetic trap where lifetime measurements demon-
strated that LIAD improves on magnetically-trapped atoms loaded from constant
background pressure by a factor of six. This is quite encouraging and opens the
possibility to do a rapid evaporation.

In a second experiment, we have designed a compact system based on a stainless
steel chamber to trap either "Li or °Li atoms in a MOT loaded from alkali-metal
dispensers without the need of conventional oven-Zeeman slower. This setup can
also load 8" Rb atoms, allowing future projects to simultaneously produce degenerate
quantum gases of bosonic 8"Rb and fermionic %Li atoms.
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1. Introduction

Since the first realisation of Bose-Einstein condensation (BEC)[1], a range of meth-
ods has been developed and implemented to produce quantum degenerate gases.
The standard recipe to produce a quantum degenerate gas is by now well estab-
lished. Most experiments follow a first stage of laser cooling techniques to cool the
cloud of atoms. Subsequently, we use another technique such as evaporative cool-
ing [2] in a conservative trap. During the evaporation, we also compress the cloud
which enhances the collision rate between the atoms and we reduce the temperature
to increase the phase-space density. This basic approach requires certain consider-
ations in the apparatus design, such as good UHV, a large number of atoms and
large optical access. Ideally, we would like to design a more compact and simplified
system whilst still maintaining reliability, cooling efficiency, and a large number of
atoms at the end of the cooling process.

1.1 In search of absolute zero: Bose-Einstein
condensation

Under environmental conditions, three states of matter are dominant: gas, liquid
and solid, where temperature drives transitions between these states. However, for
almost a century, low-temperature physics has tried to develop techniques to push
the cooling limits and explore the properties of matter as we approach absolute
zero. A major breakthrough in this search came with the liquefaction of helium
in 1908 by H. Kamerlingh Onnes. This enabled the discovery of superconductivity
in mercury in 1911 [3] and superfluidity in “He in 1938 by Kapitza [4] and Allen
and Misener [5] independently. Years later (in 1972), superfluidity was also dis-
covered in 3He [6]. Furthermore, by mixing *He and ®He, it was possible to reach
temperatures of the order of millikelvins. The development, in the 1980s, of laser
cooling techniques (Doppler cooling, magneto-optical trapping, and sub-Doppler or
polarization-gradient cooling) [7, 8, 9, 10] allowed neutral atoms to be cooled to
temperatures of the order of microkelvins in a few seconds. Finally, with the de-
velopment of new techniques such as magnetic trapping with forced evaporative
cooling [11, 12, 13], experimentalists were capable to push the frontiers of low tem-
peratures, reaching temperatures of nanokelvins. This led to the first observation
of a Bose-Einstein condensation (BEC) in 1995 in dilute alkali gases of 8"Rb, ?Na
and "Li [1] [14] [15]. The breakthrough of Bose-Einstein condensation resulted in an
explosion of worldwide effort, theoretical and experimental, with the Nobel Prize in
1997 awarded both to S. Chu, C. Cohen-Tannoudji and W.D. Phillips for the devel-
opment of laser cooling, and in 2001 to E. Cornell, W. Ketterle and C. Wieman in
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recognition for the achievement of Bose-Einstein condensation in atomic gases, and
for early fundamental studies of their properties. This was only the beginning of a
new field that lies between atomic and molecular physics, condensed matter, a new
field known as “ultracold atoms” or quantum gases.

Since then, and at the time of writing this thesis, many other elements have been
cooled to BEC including H [16], two isotopes of K and Rb (¥K [17], #'K [18], 8" Rb
[1], Rb [19]), 133Cs [20] and non-alkali gases such as metastable! ‘He* [21, 22],
alkali-earth metals °Ca [23, 24], three isotopes of Sr (¥4Sr [25, 26],%6Sr [27] and
8Sr [28]), four isotopes of Yb (10Yb [29], YD [30], 175YDb [31] and %8YD [32]),
a transition metal 2Cr [33] and two rare earth metals (**'Dy [34] and Er [35]).
In addition, some of these elements also have fermionic isotopes than have been
cooled to quantum degeneracy: *He* [36], °Li [37], “°K [38], 87Sr [39] and '"3YDb [40].
Fermi-boson mixtures and boson-boson mixtures between Li, Na, Rb, K, Cs and
Yb isotopes have also been created. Other elements such as Ne (*’Ne, #*Ne) [41],
Fe [42], Ag [43], Al [44], Cu [45], Tm [46], Cd [47], Ra [48], Ga [49], In [50], Fr [51]
and Hg [52] have been trapped and laser cooled. It can be observed that only 10
% of the elements in the periodic table have the conditions to be cooled down with
these techniques: for laser cooling the requirement is a favourable internal energy-
level structure with optical transitions that can be excited by available lasers, as in
alkali atoms, while favourable collisional properties are the condition for evaporat-
ive cooling. However, the development of new techniques promises to cool atoms
representing 90 % of the elements [53]. These techniques are based on the combin-
ation of microsecond magnetic field pulses to slow paramagnetic atoms, cool them
to the millikelvin range, and then use an optical trap to achieve quantum degeneracy.

The phenomenon known as Bose-Einstein condensation was first predicted by Albert
Einstein in 1925 [54] based on a work on the properties of photons by Satyendra
Nath Bose in 1924 [55]. It was predicted that when a gas of bosons (integer-spin
particles) is cooled below a certain critical temperature T, the gas would undergo
a phase-transition named Bose-Einstein condensation (BEC), in which a significant
fraction of the atoms will accumulate in the lowest energy state, behaving like a
bosonic superfluid (see figure 1.1%). One interesting aspect is that a BEC remains a
gas at ultralow temperatures (it does not solidify). This is a metastable state due to
the extremely low densities, which means there are very few three-body collisions,
which are needed for molecule formation and nucleation.

At high temperatures, in the classical regime, the atoms in a gas can be treated as
“billiard balls”, distinguishable particles. However, in quantum mechanics, atoms
occupy discrete quantum states corresponding to different energies and atoms are
treated as wave packets where the thermal de Broglie wavelength A\yg of the atoms
characterizes the size of the wave packet. In other words, the position uncertainty
of an atom associated with thermal momentum distribution is given by:

h
ANop — ——
B V2mmkgT

! For metastable, we mean that the electronic configuration of the atom can be prepared in an
excited state, and then the atoms can be condensed in that state.
2 Image from G. Rempe group website [56].

(1.1)
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Fig. 1.1: Four momentum distributions of atomic clouds taken at different tem-
peratures. In the BEC, all the atoms are in a single quantum state. The sharp
peak means that all the atoms have the same near-zero momentum. The peak is
not infinitely narrow because of the Heisenberg uncertainty principle: the atoms are
trapped in a finite region of space and their velocity distribution possesses a certain
mainimum width.

where m is the mass of one particle, T' is the temperature of the gas, kp is Boltzmann’s
constant and h is Planck’s constant. When the system is cooled down, the thermal
de Broglie wavelength \;p of the atoms increases and the uncertainty in the position
of the atoms also increases. When the system approaches quantum degeneracy at
lower temperatures, the de Broglie wavelength of the atoms becomes comparable
to the separation between the atoms. The individual wave packets overlap and the
atoms become indistinguisible, the atoms are then described by a single macroscopic
wavefunction. The phase transition in a gas of non-interacting or weakly-interacting
bosons confined in a box to a Bose-Einstein condensate is reached when:

Ay ~ 2.612 (1.2)

where n\35 is the phase-space density of the particles in the system, n = N/V is
the spatial density of atoms. Combining equation 1.1 and 1.2 we find that, for a gas
in a box potential of volume V, quantum degeneracy is achieved when T" < T, T,
being defined as:

h* N, /3

T, = 0.0839mk3(v) . (1.3)
Below T, atoms condense in the lowest quantum state thus bringing the quantum
world into the macroscopic regime: a macroscopic system that experiences quantum
properties. The wave function of the single particles overlap so much that they form
one large coherent matter-wave in the ground state, a quantum degenerate state in
which the particles are indistinguishable. The fraction of atoms N,/N condensed in
the ground state is given by:

=1— (=) (1.4)
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In this regime of low temperatures, the properties of fermions and bosons are a direct
result of quantum statistical effects. When a gas is cooled further into the quantum
degenerate regime, different behaviours will occur [57]: bosonic particles will form
Bose-Einstein condensates (BECs) while fermionic ones will turn into Degenerate
Fermi Gases (DFGs). In this thesis, we work with ’Rb and "Li (bosons) and SLi
(fermions). Unlike bosons, fermions cannot occupy the same state due to Pauli
exclusion principle. When a gas of fermions is cooled below degeneracy, all states
below some energy which is called the Fermi energy, are filled with one particle per
state and distributed eventually from the lowest energy level to the highest, forming
a Fermi sea. The Fermi energy for a gas in a box potential of volume V is given by:

_ﬁ(Ssz
S 2m V

and the degeneracy condition is given by: T < f—; = Tr, where Tf is defined as the
Fermi temperature.

Ep )23 (1.5)

Reaching lower and lower temperatures, required for the study of quantum degen-
erate gases, still remains a technical challenge in the field and recent results have
demonstrated new cooling schemes to cool quantum gases into the picoKelvin regime
[58, 59], even reaching temperatures as low as 1 pK [60]. This opens the way to the
exploration of rich physics such as exotic states of matter [61], using ultracold gases
to mimic condensed matter systems [62], and understand the physics of strongly
correlated materials, such as high-transition-temperature superconductors from the
observation of magnetic states [63, 64] such as antiferromagnetism (AFM) as the
high-T. state borders on antiferromagnetism. For the full phase-diagram I refer to
J. Orenstein and co-workers [65].

1.2 Experimental routes for the achievement of
BECs

Most of the experimental systems to create BECs need to have a first stage of laser
cooling and trapping of the cloud of atoms to first reduce the temperature so the
atoms can then be magnetically trapped. Then, in the magnetic trap, the atoms are
further cooled using evaporative cooling. The combination of all these techniques
often causes the apparatus to be quite complex and large.

Since the first BECs, the pre-cooling stage is done by loading the atoms into a
Magneto-Optical Trap (MOT) (see section 2.1.2) using as an atom source either
room temperature background atoms in a vapour cell [66], or a slowed atomic beam,
i.e. a Zeeman slower [67] (see section 7.5). Soon, it was shown that an important
requirement in this first stage is a high background pressure in order to cool and trap
a considerable amount of atoms [68]. This is necessary, because a high percentage
of atoms will be lost during the evaporative cooling. However, during evaporative
cooling, a very low background pressure is what we really need for a sufficient life-
time of the trapped atoms. These two opposite constraints require a compromise
solution. Experimental systems with a double-chamber [69, 70] were proposed to
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solve the pressure dilemma and nowadays it has become the standard setup. This
approach is based on a system with two chambers, one at higher pressure to collect
large number of atoms, and a second one separated by a differential pressure tube
where the pressure is lower and atoms can be cooled evaporatively with smaller
losses. The transfer between the two chambers can be done in various ways: by us-
ing a chain of quadrupole coils to guide and transport the atoms [71], by mechanical
transport of quadrupole coils [72, 73] or by “pushing” the atoms between chambers
with a laser beam or optical tweezers [74]. A disadvantage of this approach is that it
generally requires more optics, laser power and optical access and of course increases
the overall size of the apparatus.

The standard atom source in many cold atoms experiments is an atomic oven com-
bined with a Zeeman slower or similar slowing techniques. However, ovens can be
replaced by thermal dispensers [75] which are metal strips that emit atoms when
heated by a current passing through them. Vapour cells usually use thermal dis-
pensers as the atomic source. Once the number of atoms in the MOT is maximized,
there exist several methods for evaporative cooling. The first BECs used magnetic
traps to do RF-evaporation, which will be discussed in section 2.4.

Besides the established methods described above, alternative techniques have been
proposed recently. BEC has been demonstrated without magnetic traps, in an “all-
optical” BEC [76, 77] where the MOT is transferred to a dipole trap created by a
single focused beam [78] or two crossed high power laser beams [79]. The atoms are
evaporatively cooled by lowering the intensity of the lasers (i.e. the trap depth).
Reaching the runaway regime (explained in section 2.4) in an optical trap can be
achieved by using an additional expelling potential independent of the trapping
laser [80] in order to decouple trap confinement from trap depth. Another solution
is based on the addition of a tighter dimple potential [81] where a tightly confin-
ing beam is added to two wide crossed beams. The use of all-optical techniques
has certain advantages over the use of magnetic traps. First of all, optical traps
can confine any sub-levels of the ground state, having the enormous benefit that
we can choose hyperfine states with more favourable scattering properties. Second,
all-optical techniques allow for the use of magnetic fields to provide a faster evap-
oration by using Feshbach resonances [82] for faster thermalization by enhancing
the collisional rate. All-optical traps simplify the cooling of fermions by sympath-
etic cooling (see section 2.4.3) because the possibility of choosing many sub-levels
eliminates the need for distinct species. Another advantage is that the evaporation
process is quite fast (~ 2 s). However, creating a BEC with all-optical methods has
its own challenges too. For instance, high optical power is required to create traps
with depths greater than the temperature of the atoms to be trapped.

Apart from using double-chamber systems to solve the pressure dilemma, a second
approach is the use of atom chips [83] for the production of a BEC [84, 85]. Atom
chips are based on lithographically patterned wires carrying current on a surface
to generate quadrupole magnetic microtraps [86], and more complex geometries
than in the macroscopic magnetic traps: 1D linear traps [87], Z, U-shaped wires
[87], Y-shaped beamsplitters [88] and atom transport [89]. In atom chips, the type
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of magnetic traps leads to better confinement (tighter potentials) and higher spa-
tially resolved traps than standard magnetic traps. Evaporative cooling in these
tight traps happens quickly (the entire evaporation can be done in ~ 1 s) because
of the high collision rate, hence relaxing the vacuum requirements and allowing a
more compact single chamber system. These characteristics of atom chips systems
together with the fact that the cold atoms are also sensitive probes of magnetic
field fluctuations [90], have made them ideal candidates for portable and simplified
BEC systems for future technological applications such as atom interferometers for
gravimetry [91], and the study of microgravity [92]. However, atom chips require
careful fabrication and expertise because any imperfection in the metal wire can
cause roughness in the trap, causing cloud fragmentation [93]. Another problem
with atom chips is thermal noise or Johnson-Nyquist noise in metal wires which
causes an important loss of atoms. Recent atom chips use superconducting wires
[94], permanent magnets [95] and a superconducting disc [96] (the trapping quadru-
pole field is generated by the vortices of the superconductor), as a solution for the
Johnson-Nyquist noise problem.

Another approach to produce BECs is combining the benefits of magnetic traps
with optical traps. These are called hybrid traps and experiments can be done with
two different approaches. One is by starting rf-evaporation in a strong magnetic
quadrupole trap until the onset of Majorana losses, then finishing evaporation in a
single-beam optical dipole trap (3.5 W)[97]. In a second approach, the evaporation
is done in a single-beam optical dipole trap (10 W) which is combined with a weak
magnetic quadrupole field to enhance the confinement [98]. Both experiments pro-
duce BECs in 16-20 s and employ a double-chamber system.

With the development of atom chips, all-optical evaporation or hybrid traps, very
fast production of Bose-Einstein condensates has been demonstrated. This consider-
ably relaxes the demands for extremely long trap lifetimes and opens the possibility
to design vacuum systems based on single chambers [99], rather than the standard
dual-chamber system, thereby cutting down the size of the apparatus. However,
single cells reintroduce the original dilemma between atom number and lifetime
discussed at the beginning of this section. In this context, it would clearly be ad-
vantageous to modulate the partial pressure of the atomic gas. By pulsing the
current through dispensers [100, 101, 102, 103}, atoms in the MOT can be loaded
efficiently whilst the background pressure is kept low. A second method to modulate
the pressure is the use of Light-Induced Atomic Desorption (LIAD). LIAD, and also
laser ablation [104], are standard atomic sources for atom chips too because they
are compatible with cryogenic systems when superconducting wires for atom chips
are used. Recently, an electron beam driven source for alkali-metal atoms has been
proposed [105].

In this thesis, we will characterise the use of dispensers and LIAD. These techniques
would allow the MOT to be loaded whilst keeping the background pressure low for
the next stage of evaporative cooling. This is because the supply of background
atoms is activated only during the loading of the MOT and is then switched off to
allow the pressure to return to a lower value.
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1.3 Light-Induced Atomic Desorption

Light-Induced Atomic Desorption (LTAD) was experimentally observed for the first
time in 1993 by A. Gozzini and co-workers [106], when the atomic density of sodium
vapour inside a organic-coated glass cell was significantly increased in the presence of
visible light. The essential idea is that when a weak, non-resonant light (from white
light, LEDs or a UV lamp) illuminates the inner surface of the chamber, this causes
atoms coating the inner walls to be quickly desorbed and the number of trapped
atoms in the gas is increased considerably. Since this light source can be turned on
and off fast, the background vacuum can be maintained at low pressures. LIAD is a
non-thermal effect and has no relation to laser ablation, where the desorption phe-
nomena is caused by powerful laser light which produces local heating and ablation
of the surface. An interesting application which has been proposed, but is not yet
commercially available, is light-controlled atomic dispensers (LICAD) [107] which
uses LIAD instead of a current to release atoms from the dispensers.

The first experiments with LIAD were done with Na and Rb atoms in glass cells
coated with organic films such as polydimethylsiloxane (PDMS) [106, 108, 109, 110]
and polymers such as octadimethyl-cyclotetrasiloxane (OCT)[109], paraffin [111]
and also dry-film [112]. The coating of the surface is understood to minimise the
adsorption energy when atoms form a quasimolecular bond to the surface. Lately,
LIAD has also been observed in uncoated glass [84], sapphire [113] and stainless-
steel cells [114, 115] which are more adequate for ultracold atoms experiments as
the coating material can introduce some contamination to the ultra-high vacuum.
However, the uncoated cells require higher light intensity than coated cells in order
to appreciate the same effects. Nevertheless, when porous glass cells were used to
study LIAD [116], the same efficiency as with the organic coatings was reported.
Several models have been developed to explain LIAD in organic coated cells. The
present understanding is that the light not only increases the desorption rate at
the surface but also causes the diffusion of atoms across the coating (atom mobil-
ity on the surface) [117, 109]. Recently, this model has been revised and improved
[118, 119]. LIAD phenomena has been also explained based on surface science: the
desorption is caused by charge transfer from the SiO, (glass) surface to the unoccu-
pied orbital of almost cationic atom weak bound to the surface [120].

LIAD depends on a number of parameters [115]. It has been found that the number
of atoms released from the walls (or coating) depends on the square-root of the light
intensity [117, 114], the light frequency [115], the temperature of the cell [121] and
the exposed surface area [111], which also depends on the porosity. For instance,
nano-porous glass can be used to increase the inner surface area [122]. It has been
observed that the desorption of atoms starts at a threshold frequency between the
near-infrared and the visible and the efficiency increases with the light frequency.
The threshold frequency is related to the work function as in the photoelectric ef-
fect in metals, so that LIAD has sometimes been compared the photoelectric effect
[123]. Up to now, although different attempts to explain LIAD have been made,
there is not a general theory that explains all the LIAD phenomena and most of the
understanding of LIAD has been derived from empirical results.

In some cold atoms experiments, LIAD has been used to load the MOT. Specifically
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for a Cs MOT [124] (quartz), a 2Na MOT [125] (pyrex) and [126] (titanium), a “°K
MOT [115] (quartz and stainless steel) and [127] (pyrex) and more interestingly,
in the context of this thesis, a Rb MOT [128] (PDMS-coated pyrex) [114, 127]
(pyrex), [115] (quartz and stainless steel). LIAD was also used for the production
of BECs on atom chip [84, 99, 129].

So far, LIAD has been demonstrated for all the alkali-metals, with the exception of
Li [130][116]. K. Madison’s group [131] reported the loading of a small lithium MOT
using laser ablation with YAG laser pulses whose frequency was doubled to 532 nm.
The reason for this approach is that unlike Rb, the energy required to remove a Li
atom from the surface is higher than what a diffusive UV source can supply. This
opens the possibility to investigate the loading of lithium using LEDs too.

1.4 Bose-Fermi mixtures

In recent years, experiments with mixtures of quantum gases have enabled new in-
vestigations with fascinating prospects such as the creation of new quantum phases.
In some cases, the mixture is only used as a technique to cool the fermions via
sympathetic cooling. In other cases, we cool one gas in the presence of a second
auxiliary gas that can be used as a detector (calorimeter, thermometer) of the first
one [132]. Finally, the mixture itself may be investigated, for instance quantum
degenerate mixtures of Bose-Bose, Fermi-Fermi and in particular, Bose-Fermi mix-
tures. One possibility is to study how one of the components (boson or fermion) can
modify the general behaviour of the mixture. A type of fermionic superfluidity by
boson-mediated Cooper pairing has been predicted [133]. On the other hand, the
presence of fermions can drive the bosonic Mott insulator state to a superfluid state
[134].

In general, another interesting aspect is the formation of cold molecules to investigate
molecular interactions, to perform precision measurements of fundamental constants
[135], and to control and understand ultracold chemical reactions from a quantum
perspective [136]. Since 2002, there have been enormous advances in methods of
producing molecules. It is now possible to create a range of homonuclear and het-
eronuclear quantum degenerate molecules by photoassociation and with Feshbach
resonances. However, bosonic molecules are not very stable and their lifetimes are
very short [137]. In contrast, fermionic molecules are much more stable with life-
times of seconds [138] due to Pauli-blocking in the Fermi sea that suppresses colli-
sions between atoms and molecules which would cause molecular dissociation.
Molecules of atoms with large mass ratios, such as rubidium and lithium, are pre-
dicted to have large dipolar moments which is useful for the study of dipolar quantum
gases. In particular, the mixture of Rb and Li atoms has a high ratio between fer-
mionic and bosonic masses, mp/mp ~ 14. It was suggested than mixtures of atoms
with large mass ratio and similar trapping strengths may reach a lower T'/Tr de-
generacy parameter [139]. This is why °Li is a good candidate to investigate the
BEC-BCS crossover [140]. Part of my PhD project consisted of setting up an exper-
iment to study a 8"Rb -SLi mixture. This mixture is also being researched by other
groups: R.Onofrio’s group at the University of Dartmouth [141], C. Zimmermann’s
group at University of the Tibingen [142], K. Madison’s group at the University
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of British Columbia [130] and K. Dieckmann’s group at the National University of
Singapore who simultaneously cooled three-species: 8"Rb, 4°K and °Li (in “catalytic
cooling”) [143].

1.5 Thesis layout

The long-term goal of the St Andrews group is the study of 8Rb BECs in optical
lattices created by a Spatial Light Modulator (SLM), with the development of a Li
apparatus for studying Bose-Fermi mixtures at a later stage. The investigation of
superfluidity in ultracold atoms by using the SLM to holographically generate a ring
trap [144] is one possible direction the research can take. Due to delays with the
laser for cooling lithium, we decided to separate both species for optimization before
putting them back together. In this thesis, I present the ongoing progress with the
design and construction of two compact systems to produce a 8"Rb Bose-Einstein
condensate and the study of a dual "Li-5"Rb MOT.

The structure of this thesis can be summarized as follows: a brief overview of con-
cepts and techniques leading to the formation of a Bose-Einstein condensate is given
in chapter 2. This is followed by chapter 3 with the implementation of these tech-
niques with 8"Rb atoms. The 3’Rb MOT characterization and optimization is de-
scribed in chapter 4 and a detailed investigation in two techniques to modulate the
Rb partial pressure is reported in chapter 5. In chapter 6, I present the evaporative
strategy to date for 8"Rb atoms in a single glass cell, and also demonstrate that the
lifetime in the magnetic trap from a cloud loaded with LIAD can be long enough
for a rapid evaporation if we use a hybrid trap. Chapter 7 presents the results of
investigating the loading of lithium and rubidium atoms from dispensers using a
second experimental apparatus based on a stainless steel chamber. Finally, chapter
8 concludes this thesis and discusses future plans to extend the work presented here.
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2. The cooling and trapping stages

Bose-Einstein condensates and Degenerate Fermi Gases are systems attainable at
ultracold temperatures. Reaching quantum degeneracy has been possible by the
combination of very sophisticated methods which are presented in this chapter.

2.1 Laser cooling techniques

The idea behind laser cooling techniques [10] is using the force exerted by laser light
to slow the motion of the atoms. An atom initially travelling with momentum P =
muo interacts with laser radiation directed in the opposite direction with frequency
slightly red detuned from resonance. The momentum of the photon is given by
p = MTL, where wy, is the frequency of the laser light. Conservation of momentum
requires that when the atom absorbs a photon its momentum must change: each
absorbed photon gives the atom a kick (recoil) in the direction opposite to its motion.

Spontaneously-emitted photons go in all directions (isotropically).
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Fig. 2.1: The force on an atom due to absorption and spontaneous emission of
photons.

Through a succession of absorptions and spontaneous emissions, there is an over-
all net momentum transfer which results in a reduced mean velocity of the atoms,
leading to lower temperature. In other words, the scattering of many photons gives
an average force that slows the atoms down. This force is called “scattering force”
and is equal to the rate of change in momentum [145].
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2.1.1 Optical molasses

Due to the Doppler effect, if an atom is moving towards a laser beam the frequency
of the light, as seen by the atom, is increased. In order to compensate for this
Doppler shift, the frequency of the laser beam wy, is tuned slightly below the atomic
resonance frequency w, (red detuned). If we have two counter-propagating laser
beams of frequency wy, (red detuned) as shown in figure 2.2, and a stationary atom
(v = 0), this experiences no resultant force (F = 0) because the scattering is the
same from each laser beam.
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Fig. 2.2: Two-level atom. In the rest frame of an atom moving at velocity v in
the presence of two counter-propagating beams, the Doppler effect leads to more
scattering of the light propagating in the direction opposite to the atom’s velocity.

However, if the atom is moving, the atom will interact more likely with the photons
of the laser beam whose observed frequency is closer to the resonance frequency.
This condition is satisfied by the laser beam propagating in the opposite direction
to the atom motion; atoms moving towards the laser beam have a larger probability
to absorb a photon than those atoms that move in the same direction as the beam.
The atom receives a “kick” opposite to its velocity, or in other words it experiences
a damping force ' @« —v. So, as result, the Doppler shift kv can be utilised to
cause a force imbalance on the atom. The extension of this configuration to three
dimensions is called “optical molasses”, where atoms moving in any direction will
be slowed by a beam directed opposite to their direction of propagation. Once an
atom is slowed to near rest the forces balance so that it is not accelerated in the
opposite direction.

2.1.2 The magneto-optical trap

The velocity dependent force introduced by the optical molasses technique cools the
atoms in the velocity space but it is not enough to confine them due to the optical
Earnshaw theorem, which states that we cannot trap particles by radiation forces
only. By adding a magnetic field gradient across the intersection of the beams, the
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force is made position dependent. The combined actions of the laser beams and
the magnetic field gradient is known as Magneto-Optical Trap (MOT) [146] where
atoms are slowed and confined into a well-defined region in space.

F=1, =1

F=1, M.=0

F=1, M=-1

Fig. 2.3: (Left) schematic diagram of the MOT principle in 1D. The horizontal
dashed line represents the laser frequency seen by an atom at rest in the centre of
the trap. Because of Zeeman shift of the excited levels in the inhomogeneous magnetic
field, atoms in x > 0 are closer to resonance with laser beam driving a o~ transition
rather than a o* and are therefore driven towards the centre of the trap. (Right)
schematic diagram of the MOT principle in 3D (image from C. Zimmermans group

website [147])

A MOT consists of three orthogonal pairs of counter-propagating red detuned laser
beams which overlap in the centre of a magnetic quadrupole field created by two
anti-Helmholtz coils. Due to the magnetic field, the atomic energy levels experience
a splitting into their Zeeman components: atomic transitions F, = 0 — F, =1
have three Zeeman hyperfine energy levels with components My = +1, 0, -1. The
counter-propagating beams have circular polarization to satisfy the selection rule A
Mp = £ 1. In figure 2.3, we consider the MOT action along one counter-propagating
pair. At the middle of the trap the net radiation force acting on the atoms is zero
but away from the centre, the Zeeman effect causes the energy of the three sub-levels
to vary linearly with the atom position. The atoms experience a restoring, position-
dependent force, whose imbalance is directed towards the trap centre. For x > 0
and 0< 0 the atom preferentially absorbs from the ¢~ beam, and is pushed towards
the centre of the trap. For x < 0 the same is true for the o+ beam. The Zeeman
effect therefore introduces a dependence on position, causing an imbalance in the
scattering force of the laser beams and the resulting position-dependent radiation
force confines the atoms in a 3D potential [148].

2.1.3 Sub-Doppler cooling and temperature limitations

In thermodynamics, temperature is defined as a parameter of a system in thermal
equilibrium with the environment (thermal bath). However, in laser cooling, the
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sample of atoms is in a vacuum chamber where they are thermally isolated from the
environment. Blackbody radiation emitted by the walls is not a great concern as the
atoms are mostly transparent to that radiation. Thus it may be in a “steady state”
created by the thermal bath of photons but not in a proper thermal equilibrium
[148]. Still, we can calculate temperature as 3m <v>? = 1kgT. Having these ideas
on mind, we define some of the temperatures that can be achieved in every stage.
By using laser cooling, and assuming a two-level system, the atoms can be cooled
to the Doppler limit:

hI'

T = ——
D okn

(2.1)

where I' is the natural width of the atomic cooling transition [149]. This limit can
be reached in the MOT and corresponds to temperatures of the order of 100 uK.
However, experimentally it was observed than sub-Doppler temperatures could be
reached [7]. By taking in consideration in that real atoms are more complex than
a two-level system [8,; 10, 9] and have complex hyperfine levels, a new theory was
proposed. Sub-Doppler methods such as polarization gradient cooling are effective if
the cooling transition linewidth is smaller than the hyperfine splitting of the excited
state. The limit of sub-Doppler cooling is given by the energy related to the photon
recoil of an atom. This is the recoil temperature limit and is given by:
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(2.2)

where k is the wave vector. This is a theoretical limit and is due to the fact that
even the slowest atoms will interact with a photon, which will impart a momentum

kick. Experimentally, the minimum temperature given by sub-Doppler mechanism
[148] is:

Toup = 0.1—— (2.3)

where (2 is the Rabi oscillation frequency and § = w — w, is the frequency detuning
of the beams. After the MOT phase, the magnetic field is turned off and there is
an optical molasses phase with large detuning applied to optimize the sub-Doppler
cooling. Atoms such as rubidium can be sub-Doppler cooled quite efficient because
its atomic structure and temperatures of 10 - 50 uK can easily be reached. However,
this is not the case for atoms such as lithium as can be seen in figure 7.2. The hy-
perfine levels of the excited states are unresolved and this prevents the achievement
of the same temperatures than for rubidium. However, recent results [150] have
demonstrated a solution to this problem by using a UV transition.

The temperatures reached with sub-Doppler cooling are still higher than the typical
BEC critical temperatures for the limited densities of laser-cooled samples. There-
fore, another cooling method must be employed to reach quantum degeneracy. This
method is known as evaporative cooling and requires trapping the atoms in a con-
servative potential, either a magnetic or optical trap.
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2.2 Magnetic traps

Neutral atoms with a magnetic moment A—; can be confined by a position-dependent

magnetic field. The interaction energy is given by U = -ﬁE and depends linearly
with the field and the magnetic moment. This leads to Zeeman splitting of the
magnetic hyperfine levels, given by:

U= grugmprB (2.4)

where grupmp is the component of the magnetic moment along the field and up is
the Bohr magneton, gr is the g-factor associated to atomic hyperfine state and mp
is the magnetic quantum number for each magnetic sublevel. When the magnetic
moment £ of the atom is aligned parallel with the field B (grmp < 0), the atom
is attracted towards regions of high magnetic field, so we say that it is in a‘“high

field-seeking state”. In contrast, if the magnetic moment ﬁ is aligned anti-parallel

to the field B (grmp > 0), the atom will have higher energy and it will tend to
occupy locations with lower magnetic field, a “low-field-seeking state” to decrease
the magnetic energy. Since a magnetic field maximum is not allowed in free space due
to the Earnshaw theorem [151], we trap atoms in a local minimum, i.e. atoms in low-
field seeking hyperfine states, grpmp > 0. Magnetic traps are able to confine atoms
whose kinetic energy is of the order (or lower) than the trap depth, which is of the
order of BZ2 ~ B * 67 uK/G. There are many types of field geometry for a magnetic
trap. A quadrupole field created by two coils with currents in opposite directions
is the simplest way to magnetically trap atoms and provides tight confinement,
allowing an efficient evaporative cooling process. However, it was soon demonstrated
that the quadrupole field [152], which is already used for the MOT, is not a good
choice to do evaporation [153]. In a quadrupole trap, the minimum of the field is
zero and the degeneracy of the magnetic hyperfine states due to the Zeeman effect
is removed as shown in figure 2.4.
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Fig. 2.4: Zeeman energy diagram of 8" Rb hyperfine structure in presence of a mag-
netic field. The low-field-seeking states for 8" Rb are indicated as red colour curves.
Image based on [154].



16 2. The cooling and trapping stages

In this region, the states with different magnetic quantum numbers mz mix together
and the atoms can be spin-flip from one trappable my state to another which is not,
leading to “Majorana losses”. As we progress with evaporation, the losses become
quite significant. To eliminate Majorana losses, we have different options: the Ioffe-
Pritchard configuration (shifting the zero away)[155], adding a third coil [156] as
in the QUIC traps, or the TOP trap (“time-orbiting potential”) [153, 157] which
has a zero field rotated at such high angular velocity that the atoms cannot reach
the minimum of the trap. Another option, first implemented at MIT, is a repulsive
optical potential (i.e. an optical plug) to push the atoms away from the centre of
the trap [14, 158].

At the end of optical molasses, most of the atoms are distributed between the five
magnetic substates of the F = 2 ground state. However, as we have seen for Rb
atoms only (F =2, mp = 2, 1) and (F = 1, mpg = -1) are magnetically trappable
states. Therefore, by means of optical pumping, most atoms are transferred into
the (F = 2, mp = 2) state, improving the transfer into the magnetic trap. This is
illustrated in figure 2.5. In our setup, we will optically pump on the 5S 1 o (F = 2)—
5P3/5(F" = 2) transition using o polarised light. However, atoms in F'= 2 states
can decay to the dark state (F = 2, mp = 2) because the spontaneous emission is
randomly polarised. Transferring atoms into this specific state requires longer time
due to the fact than the transition probability is low and that the transfer of all the
atoms into mp = 2, requires more cycles, which can induce slight heating. However,
as this is a dark state, the atoms will accumulate in mp = 2. During the optical
pumping the repumper is left on to transfer atoms that have decayed into the F =
1 state back to the cycle.
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Fig. 2.5: Optical pumping scheme. The o polarised optical pumping beam is on
resonance with the F' = 2— F’= 2 transition (blue arrows) and the repumper light is
on resonance with F = 1— F’= 2 (orange arrow). Both are used during this stage
to transfer most of the atoms to the state (F = 2, mp = 2) (grey colour). Image
based on [15}].

2.3 Optical traps

When an atom is placed in laser light, the oscillating electric field E (7 ) = E (r)
exp (-iwt) 4+ c.c. induces an oscillating electric dipole moment on the atom that
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interacts then with the laser field [77]:

—

P=a. E (2.5)

where « is the complex polarizability and depends on the oscillating frequency w.
The interaction between the dipole moment and the laser field, by the ac Stark
effect, leads to a potential energy given by:

1 — ]_
Ui = — <p. E> =~ Re(a)I (2.6)

€,C
hence the depth of the potential depends on I, the field intensity, and on the real
part of the polarizability. Besides the depth of the potential, another important
quantity for optical dipole traps is the rate of scattered photons I'y. which is the
ratio between the power absorbed P,,s and the energy of the absorbed photon and
is given by:

Pabs - 1
hiw  he,c

The ratio corresponding to the absorption and spontaneous emission of photons
depends on the intensity and the imaginary part of the polarizability. These two
quantities depend on the polarizability whose expression is derived in [77] as a
solution from the equation of motion of an electron in an oscillating field given by the
Lorentz model of a classical oscillator and by using the rotating wave approximation
as the laser detuning is small compared to the resonant frequency. Therefore, the
final expressions for the energy and the scattering rate are given by:

[y = Im(a)l. (2.7)

— 37T02F —
Uagip(7T) = 5035 I(r) (2.8)

— 371'02 r 2y,
Foe(7) = 27&)2(5) I1(7) (2.9)

where I is the linewidth of the transition, w, is the frequency of the transition and
0 = w - w, is the laser frequency detuning. The force applied onto the atoms by the
light is known as the dipole force and it is a conservative force expressed as:

3T -
— 2035 VI(r). (2.10)

This expression shows that the dipole potential is attractive for red detuning (6 <
0) light, as atoms are attracted towards the maximum of the laser field. The dipole
potential is repulsive for blue detuning (6 > 0) light, as the atoms are repelled
from high intensity regions. Furthermore, the dipole potential scales with 1/§. The
simplest example of optical dipole traps is provided by a single focused red detuned
beam propagating along z-axis and whose intensity at the distance r is given by a
Gaussian distribution:

Fuip(7) = =VUgp(7) =

2P €$p72r2/w2 (Z)

(2.11)
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where P is the total power, w(z) = w,y/1 + (2/2r)? is the 1/e? beam radius. In the
focus of the beam, the minimum radius is the beam waist w, and the beam widths
increases with z on the scale of the Rayleigh length zp = mw?/\.

Considering the previous example of a single dipole beam, the depth of the trap

corresponds to the optical potential at the position of maximum intensity I, = 3—;.
Now, we can rewrite equation 2.8 as:
hl' 2P 2,2
Udip(r, 2) = = ——exp 2 /v 3) 2.12
aip(r 2) 81, nge (2.12)
where I, = g% is the saturation intensity and therefore, the trap depth is given
by:
hl' 2P
Uy=——. (2.13)
891, mw?

In order to maximise the depth of the trap, dipole traps usually employ large in-
tensities and large detuning to keep the scattering rate as low as possible so heating
is minimised too. Compared with magnetic traps, optical traps are shallower and
atoms should be loaded after having been pre-cooled by other techniques.

2.4 Cooling to quantum degeneracy

2.4.1 Evaporative cooling

Evaporative cooling can be understood with the simple analogy of cooling a mug of
coffee: when we blow on the mug, the hottest (most energetic) molecules escape as
steam and the molecules left behind get colder because the average energy lost is
greater than the average energy of the remaining molecules.

In a similar way, the “hottest” atoms (the most energetic) are removed from a trap
using an external RF source that spin flips them to an untrapped state in a magnetic
trap as shown in figure 2.6, or by lowering the trap depth in the case of an optical
dipole trap as shown in figure 2.7 (see section 1.2). As the remaining atoms therm-
alise due to collisions, the temperature of the sample is reduced and the phase-space
density is increased as we approach quantum degeneracy. For the process to be
efficient, there should be a higher rate of two-body elastic collisions (s-wave) than
inelastic two- and three-body collisions between the atoms. More specifically, an
efficient evaporation requires a ratio between “good” and “bad” collisions of about
100 [13] and be maintained despite the reduction of the atom number. The evap-
oration is an iterative process and the removal and thermalization of the atoms is
repeated until quantum degeneracy is reached.

Evaporation in a dipole trap has the disadvantage, compared with a magnetic trap,
that it does not reach the runaway regime, where the final part of the process has
a continuous decrease in temperature which is accelerated as the temperature gets
lower. This is because as we reduce the trap depth, the trap becomes broader and
the atom density decreases as shown in figure 2.7 (a). This causes a reduction in
the elastic collision rate. Nevertheless, by increasing the phase-space density of the
cloud before the evaporation in a tightly confining optical dipole trap [80], we can
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Fig. 2.6: RF evaporation principle in 8 Rb. The grey areas represents the “RF
knife” to selectively evaporate the atoms as we cool down.

pursue a rapid evaporation. An alternative, as shown in figure 2.7 (b) is to use
a weak magnetic field gradient to cancel gravity and to provide a tilted trapping
potential whilst reducing the trap depth [159].

Fig. 2.7: Fvaporative cooling in a dipole potential. (a) By ramping down the laser
power, the most energetic atoms escape and the remaining atoms thermalise at a
lower temperature. (b) To perform runaway evaporation, a magnetic field gradient
18 ramped up to produce a tilted potential.

2.4.2 RF-induced evaporation

Forced evaporative cooling in a magnetic trap is performed by using a radio fre-
quency (RF) radiation source to induce spin flips in order to allow the hottest
atoms to leave the trap. In our experiment we will have the atoms in the |F = 2
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mp = 2 ) state. The idea is the following: the energy of an atom in F = 2 state is
given by equation 2.4 where mpg can be + 2, £ 1, 0.
The RF field needs to match the energy difference necessary to flip the spin of the
atom Amp = 1 and expel it from the trap which is:

AFE = uBAmFgFB = hVRF (214)

where vgp is the radio frequency. In a magnetic trap there is an ellipsoidal surface
of constant magnetic field, where the magnetic dipole transition is resonant with
the RF. If atoms “go beyond” this limit as shown in figure 2.6, the spin flips to an
untrapped state |F = 2, mp = 0 ) or antitrapped state |F =2, mp =1o0r2). As we
carry on the evaporation, we ramp down the RF frequency so we can continuously
be on resonance to induce transitions to unbound states. This method is usually
described as a “RF knife” because it selectively “cut” the atoms from the ends of
the tail (beyond the ellipsoidal surface) which are much more energetic.

2.4.3 Sympathetic cooling

Laser cooling can be applied to both bosonic and fermionic atoms. However, evapor-
ation is not straightforward for fermions because the s-wave collisions necessary for
the thermalisation during evaporative cooling, are forbidden for identical fermions
due to the Pauli exclusion principle. To cool fermions to quantum degeneracy, we
can use sympathetic cooling where a bosonic gas in thermal contact with the fermi-
ons acts as “refrigerant” [37]. Alternatively, we can have fermions in two different
hyperfine states and selectively remove the most energetic fermions [160]. It is also
possible to reach quantum degeneracy by using Feshbach resonances. This technique
is based on the application of magnetic fields to tune the atom interactions, so that
composite bosons are formed from pairs of fermions first, after which evaporative
cooling can be applied in the usual way to achieve a molecular BEC.

2.5 Conclusions

From the previously discussed techniques in this chapter, we have used the following
ones for the glass cell experiment. We first laser cooled the rubidium atoms in a
magneto-optical trap. Through a molasses stage, we did sub-Doppler cooling to
then transfer the atoms into a magnetic trap where the cloud was compressed. We
have not started evaporative cooling yet but the system is ready to proceed in a
near future. Sympathetic cooling will be also implemented when we will combine
the rubidium with the lithium atoms.



3. Experiment for the production of
ultracold ®**Rb atoms in a glass cell

This chapter describes the design and implementation of an experimental setup
aimed at the production of ¥ Rb Bose-Einstein condensates (BEC).

Our apparatus is based on a single chamber which is not the usual standard (with
the exception of atom chips experiments) [99, 84, 129]. However, making the vacuum
system so compact and small has certain benefits; a single chamber setup is simpler
than a double chamber because the latter requires either two distinct laser cooling
setups or magnetic transport between the two chambers. The description of the
vacuum system, along with the laser setup used and the description of the MOT
table is given in sections 3.1 to 3.5. Section 3.6 describes the design of a pair
of magnetic coils that generate the quadrupole field for both MOT and magnetic
traps. The final sections contain information about the computer control and image
acquisition.

3.1 Vacuum system

The realisation of ultracold-atom experiments require ultra-high vacuum conditions
to minimise collisions between trapped atoms with background atoms at room tem-
perature in order to prolong the lifetime of the experiment. For evaporative cooling,
the lifetime in the magnetic trap has to be much longer than the thermalization
time, the latter determined by the elastic collision rate and the former dependent
on the background pressure. For evaporation, this requires typical pressures of 10~
mbar corresponding to lifetimes of 100 s. Ultra-high vacuum is defined by pressures
lower than 10~® mbar and this regime can be maintained by ion pumps. The vacuum
system shown in figure 3.1 is quite compact [99] and consists of a four way cross
with flanges (CF40) attached to a 2.4 cm rectangular cross section Pyrex glass cell
(uncoated), an ion pump, an all-metal valve (Caburn-MDC 420006) to connect a
turbo pump (Varian Turbo - V70D) during bakeouts and a 4-pin connector electrical
feedthrough (VG Scienta ZEFT34A) where a small getter pump and a Rb dispenser
are connected.

3.1.1 Pumps

The ion pump is a 40 1/s Starcell pump from Varian and it usually operates in the
pressure range from 1072 mbar to 107! mbar. Ion pumps are based on two elec-
trodes connected to a high voltage supply. Electrons flow between the electrodes
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Fig. 3.1: Detail of the glass cell during the assembly. The glass cell is 2.4 c¢cm width
and 7.25 cm length and it is connected to a glass-metal transition.

and collide with molecules, ionizing them and then accelerate the ions by the elec-
tric field. A strong permanent magnet is used to create a magnetic field that forces
the electrons to move in circular orbits and so increases the probability of ionising
further molecules. Ton pumps have a couple of major disadvantages, one is that the
strong magnets can not be shielded fully, causing stray magnetic fields that need to
be cancelled in our experiment. The second problem is that these pumps are not
very efficient with light materials, noble gases or some hydrocarbons like methane.
A getter pump (SAES getters, ST 172/HI/16-10/300 C) was initially included to
overcome this problem as, like Ti-sublimation pumps, it adsorbs lighter molecules
such as hydrogen and water after being activated by heating. It was later removed,
for reasons explained in section 5.2.1.

It has been observed that after extended use, deposition of sputtered material can
build up between the cathode and anode causing fluctuations and masking the pres-
sure readings. This problem can be solved by applying higher voltages than normal
(15 - 20 KV) to the pump to “burn up” this material, which is called hi-potting, or
even by mechanically shocking the pump. Given these observations, we decided not
to trust the readings estimated from the pressure current and instead we measure
the pressure by other ways as will be described in chapters 4 and 5.

3.1.2 Atomic source: rubidium dispensers

To release rubidium in the chamber, we use alkali-metal dispensers (SAES,RB/NF/7/
25FT10+10) made of a few mg of rubidium chromate (RbyCr04) with a reducing
agent ST101 (Zr 84 %-Al 16 %) that besides reducing also has a function as a getter
material because it absorbs almost all gases, except rubidium, produced during the
reduction reaction.

Passing a current through the dispenser thermally activates the chemical reaction
between the chromate and the ST101 and causes the alkali metal to be evaporated
in the chamber. The dispensers need to be heated to temperatures above 400 °C to
release rubidium. One of these dispensers is mounted to the electrical feedthrough
as shown in figure 3.2 and placed inside of the vacuum system about 25 cm from
the MOT trapping region. When the getter pump was taken out, it was replaced
by a second dispenser. Having two dispensers has the benefit that when one of
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Fig. 3.2: Alkali-metal dispenser (SAES) and getter pump assembled on the electrical
feedthrough.

them runs out, we can use the second one without the need to open the vacuum
system. The dispensers start to emit atoms at a current above 2.1 A (threshold
current) and the current can be increased gradually up to 4 A over a period of
about two years. However, we need to find a compromise between releasing a large
amount of Rb atoms by running the dispensers at high current, which will cause a
shorter lifetime of the dispensers and making the dispensers last longer so that we
do not replace them too often and reduce the number of time consuming bakeouts.
It has been reported [97] after long term operation, that alkali poisoning affects the
ion pump efficiency when metallic materials are deposited between insulating parts.
This could be solved by permanently maintaining the pump at higher temperature
than ambient to pump out rubidium. We usually operate the dispensers between 3

A and 3.5 A.

3.1.3 Assembly and bakeout procedure

Before assembly, all the vacuum components are first cleaned by immersion for 30
minutes in an ultrasonic bath with standard detergent to remove any grease or dust,
and then rinsed with deionised water. This is followed by cleaning with acetone, then
rinsing with deionised water followed by high purity methanol, and finally leaving
them to dry. During the pumping down, we checked for leaks either by using an
acetone leak test or with a helium leak detector. Flanges are CF-type, consisting
of a sharp knife edge with an annealed copper gasket placed in between knives
to ensure that all joints are sealed when the knife presses on the copper gasket.
When tightening the bolts and nuts of the flanges, the torque should be increased
gradually and equally around the gasket circumference, so compression of the gasket
is uniform, thereby reducing the possibility of leaks. Once the system is assembled,
a bakeout (which is essentially a high temperature cleaning process) is required
in order to achieve extremely low pressures. By heating up the whole system, we
can accelerate the outgassing of materials present on the system by desorbing the
impurities on the surface and then removing them with a turbo pump.

To proceed with the bakeout, the entire vacuum system in placed inside a home-
made oven as shown in figure 3.3. This oven is made of aluminium panels and
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Fig. 3.3: Vacuum system attached to a turbo pump (below the table, not shown)
and placed inside the home-made oven for a bakeout. The white panels are ceramic

heaters.

externally covered by an high temperature resistant insulator layer of blanket su-
perwool (RS, 417-6741) and some aluminium foil. The heating is done by ceramic
high-temperature resistor heaters (RS, 196-6484) attached to each of the panels and
powered by variable transformers. Several thermocouples to monitor the temperat-
ure were also placed at critical points of the system (e.g. near the glass cell). The
glass cell itself was inserted in a brass cylinder to keep the cell at uniform temperat-
ure. The maximum temperature of the bakeout is limited by the glass cell to about
250 °C and the rate at which the temperature increases should be smaller than 20
°C/h to prevent any thermal stress [75].
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Fig. 3.4: Pumpdown curve of our system using a turbo pump: pressure of the system
measured with an ion gauge as a function of time.

The whole system is wrapped in aluminium foil for uniform heating of the compon-
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ents. In practice, we take two days to reach the maximum temperature (see figure
3.5). Before the bakeout (at room temperature with the ion pump off) a turbo pump
attached through the valve pumps down the system as shown in figure 3.4.

When the pressure is of the order 107 mbar the temperature is then gradually
increased until reaching a maximum value of 250 °C. During the bakeout, both the
getter pump and the dispensers are degassed following manufacture instructions,
i.e. decontaminated by deliberately applying high current (5 A) for several minutes,
having gradually increased the current whilst monitoring the pressure rise on an ion
gauge connected next to the turbo pump. During the degassing, an initial sudden
increase of pressure happens first and then it decays to the initial value. The same
process is repeated several times and when the pressure increase is much slower and
the pressure level does not decay because dispensers are just mainly emitting Rb,
then the degassing process is complete. During the degassing of one component, we
drive a smaller current through the other dispenser or getter pump, to prevent the
degassed materials from depositing on it. During the bakeout, the pressure rises
upon heating but eventually it decays back and below the initial values. The system
is cooled down to room temperature after a week whilst the pressure drops and then
the ion pump is turned on to further lower the pressure. We close the valve when
the pressure achieved by the ion pump is equal or lower than the ion gauge pressure
reached with the turbo pump as shown in figure 3.6. Once the valve is closed, the
turbo pump is turned off.
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Fig. 3.6: Switching on the ion pump: ion gauge pressure (turbo pump) and ion
pump pressure as a function of time.

3.2 The laser system

3.2.1 Properties of rubidium

Rubidium is an alkali-metal (Z = 37) whose two natural isotopes are **Rb (72 %)
and 8Rb (28 %). Rubidium has been quite a popular choice to observe BEC because
of its advantages for laser cooling: it has a simple energy level structure due to the
single valence electron and atomic transitions accessible with cheap diode lasers.
Rubidium is a soft solid with a high vapour pressure at room temperature which
makes it convenient for vapour cell spectroscopy.

87Rb was the isotope used in one of the first BECs. This isotope is less abundant
but is typically the isotope of choice because of its favourable collisional properties.
8"Rb consists on 37 electrons, 37 protons, and 50 neutrons and it is bosonic. Some
relevant physical properties of ¥’ Rb can be found in appendix A.

Figure 3.7 shows the hyperfine energy levels of ¥Rb. For cooling rubidium atoms
we use two lasers tuned on the two hyperfine transitions of the ground state. The
cooling laser (C) is detuned by 0 = 15 MHz below the 5S; j5(F = 2)— 5P3/,(F'= 3)
transition using an Acousto-Optic Modulator (AOM). The reason why the cooling
laser frequency is red detuned was explained in chapter 2. A second laser, called the
“repumper laser” (R), is also necessary: from the excited 5P3/;(F'= 3) state, the
atom can only decay to the 5S;5(F = 2) state; however, atoms can sometimes be
excited to the state 5P3/(F'= 2), from where they decay with equal probability to
state 5S1/2(F = 2) or 58,5 (F = 1). If an atom decays to the latter, the cooling laser
cannot re-excite it and it is lost from the cooling cycle. Therefore, a repumper laser
is used to repump these atoms back in the cycle. The repumper light is tuned on
the transition F' =1 — F’ = 2. As the frequency separation between the hyperfine
ground states 55 /5(F = 1) and the 5S;/(F = 2) is too large to be reached with
an AOM, two separate lasers are required, one for cooling and another one for the
repumper transition.
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Fig. 3.7: 8"Rb D, transition hyperfine structure with the corresponding cooling and
repumper transitions. Image adapted from [161].

3.2.2 The 780 nm lasers

To generate the cooling and repumper light we require reliable, highly stable lasers.
We use a commercial (Toptica DL100 mount with diode LD-0785-P220-1) and a
home-made (diode Sanyo DL7140-201S) External Cavity Diode Laser (ECDL) re-
spectively (see figures 3.8 and 3.9).

ECDLs are commonly used in many atomic physics experiments due their advant-
ages: use of low-cost diode lasers with narrow linewidth and tunability by using
frequency-selective feedback. This is achieved usually by placing a diffraction grat-
ing, with optical feedback provided by the first order retro-reflected back to the
laser diode (Littrow configuration). When the first order is retro-reflected into the
diode, the optical feedback reduces the laser linewidth and furthermore, it gives us
a control of the frequency. A sudden increase of power at low currents will indicate
that the laser is injected. Our cooling laser emits ~ 80 mW of output power whilst
the repumper gives ~ 15 mW. Lately, the repumper diode has been slowly deterior-
ating and now provides only about 10 mW. However, the repumper laser does not
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Fig. 3.8: Details of the Toptica ECDL Fig. 3.9: Home-made ECDL for re-
for cooling light. pumper light.

need much power because it does not provide any cooling itself. To increase the
optical power available for the MOT, a diode laser (Thorlabs, DL7140-201 S) whose
output power is ~ 70 mW is used (optically injected by the Toptica ECDL) in a
master-slave configuration (see figure 3.10). Its output beam is directly coupled into
an optical fibre and delivered to the MOT (see details of optical layout in section
3.3).

Fig. 3.10: Laser mount for the slave laser at 780 nm.

A master-slave configuration is based on a high-power laser (slave) which is made
to emit the same frequency as that of a low-noise single frequency laser (master) by
optical injection. Around 1 mW of light from the Toptica laser (master) is injected
in the slave laser by superimposing the injecting beam with the slave output beam.
The frequency of the slave beam is monitored by sending the beam through a Rb
vapour cell and viewing the signal on an oscilloscope as shown in figure 3.11. We
can observe the Doppler profile for the 8’Rb transition, without the Lamb dips asso-
ciated with saturated absorption spectroscopy as the beam only passes through the
Rb cell once. We also see the absorption profile from the master beam to check that
the laser output has the same frequency as the master. The offset between both sig-
nals corresponds to the frequency shift introduced by an Acousto-Optic Modulator
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(see section 3.2.4) after the saturated absorption spectroscopy.

Fig. 3.11: Absorption spectrum for the slave laser (top) and the saturated absorp-
tion signal for the master laser (bottom,).

In laser diodes, the frequency of the laser can be varied by controlling the diode tem-
perature and current, as well as through optical feedback in an ECDL. To lock and
stabilise the lasers at the desired frequency relative to the atomic transitions we use
saturated absorption spectroscopy which will be described in the following section.
The temperature of the diodes and of the diode mounts is controlled by peltiers.
Thermistor readings are used as input for a temperature stabilization controller box
made by the electronics workshop at the school of Physics and Astronomy.

3.2.3 Saturation absorption spectroscopy

When atoms are illuminated by a laser beam with a frequency close to an atomic
transition, they absorb the radiation. As the frequency of this radiation is scanned
over a certain range by using in our case a piezoelectric transducer, an absorption
spectrum can be detected with a photodiode. However, due to the Doppler effect,
this absorption profile is too broad to observe specific hyperfine transitions. To
overcome this problem and be able to stabilize the laser beam to an individual
transition, the technique of Doppler-Free Saturated Absorption Spectroscopy is used.
We split around 100 W of laser light into two beams: a strong pump beam (I~I,;)
and a weak probe beam formed from the attenuated and retro-reflected pump beam,
both of the same frequency w. These are counter-propagating through a cell which
contains a sample of room temperature rubidium vapour as shown in figure 3.12.
They can interact with atoms of different velocity via the Doppler effect. The atoms
moving with velocity v experience a shifted frequency w - kv for the pump beam
and w + kv for the probe beam, where k = 27” is the wavevector.

The pump beam interacts with atoms whose velocity satisfies v = L=vo) where w, is
the resonant frequency of one atomic transition. When w # w,, both beams interact
with different atoms, and the absorption is Doppler-broadened as if only the probe
was there, giving the typical Gaussian-profile centred around w,. However, if w ~
Ww,, the pump and probe beams interact with atoms at v = 0, which corresponds
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Fig. 3.12: Saturated absorption spectroscopy in a Rb cell.

to the peak in the Maxwell-Boltzmann distribution, and because the pump beam
has higher intensity, it excites a fraction of the atoms to the upper state, reducing
the atoms in the ground state. This leads to fewer atoms in the ground state for
the probe beam to excite. This saturation of the absorption by the pump beam
leads to a narrow peak (Lamb dip) in the intensity of the probe beam transmitted
through the sample and going to the photodiode. The resulted spectrum from the
probe beam is observed with an oscilloscope as shown in figure 3.13. Finally, if the
laser is tuned to a frequency exactly halfway between two transitions whose energy
ground level is in common, so that for some velocity group the pump and probe are
resonant with one of the transition each, the absorption of photons by the pump
will reduce the absorption in the other transition by the probe. This causes a peak
whose frequency is in the middle of the frequencies of each transition and so, it is
not a real atomic transition. We call it the “crossover” peak.

Fig. 3.13: 8"Rb absorption spectrum for (a) the cooling laser and b) the repumper
transition. The lower trace in both (a) and (b) is the error signal. Peak (1) corres-
ponds to F = 2 — F' = 3 transition, peak (2) is F = 2 — crossover between F =2
and F' = 8, and peak (3) corresponds to F' = 2— crossover between F' = 1 and F
= 3. The orange arrow indicates where we lock the lasers.

Using a lock-in amplifier we electronically control the current, the grating angle
and the cavity length to keep the laser frequency locked to an atomic transition by
applying a small modulation (dither) to the laser current and using the response at
the dither frequency. In addition, a piezoelectric crystal is placed behind the grating
to allow a slow modulation (sweep) of the length cavity which allows us to scan over
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a large range of frequencies (modes) of the cavity and so perform spectroscopy. If
the laser is locked, this sweep is reduced to zero. The saturated absorption spectrum
is detected by a photodiode, and this signal is sent to the lock-in amplifier. The
latter differentiates the photodiode signal giving an error signal that is used to lock
the laser frequency on a chosen transition. The error signal is applied to the diode
current and to the piezoelectric transducer to keep the laser at the correct frequency.
This way, we lock the laser to the required atomic transition. As is indicated in
figure 3.13, the repumper laser is locked directly on the repumper transition whilst
the cooling laser is actually locked (orange arrow) in the crossover between the F
=2 —=F=1and F =2 — F'= 3, 212 MHz below resonance. However, with the
help of an Acousto-Optic Modulator (see next section 3.2.4), the light frequency is
detuned by few MHz below the cooling transition. The reason why we do not lock
directly on the transition and then use an AOM to detune the light only by a few
MHz is because AOMs do not usually operate with such small RF frequencies.

3.2.4 Detuning the light: Acousto-Optic Modulators

Acousto-Optic Modulators (AOMs)[162] can be used to shift the frequency of the
cooling laser beam to achieve the required frequency detuning from resonance for
laser cooling.
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Fig. 3.14: Principle of an Acousto-Optic Modulator.

AOMs are based on Bragg diffraction. A Voltage Controlled Oscillator (VCO) sends
a radio-frequency signal to the piezoelectric transducer inside the AOM which starts
to vibrate, inducing sound waves propagating through the crystal. These can be seen
as moving periodic planes of expansion and compression that periodically change
the refraction index in the medium. When an incident laser beam passes through
the AOM, it is diffracted by the moving sound planes and the light frequency is
shifted by an integer multiple of the crystal oscillating frequency as shown in figure
3.14. To control the AOM we use a VCO designed by Central Electronics, at the
University of Oxford. A full diagram of the setup to control the AOM is in figure
3.15.

The sinusoidal voltage signal emitted by the VCO is determined by two input
voltages; one controls the amplitude and the other control the frequency of the
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Fig. 3.15: Schematic diagram for the AOM control.

signal. Both voltages can be controlled either internally or with a external source.
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damage threshold for the RF amplifier.

The RF output power as a function of the attenuator input voltage of the VCO is
shown in figure 3.16. As this output signal is too weak to drive an AOM, it is first
sent to a RF amplifier (Mini circuits ZHL-5W-1), whose output is then connected
to the AOM. We determine the maximum attenuator input such that the damage
threshold limit (blue line in figure 3.16) for the amplifier is not exceeded. This
damage threshold is in our case 1 mW. Once this attenuator voltage limit and
the desired frequency (using a frequency counter) are set, we vary the attenuator
voltage to values below the threshold voltage of 8 V, and for each value of the
voltage, we optimise the alignment and measure the AOM diffraction efficiency.
The results are shown in figure 3.17 and the optimal attenuator voltage is chosen to
be 5.48 V because it gives the maximum diffraction efficiency. The VCO also has an
external TTL control used to switch the RF signal on or off and thereby the AOM
diffraction, leaving only the zeroth-diffraction order. In figure 3.18, the AOM used
on the cooling beam is set to a central frequency of f, = 100 MHz and is used in
double pass to shift the laser frequency by +200 MHz, so from the locking point at
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212 MHz below resonance, we achieve a detuning § = -12 MHz. The AOM is used
in cat-eye configuration: the diffracted beam is collimated using a lens and an iris
selects only the 1°¢ order. This configuration has the advantage that it ensures the
alignment of the retro-reflected beam even when the frequency is changed. We have
80 % of initial beam power into the first order for the first path, and only 60 % for
the double-pass beam as shown in figure 3.17.

3.3 Optical layout

The optical layout for laser cooling and probe beams for rubidium is shown in figure
3.18. For the case of the cooling master laser and repumper laser, anamorphic
prisms are used to correct the beam ellipticity and an optical isolator is used to
prevent stray reflections from going back to the laser. After the optical isolator, a
small fraction of power is used for saturated absorption spectroscopy. A polarized
beam splitter cube (PBS) separates the incoming beam into two components of
orthogonal linear polarization: the horizontal component is transmitted by the PBS
and the vertical component is reflected. Their power ratio depends on the incoming
polarization. In the optical setup, A/2 and A/4 zero-order waveplates are used to
manipulate the light polarisation, PBSs are used to split beams and, using a A\/2-
waveplates in conjunction with the PBS, we can split and control the ratio of powers
between transmitted and reflected beams. Most of the power from the the master
cooling laser (45 mW) is sent to the AOM (3110-120, Crystal Technology) in double-
pass to shift the frequency for the desired detuning from the cooling transition
(“MOT AOM”). The output from the double pass is then split by a PBS: 1 mW
is selected to optically inject the slave, whose output is the cooling light and the
rest of the power (20 mW) is sent to a second AOM to generate the probe beam
to image the atomic cloud, and the optical pumping beam needed for the transfer
of atoms into the magnetic trap. Between the cooling transition and the optical
pumping transition there is a frequency difference of 267.2 MHz, so to bring the
cooling light on resonance with the optical pumping transition, we use a second
AOM (3110-120, Crystal Technology), also in double pass to detune by -(267.2 MHz
+ §) where § = -14 MHz. We use the -1 order for the optical pumping beam
and the 0" order for the probe beam. Therefore this AOM is used to control the
timing and frequency of the optical pumping pulse whilst the MOT AOM controls
the probe beam pulse. The optical pumping beam and the probe beam are then
recombined in a PBS and injected to a polarization maintaining optical fibre to
deliver the light to a second optical table: the MOT table. The optical fibres we
use are from Elliot Scientific (LPC-02-780-5/125-P-2.2-11AS-40-35-3-7). Shutters
in several points along the optical paths are used to completely block all light as
required at different stages of the experiment. To complete the description of the
optical layout, both the cooling (from the slave) and repumper light are combined
on another PBS, and the superposition is coupled into another optical fibre and
delivered to the MOT table. In fact, \/2-waveplates before this PBS allow us to
switch this light between two independent experiments, by sending it to either of
two optical fibres: one delivering the light to the glass cell and the other to the
rubidium-lithium stainless steel setup which will be described in detail in chapter 7.
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3.4 Shutter design

In order to extinguish the light at different stages of the experiment (e.g. transfer
of atoms into the magnetic trap), we have constructed our own mechanical shutters
and driver, inspired by a reliable, fast and cheap design used at University of Texas
[163].

Fig. 3.19: Mechanical shutter design.

The shutter design is made of a mechanical solenoid relay (Omron SPDT PCB,
G2R-1-E RDC, RS) and an opaque razor blade which is glued to the relay’s moving
contact as shown in figure 3.19. The basic idea is quite simple: a driver sends a
current through the solenoid inducing a magnetic field that can attract the moving
metallic contact and the blade blocks the laser beam or unblocks the light when we
stop to apply a current through the relay. The shutter is mounted on an aluminium
plate and screwed onto a post and post holder from Thorlabs. The post holder is
glued to a base made of sorbathane and glued to the table in order to damp any
mechanical vibration into the optical table as this could unlock the lasers. A full
list of the components used to construct the driver circuit can be found in appendix
B.

We designed a driver with 16 channels powered by a 15 V power supply and where
all the components of the circuits are mounted on a PCB and inside an enclosing
metal box. Each driving circuit receives a control input from Labview software and
has its output directly sent to the shutter it controls (see figure 3.20). To calibrate
the shutters, we use a fast photodiode connected to an oscilloscope and measure the
time it takes for each shutter to block or unblock the light and also the delay times
from the digital trigger. These times depend crucially on where the shutter’s blade
is placed with respect to the light beam. To minimise the opening/closing times, we
can follow the following rules: first, the shutter should be placed in a focused beam
and second, the blade is positioned as close as possible to the beam and towards the
edge of the blade because for a constant angular motion, the edge of the blade falls
with higher tangential velocity. Figure 3.21 shows the summary of the calibrated
times for each shutter.

In our optical setup (see figure 3.18), we have a shutter to independently block
the probe beam, the optical pumping beam, the repumper beam, the combined
repumper + cooling light before the fibre, the output beam from the slave laser and
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Fig. 3.21: Information with the calibrated times for some of the mechanical shutters
used in our experiment.

the 1064 nm light for the optical dipole trap (see figure 6.15). The optical pumping
beam shutter is required to block the first order of the optical pumping AOM after
the pulse, even if the AOM is off because any residual light (even a few nW) could
be significant to induce heating during the evaporation process. Nevertheless, for
certain applications, the shutters are not fast enough, i.e. during the imaging of the
cloud, where in this case the pulses are performed with the MOT AOM because it
is much faster.
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3.5 Optics for the Rb MOT

There are two main reasons why we use optical fibres between the laser table and the
MOT table: first, so that the systems are decoupled, and changes in the alignment
made on the lasers table do not affect that on the MOT table. Second, because the
fibre acts as a spatial filter providing a Gaussian intensity profile. The optical fibre
is single-mode and polarisation maintaining, too.
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Fig. 3.22: Schematic of the MOT optical layout (top view). The beam in green
corresponds to the optical pumping/probe beam for the imaging. The optics for the
dipole trap are not included in this figure.

We manage to couple around 75 % of power of the cooling beam and 55 % of
the repumper through the fibre by adjusting the beam diameter with the use of
telescopes before the fibre input. A half-waveplate before the fibre is included to
orientate the incoming beam polarization (linear), to match the fast or slow axis of
the fibre in order to reduce any power or polarization fluctuaction. From the fibre
output, the beam is collimated and using a standard combination of half-waveplates
and PBSs, the cooling and repumper light is split for a six-beam MOT. As shown in
figures 3.22 and 3.23, the optics are placed on three different levels. At the optical
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table level, the light from the fibre is split between the horizontal and vertical MOT
beams. Then, the horizontal ones are brought to a second level (breadboard) by a
periscope and split in the required two pairs of beams. A third level is used to place
the optics required for the vertical MOT beam.

Fig. 3.23: View of the experimental table. An advantage of this vacuum system
is that when we need to perform a bakeout, the whole system can be removed from
between the magnetic coils without disturbing optical alignment or the coil position.

Furthermore, each beam is circularly polarised by a quarter-waveplate before enter-
ing the glass cell. The adjustment of the waveplate to the correct polarization was
done with the use of a home-made analyser. This analyser is based on a quarter-
waveplate and a PBS. To calibrate it, first we place it after the reflected component of
a PBS. The light here is linearly polarised and so, if we rotate the quarter-waveplate
of this analyser so that 50 % of power is transmitted and 50 % reflected by the
PBS of the analyser, it will be ready to use. A quarter-waveplate transforms linear
polarization into circular polarization and vice-versa. Therefore, when we situate
the analyser after the desired quarter-waveplate, it will be fully circular if we only
transmit or reflect all the light after the analyser. A complete characterization of
our MOT will be discussed in chapter 4.

3.6 Generating the magnetic fields

A pair of coils in anti-Helmholtz configuration were designed and constructed to
provide the quadrupole field for the MOT and the magnetic trap.

3.6.1 Quadrupole magnetic field

The magnetic field generated by a single wire along its axial direction (z) is:
NI R?

2 (R?+22)32
where [ is the current through the coils, N is the number of turns and R is the coil
radius. For two circular coils in anti-Helmholtz condition: with current flowing in

B(z) (3.1)
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opposite direction in each coil, and placed at z = :I:g where d is the separation
between the coils:

2
e ) (32)
B+ G- 9PF (Bt (riP)

In the centre of the trap (z = 0), the field is zero and has a gradient along the z-axis
that can be maximised:

B(z)

0B UoNITR?d
5, (0= 2R o B3
(R*+7)2
giving d = /3R to satisfy the anti-Helmholtz condition.

= maximum (3.3)

3.6.2 Design and construction of the coils

Typically magnetic field gradients for the MOT are around 15-18 G/cm. However,
we design the MOT coils, as shown in figure 3.24, so that they will stand much
higher currents as they will be used to create the quadrupole magnetic trap after
the molasses stage. The magnetic coils can be placed quite close to the trapping
region, creating a strong field with lower current and so simplifying the water-cooling
system, as less heat will be dissipated.

Fig. 3.24: Magnetic coils in water-cooled mounts. The cut observed at the front of
the mount stops the flow of any induced currents through the metallic mount.

Following [97], we limit our coils to a maximum current of 20 A to provide maximum
axial gradient of 197 G/cm (9.8 G/cm/A). Each coil is made of 62 meters of 3.04
mm x 1.52 mm rectangular section copper wire wound in 148 turns per coil. The
rectangular wire is chosen because it is easier to wind and it requires less space for
the same number of wires. We wound 20 layers (7.4 turns in each layer), where the
turns in each layer were glued with high-temperature two-components Araldite glue
(RS 1014, grey paste).

The resultant coil has an external radius of 49 mm and internal radius of 15 mm
with a total resistance of 280 mf2. The minimum coil separation has to allow for
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the 24 mm glass cell to fit between them, so a separation of 36 mm was determined.
The coils are set so the current direction satisfies the anti-Helmholtz condition.
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Fig. 3.25: Calibration of the magnetic field of the coils with position. The inset
shows gradient vs. current.

They are connected in series to be switched on and off simultaneously so the atoms
uniformly expand during the molasses. For high-current operation, these coils are
water-cooled by injecting water through the internal channels of the mount from
plastic tubes connected to a water chiller working in closed water circuit. If we do not
apply any active cooling to the coils, and with cycles of one second at 20 A followed
by 3 s at 3 A, we observed that they never cool down and that they are heated
up by about % = 4.5 °C/min with each cycle. The temperatures were measured
using a thermocouple which was inserted half way through the wire winding. Using
a gaussmeter mounted on a translational stage, the magnetic field along the axis
of the coils is measured for different currents as shown in figure 3.25, and the field
gradient for each current is shown in the inset of figure 3.25.

3.6.3 Relays: a fast switching

The current through the coils is varied using a power supply connected to a digital
card controlled by Labview software. However, switching off the field takes around
7 ms, by which the cloud will have expanded significantly. Using a solid state relay
(RS D1D40, 40 A, 100 V) connected in series with the coils, we can reduce the
times to turn off the field to 18 us, allowing time of flight (TOF) measurements.
A diode is also attached in parallel to the coils to protect the relay from transient
voltages when the coils are turned off. The relay is attached to a heatsink as shown
in figure 3.26 to dissipate the heat when currents up to 20 A pass through the circuit.

Considering that temperatures above 80 °C can damage the relay, we protect it with
a suitably sized heatsink. The temperature drop as a function of the electrical power
P is given by:
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Fig. 3.26: Heatsink with solid state relay to turn the magnetic field off.

where Rp = 0.83 °C/W is the relay thermal resistance and Ry is the thermal
resistance of the heatsink. If we want AT = 60 °C at 40 W (maximum operation
power), this means we require a heatsink of at least Ry = 0.5°C/W. On the other
hand, to switch the field on for magnetic trapping we do not use the relay because we
observed a large current peak in the circuit which could damage the coils. Instead,
we use the current control of the power supply and it takes around 1.2 ms which
corresponds to a cloud expansion of just 6 pm.

3.6.4 Shim coils

Ideally, the magnetic field at the intersection point of the three counter-propagating
beams should be zero. This is quite important during the molasses phase in par-
ticular, as the presence of any field limits the efficiency of Doppler cooling, causing
an increase in the final temperature of the cloud. Due to external fields such as the
Earth’s magnetic field (0.2 G - 0.6 G) or stray fields like the one from the ion pump,
there is not a zero-field in the centre. Therefore, we add shim coils along the x, y,
and z-axes, which can produce fields up to 3 G to cancel undesired fields. Each coil
is controlled individually and ideally by adding a pair of them along each axis in
Helmholtz configuration (d = R) with current flowing in the same direction in each
coil, we can have a uniform field. Because of the MOT beams and the large size of
the quadrupole field coil mount, there are constraints in the positioning and size of
the shim coils and in particular they have to be further away from the centre of the
chamber. Moreover the maximum current through the shim coils should not exceed
2 A to avoid too much heating. In our setup, as shown in figure 3.22, we use a pair
of square coils along the x-axis, another pair of circular coils along the z-axis and
due to space availability, only one square coil along the y-axis. The use of square
coils rather than circular is for simplicity of mount construction. To calculate the
required parameters, we use magnetic field equation 3.1 for a circular coil whilst the
equation of the magnetic field for a square coil of side length L along the axis is
given by:
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T (R? 4 22)(4R? + 22)2

B(z) ) (3.5)

where R = % The coils parameters used are given in table 3.1.

Axis | R/mm | d/mm | I/A | N/turns | B (G/A)
X Hh) 280 | 0.05 90 3.1
y 95 200 | 1.52 90 1.0
z 79 90 0.1 30 0.8

Tab. 3.1: Experimental values for the shim coils; a pair for x and z in Helmholtz
configuration and a single coil for y.

In the case of the x-shim coil pair, the coils are externally controlled by Labview, so
that its current can be varied during the optical pumping phase, when a uniform field
along the x-axis should be present. The current of the x-axis shim coil is changed
in 1.7 ms from its initial value to 1.2 A to provide a field of 1 G along the axis of
propagation of the optical pumping beam. This small but uniform field provides the
atoms with a quantization axis.

3.7 The imaging system

Nearly all the physical information from these experiments are provided by image
acquisition and analysis. By taking “photos” of the cloud of atoms, we can extract
information on the atom number and other physical parameters from the spatial
dimension of the cloud. This section describes well-known imaging methods: an
absorption imaging system was setup and calibrated to be used in the glass-cell
system whilst fluorescence imaging was used in the stainless steel chamber. This
setup will be explained in chapter 7

3.7.1 Fluorescence imaging

Atoms in a MOT undergo endless cycles of absorption followed by spontaneous
emission. We can use this fluorescence light to image our atomic cloud onto a CCD
camera. To collect the light, a f = 100 mm convex lens placed 200 mm from both
the MOT region and the camera gives an image with no magnification. The CCD
camera acquires two images, each with an exposure time of 5 ms, one of the cloud
of atoms and another of the background, obtained by turning off the magnetic field
but with the laser light on. This second one is subtracted from the first and the
difference is an accurate image of the MOT. Fluorescence imaging was used in the
stainless steel system to characterize the ’Rb MOT whilst for the glass cell system,
we can also take images not only of the MOT but also of atoms released from the
magnetic trap by using the absorption imaging.
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3.7.2 Absorption imaging

In absorption imaging, a short pulse of near-resonant light (probe beam) is shone
onto the cloud of atoms and the interaction between the atoms and the probe beam
“imprints” a shadow onto the beam, proportional to the light absorbed and scattered
by the atoms, that can be detected with a CCD camera.

Fig. 3.27: Images taken during absorption imaging. (a) Image of the cloud and
probe beam. (b) Background image: only the probe beam. (c) Darkground image.
(d) Final image of the MOT.

We acquire a first image (I;, atoms + probe) of the cloud after it has been released
and left to evolve for a time called the time of flight (TOF). A second image is
taken of the background (Iy, only probe beam) and a third image (I3, no probe)
called “darkground”. An example of these images is shown in figure 3.27. Like
fluorescence, absorption imaging is destructive because the scattering of photons
from the probe beam causes heating effects. Therefore, for each image taken, the
whole sequence described in figure 6.1 needs to be repeated.

As the circular-polarised, near-resonant probe beam passes through the atomic
cloud, its intensity gets exponentially attenuated by scattering light following Lam-
bert’s law:

I=1Ie"° (3.6)

where I is the transmitted intensity, I, is the probe beam intensity, n is the cloud
number density, 1 is the cloud depth and o is the absorption cross-section that for
low intensities can be written as:

(3.7)
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where the resonant absorption cross-section is o,(\) = 3§ and in our case, o, ~ 2.9
x 107" m?. From equation 3.6, I/I, is the opacity of the medium and log (I/1,) =
-nlo is the optical density OD at a point (y, z) corresponding to the column density
of atoms along the probe beam for that point. Using the three images taken during
absorption imaging, we can calculate the optical density of the cloud by [164]:

I, — I3
T - 13) (3.8)

As shown in figure 3.27 (d), the final image of the cloud of atoms is the result of
applying equation 3.8 to the images.

OD = log(

3.7.3 The CCD camera

We use an Andor CCD camera (LUCA R604), which has an array of 1004 x 1002
pixels, each with a size of 8 ym. It has a capacity of 3 x 10* e~ /pixel, a gain of 8 x
10* e~ /pixel and a quantum efficiency of 45 % at A = 780 nm. To determine what
is the required duration and power of the probe beam, we perform the following
calculation: first, we assume that we only use the camera at half of the full capacity
(1.5 x 10* e~ /pixel), so we do not saturate, we calculate Npporons = quantuﬁfff}tfyiciency
= 3.3 x 10* photons. With a surface of 6.4 x 10~7 cm?, the energy per cm? needed
is aia = %#&"{‘;@ = 1.3 x 107%J/cm?. If the pulse lasts t = 50 us, af’ea = %,
then the intensity for the probe beam required to shine this energy onto the CCD
camera is I = 0.52 mW /em? (power of 0.13 mW) which is therefore the value we
have set for our probe beam.

The acquisition of images works as follows: the camera is set up to acquire images
in external mode meaning that it will only acquire data once Labview has sent an
external trigger to the camera, which will then open its internal shutter for 100 us
and acquire an image when the probe is fired. The CCD camera opens three times
with a periodicity of 81 ms which corresponds to the maximum acquisition rate of
the camera (12.4 images/s). A code written in Andor Solis software will control
when the camera acquires an image. This code can specify the number of images,

when and for how long the camera is acquiring.

3.7.4 Experimental setup

Figure 3.28 shows a schematic of the optical setup for the absorption imaging and
optical pumping beam propagating along the x-axis. After the output of the fibre
which is used for both the probe and optical pumping (OP) light, we use a f = 50
mm doublet lens to collimate the light to a beam waist w, = (4.1 & 0.1) mm. This
beam waist is large enough to image the falling cloud with a uniform intensity for
up to 20 ms TOF during molasses stage.

After the lens, a half-waveplate and a broadband PBS are used to set the required
power for the optical pumping to 1.35 mW (I = 5.4 mW/cm?). This PBS also
allows us not to have crossed polarization between the probe and the OP beam as
both beams were combined in a PBS whose crossed polarizations were transmitted
through the fibre. For the probe beam, the power is controlled with a half-waveplate
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Fig. 3.28: Schematic diagram for absorption imaging and optical pumping. The
probe and optical pumping beams (the latter in green) share the same fibre and optics.
The MOT is represented in orange.

before the PBS which combines the probe and OP beams before the optical fibre. A
periscope brings the light up to the cloud level and a quarter-waveplate just before
the cell makes the beam circularly polarised. After the cell, a telescope with two f
= 75 mm doublet lenses (Thorlabs, AC254-075-C) is placed. We chose a telescope
with magnification 1 because the size of the cloud will be large enough to be imaged
without magnifications for most of the experimental sequence. The diffraction limit
is given by the diameter of the Airy disc %22}\) where f = 75 mm and d = 25.4 mm
for our lens. From this, the optical resolution is 5.6 pm which is comparable to the
pixel size of our CCD camera. In front of the CCD camera there is a filter to prevent
1064 nm light of the dipole trap, which is superimposed on the probe beam with a
dichroic mirror after the telescope, from falling into the CCD camera. During the
alignment of the probe beam, we found that we could use the MOT as a sensor to
overlap the beam with the cloud because we observe a change in the MOT size (i.e.
getting smaller due to having an extra imbalanced beam). During the absorption
imaging the probe is on for 50 us and is 2 MHz below the 5S;/2(F = 2)— 5P3)s
(F'" = 3) transition. Before and after the pulse, the mechanical shutter of the probe
is closed to block any light during the evaporation. The power of the probe is 0.15
mW which corresponds to an intensity of 35 % of the saturation intensity I,. For a
probe that lasts 50 us, the cloud expands about 3 ym during the pulse and the fall
due to gravity is insignificant.

3.7.5 Image analysis: atom number and temperature

A programme in Matlab was written to analyse the absorption images in order to
extract physical information. The programme uses equation 3.8 to calculate the
optical density for each pixel of the CCD camera and plots the results using a
colour map to distinguish between high and low optical density areas as shown in
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figure 3.27 (d). The code imports the data files as matrices data and subtracts the
darkground matrix from both the MOT matrix and the background matrix. The
adjusted background matrix is then divided by the adjusted MOT matrix, and the
natural logarithm of the values of the resultant ratio is taken. After performing
the matrix calculation, the program finds the coordinates and value of the brightest
point of the matrix. It then extracts the intensity distribution or absorption profile
along the axial z and radial y axis passing through the maximum and performs a
Gaussian fit to extract the 1/e? radii of the cloud: o, and o,. From the size of the
cloud, we can calculate the volume of the cloud as:

V= (277)2/303adial Oazial - (3.9)

From the absorption intensity distribution, as the number of atoms is proportional
to the optical density OD, we can determine the number of trapped atoms as:

A
N =222 0D — of fset) (3.10)
o
where area = (%)2 and the offset = Aroiw where of fset, and

of fset, are obtained from the gaussian fit. We determine the sum of OD of all
the pixels under a selected region of interest A,,;. The density of the atoms can be
calculated asn = % To measure the temperature of the cloud, we release the atoms
from the trap, so we use time of flight images. Because it is a sudden expansion
and in a free expansion, each particle evolves freely from its initial state, it has not
reached a new thermal equilibrium and so the cloud does not cool as it expands.
The magneto-optical trap is a harmonic potential and when the trap is released
the convolution of the initial spatial and velocity distributions of the atoms can be
described by Maxwell-Boltzmann distribution [165] with a Gaussian fit along each

axis whose width is:

0.(t)? = (0,(t = 0))* + (0,t)? (3.11)

where 0, (t) is the spatial width at time of flight t and o, (t = 0) is the initial spatial
width before time of flight and o, is the velocity distribution. If the velocity widths
are equal for all axes (isotropic expansion), by fitting the measured spatial width
versus time of flight with equation 3.11, we can determine the width of velocity
distribution and from the equipartition theorem, the temperature of the atomic
cloud with:

Mo? = kgT (3.12)

where M is the mass of the atom and kg is the Boltzmann constant. From these
results we can calculate also the phase-space density:

onh?

d=n\ =n(——
" n<mk‘BT

)3/ (3.13)
For the magnetic trap, although it is not a harmonic trap, we take images after some
expansion, when the velocity-distribution of the cloud has a distribution which is
approximately Gaussian.
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3.7.6 Magnification and calibration

The ballistic expansion of atomic clouds falling under gravity is used as calibration
method for the imaging system magnification. From the analysis of images taken at
different TOFs (see figure 3.29), y and z coordinates of the centre of the cloud are
extracted as shown in figure 3.30. We then fit the centre of mass z-coordinate to a
parabola z = z, - $gt?.

TOF=5ms TOF=10ms TOF=14ms TOF=16ms

v oe

Fig. 3.29: Atomic cloud falling under gravity. TOF images taken after molasses.

From the obtained results with g corresponding to the apparent gravity acceleration,
the magnification can be calculated as m = grgfvfty where As is the pixel size = 8
pm and gravity = 9.81 ms~2 while g is the apparent gravity from the fitting. We
obtain a magnification factor of m = (1.07 £ 0.12) which agrees quite well with the

aimed 1:1 magnification telescope.
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Fig. 3.30: Magnification of the telescope.
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3.8 Computer control

Cold atom experiments require very precise timing controls for each device. The
devices are controlled by a Labview programme (National Instruments) using PCI
cards whose inputs and outputs can be either analogue or digital and with an ac-
curate synchronization of 10 us (after considering devices delays). A diagram of
the complete time sequence to produce condensates is shown in figure 6.1. These
timings are all controlled by a programme shown in figure 3.31, which allows us to
tune the different sequence elements individually.
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Degeneracy Trajectory
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.
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Fig. 3.31: Labuview interface programme.



4. Characterization and optimization of a
"Rb MOT

4.1 MOT loading mechanism

The loading of atoms trapped in a MOT from a background gas is based on the
balance between the atom capture rate and atom loss rate mechanisms. This leads
to the following well-known time dependence equation [166, 167]:

dN

o = ad— (39 +7)N. (4.1

The first term on the right-hand side describes the loading rate R at which atoms are
captured from background gas. The loading rate R = a¢ depends on «, the trapping
cross section, and ¢, the rubidium flux which depends on the dispenser current
value. The second term corresponds to the loss rate and it takes into account losses
due to collisions between trapped atoms and untrapped Rb atoms (5¢) or other
background atoms () that have not been pumped out by the ion pump. v and «
can be considered constant because v depends on the pumping speed and on the
vacuum properties of the system whilst « is constant as long as the MOT parameters
remain fixed. We can rewrite the previous equation as:

dN N

— =R-— 4.2

dt T (4.2)
where % = %Rb + Tib is the total loss rate due to collisions (7, lifetime), v = Tib is

proportional to the background pressure and both R and ¢ = %Rb are proportional
to the Rb partial pressure. When the rubidium partial pressure is much higher than
the background pressure, 7 can be approximated by 7g, in the rate equation 4.2.
The MOT loading at constant background pressure is then described by the solution
of equation 4.2 which yields:

t
N(t) = Ny[1 — exp(~_)] (4.3)
where we can extract the maximum number of trapped atoms at equilibrium as Ny
and the loading time as 7.
4.2 Counting the number of atoms

The fluorescence light, emitted isotropically from the trapped atoms in the cloud,
imaged onto a CCD camera connected to a TV monitor can be used to detect
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and view the atoms. Furthermore, by using a photodetector the number of atoms
can be estimated quantitatively. A lens placed as close as possible to the MOT
region captures a fraction of the total fluorescence corresponding to the solid angle
subtended at that distance and a calibrated photodetector (Thorlabs DET 100A) is
used to collect this fluorescence power Ppp [72]. The number of trapped atoms N
can be calculated as:

_4m Ppp
 Q0.965P,

where 2 is the solid angle subtended by the cloud and the detector, k is the
number of uncoated glass surfaces between the atoms and the photodetector (2
in this case), P,; is the energy of a photon multiplied by the photon scattering rate
(photons/sec/atom), in other words the amount of fluorescence emitted by an atom,
and is calculated as:

(4.4)

I

I 1.
Py = hw——Ft 4.5
' 21+ £ +4% (45)

with I' the natural linewidth of the transition, J is the frequency detuning between
the laser frequency and the atomic transition frequency, w is the atomic resonance
frequency and I, is the saturation intensity for the transition. These constant values
can be found in appendix A. From equation 4.5, P,; depends on the peak intensity
I which is calculated as:

2r

2
Tw?

I= (4.6)

where P is the total cooling power (6 x power of one beam) and w, is the beam
waist size. In our experimental setup we have ~ 4.5 mW /beam after losses due to
optical components and the peak intensity is 36 mW/cm? (I > I,). The signal from
the photodetector is sent to an oscilloscope where it is converted into a voltage V.
The power of light that falls on the photodiode is given by:

Vv

Peo =5 (4.7)
where V is the signal in the oscilloscope, R is the input impedance of the scope (1
M) and p is the responsivity of photodetector (0.45 A/W). We have a lens of radius
12 mm and focal length f = 30 mm placed 90 mm away the cloud region and the
photodetector is placed at a distance of 110 mm in the image plane. To characterize
the MOT, we take loading curves as the one shown in figure 4.1.
At time t = 0 the MOT coils are turned on and atoms start to be loaded expo-
nentially into the MOT region until reaching an equilibrium state of N, where the
loading rate equals the loss rate. Thus, we have from equation 4.2, % = 0 and so
N; = R7. The lifetime 7 does depend on pressure [66]. To measure the number of
atoms, we subtracted the background signal (PD signal with light, but no magnetic

field) to the loading PD signal of the MOT. From figure 4.1, we can observe that
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Fig. 4.1: MOT loading curve at constant background pressure and a dispenser
current of 3 A.

within the loading time of 1.8 s, 2/3 of the maximum amount of atoms at the equi-
librium state are trapped. Daily, after some optimization, a rubidium MOT of 108
atoms was obtained with ~ 40 mW of cooling light and ~ 5 mW of repumper light.

4.3 Optimization and characterization of the
rubidium MOT

The optimization of the number of atoms in the MOT depends on a number of
parameters that can be varied such as detuning, magnetic field gradient, cooling
power, dispenser current, but also the optical alignment of the trapping beams with
the correct circular polarization, the power balance and the vacuum condition can
modify the final atom number.

4.3.1 Optical alignment

To align the MOT beams we first place an iris in the main beam before it splits
into six to help us determine the position of the cloud with respect to the beam’s
intersection which can be viewed on the monitor (see figure 4.2). It takes a couple
of hours with the dispensers on to have a significant Rb vapour pressure to see the
fluorescence. We then proceed to align the six beams so that the overlap with the
atom cloud in the centre of the coils is optimised.

Once all the beams are roughly aligned, we balance the power in the beams using
the \/2 waveplates before each PBS to adjust the power per beam. We measure
the power in every beam just before it enters the MOT chamber and adjust the
waveplates until the power is equal in each of the six beams to better than 10 %
[72].
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Fig. 4.2: Sequence of images of the MOT beams as the iris is being closed to
determine the beam overlap and the beam intersection with respect to the atomic
cloud.

4.3.2 MOT optimization

To collect a large number of atoms in a MOT, a lot of power and large diameter trap-
ping beams that increase the size of the trapping region are required [168, 169, 170].
The diameter of a trapping beam is determined by placing an achromatic doublet
lens after the fibre output to expand and collimate the MOT beams. Although a
bigger beam waist means more trapping volume, in our setup we are limited for
geometrical reasons (i.e. viewport size, glass cell size), to a maximum beam waist
of 1 cm. We measure the number of atoms as function of the beam waist. For a
beam waist of 2.33 mm (f = 40 mm) and cooling power 20 mW, we measure 1.8 x
107 atoms. By increasing the beam waist to 7.00 mm (f = 75 mm) with the same
power, we measure an improvement of a factor 3 in the number of atoms, N = 8.6 x
107 atoms. For this fixed beam waist, we then improve the power to have 40 mW of
cooling and this changes the final number of atoms in the MOT to 1.5 x 10® atoms.
To determine the beam waist, we consider that a collimated beam has a Gaussian
profile given by:

—2r?

2
wy

I(r) = Lexp (4.8)

where w, is the beam waist, the radius for which the intensity is reduced to i—g

We use a doublet lens of focal length f = 75 mm. We measure the beam power
experimentally with a powermeter as function of the position of a beam blocker
placed on a translational stage that gradually blocks the light as it translates across
the beam (300 pm per revolution) as shown in figure 4.3.

From this plot, we perform the derivative to get the beam profile and fit it to
equation 4.8 to obtain the beam waist. The beam waist is (7.0 & 0.1) mm and it
was measured at two positions to check that it is well-collimated. We also study the
number of atoms in the MO by varying the cooling and repumper power as shown
in figure 4.4.
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Fig. 4.3: (Left) power dependence on position d of the beam blocker measured at
two different distances from the collimating lens. (Right) beam profile of the laser
beam.

0.25 T — T T

1 Dispensers 3.6A,
)| -14MHz, 18G/cm, L%

-
o
o

0.20
0.15-
5.0] 3 0.104

0.054
2.5| e

Number of atoms ( x 107]
»
Number of atoms (arb. units )

0.004 =

OU ,. T T T T
0 10 20 30 40
Cooling power (mW)

(@)

Fig. 4.4: Characterization of the Rb MOT. (a) Dependence of the number of atoms
on cooling power.(b) Number of atoms vs. repumper power.

00 05 10 15 20 25
Repumper power (mW)

(b)

From figure 4.4 we can conclude that, whilst more cooling power will still be benefi-
cial for increasing the number of atoms loaded in our MO'T), in case of the repumper,
the number of atoms quickly saturates above 0.5 mW of repumper power. To find
the optimal values of the detuning and the magnetic field gradient for the MOT, we
varied each parameter independently [171]. Figure 4.5 shows N, and 7 versus the
magnetic field gradient and the detuning. We determined that the number of atoms
(Ns) is maximised t for a detuning 0 = -14 MHz and a field gradient of %—f = 18-20
G/cm.
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Fig. 4.5: Optimization of MOT parameters. (a) Number of atoms Ny (squares)
and loading time T (triangles) vs. magnetic field gradient at constant detuning 6 =
-14 MHz. (b) Measurement of number of atoms Ny (squares) and loading time T
(triangles) vs. detuning at a constant magnetic field gradient of 20 G/cm.

4.4 Characterization of the background pressure

In the theoretical limit of no rubidium present in the chamber, the MOT lifetime
depends on losses due to collisions with background atoms (non-Rb atoms) [103], so
we use this approach to characterize the background pressure in our system. To do
this, we first take a loading curve just after the dispensers are turned off and then
we continue taking loading curves during the following hours as the Rb pressure
decays. We use equation 4.3 to fit these loading curves and extract Ny and 7, and
then plot Ny as a function of 7 as shown in figure 4.6.

From equations 4.1 and 4.3, we can write down the following expression:

@
B

The experimental data points from figure 4.6 can be fitted to this equation and we
obtain the following values for the data taken in February 2011: 3 = (2.02 £ 0.13)

x 108, v = (0.23 £+ 0.03) s™! and for October 2011: 5 =1(76+01)x 107, v =
(0.22 £ 0.01) s~!. We observed that for both series of data, the contribution to the
lifetime in the UHV system due to background atoms is X = 4.5 s, which indicates
that the background conditions have not changed. However, £ seems to be smaller
in October than February. As was indicated previously, « is the trapping cross
section and we can assume it is constant. Therefore this suggests than 3 is smaller
than previously, which is consistent with the following explanation: after a year of
regular use, the dispenser current had to be increased gradually up to 4 A in order
to keep the Rb flux the same. However, a gradual decrease in the total number
of atoms loaded above 3.6 A was observed, probably due to contaminants released
by the dispensers as not all the dispensers have the same quality. We assume that

N, =

(1 — 7). (4.9)
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Fig. 4.6: N, vs. 7. Experimental points were fitted to equation 4.9 to extract the
~v value which is proportional to the background gas pressure. The experiment was
repeated several months afterwards, when the dispenser was closer to the end of its
lifetime.

this is an irreversible contamination and in order to recover the previous vacuum
conditions, a new bakeout is required before starting the evaporation sequence.

4.5 MOT temperature measurement

Temperature can be measured experimentally from the free expansion of the cloud
of atoms after the light trapping beams and the quadrupole trap are switched off as
described in chapter 3.

Fig. 4.7: Absorption image of the cloud after time of flight t = 5 ms. In the inset,
an example of the atomic cloud profile which is fitted to a Gaussian distribution to
extract the cloud width o.
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From absorption images like the one shown in figure 4.7, we extract the spatial
density distribution of the atomic cloud along the two coordinate axes and using a
two-dimensional Gaussian fit we extract the position and width o, and o, at each
time of flight value as shown in figure 4.8. The temperature of the cloud is obtained
by fitting to equation o(t) = /o3 + %tQ already introduced in section 3.7.5. We
get: T, = (225 £ 17) uK and 7T, = (260 &+ 20) pK and initial cloud size: o,(0) =
(0.80 £ 0.14) mm and 0,(0) = (0.67 £ 0.15) mm. The large error bars are due to
fluctuations between different images.
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Fig. 4.8: Time variation of the cloud width o, (square points) and o, (triangular
points) of the expanding cloud released from the MOT. The y-axis correspond to
radial and z-axis correspond to axial directions along the quadrupole field.



5. Investigations of efficient pulsed
loading techniques

In this chapter I present two alternative methods to modulate the partial rubidium
pressure on a short time scale in view of carrying out evaporation in our single
chamber. The work presented in this chapter was performed by myself in close
collaboration with G. D. Bruce. In particular, the data presented in figures 5.10,
5.12 - 5.15 and table 5.3, are also presented by G. D. Bruce in his thesis [172].

5.1 Modulating partial rubidium pressure

The evaporative cooling stage requires a lower background pressure than for the
MOT loading in order to reduce collisional losses with background atoms and mo-
lecules which could eject atoms from the trap. Given that evaporative cooling ne-
cessarily involves the loss of most of the atoms, and that we work in a single glass
cell we would like to have a large number of atoms (which require high pressure) to
start with whilst having a good vacuum (which require low pressure) to have long
enough lifetimes to carry out the evaporation. Therefore, we need a compromise
solution between these two opposite constraints.

When the alkali-metal dispensers are just turned on, atoms are emitted and those
with velocities smaller than the capture velocity (see subsection 7.5.2) are cooled
and collected in the MOT trapping region. As shown in figure 5.1, we observe
that the final number of atoms loaded in the MOT and the initial loading rate R
(which is the initial slope in the MOT loading curve) increases as a function of
time after the dispensers were turned on. We would expect that at a certain time
after the dispensers are turned on, the system should reach an equilibrium if the
dispensers’current is kept constant. However, figure 5.1 shows that there is a con-
tinuous increase in the number of atoms available to be trapped. Monitoring the
temperature of the system demonstrated that the system was becoming warmer as
a function of time too. Therefore, we believe that there is a second source of atoms
apart from the dispensers that can explain figure 5.1. The temperature increase
of the system caused by having the dispensers on may be causing extra rubidium
atoms being desorbed from the walls. Therefore, in these conditions, we conclude
that most of the atoms trapped in the MOT are actually coming from the walls
rather than directly from the dispensers. In fact, further studies suggested that an
hour with the dispensers on (which is the time it takes for the dispensers to reach
their final equilibrium temperature), the atoms in the MOT are mostly from the
dispensers, whilst after 5 hours, the desorption contribution becomes dominant. If
we could induce desorption of those atoms on faster timescale, with a technique
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other than warming up the walls which is not a controllable process, this would be
quite beneficial as we could load a large MOT and then recover low background
pressure. This is achieved with a non-thermal method of modulating pressure called
Light-Induced Atomic Desorption (LIAD)[108] described in section 5.3.
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Fig. 5.2: Loading rate (squares) and
number of atoms (triangles) as a func-
tion of time after turning off dispensers
from I = 3.7 A.

Fig. 5.1: Loading rate (squares) and
number of atoms (triangles) as a func-

tion of time after turning on dispensers
at [ = 3.7 A.

When the dispensers are switched off, the system cools down slowly within a times-
cale of 20 minutes, which is the time it takes the dispensers to cool down completely.
The partial Rb pressure drops within 30-60 minutes as shown in figure 5.2. If we
could pulse the dispensers for a short enough time so that the vacuum system does
not warm up, this would allow a fast switch off of the dispensers and the recovery
of the background conditions after we have temporarily increased the Rb vapour to
load the MOT. This second approach is described in section 5.2.

5.2 Pulsing the dispensers

The release of atoms from the alkali-metal dispensers has a strong threshold beha-
viour. Atoms will only be released above a certain temperature (current), and as
soon as we are below this threshold the atom emission immediately drops. This
aspect of alkali-metal dispensers combined with its low heat capacity, makes them
potentially useful as a pulsed atom source [100].

In order to modulate the Rb pressure, we explore the idea of pulsed dispensers in our
setup. The procedure is the following: we fully load a MOT in 35 s with dispensers
on at I = 3.4 A and we have an initial cloud of 10% atoms loaded, then the current
through the dispenser is changed and left on for a specific duration. The fluorescence
emitted by the atoms is collected by the photodiode. Using the MOT loading fit
given by equation 4.2 we measure the number of atoms at equilibrium. The loading
rate R, which is proportional to the Rb partial pressure, is extracted by partially
loading the MOT so g can be approximated to be zero and R is the number of
atoms loaded in one second.
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We have investigated the response of our dispensers to the short-high current pulses
and the long-low current pulses listed in table 5.1, and their effect on the number
of atoms.

Current (A) | Duration (s)
4 45
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Tab. 5.1: Pulse parameters used in the pulsed-dispenser approach.

In addition to the MOT measurements, the blackbody radiation coming from the
alkali-metal dispensers was measured by turning off the coils and blocking the cooling
light before and during the pulse. Moreover, to stop the photodiode from collecting
blackbody radiation during the measurements, a low-pass filter was placed in front
of the photodiode to cut off A > 800 nm.

2.0 . ; 20 S 12— — : :
i

| 4.5A, 75s x 1 6A20s ' r12
— ! - L 1.0q!
“o 1,5_: 15 = © 1
— \ ° oo |
X I © £ 0.8 L8
o ' ) ® \ Atoms

I et 4
-g 1o 10 o S 06-: A Pressure

Zo

2 ! -8 @ 1 : ! g:zczzzg):s on
£ ! —— Atoms 5 Q | I — P -4
S : ——Blackbody | .5 9 € 044 |
& 05+, Dispensers on Q 2 IR :

]

| & g 0.2, Al

| A -0

0.0 N = w2 |
50 100 150 200 40 50 60 70 80
Time (s) Time (s)

Fig. 5.3: Loading Rb atoms in pulsed operation with a long-low current pulse (left)
and short-high current pulse. We study the number of atoms (black line), the loading
rate (number of atoms loaded in 1 s) (blue triangles) and the blackbody radiation
(red line) as a function of time. The discontinuous green line represent when the
dispensers are on and therefore the pulse duration.

From previous work on pulsed dispensers [100, 101, 102, 103], we would expect an
increase of both the number of atoms and the pressure during the pulse. Even if the
initial MOT is small, we could trap a larger MOT by pulsing the dispensers whilst
keeping the subsequent background pressure low. Ideally, we would like the same

Photodiode signal (a.u.)
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number of atoms as in the case of using dispensers in continuous operation. However,
in our setup the results were not very encouraging as shown in figure 5.3 (left). For
a low current pulse, the pulse starts (represented with the left discontinuous line)
and during it, we observe a slow increase in the number of atoms and the blackbody
radiation. However, as the pulse is stopped (represented with the right discontinuous
line), we do not observe an immediate decay in number of atoms as we do with the
blackbody radiation. In other words, the number of atoms does not seem to decay
to the initial values very quickly. For higher currents pulses, the results are shown
in figure 5.3 (right). We observe that after an initial time delay from the start of
the pulse (represented with the left discontinuous line), the number of atoms seems
to decay over the pulse duration, in spite of an increase in the partial Rb pressure.
The loading rate seems to increase and so the Rb partial pressure increases during
the pulse. After the pulse is stopped (indicated with the right discontinuous line),
the number of atoms starts to increase to a value above the initial number before
the pulse. Then, both the pressure and the number of atoms take a long time to
fall to the initial conditions (not shown in the figure).

5.2.1 Removal of the getter pump

Initially we thought that the explanation for these results was that the getter pump,
attached to the feedtrough near the dispenser, was being heated by thermal radi-
ation from the pulsed dispenser. The getter pump reaches temperatures close to
the activation temperature, and will subsequently emit contaminant material which
would dominate over the Rb emission from the dispensers. However, after removing
the getter pump and replacing it with a new dispenser and a second bakeout, we
still observed the same results. One way to improve the setup could be with the
implementation of a cold “finger” [102] to pump atoms that are not trapped in the
MOT. With not very promising results from the pulsed dispensers we decided to in-
vestigate the second method to modulate the pressure in our system: Light-Induced
Atomic Desorption (LIAD) which had been demonstrated previously to load ®"Rb
MOTSs in quartz glass [115], coated glass [128] and stainless steel cells [115, 114].

5.3 Light-Induced Atomic Desorption technique

5.3.1 Introduction

As discussed in the introduction, by illuminating the inner walls of the glass cell
with violet or UV light, the photons have sufficient energy to desorb atoms from the
glass surface, increasing the vapour pressure temporarily and allowing us to trap
a larger number of atoms. After the light pulse is turned off, the atoms re-stick
to the surface, and the pressure is quickly lowered, creating better conditions for
a subsequent evaporation. As LIAD is known to depend on the intensity and the
wavelength of the desorbing light, we have studied the size of the MOT and the
loading rate dependence with these parameters. Previous to these measurements,
the dispensers were turned on continuously for several days (loading clouds of 10®
atoms) in order to coat the inner walls of the cell. The Rb partial pressure seems to
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recover overnight and we usually perform LIAD experiments the following day with
initial clouds (off-peak MOT) of 1 - 2 x 107 atoms from constant pressure.

5.3.2 LEDs characterization

For the experiments, two high-power Surface Mounted Devices (SMDs) based on
an array of twenty-five light emitting diodes (LEDs) of 1 cm x 1 c¢m in size were
supplied by ENFIS (Enfis Uno Tag Array). One of the purchased SMDs emits violet
light with a peak wavelength of 405 nm whilst the other emits ultraviolet (UV) light
with a peak wavelength of 375 nm.

Fig. 5.4: (a) Glass cell under violet light during a LIAD experiment. (b) Heatsink

with both ENFIS UNO Tag array SMD. (c) Detail of the LED arrays: violet (405
nm) and UV (375 nm) in low power operation.

They have a maximum output power of 5 W and 1.2 W respectively which can be
controlled by current applied to the SMD. These wavelengths were chosen based
on [115], because they are sufficiently short to obtain large LIAD effects without
excessive health risk. The SMDs are mounted on a heatsink to dissipate the signi-
ficant amount of heat produced by the high electrical power (40 W) required. The
heatsink is quite bulky (4 cm x 5 cm x 7 cm) and the closest it can be placed to the
MOT region is 130 mm away (see figure 3.22 where the position of the heatsink is
shown with a black square shape). The output light from the SMDs is not collim-
ated but 80 % of the output power falls into a 30° solid angle. Based on equation
3.4, (see section 3.6.3) and the SMD specifications from Enfis, we know Rg = 0.7
°C/W (thermal resistance SMD) and considering in this case the conductance of the
glue used to mount the SMDs to the heatsink, we add a new term to the mentioned
equation, R, = 0.001 °C/W which is the thermal resistance of the glue.

We need the heatsink to keep the temperature below 85 °C, which corresponds to the
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LEDs damage limit. We choose a heatsink with Ry = 2.5 °C/W, which will give us
a maximum temperature of 65 °C at 20 W, which is adequate for our requirements.
Before starting the experiments, we characterise the UV and violet LEDs.
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Fig. 5.5: Applied voltage as a function of current for both LEDs. We found there
18 a threshold voltage for which the LEDs start to emit: 13.2 V for Violet SMD and
15.1 V for UV SMD. From the Enfis specifications the maximum applied current is
2 A and 1 A for Violet and UV respectively.

Figure 5.5 shows voltage versus current from which we determine the threshold
voltage we need to apply in order to have light emission. We use an externally-
controllable power supply to ramp the current applied to the UV LED and a power
supply with a relay circuit to control the Violet LED. Both LEDs are current con-

trolled by Labview. An image of the main panel of this programme is shown in
figure 5.6.

Fig. 5.6: Panel of Labview programme for LIAD investigations.
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Fig. 5.7: UV and Violet intensity at surfaces of the glass cell as a function of
current. The intensity is measured 130 mm from the LEDs on the front surface
(closed markers), and on the back surface of the cell at 170 mm from the LEDs

(open markers). The average intensity is also plotted.

To complete the SMD characterization, we measure the power at each cell surface
and at different distances using a powermeter (A = 1.13 cm?), and also measure
the extinction coefficient of our glass cell for each wavelength. As the optical power
is proportional to the applied current, we can calibrate the LED’s current with the
light power or intensity. We found that the extinction coefficient values are 69 %
for violet and 51.5 % for UV.

From figure 5.7, we extract the average of the intensities measured at the front and
the back surface of the cell and we use the UV intensity values for each current to
calculate the required current for the violet LEDs to obtain the same intensity in
the UV. The results are shown in table 5.2. This is useful in order to investigate
yield vs. wavelength by using pulses with the same power both for UV and violet.

UV Current (A) | Intensity (mW /cm?) | Violet Current (A)
0.1 0.06 0.082
0.2 0.11 0.125
0.3 0.16 0.17
0.4 0.21 0.21
0.5 0.25 0.24

Tab. 5.2: Results with the calibration parameters for UV and violet LEDs. We
show the equivalent currents for each LEDs to provide light with same intensity in
order to perform yield versus wavelength studies.
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5.3.3 Number of atoms and partial Rb pressure
measurements

To measure the effects of LIAD on the MOT size, we measure the number of atoms
using the fluorescence collected by a photodiode as explained in section 4.2. We
investigate the MOT size by loading an initial MOT fully before the LED pulse,
then turn on the LED light at a given intensity for 30 s and observe an additional
increase in the number of atoms loaded.
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Fig. 5.8: Number of atoms (black) and number of atoms during pulsed loading
(blue) as a function of time for a violet light pulse. The discontinuous grey line
delimits the pulse duration. The number of atoms is independent of the LED pulse
duration. Therefore, we only need to apply a pulse whose duration is long enough to
reach the full MOT loading (i.e. the saturation regime).

Alternatively, we can turn on the LED light and start loading the MOT simultan-
eously. We found that the results, in terms of LIAD efficiency, are equal for either
loading an off-peak MOT and then turning on the LEDs, or by loading the MOT
with the LED always on. For most of our investigations we use the first method
because we can easily compare the changes caused by LIAD. From the MOT loading
curve, we can extract the number of atoms at equilibrium N, and loading time 7
by fitting equation 4.3 to the data. We place a long-pass filter in front of the pho-
todiode to block all light below A = 550 nm to reduce extra light detected by the
photodiode during the pulse which causes an offset. Figure 5.8 shows an example of
the number of atoms loaded in the MOT (black) during a single violet pulse with a
duration of 30 s and almost full power (1.7 A).

To measure the partial Rb pressure in the MOT region, we take a sequence of re-
peated partial MOT loadings which is done by pulsing the current to the quadrupole
coils. This pulse train is applied with a periodicity of 4 s and we load the MOT for
1 s. The pulse train is done before, during and after the LED pulse and forms the
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Fig. 5.9: MOT loading rate during a violet light pulse. The discontinuous green
line represent the extent of the pulse duration.

sequence shown in figure 5.8 (blue). As this short MOT loading can be considered
linear, we can extract the gradient of the slope from a linear fit. This is equal to
the loading rate, which is directly proportional to the Rb partial pressure. More
specifically, if we consider equation 4.2 for the MOT loading, % =R — g, during
the pulse train, we can approximate N — 0 on the right-hand side, and because our
loading lasts dt = 1 s, we find that the loading rate R is equal to the number of
atoms loaded, i.e. the height of the pulse. The loading rate extracted this way is
shown in figure 5.9. This allows one to obtain the partial Rb pressure in real time
and in particular we can measure the evolution of the partial Rb pressure during
(peak), before and after (off-peak) the LED pulse. Therefore, by doing two inde-
pendent experiments but keeping the same parameters we can measure the MOT
number of atoms and the partial Rb pressure evolution over the same LED pulse.

5.3.4 Yield versus intensity and wavelength comparison

In order to find out which of the two LEDs (violet or UV) we should use in our
experiments, we study desorption light at the two different wavelengths, 405 nm
and 375 nm. In particular, we investigate the relative increase in the number of
atoms in the MOT whilst illuminating with UV or violet light of the same intensity.
From the results in figure 5.10 we observe there is no appreciable difference between
the wavelengths as was already observed by C. Klempt et al. [115]. Perhaps the
results are quite similar because the wavelengths are quite close to each other. As
increased LED power leads to larger MOT's, and we have much more power available
for violet than for UV, we choose the violet for subsequent investigations.

Another aspect to consider is pulsing the violet and UV LEDs simultaneously to
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Fig. 5.10: Yield as a function of intensity at both wavelengths.

determine if the combination has a bigger effect on the final number of atoms.
Our observations are shown in table 5.3 where we compare the ratio between the
peak MOT and the off-peak MOT with UV light only or with both, UV and violet
light at a fixed intensity value (1.17 mW/cm?). We observe that the combination
of both colours is slightly better than using only the violet light but in general,
considering the results shown in figure 5.10 and table 5.3, we can conclude that the
UV source does not have a big effect on our MOT and so from now on, the rest of
the experiments were done only with the violet LED.

UV Intensity | (Peak MOT /off-peak MOT) | (Peak MOT /off-peak MOT)
(mW/cm?) | UV light only UV + 1.17 mW /cm? violet
0 - (4.6 + 0.3)
0.06 (1.8 £ 0.2) (4.7 £ 0.2)
0.16 (2.5 + 0.3) (5.1 £ 0.9)
0.25 (2.9 £ 0.5) (4.3 + 0.3)

Tab. 5.3: Study of pulsing the violet and UV LEDs simultaneously and its effects
on the number of atoms increase.

5.3.5 Partial Rb pressure evolution during many violet
LED pulses

The first time of the day when a pulse of violet light at maximum intensity is shone
onto the glass cell, starting with an initial off-peak MOT of ~ 1 x 107 atoms, LIAD
increases the MOT atom number up to ~ 1 x 10%. However, as we run sequences of
LED pulses during the day, we observe that the number of atoms in both the peak
and off-peak MOTs gradually decreases.
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To investigate this, we run a sequence of ten 1 A violet pulses, lasting 30 s each and
with a 100 s interval between them to allow the pressure to recover between pulses.
We extract the loading rate as described in section 5.3.3 to monitor the partial Rb
pressure as a function of time. The results are plotted in figure 5.11. We see that
both peak and off-peak partial Rb pressures decay over time, which is in agreement
with the observation of a reduction in the maximum number of atoms loaded each
time.
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Fig. 5.11: Loading rate (peak and off-peak) as a function of time during a sequence
of 1 A wviolet pulses of 30 minutes total duration.

In order to verify whether the decay of pressure is due to atoms being pumped out or
it is actually caused by LIAD, we first load an off-peak MOT, then we measure the
Rb partial pressure in the system for half an hour without applying LEDs pulses,
and finally we load a second MOT to compare with the previous one. The results
are plotted in figure 5.12 and figure 5.13 where we observe that in half an hour
changes in Rb pressure (in blue) and MOT number of atoms (in red) are negligible.
If now, we run a sequence of ten pulses at 1.0 A (violet) and monitor the partial
Rb pressure over half an hour, we see in figure 5.13 that the off-peak Rb pressure
(violet) falls during this period and a MOT loaded after the sequence (green line)
is significantly smaller than the one loaded before (red line). These results suggest
that LIAD is actually depleting atoms from the glass cell, either because they are
pumped out or because they re-stick to other parts of the chamber where LIAD is
less efficient, e.g. the stainless steel part, where it does not illuminate. In order to
use LIAD as a reliable technique to load reproducible MOTSs, we need first find a
solution to compensate for this atomic depletion.
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Fig. 5.12: Number of atoms in a off-peak MOT at different stages: initial MOT
(black), MOT loaded 30 minutes later (red) and MOT loaded 30 minutes later after
applying a sequence of violet pulses (blue).
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5.3.6 Compensating the atomic depletion

Previous work has reported Rb pressure building up over time with pulsed dispensers
[173], which they counteract by using a peltier to keep the apparatus thermalised.
Atomic depletion due to LIAD has been reported in Rb porous silica cells [116], in
Cs and Rb atoms from paraffin coating [111] and in PDMS coated cells [109] where
they assume that the atomic depletion is faster than the rate at which atoms can
re-coat the surfaces between pulses. Here, we pulse the LED light whilst leaving the
dispensers on continuously at a low value to counteract the depletion. We monitor
the off-peak Rb pressure as a function of time over a sequence of 60 violet pulses at
1 A (30 s each, 100 s gap) and by keeping a constant dispenser current.
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Fig. 5.14: Off-peak loading rate vs. time with LED pulses and a variable dispenser
current.

The results are plotted in figure 5.14 where we observe that if we keep the dispensers
at 2.5 A, after an initial 15 minutes during which we lose atoms, we reach a region
in which the depletion is compensated (a “plateau”), and the pressure remains
essentially constant for at least 7 hours. Further data was acquired and it was
found that I = 2.45 A was the optimum value to use. Even by using dispensers to
compensate for the atomic depletion, we still lose around 30 % of the initial number
of atoms (MOT loaded with LIAD), although if we do not use the dispensers in the
equivalent period of time we would have lost 80 % of the initial atom number. We
also investigated the idea of compensating the depletion by using the dispensers in
pulsed mode rather than continuous mode. We found that by pulsing the dispenser
at 7 A for 7 s before the LED pulses and then keeping them at constant current (2.5 A
- 2.45 A), we reach the “plateau” earlier. However, for simplicity, the dispensers are
used in continuous mode for the compensation. To conclude, after characterising
the atomic depletion and finding a solution by compensating the losses with the
dispenser at very low current, we reach a steady state (that we call the “plateau”)
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in which we do all our measurements, as we have now achieved an equilibrium in
the partial Rb pressure.

5.3.7 Number of atoms and loading rate vs. LED current

We investigated the number of atoms in the MOT and the loading rate as a function
of the LED intensity. Figure 5.15 shows the number of atoms in the fully loaded
MOT (N;) during a 30 s violet pulse as a function of the LED current. For each
data point, we also measured the number of atoms in the off-peak MOT before the
LED pulse. This is constant, so we verify that the variation in the number of atoms
with current is only due to LIAD. We observed that for LED currents above 1.2 A,
the peak (LIAD-enhanced) MOT tends to saturate and so the employed currents
are sufficient to saturate at 5.5 x 107 atoms in the MOT. The saturation of desorbed
atoms for high intensities was previously reported [108]. Nevertheless, the loading
rate (shown in figure 5.16), rises significantly with increasing LED current, which is
proportional to the LED intensity. We decided to use the LED at maximum current
(1.7 A), because although the number of atoms is saturated at lower current, the
loading rate is larger. In other words, we load the same number of atoms in the
MOT but at a faster rate.
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Fig. 5.15: Peak MOT (circles) and off-peak MOT (triangles) as a function of LED
current.
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Fig. 5.16: Loading rate as a function of LED current. We have plotted the on-peak
loading rate (circles), the off-peak loading rate (triangles) and initial loading rate
(squares) obtained from the average of several pressure measurements without LEDs
on in order to verify same experimental conditions.

5.3.8 Optimizing LIAD efficiency

We optimise the position of the heatsink with respect to the cell so that the LEDs
are as close as possible. As the light illuminates different parts of the cell and the
heatsink is placed at an angle with respect to the cell, we need to extract a realistic
average intensity. We measure the intensity at different distances from the LED
which are illuminated at different angles. For further distances from the LEDs, the
LEDs illuminate at a smaller angle (22°) whilst for distances closer to the LEDs,
they illuminate the cell at a wider angle (60°). In each of the cases, we measure at
distances corresponding to the front and back surfaces of the cell. The results are
plotted in figure 5.17 and the average results are shown in table 5.4 which allows to
do a fast conversion between applied current and intensity or optical power for the
previous results.

Current (A) | Intensity (mW /cm?)
0.25 1.19
0.50 2.66
0.75 4.15
1.0 5.53
1.2 6.52
1.5 8.07
1.7 9.00

Tab. 5.4: Calibration of violet LEDs (405 nm) in the optimised position.
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Fig. 5.17: Violet intensity as a function of current at 60° (left) and 22° (right) from
the LEDs. For light illuminating at 60°, the intensity is measured 47 mm from the
LEDs (black) which is the front surface of the cell and at 97 mm from the LED (red)
which s the back surface. For light illuminating at 22°, the intensity is measured
130 mm from the LEDs (black) which is the front surface of the cell and at 170 mm
from the LED (red) which is the back surface.

In order to use LIAD to efficiently load the cloud of atoms, we have measured the
peak MOT as a function of the off-peak MOT. The results are shown in figure 5.18.
We find that the ratio of peak to off-peak MOT (LIAD efficiency) decreases for large
off-peak MOTs. Moreover, there is not a large difference for off-peak MOT sizes
below 2.5 x 107 atoms. Because of these results, we decided to work with off-peak
sizes of 1.5 - 2.0 x 107 atoms.
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Fig. 5.18: Number of atoms in a MOT loaded during the first violet pulse of the
day (triangles) and after reaching the plateau (circles) as a function of the off-peak
MOT size.

5.3.9 Figure of merit

To demonstrate how LIAD can improve the conditions for evaporative cooling in
a single chamber system, it is necessary to verify that the pressure decays quickly
enough after the LED light is turned off. To obtain the relevant time scales of the
pressure recovery, we have analysed the pressure decay after violet pulses as shown
in figure 5.19.

The pressure data, expressed as the loading rate R, can be fitted with a double
exponential decay [114],

t

R(t) = Ajexp(— )+ Asexp(—

short long

). (5.1)

As suggested by C. Klempt et al. [115], the pressure decays with two timescales due
to the adsorption properties of the surface: a short decay tguo+ during which atoms
stick to bare glass walls (glass-atom absorption) and a long decay tjon, during which
Rb atoms stick to a surface that is covered by atoms (an atom-atom absorption).
Figure 5.20 shows the Rb loading rate after a violet pulse and the a fit to equation
5.1 whose time constants are presented in the last column of table 5.5.

In this table we compare our results to previous work done with rubidium MOTs al-
though a more complete summary can be found in E. Mimoun and co-workers’paper
[126].

The decay time reported here is not as fast as that reported by C. Klempt et al.
[115], instead we find that our results are compatible with those for a stainless steel
vacuum chamber [114]. This could suggest than the time it takes for the atoms to
be re-absorbed by the surface may depend more on the amount of Rb atoms already
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Fig. 5.19: Number of atoms and loading rate measurements during 3 violet pulses
in the plateau region.

Decay time | Quartz [115] | Stainless steel[114] | Pyrex [174] Pyrex
tshort 200£20 ms 6.5s - 6.2+0.5 s
tiong 6.3+£0.9 s 113s 300s 180+113 s

Tab. 5.5: Decay times extracted from the double exponential decay curve with 8" Rb
atoms. The last column corresponds to our results. All the materials are uncoated
surfaces

present on the surface rather than the type of material. Further investigations are
needed for more definitive conclusions. From table 5.5, we observe that it takes
approximately 6 s for the pressure to decay by 1/e after the light pulse, so this is
the minimum time requ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>