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Abstract

The project presented in this thesis pertains to the intersection of atomic and nuclear
physics, specifically, laser trapping techniques applied to caesium isotopes and iso-
mers. The main experiment is a laser cooling apparatus installed at the Ion Guide
Isotope Separation On-Line (IGISOL) facility at the University of Jyvéskylid, Fin-
land. When training or during delays in the primary experiment, I often worked
on experiments based at UCL. The first section describes a '33Cs Magneto-Optical
Trap (MOT) experiment at UCL, and was used as an analogue to the isomer trapping
experiment. The laser system was set up, and the vacuum chamber was prepared

for the MOT, which was then characterised.

Then the isomer cooling experiment is discussed. Due to a power cut, many
parts of the laser system had to be repaired. The apparatus was then tested - firstly
by obtaining a '33Cs MOT from an ampoule, then from an offline '33Cs™ ion beam.
The experiment was further developed by establishing an offset frequency locking
scheme for the laser sources. This will allow the laser frequencies to be varied for
various isotopes and isomers. Frequency offsets from 200 MHz to 9.9 GHz were
successfully locked to. The final section reports on an atomic magnetometer, which
uses cold atoms instead of atoms at or close to room temperature. A sensitivity of
330 pT/\/Hz with an operational range of 15 — 100 kHz was achieved and the result
was published in [1].

Future progress is expected to include the trapping of !34Cs, the beam for
which shall be produced via '3*CsNO3 samples from Institut Laue—Langevin (ILL).

Long term goals include the trapping of the !3>"Cs isomer, and eventually a Bose-
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Einstein Condensate (BEC) of the isomer. This will allow the exploration of the
generation of coherent gamma photons, which has many possible applications,

ranging from biomedicine to fundamental studies on multi-body phenomena.



Impact Statement

This thesis reports on work done to maintain and further develop an experiment in
which radioactive isotopes and isomers can be laser cooled. The experiment has
come about as a result of an international collaboration between University College

London (UCL), in the UK and the University of Jyviskyld (JYU) in Finland.

The long-term goal of the experiment is to cool the '3¥"Cs isomer down to
a BEC, where the decay of the isomer can be used to produce coherent gamma
photons. This could form the basis of a gamma ray laser, once noted as one of
the 30 most important physics problems. The applications of such a laser outside
of academia are wide ranging. In medicine, it could be used for imaging or can-
cer treatment, and higher resolution gamma imaging in the security sector. Within
academia, the production of ultra-cold samples of caesium radioisotopes will allow
for new studies of them, including the acquisition of spectroscopic data for chains
of isotopes. In this work, the experiment was fully restored to the point that it was
once again able to trap and cool atoms from an ion beam source. Additionally, an
upgrade to the laser system was established, by which the cold atoms part of the

experiment can now easily switch between trapping different species of caesium.

The project has received funding from the Engineering and Physical Sciences
Research Council (EPSRC), the Atomic Weapons Establishment (AWE) and the
European Commission under Horizon 2020. It has been active since 2014, and has
had three PhD students thus far, as well as welcoming a third generation of PhD

students starting in 2022.

A part of my time as a PhD student and this thesis has been dedicated to an ex-
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periment that uses cold 3’Rb atoms as a sensor for an atomic magnetometer. Magne-
tometers are instruments that are used in a wide range of fields. In particular, atomic
magnetometers can be used for Electromagnetic Induction Imaging (EII) where the
conductivity of a material is mapped out. The control on the spatial distribution
of the atoms in the magnetometer presented here could lead to higher resolution
images. In terms of academic impact, the results from the magnetometer were pre-
sented in a peer-reviewed journal, Applied Physics Letters [1] . The experiment was

further developed by colleagues to use a BEC as the sensor instead of cold atoms.
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Chapter 1

Introduction

The primary purpose of developing a facility for the cooling and trapping of isomers
is the condensation of the '33™Cs isomer into a Bose-Einstein Condensate (BEC).
Such a condensate was predicted to be capable of generating coherent gamma pho-
tons, and forming the basis of a nuclear gamma ray laser [2]. In addition to this,
trapping other species of caesium could enable further research into their atomic

and even nuclear structure.

This chapter introduces the physics relevant to this work; that of isomers and
BECs. Having established the relevant physics, the proposed mechanism by which
coherent gamma photons could be generated is described. The wider use of atomic
physics and its techniques in the field of nuclear study is discussed, alongside a
description of current and past optical trapping of neutral radioisotopes. Finally, the

structure of the thesis is outlined.

1.1 Isomeric physics

Much like isotopes are atoms with the same number of protons but different num-
bers of neutrons, isomers are atoms with nuclei that have the same number of
protons and neutrons, but they exist in different nuclear energy states. Most nu-
clei in excited states immediately decay down to the nuclear ground state, however

metastable isomeric states exist [3].

Metastable states are comparatively long-lived; this can range from nanosec-

onds to year long half lives [4]. The only naturally occurring isomer, '8 Ta, has a
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half life of 10'> years. As per isomeric state notation, the m following the atomic
mass number indicates that the state is the first metastable excitation. n, p and g
indicate successive long lived excitations [4]. The long-lived nature of metastable
isomers is a result of these states having only low probability avenues of decay
available. The low probabilities can be linked to the properties of the isomeric state;

either its shape, its spin, or the projection of its spin onto the nuclear symmetry axis

[3].

a)

e @0 o

Energy
Energy

Shape elongation Spin Spin projection

Figure 1.1: Diagram of isomer types and their energy states.

These three types of isomers will generally have a second energy minimum
in addition to the ground state according to the relevant property, as illustrated in
Figure 1.1 [3]. For shape isomers, there exists a specific arrangement of nucleons
that is energetically favourable and significantly different to the ground state. In
order to decay, the nucleons must ‘rearrange’ to the ground state configuration,
which is highly improbable. An interesting instance of this is 2**”Am [5], which
is so elongated that the ratio of the minor and major axes of the nucleus is 2:1. Its

excitation relative to the ground state is 2.2 MeV, with a half life of 14 ms.

The long half lives of spin isomer states can be attributed to the spin selection
rules that must be obeyed for a decay to take place. The decay to the ground state
often necessitates a large change in spin. For example, '89"Ta, mentioned above,

can decay down to the ground state '39Ta with an emission of gamma radiation.
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However, there is a large difference between the nuclear spin of the two states; the
isomeric state has / = 9, and the ground state has / = 1. Hence the decay to the
ground state requires the emission of radiation that has an angular momentum of

8%, or a multipolarity of A = 8.

The third and final type of isomer is the K isomer. The ‘K’ refers to the projec-
tion of the nuclear spin I onto the symmetry axis of the nucleus, as shown in Figure
1.1. K isomers only exist in nuclei that are very deformed, but are still axially
symmetric, like a rugby ball. These isomers tend to be far from stable spherically
shaped nuclei in N-Z space, where the number of protons in a nucleus, Z, is plotted
against the number of neutrons, N. Though decay to a ground state via an emission
of correct multipolarity (A) may seem necessary for a change in K value, it is not.
There are in fact symmetry breaking processes that make other K non-conserving
decays not only possible, but more probable. In the case of '8"Hf, / = 8 and K =
8, the most probable route of decay is via a 58 keV, A = 1 radiation emission. The

resulting state has I = 8 and K = 0, thus breaking the A > AK rule [3].

As well as being a large and interesting area of research in nuclear physics,
nuclear isomers also present an opportunity for the energy sector. Also known as
‘energy traps’, isomers carry large amounts of trapped energy as a result of their
excited nuclear state. Long-lived isomers, such as the naturally occurring 89" Ta,
can be induced to decay (also known as triggering) in some way and release the
stored energy [3]. This has been done with an electron beam for the 31 year '73Hf
isomer, which has an excitation energy of 2.446 MeV and a many step decay to the
ground state [6]. 39" Ta has also been triggered, using a photon beam [7]. Isomers

could also be induced to decay by laser radiation [8], [9].

1.2 Coherent gamma photon generation in a BEC

A BEC is a state of matter in which bosonic atoms all occupy the lowest quantum
state. It was first predicted in 1924-1925 in the works of Bose and Einstein [10,
11, 12]. Experimentally, a BEC was first realised in 1995 with 8’Rb [13], and
later in '33Cs in 2003 [14]. A BEC can be described by a single wave-function,
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meaning that the particles in the BEC are coherent, and that the BEC itself is a
single quantum-mechanical entity on a macroscopic scale. Condensation occurs
as a result of cooling the particles down (typically to 10~7 K), which causes an

enlargement of the de Broglie wavelength associated with the bosons:

27h?
kaT

(1.1

dB —

which is determined by the mass m and temperature 7 of the particle. kg is the
Boltzmann constant. The phase-space density (PSD) in Eq. 1.2 is equal to the

number of particles in a volume equal to the cube of Ap:

PSD = njy (1.2)

When A5 becomes greater than the interatomic distance, i.e. when the PSD exceeds
unity, the particles collapse into the lowest accessible energy quantum state. An
experiment to trap and cool caesium isomers has been developed as a result of the
identification of a mechanism through which a BEC of the metastable spin isomer of
caesium, '3"Cs, may be used in the generation of coherent gamma photons. Such
a phenomenon could form the basis for a gamma ray laser, once noted as one of
the 30 most important problems in modern physics [15] . Such a laser would have
applications in a wide range of fields, including security imaging, medical imaging

and medicine itself.

One potential method of generating coherent gamma photons involves con-
densing positronium down into a BEC, in which the annihilation of the positrons
and electrons of positronium atoms in the condensate will generate gamma photons
of 511 keV [16, 17]. An alternative suggestion utilising nuclear gamma emission
is the stimulated emission of > Th nuclei that are suspended within a LiCaAlF
crystal, as the use of the crystal theoretically allows population inversion and ab-

sorption of photons without recoil [18].

The mechanism considered here is as follows: the !33™Cs isomer is cooled
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down to a BEC. Within it, the decay of a single isomer will trigger the collective
decay of the BEC as a whole. As a result of the coherence of this decay, the emitted
gamma photons will also be coherent [2]. The isomer has a lifetime of 53 minutes
and a two step gamma photon decay to the !3>Cs ground state (shown in Figure
1.2), the first of which will generate the coherent gamma photons. It is an 846.1
keV decay from the 7 = 19/2 nuclear spin state to an intermediate / = 11/2 state.
The emission is M4, meaning that the emission is magnetic hexadecapole radiation

with an angular momentum of 47.

I=19/2

M4: 846.1 keV

I=11/2 V

E2: 786.8 keV

I="17/2 V

Figure 1.2: Diagram of two step decay of !3”Cs to 13Cs. Also shown, are the angular
momenta of the nucleus during the decay process.

The use of a BEC allows for the accumulation of a sufficient number of iso-
meric nuclei and a reduction of the linewidth of the emission due to the low tem-
peratures of a BEC. In the approach proposed above, it is also instrumental in pro-
viding the coherence required for the generation of coherent gamma photons. The
isomeric BEC approach avoids some of the known problems with approaches to
a nuclear gamma ray laser. In single pass amplification, due to the large nuclear
recoil there is a large difference between the absorption and emission wavelengths.
The nuclear recoil energy for the >'Cs is 2.8 eV - much larger than the natural

linewidth of the transition of 10719 eV [2].
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Another approach is Dicke super-radiance, the collective emission from a sam-
ple of atoms, which is started by coherent excitation from an optical pulse [19].
However, this requires a separation between the super radiance medium (the nu-
clei) less than the radiation’s wavelength. Were this approach attempted with the
135mCs jsomer, the super-radiance medium would be the '3 Cs nuclei, rather than
the atoms themselves. The separation required between the nuclei would then be
smaller than the size of the caesium atom, and such densities are not currently
achievable. The mechanism of a coherent decay of the '>>”'Cs isomer BEC does

not require such a high density of atoms.

1.3 Atomic physics techniques for nuclear study

Laser spectroscopy is a tool used to understand the electronic structure of atoms
and the electronic transitions which can occur. With accurate enough spectroscopy,
important information about the nature and structure of the nucleus can be extrap-
olated from knowledge of an atom’s electronic structure. The following section is
intended to give context to what may be possible to investigate with caesium species

other than the 135"Cs isomer.

The hyperfine structure of an atom arises due to the interaction between the
electrons and nucleus of said atoms. The contributions made to the energy shift of
the hyperfine structure from the fine structure level (as shown in Figure 1.3) can be

separated into the different magnetic and electric moments of the nucleus.

Fine Hyperfine

62P3/2 5 — F=4

Figure 1.3: Fine and hyperfine structure of '*3Cs 6°P; /2 state, with nuclear spin I = %
Hyperfine energy shift denoted by AE
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The hyperfine energy shift is equal to:

1 SK(K+1)=2[I+1)J(J+1
AE — AK + B2 (K+1) I+1)J(J+1)
2 2121 —1)2J (27 — 1)

(1.3)

where [ is the nuclear spin, J is the total electron angular momentum, and K is as
below [20],
K=FF+1)—-II+1)—JJ+1) (1.4)

with F being the total atomic angular momentum,
F=1+]] (1.5)

The two constants A and B are the magnetic dipole and electric quadrupole hyperfine
constants respectively. In general, the terms in the energy shift formula are limited
to the larger magnetic dipole and electric quadrupole moments, as the contributions

of further moments to the hyperfine shift are 108 smaller [21].

The value of these constants can be found by measuring the hyperfine splitting
via spectroscopy, and these in turn make it possible to measure the nuclear mo-
ments associated with them. Gerginov et al. used extremely sensitive spectroscopy
to measure the magnetic octupole moment of '33Cs [22]. The octupole moment has
a much smaller effect on the hyperfine structure, but a value for its hyperfine con-
stant is found. Values for the electric quadrupole and magnetic octupole moments
are extracted from the hyperfine constants in a dual approach with data from the
spectroscopy and theoretical calculations. The octupole moment of 8’Rb has also
been calculated by Gerginov et al. [23] from hyperfine structure intervals measured
by Ye et al. [24] with a spectrometer. An atomic beam was used by Gerginov et
al. [22], however cold atoms could be used to make similar measurements with

enhanced resolution due to increased interrogation times [25].

While the experimental values of these nuclear moments have their importance
in the nuclear field, the discrepancy between the experimental octupole moment

value and the theoretical value based on an unpaired valence proton in the nuclear
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shell model prompts important questions about the structure of the nucleus. In-
deed, spectroscopy can be used to help answer other such questions about nuclear
structure. Grossman et al. measured the hyperfine anomaly in the spectroscopy
of francium isotopes and considered how well the observed anomaly fits various

nuclear magnetization distribution models [26].

The so-called "hyperfine anomaly’ refers to the Bohr-Weisskopf effect, which
is the difference in the magnetic dipole moment hyperfine interaction between a
point like nucleus and a nucleus with extended nuclear magnetisation. For the
728, /2 and 7?P, /2 states, the hyperfine shifts would only consist of the magnetic
dipole moment term: AE = %AZK . Electronic S- and P- shells experience nuclear
magnetisation differently, meaning that the constant A; will differ for the two states.
The ratio of the two constants, py is:

Ag

P

where py is the hyperfine constant ratio for a point nucleus, and the £(A,S) and
€(A, P) are the Bohr-Weisskopf effects for the S nd P shells respectively. In these
terms, the A refers to the nuclear mass. Due to this mass-dependence, measure-
ments of ps are made for many francium isotopes. These are then compared to
theoretical values calculated based on different models for nuclear magnetisation, a
point nucleus, nuclear magnetisation distribution the same size as the charge radii

and a theoretical Bohr-Weisskopf model.

The study of nuclear magnetisation is significant because, unlike the nuclear
charge which is only contributed to by protons, it is contributed to by the neutrons in
the nucleus and can shed light on neutron radial distributions. In fact, it was found
that the improvement of the theoretical Bohr-Weisskopf model over a model where
the nuclear magnetisation distribution is the same size as the charge radii was that it
was closer to matching experimental data for all isotopes studied, not just those with
an even number of neutrons. The facility described in this thesis has the potential

to trap many caesium isotopes, meaning that the hyperfine anomaly may be studied
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for the isotope chain, including species not suitable for the generation of coherent

gamma photons, such as the '3*Cs ground state.

The fine structure of an isotope experiences an isotope shift which is a result

of changes in the nucleus. It is given by [27, 28]

Sv="A"TAN 4 S)+ FS(PRAA, (1.7)
MAIMA

The first term is the mass shift, and this accounts for the changes to the electron
energy level caused by the change in the mass of the nucleus between isotope A
and A’ [29]. N and S are coefficients for the normal and specific mass shift. The
normal mass shift is due to the change in the electron-nucleus mass ratio and can
be calculated [30]. The specific mass shift is the change in frequency caused by

correlation between the motions of the electrons [30].

The second term in Eq. 1.7 is the field shift. This is caused by the difference
in the charge distribution of the nucleus, since the charge of the nucleus is the same
for isotopes of the same element but the mass distribution will change [31]. F is the
field shift constant, and o (rz)A,’A is change in the mean-square charge radius of the

isotope nucleus. This is measured using collinear or in-source spectroscopy [27].

To realise a BEC of the '3¥"Cs isomer, radioactive neutral atoms will be opti-
cally trapped and cooled. Though neutral isomers have yet to be trapped in a MOT,
plenty of radioisotopes have been. MOTs of radioisotopes can be used to study
parity violating transitions. This is typically referred to as the Atomic Parity Non-
Conservation (APNC), to stress its peculiar nature with respect to the more widely
known parity-violating effects at high energies in nuclear and particle physics.
Weak interactions with the nucleus generate a parity-violating moment called the
anapole moment [32]. To extract the physics of the weak interactions from atomic
APNC data, electron wave functions overlapping with nuclei must be understood,

via isotope shifts and hyperfine splittings [33].

This is being pursued using francium MOTs [33, 34]. At the TRI-University
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Meson Facility in Vancouver, Canada (TRIUMF), the isotope shifts for the 75 — 8S
transition were measured for five isotope MOT's (2028211 . 213 1) 1 addition to
the two laser frequencies needed for a MOT (discussed further in Section 2.2.1),
a third 1012 nm laser is shone on the MOT and its frequency is swept to excite
the 75 — 8§ transition. Photon-Multiplier Tubes (PMTs) then detect the 817 nm
radiation associated with the decay down to the 7P/, state. From this data the
isotope shifts are calculated. With data for multiple isotopes, the ratio of field shifts
between the isotopes can be found. Similar measurements could be made with

caesium isotopes with the apparatus characterised and discussed in Chapter 3.

At the Laboratori Nazionali di Legnaro (LNL) in Legnaro, Italy, the 7P3,, —
7Ds ), transition is detected for both 209Fr and 2!9Fr [35]. These results serve as a
preliminary step towards observing a 783/, — 6D transitions, which are of major
interest for APNC, but are as yet unobserved [36]. As at TRIUMF, a third spec-
troscopy laser is used, but the excitation of the transition of interest is observed via
the decrease in the fluorescence of the MOT, which is tied to the population of the

MOT.

Other fundamental physics is being explored with the use of optically trapped
and cooled radioisotopes. An experiment is being developed at the Cyclotron and
Radioisotope Center (CYRIC) in Tohoku University, Japan, to search for the elec-
tron’s permanent Electric Dipole Moment EDM using francium isotope MOTs [37].
Francium is a good candidate for the measurement of the electron’s EDM, because
of francium’s large enhancement factor- a measure of how large an EDM will be in-
duced in a francium atoms by an electron. The lower velocities of atoms in a MOT

mean that motion-induced magnetic fields will be suppressed [38].

A MOT of 37K atoms has been used to measure the asymmetry of the B-decay
with respect to the 'K polarisation axis to a higher precision at TRIUMF. An in-
crease in the precision of such measurements of 8 decays, increases their sensitiv-
ity as probes of non-SM physics [39]. The cold atomic sample for the asymme-

try measurements is prepared using a MOT, and then spin-polarised through opti-



1.4. Thesis outline 33

cal pumping. The nuclear decay products are detected by a pair of § telescopes
along the polarization axis. The asymmetry of the B decay is found by comparing
the detection of f particles in the two telescopes. The Heavy Unseen Neutrinos
from Total Energy—momentum Reconstruction (HUNTER) collaboration in the US
will use a MOT of 131Cs to search for weakly coupled sterile neutrinos with much
higher masses than flavours of neutrinos that have been observed [40]. The massive-
neutrinos will be emitted as a result of electron capture events in the cooled 3'Cs

nuclei.

1.4 Thesis outline

The collaboration between UCL and JYU necessitated a situation where my time
would be split between London and Jyvéskyld, so that I might gain experience work-
ing with cold atoms. Though the main aim of this project has been the cooling and
trapping of isomers, the work carried out throughout the duration of my PhD was

split across three different experiments, and the structure of the thesis reflects this.

Chapter 2 covers the work done on a '>3Cs MOT. The working principles of laser
cooling and MOTs are stated here. Details of the apparatus and techniques used
here are included, and are in fact widely used in laser cooling including the subse-
quently discussed experiments. Then the MOT is characterised using a combination

of imaging techniques.

Chapter 3 presents the experiment dedicated to the cooling and trapping of iso-
mers. The large-scale apparatus is described, as well as the set backs that occurred
regarding the experiment. Following this, the repairs that were carried out as a re-
sult of this are documented, alongside the tests that were made to verify that the

experiment was fully restored.

Chapter 4 reports on the differences in the cooling cycle transition frequencies for
the isotopes and isomers of interest. The frequency-offset locking system by which
the aforementioned laser systems can be adapted to trapping different species of

caesium is characterised.
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Chapter 5 shows an experiment that uses an ’Rb MOT instead of room temper-
ature atoms as its sensor for radio frequency optical atomic magnetometry. The
skills needed for the preparation of the cold atoms for this is similar to the previ-
ously discussed experiments, and as such, working on this was a part of my initial

training.

Chapter 6 summarises the contents and achievements of the thesis. Additionally,
upcoming work and updates concerning the isomer trapping and cooling experiment

are described.



Chapter 2

Caesium-133 Magneto Optical Trap

The following chapter details the work carried out on an experiment for the trapping
and cooling of the stable isotope of caesium, !33Cs. The experiment is at UCL,
and serves as a testing ground for the implementation of techniques that will be of
benefit to the isomer trapping experiment discussed in Chapter 3. It also provided
me with an introduction to laser cooling and Magneto-Optical Traps (MOTSs). The
principles behind the experiment are established before a description of the laser
system and apparatus that realised the '33Cs double MOT. The system by which
the MOT is imaged is described, along with how the characterisation of the MOT is

carried out from the images.

2.1 Working principles

2.1.1 Laser cooling

Laser cooling makes use of the momentum transfer that occurs between an atom
and a photon being absorbed or emitted. When an atom absorbs a photon, the
atom receives a momentum kick of 7k in the direction of the photon, where k is the
wave vector of the photon. The atom will then decay back to its ground state and
spontaneously emit a photon in a random direction, delivering a recoil momentum
kick of 7k to the atom. As these recoil kicks are random in direction, if the process
is repeated, the net momentum change to the atom from them is zero, meaning that
the momentum change to the atom comes entirely from photon absorption of laser

light.
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The rate at which photons are absorbed and emitted is known as the photon

scattering rate, and is given by [41]:

T I/
RSC_E (1+I/Iml+(26i/l—‘)2>7 (21)

where I' is the natural linewidth of the corresponding optical line, /I is the laser
intensity, Iy, is the saturation intensity and d. is the detuning of the laser from the

resonant frequency. This is equal to

Oy =0 +kv. (2.2)

0 is the detuning (which is always red-detuning) of the laser frequency from the

resonant frequency and v is the atomic velocity. The kv term is the Doppler shift.

Combining three orthogonal pairs of counter-propagating laser beams can cool
atoms moving in any direction. This arrangement is known as optical molasses,

which is capable of cooling atoms down to the Doppler temperature:

hl’

T = —
D 2kg

(2.3)

The intensity of the cooling beams is a parameter of a trap that is optimised. An
intensity of 3.5 mW c¢cm~2 is generally found to be the minimum intensity required

for cooling beams.

2.1.2 Magneto-Optical Trap
If a magnetic field gradient is added to the above, we have a MOT, in which the
force felt by the atoms becomes position dependent. With a magnetic field along

the z axis of the form

B(z) = bz (2.4)

where b is a constant, the atoms within the trap will experience a Zeeman shift,

related to its position with respect to the centre of the trap.

Diagram 2.1 shows the 1D Zeeman shifts for an atom with J' = 1, m; = 0,+1.
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Figure 2.1: Energy levels of a two state atom undergoing Zeeman splitting in a magnetic
field gradient.

The counter propagating laser beams have opposite circular polarisations 6™ and
o~ . Circularly polarised light can pump atoms into the adjacent my state. ¢~ light
will pump an atom from the J = 0,m; = 0 state to the J/ = 1,m; = —1 state, and
toJ = 1,my; = +1. For an atom with position z > 0,the J =0toJ = 1,m; = —1
transition is closer in frequency to the red-detuned laser light due to the Zeeman
effect lowering the m; = —1 state. This means that the absorption of the 6~ beam

is more probable, the beam that will push the atoms towards the centre of the trap.

The MOT allows atoms to be trapped and cooled from a room temperature
background vapour. The commonly accepted limit of a MOT is the Doppler tem-
perature defined in Eq. 2.3. To reach the conditions for BEC, many more steps are

necessary.

2.2 Apparatus

2.2.1 Lasers

Two lasers are used in the experiment, the cooling laser and the repump laser. The
purpose of this is to create a closed cooling loop so the atoms can be continually

cooled. The cooling laser is tuned to the 6525, 1 F=4— 6p>Ps 2 F ' =5 transi-
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tion. For this reason, this optical transition is called the ‘cooling transition’. Atoms
are largely excited to the F’ = 5 state, however due to the red-detuning of the cool-
ing laser, they can occasionally be excited to the F' = 4 state. From there, they can
decay down to the F = 3 ground state. The latter is an atomic state that cannot be
excited by the cooling laser. To prevent atoms collecting in this state, the repump
laser is tuned to the 655, 2 F=3— 6p>Ps )2 F ! = 4 transition. In this way, the
atoms that reach the 6525, /2, F'=3 state by spontaneous emission are once again in
the cooling loop. The cooling laser used is an External Cavity Diode Laser (ECDL)
[42, 43]. The repump laser is a CEL/850 diode laser from MOGLabs. The beam

intensity is 1.1 mW cm 2.

251.00 MHz
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Figure 2.2: Hyperfine structure of the '33Cs 6p?P; /2 and 658, /2 states, with cooling tran-
sition shown in green, and repump in red.

In order to set the frequency of the lasers, caesium vapour cells are used to find

the required hyperfine optical transition, via absorption; and electronics lock onto
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the signals and maintain the frequency via a feedback control loop. Two methods
of generating zero-passing error signals from Saturated Absorption Spectroscopy
(SAS) signals are used: Dichroic Atomic Vapour Laser Locking (DAVLL) for the
ECDL and electronic modulation of the SAS signal for the MOGLabs laser.

SAS uses two laser beams to remove the effects of Doppler broadening of
atomic transitions, and reveal their hyperfine components- thus identifying the po-
sition of the excited hyperfine levels. If a laser beam that is on resonance is simply
passed through a vapour cell once, there will be one broad peak for each ground
state hyperfine level, due to Doppler broadening. However if there are two reso-
nant beams passing through the cell, the first beam (the pump beam) will pump the
atomic transitions so much so that the transition becomes saturated. Then when
the second beam comes through for the spectroscopy peak, there will have been a
‘hole’ burnt into the peak, which allows resolution of the hyperfine components of

the excited state, normally buried underneath the Doppler profile [44].

SAS gives rise to an additional feature in the spectroscopy signal known as
crossover resonances. When two transitions (from the same ground state) have a
frequency interval smaller than the Doppler linewidth, there exists a point between
the two frequencies where the pump beam will excite one transition, and the probe
beam will excite the other. This results in an extra absorption peak at this point.
The crossover resonances are labelled according to the transitions they are between

in Figures 2.3 and 2.4.

Figure 2.3 shows the 6525, /2, F =3 spectroscopy signal from SAS and the

corresponding error signal generated.

For caesium, typical full-width at half-maximum of the Doppler profile is 386
MHz at room temperature [45]. The excited states of interest to laser cooling are
separated by 251.0 MHz, and 201.2 MHz, respectively [20]. Therefore, their obser-

vation is impossible unless SAS is used.

The signal shown in red in Figure 2.3, is the result of the current of the laser
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Figure 2.3: SAS signal for the 6525, /2, =3 ground state shown in green, and the corre-
sponding error signal in red. Transitions and crossover resonances are labelled.

diode being modulated at 250 kHz by the MOGLabs ECDL Controller. This mod-
ulation converts the SAS peaks into an error signal that can be used for frequency

locking.

DAVLL is an alternative method for generating an error signal from a spec-
troscopy signal, and in this work is used for non-commercial ECDLs. DAVLL uses
Zeeman splitting to make the atomic vapour in the cell dichroic. In this condition,
the absorption cross-sections of 0+ and o — polarised components of light are dif-
ferent [46]. Specifically for a finite magnetic field acting on the atoms, in the same
direction as the propagation of the light, the centre of the absorption line will in-
crease in frequency for 6+ and decrease by the same amount for c—. Taking the
difference between the signals gives an error signal which crosses zero at the origi-
nal non degenerate absorption line centre. An example of this can be seen in Figure

2.4.

2.2.2 Vacuum chamber

The maximum background pressure at which atoms can be loaded into a MOT is

typically 10~7 mbar. And to obtain a BEC, the background pressure should be
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Figure 2.4: DAVLL spectrum of the F=4 manifold. Transitions and crossover resonances
are labelled.

10710 mbar or lower. Lower pressures mean there are fewer background atoms
present in a chamber that can knock atoms out of the trapped sample. As the atom
cooling sequence between the MOT and BEC stages can be around 20 s, low pres-
sures prevent too many atoms being lost to background collisions before reaching
a BEC. These pressures were achieved by baking the entire chamber to Ultra-High
Vacuum (UHV), a process detailed in Appendix B. It is necessary to separate where
a MOT is loaded from background vapour from the chamber where a BEC would
be obtained, as any background pressure from which a MOT could be loaded will

be detrimental to the formation and maintenance of a BEC.

The solution to this is to use a double MOT setup, where the first chamber
contains a MOT that is loaded from background caesium vapour. Though the cap-
ture velocity for a MOT is typically tens of m/s and the average thermal velocity of
caesium at room temperature is in the hundreds of m/s, there are atoms in the lower
end of the vapour’s velocity distribution that can be trapped in the MOT.

The vapour comes from an ampoule that is in a smaller, separable part of the

chamber. The pressure is generally on the order of 108 mbar in the first chamber.
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Figure 2.5: Vacuum chamber used to obtain a MOT in UHV. The first MOT referred to in
the text is situated at the top of the chamber, where there are windowed flanges
on the chamber. The second MOT is obtained in the cuboidal glass cell at the
bottom of the chamber.

The second chamber has a pressure of 10710 mbar. Here, as a first step towards
the BEC, a second MOT is loaded with an atomic beam, or a Low Velocity Intense
Source (LVIS) from the first chamber’s MOT [47]. Between the first chamber and
the second, there is a mirror and quarter waveplate with a hole drilled into them, as
well as a vacuum impedance, which is a flange with a small hole which particles can
pass through. This mirror reflects a beam from outside the chamber to form one of
the three counter propagating pairs of beams required for the first MOT. However
the hole in the mirror means that there is a hole in the reflected beam. For that
region of the trap, the force experienced by the atoms is unbalanced. So the atoms

are propelled through the hole and to the second chamber.
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2.2.3 Optical alignment

Unless stated otherwise, the height of the beams is 10.5 cm above the optical table

in optical diagrams.

Laser Sources As shown in Figure 2.6, the cooling laser is passed through an
anamorphic prism pair to shape the outgoing beam into a Gaussian profile. It is
then fed into an optical isolator (OI) to stop optical feedback into the laser cavity,
which would negatively affect the laser behaviour. After this, the beam is split into
two paths by a Polarising Beam Splitter (PBS) - one going to spectroscopy and
the other towards the experiment. The spectroscopy beam’s frequency is shifted by
an Acousto-Optical Modulator (AOM), as the laser will be locked to the F/ = 4,5
crossover which is a larger peak in the spectrum, instead of the F/ = 5 transition,

for ease of locking.

Passing a beam through an AOM once results in a change in the beam’s di-
rection of an angle of n0 for the nth order outgoing beam, which varies with the
frequency shift. However, if the outgoing beam is reflected and passed through the
AOM a second time, there is no overall change in the angle of the beam. Doing
this is known as a double pass configuration, where the first order beam from the
AOM is reflected back into the AOM while the zeroth order is blocked. A quarter
waveplate is placed before the mirror, and the beam passes through it twice. Hence,
the polarisation of the returning beam can be changed- allowing it to be separated

from the initial beam.

The beam is passed to a vapour cell within a solenoid that provides the Zeeman
shift necessary for DAVLL, then it passes through a quarter waveplate to convert the
ot and 6~ components of light to vertically and horizontally polarised light before
going to a balanced photodiode where the difference between the signals from each
component can be taken. The beam that goes towards the experiment is amplified by
a Tapered Amplifier (TA). This configuration is known as Master Oscillator Power
Amplifier (MOPA). Then the beam is injected into an optical fibre, with optical

isolators to protect the TA. The main difference in the alignment for the repump
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Figure 2.6: The area depicted is the alignment and spectroscopy section of the two lasers
used in this experiment before being transported toward the vacuum chamber
via optical fibres. Red is used to depict the repump laser, whilst green is used for
the cooling laser. Labels used: Radio Frequency (RF), Non-Polarising Beam
Splitter (NPBS), half waveplate (HWP; A /2), quarter waveplate (QWP; A /4).
The arrows along the laser beam indicate where the laser beam has been re-
flected along its initial path.
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laser is the lack of a TA. This is due to the fact that the laser diode for the repump
laser is capable of reaching 120 mW, which is more than enough for the repump

beams.

MOT Table The cooling laser passes through another AOM to complete the detun-
ing necessary for locking to the F' = 4,5 crossover, before being overlapped with
the repumper laser at a PBS to be split between the first and second MOTs. But just
before the AOM, there is a partial mirror that takes 8% of the cooling laser away
to be an imaging beam. This is used to carry out absorption imaging of the MOT,

further explained in Section 2.3.1.

The first MOT beams are reflected upwards to an optical breadboard 54 cm
above the optical table, as the chamber for the first MOT is at the top of the vac-
uum chamber. The portion of the beams for the second MOT is passed through a
telescope to enlarge the beams, after which the repump and the cooling beams are
separated at a PBS. They are later recombined after a half waveplate is placed in the
path of each beam. This allows the amount of cooling or repump power in each of
the three MOT beams to be independently varied. A similar alignment is used for
the first MOT, as can be seen in Figure 2.8, with the LVIS beam being raised to a
height of 23 cm above the breadboard before it is reflected down. The LVIS beam

does not contain any repump light.

For the second MOT, the imaging beam and one of the MOT beams is raised
to a height of 18 cm, i.e. to the centre of the glass cell as depicted in Figures 2.9 a)
and b). This MOT beam does not contain any repump light. The imaging beam is
raised to the same height and goes through the cell perpendicular to the first beam,
through to the Charge Coupled Device (CCD) Camera. The other MOT beams are
lowered to 5 cm, and then passed to the PBS shown in Figure 2.9 a). There, the two
MOT beams are split and then raised to 36 cm, before entering the glass cell at an

angle of 45°.
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Figure 2.7: The optical alignment shown in this figure is that of the cooling and repump
lasers after emerging from optical fibres onto the MOT table, where the vacuum
chamber is placed. The division of laser beams for the second MOT is partially
shown here. Orange shows repump and cooling lasers overlapped, and blue
shows the imaging beam.
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Figure 2.8: The optical alignment for the first MOT on the breadboard 54 cm above the
optical table.

2.2.4 Magnetic fields

There are two types of magnetic fields used in the experiment; a magnetic gradient
to create the MOT and homogeneous compensation fields. These fields compensate
for background magnetic fields which can alter the location of the magnetic centre
of the trap. A small shift in the location may not necessarily prevent a MOT from
loading; it may however prevent the first MOT from being in the correct position
to load the LVIS. After obtaining the MOT in the first chamber, compensation coils
were used to align the centre of the first trap to the LVIS beam. The coils have
DC electric current running through them in the same direction, i.e. the Helmholtz
configuration [48]. The size and orientation of the fields were set to optimise the
MOT via the current of the coils. To create the magnetic field gradient for the MOT,
a pair of coils wired in the anti-Helmholtz configuration is used, where the current
runs through the coils in opposite directions. These produced a gradient of 8.5 G

cm_l.
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Figure 2.9: The three orthogonal pairs of MOT beams as well as the imaging beam shown
from different views of the glass cell, a) shows a view along the axis of a MOT
beam that goes straight through the cell whilst b) shows a view of the cell along
the imaging beam’s path. A circle indicates the beam is travelling into the page.
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2.3 Procedure

2.3.1 MOT imaging

As the atoms in the MOT are being continuously excited by the cooling laser, they
are continuously emitting fluorescence at a wavelength of 852 nm. To look for and
monitor MOTs, this fluorescence can be captured by CCD cameras. This kind of
imaging is useful for continuous and real time monitoring of the MOT, for example
to see the decay of the second MOT when the LVIS beam is blocked. However,
to take more detailed data about the MOT, absorption imaging is used. For this
technique, a beam with a resonant frequency is shone on the atom cloud and is
detected by the CCD camera. The atoms interact with the photons in the beam,
so the image received by the camera is actually a shadow of the atom cloud in the
imaging beam. The atoms’ absorption is then calculated by subtracting background
images from the image with the atoms cloud. The first background image is taken
when atoms are not present (ensured by removing the gradient field), but the MOT
beams are still active. This takes fluctuations in the beam power into account. The
second background image is taken without the MOT beams, so as to eliminate any

background light.

Chamber

D
e CCC
amera

Figure 2.10: Diagram showing the path of the imaging beam through the lenses as well as
the path of fluorescence to the CCD camera. The imaging beam is shown in
blue, and the fluorescence in green.
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The lens arrangement shown in Figure 2.10 enables the same camera to be
used for both fluorescence and absorption imaging. For the former, light emanates
from the MOT and will be collimated by the first lens and focused onto the camera
by the second. For the latter, the imaging beam passes through the chamber as a

collimated beam, is focused by the first lens and collimated by the second.

2.3.2 Measurement protocol

The experiment is executed using a LabVIEW (Laboratory Virtual Instrumentation
Engineering Workbench) program, which controls whether the MOT and imaging
beams were incident on the chamber using mechanical shutters. They also control
the radio frequencies supplied to the AOMs, and thus the detunings provided by
them. The program takes data for the characterisation of the second MOT. The
program allows for the variation of certain parameters for a MOT and imaging
sequence- loading time, detuning of cooling beams, detuning of imaging beam and
the Time of Flight (TOF). The loading time is the amount of time the MOT is left
to gather atoms from the LVIS, and it is controlled by closing the shutter for the
first MOT beams. The detunings are controlled by varying the radio frequency sup-
plied to the double passed AOM in the cooling laser’s spectroscopy. The TOF is the
amount of time left between releasing the atom cloud (MOT beams and magnetic
field being turned off) and the initiation of the absorption imaging sequence. The

imaging sequence is shown by Figure 2.11.

2.4 Characterisation of the MOT

The MOT was obtained in the second chamber, with a pressure of 4 x 10~ mbar.
As this is not a low enough pressure to be able to obtain a BEC, a rudimentary

characterisation of the MOT was carried out, before work on the vacuum was done.

2.4.1 MOT lifetime

Data regarding the lifetime of the MOT in the science chamber was taken by allow-
ing the MOT to saturate (i.e. to reach its maximum fluorescence level), and then
blocking the LVIS to stop the loading of the atoms. The cooling laser detuning used

for this data was -2I". The dynamics of the population of a MOT with no loading
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Parameters
taken in

|

LVIS shutter, 2nd MOT shutter, coils turned on,
MOT detuning set

|

MOT loaded for time specified

|

Both shutters closed, coils closed
Detuning set to Imaging

|

TOF pause

|

Imaging beam released

|

Picture taken, exposure time of 2 ms

|

Close Imaging beam

|

Previous steps repeated without coils and
LVIS for light background image

|

Previous steps repeated without coils,
LVIS and imaging beams for dark background image

!

Background images subtracted from original image,
and passed on for analysis

Figure 2.11: Flowchart of LabVIEW imaging sequence.
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can be expressed as in Equation 2.5 [49]

dN

o —yN - /Vnz(r,t)d3r (2.5)

where N is the atom number, ¢ is the time elapsed since the loading of the MOT
stopped, 7 is the coefficient for the loss rate due to background collisions, 3 is the
two-body collisional coefficient, V is the volume of the MOT, n(r,?) is the density
of the MOT, and r is the radius of the MOT.

There are three regimes of MOT dynamics, and the type of dynamic a MOT
will have is largely dependent on the population of the MOT [50]. The first regime is
the constant volume regime, where the MOT cloud’s volume remains constant, and
the density increases as atoms are loaded into the MOT. This is typical for MOT's
with a small number of atoms, <10* [50]. As atoms are loaded into a MOT, the
density will hit a maximum, and at this point the volume of the MOT will increase
as atoms are loaded into the trap [51]. This regime is known as the density limited
regime, where the density of the cloud is constant. It has been shown to apply to
MOTs with a population of 4-8 x 10* [52], 10° [53] and 10° atoms [50]. The third
regime is the two-component regime, where the MOT has a dense central region to
the MOT and less dense outer regions. This is caused by the volume of the atom
cloud expanding past the central, strongly confining region of the MOT. This region
comes about as a result of the restoring force in a MOT not being linear function of

position [50].

In the constant density regime, the solution to the above Equation 2.5 is shown
in Equation 2.6 [54]
N = Noe~ (r+hne)t (2.6)

where N is the initial atom number and

1
p = (y+Bnc) 2.7)

where 7 is the MOT lifetime. This means that the decay of a MOT can be fitted
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with a single exponential decay. Figure 2.12 shows the data collected, and Figure
2.13 shows an example fitting of the data with the form of Equation 2.6. Though the
y-scale has not been calibrated to give the number of atoms, this would only affect
the Ny parameter. By fitting the individual lifetime measurements, and averaging
the values, a MOT lifetime of 7 = (3.5 £ 0.4) s is found. The uncertainty given is
the standard deviation on the mean. However, it can be seen that this exponential
form doesn’t fit the data well, leading to the conclusion that the assumption made

in Equation 2.6 does not hold true for this data.
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Time/ s

Figure 2.12: Decay of MOT fluorescence for the measurements of the MOT lifetime.

However, this assumption only affects the contribution of two-body collisions
to te loss rate of the MOT. The exponential term due to the background collisions
will still be present. It was found that the best fitting function was a dual exponential

function, as shown in Equation 2.8.
N=Nje " +Nye P (2.8)

B’ has been used to indicate a decay constant associated with 8 the two-body col-
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Figure 2.13: An example of the fitting of a single exponential decay to the MOT population
decay data. The data is shown in solid blue, and the fit is shown in dashed
orange.

lision coefficient. Since the fluorescence scale is not calibrated, the constants N
and N, are not themselves indicative of anything. However in this dual exponential
function, the ratio of these constants will show which contribution to the loss rate
is more dominant. The ratio of N /N, = 6.5, so 7} has the more dominant effect on

the overall MOT lifetime.

For this function, the average parameters are 7y = 1/y = (2.7+0.5) s and 7, =

1/B' = (124 2) s.

The lifetime of the MOT can be related to the background pressure by Equation
2.9 [55].
1
~=33x 10'°Payv,, (2.9)

In the cited paper, the background pressure and the MOT lifetime are used to cal-
culate a combined value of 102 cm? s~! for o, v, where o, is the cross section
for non-alkali background particles to knock an atom from the trap, and Vv; is the

thermal velocity of the gas. For 7; and a recorded pressure of 4 x 10~° mbar, o;v;,
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Figure 2.14: An example of the fitting of a dual exponential decay to the MOT population
decay data. The data is shown in solid blue, and the fit is shown in dashed
orange. The two components of the dual exponential function are also plotted.

=2.8x 102 cm? s~!. This consistency with the value stated in [55] indicates that

this component of the dual exponential function is indeed due to background gas

3 1

collisions. By contrast, using 7 in Equation 2.9 gives o,v;, = 6.3 x 10719 cm? s71.

A possible reason for the exponential shape of the two-body collision contri-
bution that differs from the background collision is that as atoms are lost from the
trap, the dynamics of the MOT come closer to the constant density regime. As
atoms are kicked out of the trap, the volume of the trap will shrink, till eventually
the entirety of the trap is once again contained within the central strong trapping re-

gion, at which point the MOT dynamics will behave in accordance with the constant

density regime.

2.4.2 MOT size

The analysis for the absorption imaging data is carried out by LabVIEW with the
help of some integrated MATLAB (MATrix LABoratory) scripts. The MOT size

is obtained by summing the values of the images pixel rows along the x- and y-
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axes. This gives a Gaussian shape as defined in Equation 2.10, which is fitted by
the MATLAB program.

_ (x=b)?

f(x)=ae 22 (2.10)

This outputs the parameters of the fit: a, b, and ¢, which is taken as the size of the

MOT along the x- and y-axes.

2.4.3 Number of atoms

As the imaging beam passes through the atom cloud, the atoms absorb part of the
beam. The intensity of the imaging beam after interacting with the atoms is given

by Equation 2.11, known as the Beer-Lambert Law [56].
[ =1Ie 9P (2.11)

where OD is the optical depth, Iy is the initial intensity and / is the intensity mea-
sured after the interaction with the atomic cloud. If the intensity of the imaging
beam is less than the saturation intensity for the cooling transition (/g;; =2.70 mW
cm~2 [20]), the optical depth can be written in terms of the atomic column density,
n(x,y), of the cloud as in 2.12 [56]. The atomic column density is the density along

the directions perpendicular to the imaging beam, here referred to as x and y.
OD = —n(x,y)o (2.12)

where o is the absorption cross section is given by Equation 2.13 [20].

O = 90
1+4(2)2 42

sat

(2.13)

0Oy is the cross-section of absorption for a beam that is on resonance, and is shown

in 2.14 [20]. 9§ is the detuning of the imaging beam.

hol”

Oon =
O 2y

(2.14)
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OD is given by Equation 2.15 [56].

Lijore — 1
OD = lnM (2.15)
Iatoms - Idark

where [j;gp, is the intensity of the ‘light” background picture, 1,4, is the intensity of

the ‘dark’ background picture and 1., 1s the intensity due to the atoms.
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Figure 2.15: Number of atoms trapped in the MOT for TOF = 4ms, as it varies with the
detuning of the MOT beams.

The number of atoms can be found by integrating the atomic column density
across the x- and y-axes, as below in Equation 2.16 [56]. In an image, this is equiv-

alent to assessing the optical density of the cloud in each pixel and summing over

— o — oo 1 —o0 —oo
n :/ / n(x,y)dxdy = E/ / OD dxdy (2.16)

The number of atoms data in Fig. 2.16 is obtained by taking 10 measurements

all pixels.

of the number of atoms in a cloud for a given detuning, and taking the mean of those

results, with the standard deviation being the uncertainty in that data.
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Figure 2.16: Density of the atoms trapped in the MOT for TOF = 4ms, as it varies with the
detuning of the MOT beams.

The density of the atom cloud is then found by dividing this by the volume of
the cloud. This is an ellipsoid with radii of o, and oy. 0} is taken to be equal to oy,

as these are both perpendicular to the axis of the MOT coils.

4 2
V= gﬂGxGy (2.17)
The uncertainties in this data are found by propagating the uncertainty in the num-
ber of atoms, the uncertainty in Oy, and the uncertainty o, - which is used as the
uncertainty in o,. The propagation is carried out using the uncertainty propagation

formula for independent variables.

2.4.4 Temperature of MOT

The temperature of a MOT is measured by allowing the atom cloud to expand freely,
i.e. with the MOT beams blocked and the MOT coils turned off. The method by
which the cloud expansion is linked to its temperature is shown here [56]. By taking
images with different times of flight, the expansion of the cloud over a time period

can be recorded, as shown by Figure 2.17. By assuming the atomic cloud obeys
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Boltzmann’s statistics, the probability of an atom having energy E; at temperature

T is

1 E;
i = = - dE 2.1
pi Zexp( kBT) 2.18)

Z is the partition function, and kg is Boltzmann’s constant. This assumption can be
made as atoms in a MOT are from a thermal distribution in the MOT. Multiply this
by the number of atoms in the MOT, N

N i
n; = —exp (——) dE (2.19)

and the mean number of atoms at energy E; at T is found, n;. As the expansion of the
atoms can be monitored, Equation 2.19 must be expressed in a suitable parameter-
velocity. Assuming the motion of the atoms trapped in the MOT can be described

classically, the kinetic energy is given by

Ey=—-mv (2.20)

As the expansion of the cloud in the x- and y-directions will be monitored, velocity

is simply v = 7, and is used to give Equation 2.19 as

Nmx? mx?
= ——— | dt 2.21
A ( 2kBTt2) 2.21)

Equation 2.21 has the form of a Gaussian distribution, i.e.

1 2
flx)= exp (_%ﬂ) dx (2.22)

oV21

The distribution of atoms within the atom cloud as it expands is also a Gaussian
distribution, precisely because of the velocity of the atoms. It is therefore fair to

equate the two as follows:

mx2 X2

— = 2.2
2kpTt? 202 2:23)

which are both the argument of the exponential in their Gaussian distributions. Re-
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arrange to find o, the radial dimension along a given direction (e.g., x or y)

T
o= [ksT (2.24)
m
kT

where /=~ is the gradient of expansion, easily rearranged to give 7. Such an

expansion is shown in Figure 2.17.
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Figure 2.17: The size of the atomic cloud along the y axis during free expansion. The
original atomic sample was obtained with a MOT loaded for 5 seconds, with
a-2.2 I" detuning. This corresponds to a temperature of (60 £ 5) uK

In Fig. 2.17, each TOF measurement was taken three times, and the standard
deviation was taken as the uncertainty on the mean. A linear gradient was fitted to
the cloud expansion, giving a temperature of (60 £+ 5) uK. Then to assess the fitting
of the gradient, the reduced y? was calculated as 1.72, indicating a good fit that is

not over-fitted.



Chapter 3

Caesium Isomer Trapping

Here, the experiment focussing on the trapping of caesium isomers is discussed.
The many different elements of the apparatus, dealing with isotope production, ion
beam manipulation and laser cooling, are outlined. The instances where it is rather
similar to the apparatus at UCL are not discussed at length. The progress of the
experiment was hindered by the COVID-19 pandemic and damage to the apparatus,
and the effects of this are also stated here. Details of repairs and updates that were
made to the apparatus as a result of these hindrances are included here along with
more in-depth descriptions of specific equipment. The results of the tests that were

carried out to confirm the experiment was once again functional are shown.

3.1 Apparatus

An experiment that involves both high energy ion beams and laser cooling and trap-
ping atoms requires the use of a large and diverse apparatus. It is best described by
dividing it into two sections: the high energy section where the isotopes are pro-
duced and formed into an ion beam, and the low energy one, where the isotopes are

neutralised and cooled using laser cooling techniques.

3.1.1 High energy apparatus

The University of Jyviskyld’s accelerator laboratory, with its Ion Guide Isotope
Separation On-Line (IGISOL) laboratory, is a facility for producing exotic species
of radioactive atoms of interest for nuclear physics and for the work described here.

It is shown in Figure 3.1 [57]. Nuclear reactions are induced in targets by the bom-
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bardment of either light or heavy ions, in a K130 or MCC30 cyclotron. To produce
caesium isotopes via fission reactions, the K130 cyclotron is used to bombard a

natural uranium target with a 50 MeV proton beam.

The products of the reaction recoil into a gas cell filled with helium buffer gas.
Roughly 1% of the products are thermalised and stopped by the gas. The electric
charge of the reaction products allows for their complete control and manipulation
into the ion beam. As the reaction products leave the gas cell, any neutral gas
is removed by vacuum pumps. The ions however, are cooled and collimated into a
beam by a sextupole ion guide and guided towards the high-vacuum mass separation
area. Here, the ions are accelerated to an energy of 30 keV, and the desired mass to
charge ratio is separated out using a 55° dipole magnet with a mass resolution

between 300 and 500.

M
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Beam Cold Atoms
K-130 Switchyard Chamber
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Figure 3.1: Diagram of IGISOL reaction area and beam line towards the cold atoms cham-
ber.

3.1.2 Low energy apparatus

After the mass separator, the ‘low energy’ part of the setup begins, shown in Figures
3.2 and 3.3. Itis separated by an UHV pneumatic gate valve. A set of electrostatic x-
y plates are placed just before the gate valve. These steer the beam towards the trap-
ping chamber. Just after the gate valve, there is an Einzel lens which focusses the

ion beam onto a thin Y foil (the neutraliser, discussed in 3.1.3). A turbo-molecular
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pump (Leybold CE TURBOVAC 350i) maintains the vacuum at <10~® mbar - even

when the gate valve is suddenly opened.

Gate valve
Mounting
Electrode plates
plates Turbo pump
(I;;sulatmg | To cold atoms
scs chamber
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Insulators

Faraday cup
\

Faraday cup
actuator

Grounded

Figure 3.2: Bird’s eye view diagram of high to low energy apparatus connection via a cus-
tom made CF 100 vacuum cross piece, with internal views of X y plates, Einzel
lens and Faraday cup.

This vacuum pump is connected to the beam line via a CF 100 cross piece.
The cross piece also connects a Faraday cup to the beam line, which measures the
current of, and hence the amount of ions in, the beam. Finally, the cross piece is
connected to the CF 40 section of the low-energy part of the apparatus via a reducer.
This CF 40 section is shown along with the glass cold atoms chamber in Figure 3.3

[57].

Beyond the reducer, there is a 20 1/s, Varian Vaclon Plus 20 Star-Cell ion pump
to maintain the <10~% mbar pressure necessary for laser cooling. The ion pump is
separated from the cold atoms chamber by a gate valve. This allows the vacuum
to be broken in the chamber for maintenance while protecting the ion pump. This

(alongside venting with Nj instead of air) means that the system can recover from
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Figure 3.3: Cold atoms chamber, with laser beams going through optical windows shown
in red, as well as MOT coils.

room pressure exposure within a matter of hours rather than days. After the gate
valve, there is a 1*3Cs ampoule connected to a cross piece, controlled by an angle
valve. This source of caesium is used to test the MOT settings of the system, such
as beam alignment, the quadrupole field, etc. Also connected to the cross piece,
is the valve through which nitrogen gas (N») is vented and preliminary pumping is

done if the system needs to be opened.

3.1.3 Ion neutralisation

The particles arriving in the science chamber are ions, and they must be neutralised
prior to laser cooling. The 1on beam is focussed onto a 25um thick yttrium (Y) foil,

which is held on a mount 28 mm within the main ‘sphere’ of the chamber.

The mount (as shown in Figure 3.4) consists of copper supports that hold
the foil. These are held in place by two 105.6 mm long hollow aluminium ox-
ide (Al,O3) rods. The rods are secured to 20 A rated electrical feedthroughs in a
CF 16 flange. Electric currents are run through the Y foil via copper core in the
aluminium oxide rods. A centering ring is used to ensure that the Y foil is not under

unnecessary tension, but it also allows for the expansion of the Y foil when heated.

After the Y foil split during operation in May 2018, I redesigned the copper
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Figure 3.4: Diagram of neutraliser mount and connections that run current through the neu-
traliser. The connections were designed by Dr Luca Marmugi.

section of the mount to which the foil is attached. The previous design consisted
of two copper ‘D’ shaped caps that were screwed into a copper base. This required
the Y foil to be pierced to be mounted. The foil was also screwed into the mount
tightly to provide a clamping force, which ensured electrical contact between the
copper supports and the foil. Both the piercing and the screwing are thought to
have damaged the foil to the point where the electrical contact became uneven and
the heating was inhomogeneous. This led to the foil tearing and current no longer
flowing. Another separate issue was that the caps that clamped the foil onto the
copper mount once loosened and rotated while in the chamber, covering part of the

foil available for ion implantation. To fix this the vacuum had to be broken.

Figure 3.5: Diagram showing differences in the two neutraliser mount designs (new design
on the top; previous on the bottom).
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The new design featured two prongs on each copper cap, which prevents the
caps rotating or falling, shown in Figure 3.5. The foil is held between each prong,
which avoids piercing the foil, and the tight hold needed for electrical contact comes
from the screwing of the prongs to the copper base. This design avoids the afore-
mentioned problems. It was also compatible with the existing design from the

Al>,O3 rods, in Figure 3.4.

The incoming ions are implanted into the yttrium foil. As this happens, the ions
lose a large part of their kinetic energy via inelastic collisions within the yttrium
lattice. Thermal diffusion is used to extract the caesium from the foil. A DC current
is run through the foil via the copper core of the aluminium oxide rods (A/;O03) and
the copper mount through to the foil. Diffusion from the foil is enhanced by an
increase in its temperature, up to 10> K [57]. The ions gain an electron from the
surrounding yttrium atoms and are neutralised, due to the caesium ionisation energy

(3.89 eV [58]) being larger than the yttrium work function (3.1 eV [57]).

The caesium atoms that diffuse from the yttrium foil have temperatures in the
range of 600 K < 7 < 1000 K. These atoms are far too fast to be trapped by laser
cooling techniques. However the atoms are able to thermalise through collisions
with the chamber wall as a result of an organic coating used in the cold atoms

chamber, as discussed in 3.1.4.

3.1.4 Cold atoms chamber

The chamber is spherical and made from borosilicate glass. There are three pairs
of optical windows for laser beams, one CF 40 to glass connection from the trans-
port line and a CF 16 connection for the neutraliser and its mount. One pair of
optical windows is placed orthogonally to the beam line, and is the axis of the anti-

Helmholtz MOT coils.

By using a glass chamber instead of a standard steel UHV chamber, coatings
that increase the trapping efficiency of a MOT can be applied to the chamber. Such

coatings reduce the adsorption energy of the chamber walls, meaning that fewer
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atoms are captured by the wall. Upon adsorption, the amount of time they are
adsorbed to the wall, or the sticking time Ty, is reduced. The adsorption energy,
E,, and sticking time of a chamber wall are related to one another as shown in Eq.

3.1[59]

Ty = Toexp (Eq/kpT) (3.1

T is the temperature of the surface and kp is the Boltzmann constant. This refers
to physisorption, where an atom is held to a surface by its image charge, which is a
van der Waal interaction. Chemisorption on the other hand, is where the adsorption

occurs permanently via a chemical reaction between a surface and the adsorbate.

The coating used in the chamber is polydimethylsiloxane (PDMS, CHj3[Si
(CH3),0],Si(CHs3)3). This coating reduces the probability that an atom will be ad-
sorbed to the chamber wall after colliding with it. Specifically, PDMS lowers the
glass surface adsorption energy down to ~ 0.1 eV, thereby reducing the sticking
time of atoms onto the chamber wall and limiting- to a large extent- losses because
of atom-wall collisions. In an experiment where the atoms being investigated may
have a short lifetime and are in short supply, this is quite advantageous as more
atoms will be available at any time. As mentioned above, the coating also helps to
thermalise the atoms that come out of the yttrium foil at high temperatures. The
thermalisation takes place via collisions with the chamber wall, and due to the pres-
ence of the PDMS coating, more collisions can occur without the atoms adsorbing
to the chamber wall. The procedure by which the coating is applied to the chamber

is described in Appendix C.

3.1.5 Optical alignment

The optical setup on the experiment is largely similar to the setup described in
Section 2.2.3, with a few differences. On the laser table, the RadiantDyes Narrow-
Diode cooling laser is split between two branches of alignment, spectroscopy for
laser locking and amplification with the TA. Part of the RadiantDyes NarrowDiode

repump laser is split off for spectroscopy, another small part is split off for the off-



3.1. Apparatus 68

set locking beat note and the rest is injected into an optical fibre for transport to the
MQOT table like the cooling laser. The difference between this alignment and what
is shown in Chapter 2 is the inclusion of an ECDL as the slave laser for the repump

offset locking scheme.

In general, the terms master and slave laser refer to the lasers in an arrangement
where the frequency of the slave laser (often the more powerful of the two) is fixed
in relation to the master (generally the one with a smaller linewidth). This can refer
to injection locking, where stimulated emission is generated from the injection of
the master laser into the slave laser [60]. However here, the slave laser is offset
frequency locked to the master laser. The scheme is discussed in detail in Section

4.2.

After a telescope, the slave laser is split into two beams, one towards the fibre
and the other to the offset lock’s optical fibre. Here, the master and slave laser are
combined at an NPBS before being injected into the offset lock fibre. Removing or
adding the mirror marked with an asterisk in Figure 3.6 controls whether it is the
repump master or repump slave laser going through the optical fibre to the MOT

table.

The cooling and master repump lasers are brought to the MOT table via optical
fibres. The cooling laser’s polarisation is stabilised with a linear polariser as well as
the half waveplate before the fibre. A small fraction of the beam is split off for the
imaging beam. The rest is singly passed through an AOM at 80 MHz. After this it
is combined with the repump beam at a PBS. The beams are enlarged and split up
into three beams that will be retro-reflected as described in Chapter 2, except the
last two beams are split up with an NPBS. The glass chamber was designed to have
six optical windows for the three beams and their retro-reflections. However, the
pyrex that makes up the main spherical body of the chamber distorts beams passed
through it. Instead of having an imaging beam that takes a separate path to the
MOT beams through the main body, the horizontal MOT beam and the imaging are
combined at a PBS. Had a PBS been used to split the last two MOT beams, then



3.1. Apparatus 69
{ )
r/2
N — To MOT
To Offset Lock NPBS / /
~ B T
e ECDL Repump T
ﬂ PBsr —i— . Slave =
N4
—<’|—
A2 A& =
N
Vs
D { /
Concave
Lens
AOM
<= |
NPBS — ~
PBS
£~ X\ Cylindrical
/4 — B v Lens ~—~
B PBS
Photo Diode /
Dual Photo 4 PBS E7] ves
Diode
4 S
TA
Vapour| 2 —
Cell
Radi [ Radiant
adiant Dves
Dyes NZ o
Narrow l Dior;ew
Diode B V4 .
Repump [ A2 = e Cooling

~5

7 N

7

Figure 3.6: This figure shows the optical alignment of three lasers on the laser table. The
cooling laser is shown in green. The repump laser is shown in red. The third
laser is the slave laser for the repump laser offset locking scheme, shown in

magenta.
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the repump and cooling beams would have had orthogonal polarisations and would
have been separated at the PBS combining the MOT and imaging beam. In Figure
3.8, the imaging beam is shown being separated out from the MOT beam using a

PBS before the MOT beam is retro-reflected.
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Figure 3.7: Optical alignment on the MOT table. Cooling laser is shown in green, repump
in red and blue depicts the imaging beam. An orange beam indicates over-
lapped cooling and repump beams.

3.1.6 Magnetic fields
Like the apparatus in the UCL lab in London, there are three sets of compensation
coils in the Helmholtz configuration (one for each axis) as well as a pair in anti-

Helmholtz configuration for the MOT gradient coils. The water-cooled gradient
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Figure 3.8: Optical alignment in relation to the glass chamber. a) shows the view of the
chamber and beams along the axis of the gradient coils, and b) shows the view
of the chamber along the axis of the ion beam.Orange beams indicate an overlap
of the repump and cooling lasers, and blue indicates the imaging beam.

coils are operated at an optimised current of 1.86 A, giving a magnetic gradient of 14
G/cm, which is set and maintained with LabVIEW software via a MOSFET (IXFN
120N20) and a Proportional-Integral-Differential (PID) controller (SRS SIM960).
The mounts for the coil also provide support to the glass chamber, as they are ar-
ranged along the axis perpendicular to the beam line in the horizontal plane (as
seen in Figure 3.3). There is a small amount of foam between the mounts and the

chamber.

3.1.7 Fluorescence imaging

The main imaging procedure used for this experiment is fluorescence imaging. As
stated in Chapter 2, this is useful for detecting and monitoring MOTs. The CCD
camera used is a PixelFly USB camera from PCO, with a PENTAX C2514-5M
objective lens. In between the objective and the CCD camera, there is an 852 nm
interference filter an a pinhole with a diameter of 1.6 mm. These features serve to

reduce background light reaching the CCD camera.

Much information about a MOT can be learnt from a trace of a MOT’s flu-
orescence in arbitrary units, as shown in Section 2.4. However, it is possible for
the number of atoms in the MOT to be found from the fluorescence of the MOT

(described in Appendix A), and this has been incorporated into a LabVIEW flu-
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orescence imaging program. The program also continually subtracts a weighted
background based on the fluctuations in the laser power. To this end, the program
also monitors the power of the laser beams and displays this alongside the fluo-
rescence trace. The LabVIEW program was written and developed by Dr. Luca

Marmugi and Dr. Alexandros Giatzoglou.

3.1.8 Offline caesium-133 ion beam

Due to the nature of a large scale facility like the IGISOL cyclotron being shared
by many different projects, most of the time the apparatus described above will not
have access to isotopes or isomers of caesium. It is at these times that the off line

stable ion source depicted in Figure 3.1 can be used.

The offline beam source is situated just above the mass separator on the second
floor of the IGISOL facility. Two stable sources can be used in this line: a surface
source or a discharge ion source. The surface source contains a mix of potassium,
rubidium and caesium atoms. The source element in the discharge source can be

changed as needed, however this gives a beam of smaller current.

The surface source is heated to ionise the atoms and the ions are accelerated by
a 30 kV potential difference as an isomer beam from the main cyclotron would be.
In contrast to the main IGISOL beamline, the ions produced by the offline source are
not of similar mass to charge ratios. This means that 33Cs™ ions are easily selected
at the mass separator. After this, the '33Cs™ ions arrive at the beam switchyard and

are steered towards the cold atoms chamber.

The offline source allows the experiment to be run with a beam 133Cst jons,
the stable isotope for which the trapping and repump frequencies are known and
can be locked to using !33Cs vapour reference cells, as well as the known optimum
detuning and MOT coil gradient. This means that the features of the apparatus
geared towards taking an ion beam and producing neutralised atoms that can be
trapped in a MOT can be thoroughly tested or optimised. This includes the PDMS
coating, neutraliser, beam optics (Einzel lens and x-y plates), and the settings of

the steering magnets in the switchyard. Being able to optimise these outside of
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online beam time is useful. The efficiency of the beam from the switchyard to the
neutraliser is also crucial for online beam time where every atom counts, and this
can be tested with the offline source. Another logistical rather than scientific benefit
to the offline source, is that it can be used directly after online beam time without

needing to wait for a ‘cooling’ period.

3.2 Setbacks to the experiment

3.2.1 Power cuts and resulting damage

In early 2019, there were a series of large-scale power cuts, affecting not only the
IGISOL facility but significant parts of Jyviskyld. This caused severe damage to
the experiment. The laser controllers had been turned off in one of the power
cuts, and when they were turned back on it was discovered that the RadiantDyes
NarrowDiode cooling laser’s temperature control circuit had been badly damaged.
Specifically, the Peltier component that is used to heat or cool the laser diode was
damaged. Unfortunately since this was a commercial laser, it had to be sent back
to RadiantDyes in Germany for repairs, which took several months. Another laser
damaged by the power cut was the slave laser for the repump offset lock. The ECDL

had been setup in July 2018, but the laser diode was broken by the power cut.

The TA also suffered an issue with its cooling circuit. Unlike the Radiant-
Dyes laser controllers, when power was restored, the temperature control (Thorlabs
TED 200C) of the TA was turned back on. The Peltier element in the TA box was
damaged in the power cut, and once the power was switched back on, it drove up
the temperature of the TA box to well above 60 °C. While this would be fixed, a

replacement TA and its controllers were shipped to Jyvéskyla.

3.2.2 COVID-19 pandemic

Once the RadiantDyes NarrowDiode cooling laser was repaired and returned, re-
pairs to the experiment were begun with a few short trips to Jyviskyld in late 2019
to early 2020. However once the COVID-19 pandemic began, international travel

became severely restricted. In addition to this, the hosting of visiting students and
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staff at the University of Jyviskyld was also monitored and applications for visitors
from abroad had to be made, as well as risk assessments. And of course, the state of
the pandemic in both Finland and the UK was a large factor in determining whether

international travel to work on the experiment was feasible.

Two trips to Jyviskyld were made during the pandemic, the first was a month
long, from mid November to mid December 2020. This was after the first wave of
the pandemic in both the UK and Finland when restrictions were easing (despite the
approaching second wave) and the university was open to considering visiting stu-
dents. The second trip was from mid June to the end of August in 2021. The delay
between the two trips occurred as a result of the second waves of the pandemic. The
majority of the repair work presented in this chapter is the work carried out in these

two trips.

3.3 Experimental repairs

3.3.1 Uninterruptible Power Supply (UPS)

To prevent any future power cuts causing damage to the experiment, an Uninterrupt-
ible Power Supply (UPS) was installed which will power the lasers, TA and the ion
pump. The Sentinel Pro 1000ER UPS system from Riello was installed and is used
with a extended runtime battery pack. This can support the lasers, the ion pump and
the TA on the experiment for approximately 55 mins in the case of another power

cut.

3.3.2 Vacuum system

A LabVIEW system was put in place to record and save the pressure measured
by the ion pump, with the possibility of remote monitoring from London in mind.
The LabVIEW program (developed for use at UCL by a colleague) reads the volt-
age outputted by the 4 UHV Agilent ion pump controller, which corresponds to a

pressure measurement, shown in Figure 3.9.
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Figure 3.9: Voltage to pressure conversion of ion pump pump controller, [61]

3.3.3 Repump slave ECDL

The slave laser for the repump offset lock is an ECDL arranged in the Littrow con-
figuration, as shown in Figure 3.10. The output of the laser diode passes through
a lens for collimation, and is then reflected off of a diffraction grating. Due to the
blazed grating, the first order reflection is reflected along the incident beam, and
thus provides optical feedback for stimulated emission from the diode. A tempera-
ture sensor and Peltier element are included for control of the cavity temperature.

Peltier
Diffraction

grating
|

Lens and
Horizontal Grating mount diode mount

adjustment | Collimation

adjustment

— Laser Diode

. s W= — =1 Temperature
I_Velftlcal |
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Figure 3.10: Diagram of repump slave ECDL in Littrow configuration

The zeroth order of the diffraction grating reflection is the output beam of the
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laser. The diffraction condition of the beam is given by

nA = 2dsin(6;), (3.2)

where d is the distance between the grooves of the diffraction grating, and 6; is the
angle of the incident beam. Hence, the wavelength of the laser can be tuned using
the angle of the diffraction grating. This is done in two ways; the first and coarser
method is the horizontal adjustment screw, which is manually turned. The second
is a piezo placed such that the diffraction grating angle can be finely tuned with its

expansion.

The broken diode was replaced. The alignment of the cavity was optimised by
reducing the lasing threshold. This is the laser diode current at which the laser’s
output is dominated by stimulated emission rather than spontaneous emission. It is
typified by a sudden increase in power output with increasing current. The threshold
is lowered by optimising the alignment of the laser cavity. This is done by changing
the vertical adjustment of the cavity, with the screw shown in Figure 3.10. The final
threshold current of the laser is shown in Figure 3.11, a plot of the laser’s output

power against the current of the laser diode.

Then the manual setting of the diffraction grating was done using an IR viewer
to observe strong fluorescence in a caesium vapour cell. After this, the optics after
the laser were realigned, and then the laser was reinjected into the beat note detector

for the offset lock, which is discussed in Chapter 4.

3.3.4 RadiantDyes NarrowDiode Cooling laser

Once the cooling laser’s temperature control circuit was repaired at RadiantDyes
and returned, it was reinstalled on the experiment’s laser table. The laser itself is a

different configuration to above, shown below in Figure 3.12

The light from the laser diode first passes through a collimation lens, then an
interference filter, the angle of which determines the frequency of the output. There

are two more (fixed) lenses for the collimation of the beam. Between those, the
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Figure 3.11: Current to the laser diode against the power output of the repump slave laser

Laser Collimation Interference Output coupler
diode lens filter

ifn

Piezo

i ‘;-.4
&

Mounts for z, Ox and 6y  Collimation lenses, fixed

Figure 3.12: Diagram of RadiantDyes NarrowDiode laser cavity.

piezo is attached to the output coupler of the cavity, thus varying the length of the

cavity for frequency variation.

After the installation, the laser cavity’s back-injection needed to be optimised
by lowering the threshold current as described previously. In this laser configuration

however, the position of the first collimation lens was adjusted instead.

Then the alignment for both the spectroscopy and the TA seed beam prepara-

tion was redone. The term seed beam refers to an initial beam that is amplified. In
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addition to this, upgrades were made to the locking system, switching from DAVLL
to a current modulation generated error signal, which affords more control over the

error signal.

3.3.5 Tapered Amplifier (TA)

The TA chip is set up within a larger box, as shown in Figure 3.13. Before the seed
beam reaches the TA (m2k-TA-0850-2000; m2k-laser GmbH), it passes through a
Brewster window and a lens. A Brewster window is a piece of optical glass cut at
Brewster’s angle, so that the 100% transmission of p-polarised light that occurs can
be exploited. Here, they are used to minimise reflections close to the TA that would

otherwise interfere with the stability of the TA and affect the power throughput.

The lens focusses the seed beam onto the TA. The lens mount has five controls
(shown in Figure 3.13). A and B change the x and y positions of the lens respec-
tively. C and D change Oy and Ox respectively. Changing C, D and E together

changes the lens’ z position.

TA mount Lens mount

Brewster

Window

Peltier

Aluminium Base

Figure 3.13: Diagram of TA chip and surrounding system. Inset of TA mount.

The TA chip is mounted in a DHP-F mount (Coherent, shown in Figure 3.13
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inset [62]), which provides the connections for the current supply. This sits on a
larger copper block alongside the lens mounts. The temperature of the TA chip is
maintained via the copper block, with a temperature sensor (AD590) and a Peltier

element (MCPE1-12707AC-S 55.6W; Multicomp).

The ideal position for the input lens was found by matching the size and shape
of the spontaneous emission of the TA to the seed beam prior to aligning the seed
beam to the chip. The seed beam was coupled to the chip using two mirrors at a low
current of 1.5 A with a seed beam of 12.3 mW. The positions and orientations of the
two mirrors were finely adjusted until amplification in the output power was seen
and then optimised. The position of the output lens also affects the power output,
so it was optimised by considering the amplification. The resulting output power of
the TA for currents up to 2.5 A with a seed beam of 12.3 mW is shown in Figure
3.14.
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Figure 3.14: Current supplied to TA against the power output, for a seed beam of 12.3 mW

Once the injection of the seed beam was optimised, the collimation of the

output beam was redone. The output lens, though optimised for power, is able to
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collimate the output beam in the vertical axis. However, due to the nature of the TA,
the output beam is far more divergent in the horizontal axis. To correct for this, a
cylindrical lens is placed just after the TA box. Then a telescope was used to scale
down the beam to a 1 mm width. These lenses are shown in the diagram of the

optical alignment, Figure 3.6.

3.4 Testing of repaired experiment

Once the repairs to the experiment’s laser system were completed, the experiment’s
functionality needed to be tested. This was done in two ways: first, a MOT was ob-
tained from the caesium reservoir, then from the offline 133Cs beam. Both are char-
acterised using fluorescence imaging. The absorption imaging software had some
issues, and since fluorescence imaging provided us with the information needed to
be able to test the system and continue with developing the experiment, fixing the

absorption imaging software was unfortunately not as high a priority.

3.4.1 MOT from caesium-133 vapour

Figure 3.15 shows an image of a MOT with a population of 175,000 atoms. Figure

3.16 shows the fluorescence level that is used to monitor the MOT population.

Intensity

Figure 3.15: Colour-scaled image of MOT from caesium vapour.
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Figure 3.16: Fluorescence of MOT captured from caesium vapour. Magnetic field turned
on at 17 s and off at 60 s.

The figures were obtained after optimising the beam powers, polarisation, an-
gles, gradient coils, compensation coils. Successfully obtaining a MOT from the
caesium vapour from the ampoule reservoir verified that all components of the ex-
periment, aside from the neutraliser and the PDMS coating, were functioning well.
This includes the lasers, the locking of the lasers, the tapered amplifier, the con-
ditions in the chamber, the gradient coils and compensation coils. In essence, all
of the parts of the experiment that had been damaged and then repaired, amongst

others.

3.4.2 MOT from offline caesium-133 ion beam

During the power cuts, the cold atoms chamber was exposed to atmospheric pres-
sure for long durations. It was therefore possible that the PDMS coating could have
degraded. The fact that a MOT was obtained from the caesium ampoule does not
assess the condition of the PDMS coating, as there are enough atoms available to
simply overwhelm any number of adsorption sites that exist in the chamber and still
have free caesium atoms available for trapping. To determine whether the coating

was functional, a MOT was obtained from the 133Cs™ beam. The use of the offline
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stable ion source and the beam line from the source until the beam switchyard was

obtained for a short time to test this.

To rule out the presence of caesium atoms from the ampoule test, the experi-
ment was run with the valve to the ampoule closed, and no MOT fluorescence was
observed. The trace shown in Figure 3.17 was taken just before the ion beam tests.
Once the gradient field was turned on at 20 s, there was no noticeable increase in
the MOT fluorescence, confirming that there were no Cs atoms left over from the

vapour tests.
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Figure 3.17: Confirmation of no visible MOT fluorescence prior to offline ion beam tests.
The green line at 20 s indicates the gradient field being turned on,

The current of the beam was measured via the neutraliser, and it was (4.8 £+
0.6) pA, which corresponds to (3.0 & 0.4) x 107 ions per second. The current was
measured at the neutraliser, as this is the only way of measuring the ion beam within
the cold atoms chamber. However, this method of measuring the ion beam current
is less accurate than the Faraday cup, as the secondary current that can be generated
by the impact of the ion beam onto the yttrium foil is not suppressed as it would be

for a Faraday cup [63]. The measured current is in fact inflated by the secondary



3.4. Testing of repaired experiment 83

current, meaning that the number of atoms from which

The MOT shown in Figure 3.18 was obtained at a neutraliser temperature of
984 K, and contains 250,000 atoms. A visible MOT was detected at neutraliser
temperatures as low as 698 K. This MOT confirms that the coating is reducing the
proportion of atoms that are being adsorbed to the surface of the chamber. Were this
not the case, then it would not be possible to trap a MOT due to the limited number
of atoms introduced via the beam. Though there was less concern about the status
of the neutraliser, this test also verified that the neutraliser was working well after

three years of not being used.
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Figure 3.18: Colour-scaled image of MOT from offline 13*Cs™ beam

In addition to this, whether the multi-step process of: the neutralisation of the
ions, the emission of atoms from the neutraliser, the thermalisation of atoms and
then the trapping of said atoms is happening quickly enough that an increase in the
MOT population can be seen when the ion beam is allowed into the cold atoms
chamber is strong evidence that the PDMS coating is functioning as needed. This
growth of the MOT population can be seen in Figure 3.19, a time trace of the MOT

fluorescence.
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During this test, the neutraliser was heated to a lower temperature of 733 K.
Higher temperatures produced a much larger MOT from the bulk of the neutraliser
which was quickly depleted, meaning that the observation of the MOT growing as a
direct result of the (4.8 4- 0.6) pA ion beam wouldn’t be possible. However, working
with a smaller MOT also meant that fluctuations in the background fluorescence
were noticeable. Under these circumstances, the absolute values of the number of
atoms in the MOT as obtained from the fluorescence level are unreliable. However,
the change in fluorescence that is detected when the MOT is released by turning
of the gradient field does still correspond to the number of atoms that were in the
MOT. So, the number of atoms in the MOT was found by turning the gradient field
off and measuring the change in the calibrated number of atoms value. As such,
Figure 3.19 instead has a relative vertical scale, and the number of trapped atoms

inferred from each instance of turning off the gradient field is labelled on the trace.
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Figure 3.19: Fluorescence of MOT captured from offline '>3Cs* beam. Green line indi-

cates when the gate valve between the beam and cold atoms chamber was
opened.

The size of the MOT was verified at two different points in the trace by turning
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the magnetic field off and noting the decrease in fluorescence measured. The gra-
dient field for the MOT was turned on at 15 s, then the magnetic field was turned
on and off again at 55 s, just before the valve was opened, and the MOT population
was verified as 4900. The valve was opened at 65 s (indicated by the green line
in Figure 3.19). The MOT was allowed to grow with the ion beam entering the
chamber until 355 s. In the space of 290 s, the MOT population grew from (4900 +
500) to (8200 + 500) atoms. This uncertainty has been obtained from the variation
in population before the ion beam entered the chamber. This growth in the MOT
population indicates that the coating was in a good enough condition for the ions to

be converted to atoms and then trapped in the MOT within minutes.

However, in addition to the rising background mentioned above, there are also
large fluctuations in the atom number during the time that the ion beam was allowed
into the chamber. If we consider the ion beam current as detected at the neutraliser
over a similar period of time, in Fig. 3.20, it is apparent that it also experiences

large fluctuations.
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Figure 3.20: Ion beam current as detected at the neutraliser.
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When the ion beam has fluctuations, those fluctuations in atom/ion number
are passed through the trapping process; through diffusion, thermalisation and trap-
ping, thereby causing an increased or decreased number of atoms trapped in the
MOT. The fluctuations present in Fig. 3.19 are large, comparable to 50% of the
starting MOT population. And in Fig. 3.20 the fluctuations are of a similar scale.
Furthermore, the fluctuations occur on a similar time scale, at 217 s in Fig. 3.19 and
100 s in Fig. 3.20. While these fluctuations make the MOT fluorescence trace more
difficult to interpret, they are in fact another indicator that the system is neutralising,

thermalising, and trapping atoms directly.

3.5 Offline caesium-134 & 3’ aesium-135 ion beams

This section discusses the sources for 13*Cs™ and 13Cs™, with details of their pro-

duction, and the progress to date in obtaining offline beams from them.

3.5.1 Irradiated caesium

As a result of a collaboration with Dr Ulli Koester at the Institut Laue-Langevin
(ILL), we obtained sources of 13*Cs and 133Cs. The ILL nuclear reactor produces a
high flux of neutrons, and this was used to produce radioactive caesium atoms. The

following process is carried out at ILL.

Diluted CsNOs solution is placed in quartz ampoules (outer diameter of 8 mm,
inner diameter of 6 mm, length of 45 mm) and dried, such that each ampoule con-
tains 5 pug of Cs and 2.3 ug of NOs. These are then placed into the path of the
neutron flux, where single or double neutron capture reactions can occur. This

leads to the production of '3*Cs and 3°Cs respectively.

The proportion of 3*Cs to 13°Cs that is produced via neutron capture reactions
depends upon the length of time for which the caesium is irradiated, as the amount
of 13Cs that is produced increases with the irradiation time. The first batch of
ampoules were irradiated for 10 days, as the goal was to create '3*Cs atoms. It was
estimated that these ampoules had 5 x 10'4 134Cs atoms, 3.3 x 1013 135Cs atoms and

2.2 x 10'6 133Cs atoms that were not transmuted. The second batch of ampoules
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were irradiated for 50 days to increase the amount of '>3Cs atoms produced. 2.0 x
1010 133Cs atoms are estimated to have remained unchanged, and 1.9 x 1015 134Cg

atoms and 6.5 x 10'* 135Cs atoms will have been produced.

As a consequence of the ampoules being irradiated, trace impurities within
the quartz are also activated such as 468¢, S1Cr, 057n, 957r, 124Sb. These pose no
contamination risk, as the active atoms remain in the quartz, even when the ampoule
is broken and crushed. The more serious risk of contamination comes from traces
of active atoms on the surface of the ampoules as a result of being handled by
equipment in the hot cell in which the irradiation takes place. This consists of 3!Cr,
%0Co and '2*Sb, and will be removed by washing the ampoules in acid before being

handled by our colleagues in Jyvéskyla.

3.5.2 Preparation of ion beam

The following work described was carried out by our colleagues from the Univer-
sity of Jyviskyld, as they have more experience working directly with radioactive

materials.

The ampoules contain CsNO3 at a concentration of 0.166 ttg/ml. A 50 ul water
droplet (corresponding to 2.56 x 10'3 atoms) is dried onto a piece of 6.6 mg/cm?
Tantalum (Ta) foil. To produce Cs™ ions, the atoms need to be heated quickly
and greatly, then the ions can be accelerated and guided towards the cold atoms
chamber. Unlike the offline 33Cs* beam, the ionisation of the caesium atoms in

these samples takes place in a ‘Hot Cavity’, pictured in Figure 3.21.

It consists of a metal ionisation tube in which the sample is placed, a copper
inductive heater coil, two water-cooled copper mounts that support the ionisation
tube and serve as electrical contacts for the inductive heater that are attached to
a base, and finally a suspension mount to the front of the tube through which a

thermocouple can be attached to monitor the temperature of the cavity.

The heating comes from either resistive heating or radio frequency (RF) heat-

ing. The former is the more simple method of heating where an electric current is
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Figure 3.21: Diagram of ‘Hot Cavity’. The actual cavity is the dark grey component within
the copper coil. The Ta foil is inserted into the cavity from the left.

run through the copper coil to provide heating. The latter is the method used for
higher temperatures and quicker rise times, where an AC current oscillating at ra-
dio frequencies is sent through the inductive heater to create a magnetic field that
will induce eddy currents in the ionisation tube. These eddy currents heat up the

ionisation tube and the sample inside it.

All throughout this process, several safety measures will have to be taken due
to the risks that come with working with radioactive materials. Indeed, the liquid
nature of the radioactive materials introduces additional hazards- the evaporation

and spillage of radioactive material.

3.5.3 Caesium-133 test beam

Along with samples of '3*Cs and '3°Cs, we were also sent samples of '33Cs pre-
pared in the same way as the radioactive specimens. These were used to test and
optimise the production of the ion beam from the ampoules, as well as establish the
above procedure for the preparation of samples, by our colleagues from the Univer-

sity of Jyviskyla.

To detect the ions in the beam, the current of the beam was measured at the
switchyard (shown in Figure 3.1). Figure 3.22 shows the measured current over the
20 hours it took to deplete the sample in the Hot Cavity. Integrating the graph gives
a total of 4.5 x 10'? jons detected at the switch yard. This means that we have an

efficiency of 18% for the Hot Cavity beam.
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Figure 3.22: The current detected at the switch yard due to the ion beam. The first 2.5

hours on the graph correspond to an initial period of ion beam alignment and
optimisation.

In addition to measuring the amount of ions in the beam, a mass scan of the
beam was taken (Figure 3.23). As the switch yard guides beams towards the correct
beam line experiments based on the mass to charge ratio of the beam, the solitary

peak at a mass of 133 verifies that the beam consists of 33Cs ions.
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Figure 3.23: Mass spectrometry measurement of the ion beam. The single peak at a mass
of 133 confirms that the beam consists of '33Cs.



Chapter 4

Offset Locking

One of the significant changes required when working with different isotopes of
caesium is that the frequency of the cooling and repump lasers will need to change,
as the electronic structures of the isotopes are shifted relative to the '33Cs isotope.
The following chapter covers the work done to assess these changes and develop
the apparatus to accommodate them. The frequency shifts that will need to be made
to the 133Cs isotope cooling and repump transitions have been calculated. Section
4.2 describes the set up of a frequency offset locking system which will enact the
frequency shifts. Due to the COVID-19 pandemic’s impact on international travel,

this was set up and characterised in UCL, and will later be installed in Jyviskyli.

4.1 Variation in cooling cycle frequencies with

isotopes and isomers

The shifted trapping and repump frequencies for '3°Cs, 134Cs and the metastable
135mCs isomer are calculated below. Though the main objective of the experiment is
to trap and cool the 13>"Cs isomer down to a BEC, the apparatus itself is designed to
trap atoms from an ion beam. '3>Cs and 13*Cs are longer lived isotopes of caesium,
and a 13*Cs MOT has not as yet been achieved, though a MOT of 13Cs was obtained
by Di Rosa et al. [64]. Furthermore, a potential source of the two isotopes has been

found, as discussed in Section 3.5.

To find the shifted frequencies, first the change to the fine structure splitting
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must be considered. Specifically, what the isotopic shift, &,, in the difference be-
tween the 6525, /2 and the 6p*Ps /2 levels is. The causes of this shift are mentioned

in Section 1.3. This was found for the isotopes and isomer in [65].

The hyperfine structure is caused by the interaction of the nuclear mag-
netic dipole moment with the electrons’ magnetic field, and the nuclear electric
quadrupole moment with the electric gradient of the distribution of charge in the
atom [21]. As these moments vary between isotopes and isomers, so does the hy-
perfine structure. For each of the species, the hyperfine energy shifts were calculated

using the below formula (previously mentioned in Section 1.3) [20],

1 IK(K+1)—2I(I+1)J(J+1)
0=AK+B 20(21 —1)2J(2J — 1)

4.1

where A and B are the hyperfine constants for the magnetic dipole and electric
quadrupole moments, / is the nuclear spin, J is the total electron angular momen-
tum. K is defined in Eq. 1.4. The parameters that differ from isotope to isotope are

shown in Table 4.1.

I | 8, /MHz | A(6S,,) /IMHz | A(6P;),) /MHz | B(6P;/,) /MHz
134cs | 4 33.1 2328.2 51.3 54.9
35¢s | 2| -364 2430.9 53.5 3.7
Bmes | 21 -17.6 713.6 15.7 126.6

Table 4.1: From left to right, the parameters for each species shown are: nuclear spin 7,
isotopic shift 6,, the magnetic dipole hyperfine constants for 65/, and 655,
and the electric quadrupole hyperfine constant for 6P ;.

As 33Cs has the same nuclear spin as the '33Cs isotope, the F values for the

hyperfine levels were no different as given by

F=|[—Jl,..|[[+J]

4.2)



4.2. Frequency offset locking 92

in steps of one, meaning that the cooling and repump transitions are still F =4 —
F'=5and F =3 — F' = 4. However, for 13Cs and 13*Cs, I differs which leads
to different F values. For 134Cs, the cooling transition is F' = % —F = 1—21, and the
repump is F' = % —F' = %. For 133 Cs the cooling transition is F = 10 — F' = 11,

and the repump is F =9 — F' = 10.
The transition frequencies are given by [20]:
AV = v, — 6 + 6 4.3)

where F and F’ are the lower and upper energy levels respectively, and V. is the
energy difference between 625, /2 and the 6°P; /2. The numbers calculated are shown

in Table 4.2

Transition Frequency/ MHz | Shift from 33Cs/ MHz
135Cs Cooling | 351 721 709.825 -250.705
135Cs Repump | 351 731 163.282 261.102
134Cs Cooling | 351 721 960.530 -543.805
134Cs Repump | 351 731 573.731 671.551
135mCs Cooling | 351 722 566.675 606.145
135mCs Repump | 351 729 456.680 -1445.500

Table 4.2: Summary of cooling and repump transition frequency shifts for '3°Cs, 134Cs,
and 139"Cs,

4.2 Frequency offset locking

4.2.1 Offset Phase Lock Servo (OPLS)

Ideally, when trapping any isotope of caeisum, the lasers would be locked to the

atomic transitions of the species being trapped. However, the manufacture of ra-
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dioisotope vapour cells comes with many difficulties. The cells are typically filled
with the alkali vapour by one of three main methods: evaporating pure liquid al-
kali metal, inducing a chemical reaction in an alkali compound, and dispensing the
vapour from a solid state dispenser [66]. Manipulating the active isotopes into states
from which the cell could be filled poses safety risks to those involved. In any case,
alternative methods of frequency locking would be needed for shorter lived species,

regardless of the feasibility of vapour cell production.

The locking scheme described in this chapter is known as frequency offset
locking. A master, or reference laser, is locked to a known atomic transition or
Fabry-Pérot resonator. For this experiment, the master lasers will be locked to !33Cs
transitions. The second laser, the slave laser, is locked a set frequency away from the
master, matching the desired frequency. The frequency offset between the two lasers
is monitored using a beat note. In general terms, this is a signal that is produced
when two waves of slightly different frequencies (fi and f;) are summed, where the
resulting signal has a periodic variation in amplitude. The variation in the amplitude
occurs at the frequency difference between the two superposed waves, |f] — f2|
known as the beat frequency [67]. In this case, the signal is produced by overlapping
the two laser beams, and the beat frequency is detected in the intensity of the beam

using a photo diode.

The frequency offset locking scheme set up in London was the Vescent D2-
135 Offset Phase Lock Servo (OPLS). It is capable of phase locking or frequency
offset locking, in the event that phase locking is not possible. Figure 4.1 shows

a schematic of the internal circuit of the OPLS. Beams from both the master and

Slave Beat Note Divide |, [pppl. Cp - Loop
Master Detector by N ’J Filter

VCO
External A

VCO

Figure 4.1: Schematic of the OPLS internal circuit, illustrating how the beat note is con-
verted to an error signal. PFD: Phase Frequency Detector, CP: Charge Pump,
VCO: Voltage controlled Oscillator.
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slave laser are overlapped to and injected into a fibre, which is connected to a beat
note detector. The OPLS is capable of locking to wide range of offset frequencies,
from 250 MHz to 10 GHz. The upper limit of this range is dictated by the highest
frequency the fast photo-detector in the beat-note detector can detect. In order to
facilitate this large range of frequencies, the beat frequency is divided by a power
of two, either N = 8,16,32,64, and then compared to the reference signal. The N
value is chosen via a front panel setting. The internal Voltage Controlled Oscillator
(VCO) can be set to produce reference signals for offset frequencies which, once
multiplied by the N value, range from 385 MHz to 10 GHz. Reference signals for
frequency offsets as low as 250 MHz can be used with the use of an external signal

generator.

The divided beat frequency and the reference signal are then input into the
Phase Frequency Detector (PFD), where their frequencies and phases are compared.
The PFD outputs a signal proportional to the phase difference between the lasers,
which is then used to create the error signal for phase locking. In the event that
phase locking is not possible, the PFD compares the beat and reference frequencies
and outputs a signal proportional to the difference between them. The PFD output
passes through a charge pump, a circuit in which capacitors are used to produce
higher voltages [68], and a loop filter which provides the feedback going to the
slave laser to maintain the frequency of the beat note. The error signal shown in
Figure 4.2 is symmetrical, and the reflection point (shown in blue) is where the

master laser is locked.

The loop filter has PID feedback for the locking. The output, u(¢) of a PID
feedback loop is given by Eq. 4.4 [69]

t ()1 Kp dz(tt)

u(t) = Kpe(t) + Ki | (4.4)

e
0

where the error, e(7), is the discrepancy between the value to be maintained and the
measured value in the feedback loop. The constants Kp, K; and Kp determine the

size of the contribution that each response has to the overall output, and in electrical



4.2. Frequency offset locking 95

3 M
2_
> 1
©
c 0
o
(V)]
=1
o
| -
|-
o,
_3 4
-4
—400 -300 -200 -100 0 100 200 300 400

Frequency MHz

Figure 4.2: Error signal produced by the OPLS, the blue line shows the reflection point of
the signal, which is where the master laser has been locked

terms, they are the gain for each part of the circuit. The proportional response is
determined by the error at any one time. The integral response is determined by the
sum of the error over a given time. And the differential response is linked to the rate
of change of the error. The Kp and Kp gains can be tuned in the OPLS, as well as

the corners of the PID loop’s transfer function, shown in Figure 4.3 [70].

A transfer function defines the output of a system for every possible input [71].
Figure 4.3 shows the gain of the feedback response for a perturbation of a given fre-
quency. There are three corners in the function, the first is f7, the frequency where
the feedback loop switches from an integral response to proportional response. The
second, fp, is the frequency at which the feedback loop response switches from a
proportional response to a differential response. The third, yF is a high frequency
cut-off. The differential response will only increase for higher and higher frequen-
cies, a cut-off point is needed to prevent the differential response from amplifying

high frequency noise in the circuit.
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Figure 4.3: Transfer function of the OPLS, shown with three corners in the function- f;, fp
and f HF

4.2.2 Optical alignment

The lasers used for the characterisation of the OPLS in this chapter lacked the ca-
pability to be locked with feedback going to the current of the laser diode, which is
required for phase locking. Hence only frequency offset locking has been demon-

strated. The laser apparatus that was used for this is shown in Figure 4.4.

The master ECDL laser alignment includes a DAVLL arrangement, explained
in Sections 2.2.1 and 2.2.3. While it was not strictly necessary for frequency offset
locking, the slave ECDL laser’s alignment also includes a SAS arrangement (also
explained in Sections 2.2.1 and 2.2.3), so that the frequency of the slave laser could

be monitored in relation the master laser lock position.

The beat note detector requires an input power in the range of 50 yW to 1 mW.
Beams of 350 uW were taken from both laser and are combined at an NPBS, as a
beat note would not have been produced had the two beams been of orthogonal po-
larisations. The beams were coupled into the fibre after passing through a telescope
to reduce the size of the beams and an additional lens that aided the injection of the

fibre.
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Figure 4.4: Optical alignment used with the Vescent OPLS. The master laser is shown in
red, the slave laser in purple.

4.2.3 Beat note and locking

Initially, both the master and slave lasers were tuned to the cooling manifold. The
spectroscopy of the slave laser and the error signal could be seen together (as shown
in Figure 4.5). Hence, the beat frequency, the reference signal and the position of
the error signal could be compared and confirmed to correspond to one another,
before moving on to larger frequency offsets. The spectroscopy of the slave laser
also allowed the monitoring of the condition of the laser. The beat frequency was

observed on an Anritsu MS2718B spectrum analyser.

Once the beat note was found and only a very basic frequency lock was ob-
tained, the parameters for the PID loop were optimised. These are the values of the
proportional and differential gain (Kp and Kp), and the corners of the PID function
(f1, fp and fyr). A comparison is made in Figure 4.6 between the beat frequency

when it was unlocked and locked with optimised parameters. The locked beat note
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Figure 4.5: Error signal (red) shown with spectroscopy of slave laser (green). The x-axis is
frequency from master locking point

appears to have a larger spread of frequencies in it than the unlocked beat note.
However, the amplitudes of the other frequencies in the beat note are comparatively
low, meaning that the wider spread of frequencies that comes with locking the slave
laser should not make a significant difference to the experiment. In addition to this,
the purpose of offset locking has been achieved, in that the main frequency of the

locked beat note is maintained for up to an hour after initial locking.

Frequency offsets up to 9.9 GHz were successfully locked to, with more fo-
cus given to the 120 MHz - 2 GHz range as that is where the repump and cooling
frequency offsets fall for the isotopes and isomers considered. This range is shown
in Figure 4.7. The lowest frequency offset that can be achieved with the OPLS is
quoted as 250 MHz. However in practice, it was found to be 200 MHz, which pro-
vides a good overlap between the frequency alteration that can be provided by an
AOM with a single laser system. Now, with the offset locking system characterised
and established, it will be installed in Jyvéskyld. This will replace the current sys-

tem of having multiple double pass AOMs instead of one double pass AOM before
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Figure 4.6: Locked and unlocked beat frequencies as seen on the spectrum analyser, with
optimised locking parameters.

spectroscopy.
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spectral analyser.



Chapter 5

Cold Atom Magnetometry

In addition to working on the caesium experiment in London, I also worked on a
cold atoms rubidium experiment, where the cold atoms have been used for optical
atomic magnetometry. The preparation of the cold atoms for the magnetometry
has a large overlap with the isomer trapping experiment in Chapters 2 and 3, and

working on this in the intial stages of my PhD was beneficial.

The magnetometer presented in the following chapter is a Radio-Frequency
Optical Atomic Magnetometer (RF-OAM). Using atomic spin and a coherent source
of light to detect magnetic fields was proposed by Dehmelt [72], and first achieved
by Bell et al. [73]. Much of RF-OAM research uses atoms at room temperature
or above, known as thermal RF-OAMs [74, 75, 76]. However using cold atoms
for atomic magnetometry is an attractive prospect. Current radio-frequency atomic
thermal magnetometry experiments are limited in spatial resolution by the size of
the vapour cells used. However this is an issue that does not affect cold atom mag-
netometry, where there is more control over the atomic motion, atomic samples of

smaller volume, and also fewer collisions [77, 1].

This work was completed with Yuval Cohen, Dr Luca Marmugi, Michela Ven-
turelli, Sindi Sula, and with assistance from Cameron Deans. It was published in
Applied Physics Letters with the title A cold atom radio-frequency magnetometer
[1]. The magnetometry specific additions to the experiment, data collection, and

data analysis were carried out for the most part by myself and Yuval Cohen.
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5.1 Working principles

RF atomic magnetometry relies upon an effect known as Larmor spin precession
[78], where the electronic spin with Zeeman split energy states will precess about
an external magnetic field. The frequency of this precession is known as the Larmor
frequency. Its value is dependent on the magnetic field causing the Zeeman splitting
between the magnetic sub levels. The precession involves the atom moving between

the mp states, once the degeneracy has been lifted by Zeeman splitting.

This precession alters the optical absorptive properties of the atoms. Specif-
ically, the 0™ and o~ polarised components of light experience different phase

shifts, ¢ and ¢_ respectively. They are given by [79]

27l

O+ = = (5.1)

where [ is the length of the atom sample along the probe beam, A is the wavelength
of the probe beam and 74 is the refractive index for 6= polarised light. For the
overall beam, this causes the rotation of a linear polarisation, which occurs at the
Larmor frequency and thus the frequency can be observed. This rotation is known
as Faraday rotation. From this, the magnetic field splitting the levels can be found.
This is how DC fields can be detected. AC magnetic fields can be detected by
using a known DC magnetic field for Zeeman splitting, then exposing the optically

pumped atoms to this field to drive the precession.

However, if all of the spins are out of phase with each other, all the polarisation
shifts will cancel out, and no Larmor precession will be detected in the probe beam.
To avoid this, all the atoms are optically pumped ([80, 81]) into a specific mp state
before their precession is driven, in order to have a coherent Larmor precession

signal.

Consider the simplified case of a two state atom with mr = 0, +1 for the ground
state and mj, = 0, £1, £2 for the excited state, being pumped by 6 light as pictured

in Figure 5.1. ¢ will pump the atom into the excited state and increase mg by
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Figure 5.1: Optical pumping with o™ light being used to polarise atoms with two states
and three Zeeman split levels.

1, as shown in Figure 5.1. The atom will then decay to a ground state Zeeman
sub-level with probabilities given by branching ratios, via transitions allowed by
selection rules Amp = 0,=£1, also shown in Figure 5.1. In this way the atoms can
be continually pumped until they all decay down to the mp = +1 state. This is
possible, as an atom in this state will be excited to the m} = 42 state, which can
only decay back down to the mr = +1 state. This is also possible with o~ light, in

which case the atoms would be pumped into the mp = —1 state.

5.2 Apparatus and procedure

The science chamber used for the cold atom magnetometry is identical to the one
used for the caesium double MOT system in Chapter 2, and a loading MOT is also
used here. The six counter propagating beams for cooling and repump lasers are
incident on the glass cell. The cooling laser is a 780 nm MOGLabs MSA003, a

semi-conductor laser amplifier with an in-built seed laser.

It is tuned - 1T to the red of the ®’Rb 5528 5, F =2 — 5p*P; 5, F' = 3 tran-
sition with I' = 27 x 6.066 MHz being the natural linewidth. The average intensity
of the beams is 7.5 mW cm ™2 . The repump laser is a MOGLabs CEL002 tuned to
the 3’Rb 5525, 2. F=1-=5 PP /2, F =12 transition and has an average intensity
of 1.4 mW cm™2. There are coils in the anti-Helmholtz configuration that create a

magnetic field gradient of 32 G/cm.
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In addition to standard cold atoms equipment, there are magnetometry specific
elements, as shown in Figure 5.2. There is an additional pair of coils for the homo-
geneous bias field that creates Zeeman splitting in the atoms for the optical pumping
stage, known as Bp;,s. There is a single coil attached to the glass cell, and this pro-
duces an AC magnetic field that will drive the Larmor spin precession, known as
Bgrr. The RF coil is driven by the internal oscillator of the lock-in amplifier (AME-
TEK 7230 DSP). This effectively replicates fields that would be measured using the
magnetometer. There is also the probe beam, a separate RadiantDyes NarrowDiode
laser that has been tuned to the 33Rb 5525, /2. F=3—-5 PP /2. F=3 /4 crossover

with an intensity of 257 uW cm™2.

The probe beam emerges from the science
chamber and is then incident upon a PBS. This separates the different linearly po-
larised components, which are subsequently fed into a dual photodiode, where the
difference between its two channels is given as an output, which will show the Fara-

day rotation at the Larmor frequency.

The sequence for the magnetometry procedure consists of preparing the cold
atoms and then carrying out the magnetometry. The first stage of the procedure was
to obtain a MOT. The MOT is loaded for 7 s before the next stage. The MOT is
then compressed for 12 ms by rapidly increasing the magnetic field gradient to 59
G/cm. The cooling laser is detuned to -2I". Next, the atoms are cooled for 7ms using
Polarisation Gradient Cooling (PGC). For this stage the magnetic field gradient is
turned off. The cooling laser is now detuned to -4I" and the intensity is reduced to 3
mW cm 2. This brings as many as 10® atoms down to a temperature of (19 +4)u

K at a density of 10'° cm™3. This concludes the ‘cold atoms’ part of the procedure.

The next step is to prepare the atoms’ spin polarisation, with the atoms in a
single state, FF = 2, mp = +2. Bp;,s 1s turned on. The cooling laser is blocked,
while the repump is tuned to the 3’Rb 528, 2 F=2— 5°P; /2 F ' = 3 transition
and is o polarised. Finally, Bgr is turned on for 10 ms to drive the atoms’ preces-
sion. Simultaneously, the probe beam is triggered so that the Larmor precession is

observed.
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Figure 5.2: a) shows the glass cell containing the cold atom cloud with the coils that pro-
duce Bpj,s and Bgr, and the optical pumping and probe beams. b) shows the
top view of the apparatus and the probe beam’s path after interacting with the
atoms, with a schematic of the data acquisition system. The bias coils are
placed on top of the coils that create the gradient field for the MOT, Bgqq-
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The signal from the polarimeter is acquired for the whole of the RF pulse
phase. It is then fed to the lock-in amplifier (AMETEK 7230 DSP) and a digital os-
cilloscope (Tektronix DPO2014). The lock-in amplifier, together with a LabVIEW
data acquisition system, was used to quickly build up RF spectra for the optimisa-
tion of the magnetometer. For data taking, the input was sent to the oscilloscope
which was triggered to collect the polarimeter signal during the 10 ms. A typical
polarimeter signal is a sine wave oscillating at the Larmor frequency with an ex-
ponential decay component. This is then passed on to a LabVIEW program for

analysis.

5.3 Results and analysis

5.3.1 Response of magnetometer

The decay constant of the exponential component of the magnetometer’s output
signal is found to be 7 = (8.4 £ 0.3) ms. The amplitude of the Larmor oscillations
reduces as the number of atoms undergoing coherent Larmor precession decreases.
One mechanism through which atoms could no longer contribute to the signal is
if they escape the atom cloud. Yet this is unlikely to contribute to the decay of
the signal, as the MOT lifetime is on the order of 10> ms. The sources of noise
that could quicken the decay of the signal are alkali-alkali collisions and random
magnetic fields in the environment. Thus, the decay of the signal can be ascribed to

the finite nature of coherent precession.

The magnetometer’s sensitivity can be calculated as [82]

_ Brr

= SNR (5.2)

where 0B is the sensitivity, Bgp is the field produced by the RF coil that drives
the precession of the atoms and SNR is the Signal to Noise Ratio. The SNR is
the ratio between the Fast Fourier Transform (FFT) of the polarimeter signal, and
the noise signal. The noise signal is obtained by running the measurement without

triggering Bgr and is shown in Figure 5.3 along with the signal. Equation 5.2 gives
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a sensitivity of 330 pT/+/Hz. This is consistent with an alternative definition of

sensitivity in Equation 5.3 [83],

/] r
6B, = S (5.3)
grUpB SNR

where I is the linewidth of the RF resonance, gr is the Landé factor.
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Figure 5.3: FFT of polarimeter signal for Larmor oscillation, and a noise FFT.

5.3.2 Operational range

The cold atom magnetometer is capable of measuring AC magnetic fields over a
broad range of frequencies. Figure 5.4 shows displays operation from 16 kHz to
100 kHZ. There are small changes in the signal height, and negligible changes to
the linewidth across the frequencies, however the sensitivity is consistently below

nT /+/Hz across the explored frequency range.

Due to the large tunable range of the magnetometer, it can be used to measure
DC magnetic fields, as mentioned in 5.1, as different resonant frequencies would be

detected for different DC fields. The operational frequency range shown by Figure
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Figure 5.4: Lorentzian fits of data acquired using the lock-in amplifier, with resonant fre-
quencies of 17 kHz, 52 kHz, 75 kHz, and 99 kHz.

5.4 corresponds to DC fields between 22.7 mG and 142.3 mG. The large operational
range is also significant for AC magnetometry in the context of electromagnetic in-
duction imaging (EII) [84]. EII uses an oscillating magnetic field to induce eddy
currents in conductive materials, which cause secondary fields. These secondary
fields are measured using an atomic magnetometer, and vary depending on the con-

ductivity of the material.

5.3.3 Effect of atom number

The ability to control the number of atoms used for magnetometry is one of the
main things that sets cold atom magnetometry apart in the field. Figure 5.5 shows
how the sensitivity varies with atom number in the cloud, with a constant atomic
density of 3 x 10! cm—3. The relationship between atom number and sensitivity is

typified by a power law [74],

8B = aN? (5.4)
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Figure 5.5: Sensitivity of magnetometer as a function of the number of atoms.

where N is the number of atoms, a is a constant, and b = -1.17. The 95% confi-
dence interval for this estimate is [-1.32, -1.01]. This relationship gives important
information on the limits of the magnetometer. Spin projection noise is the noise
associated with the quantum fluctuations in measured populations [85]. If this was
the factor limiting the sensitivity of the magnetometer, then a b value of -1/2 would
be expected, as is predicted and observed for thermal magnetometry [74]. As this
is not seen in the data, it is thought that the main limit on the sensitivity of the mag-
netometer may be due to magnetic noise and gradients. This could be counteracted
by shielding the apparatus with mu-metal. Or a compensation coil system that uses
a fluxgate sensor and a feedback loop (as described in [83]) to actively stabilise
the field around the magnetometer could be implemented to combat the effect of

magnetic noise.



Chapter 6

Conclusions and Outlook

6.1 Summary

The trapping and cooling of nuclear isomers involves both nuclear and atomic
physics. Pursuing this requires knowledge and experience from two different spe-
cialities as well as specialised apparatus. This led to a situation in which the exper-
iment and the nuclear expertise were in Jyviskyld, and the laser cooling expertise
was in London. As a result, I have worked on a few different experiments, all of

which are reported on in this thesis.

First, an experiment in London where the stable isotope of caesium, '33Cs, is
trapped and cooled in a MOT, was discussed. This is used as an analogue to the ex-
periment in Jyvéskld. A laser system including a TA was set up and a double MOT
system was constructed, with one MOT connected to an LVIS beam to supply the
science MOT. The MOT’s temperature and population size were characterised using
an absorption imaging system, while the decay rate was found using fluorescence

imaging.

Then the training I gained in London was put to use in an experiment situated
on the IGISOL beam line in Jyviskyld, Finland. However, due to several city wide
power cuts, the experiment suffered considerable damage. Aside from the Radiant-
Dyes cooling laser, which was repaired by RadiantDyes, I undertook the repairs to
the laser system. This involved re installing the cooling laser, the TA and repairing

a slave laser for the repump laser.
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After the repairs were made, the experiment was tested by obtaining a '33Cs
MOT from a vapour, specifically confirming that the laser system was functioning
well enough for trapping. However, this did not give any indication as to the state
of the PDMS coating, nor did it assess the performance of the experiment in the
context of trapping atoms from an ionic beam. So, a MOT was found using the
off line 33Cs™ beam, verifying that the neutraliser and the coating were in good
condition. Aside from getting a MOT from the ion beam, the direct growth in the
MOT population once the ion beam was allowed into the cold atoms chamber was
observed. This meant that the coating was capable of thermalising atoms quickly

enough that they could be trapped within minutes.

As the electronic structure shifts for different isotopes and isomers, the altered
cooling and repump laser frequencies for species of interest were calculated. Having
found these, a Vescent D2-135 Offset Phase Lock Servo (OPLS) was set up to
accommodate these frequency changes. The range of frequency offsets available

with the OPLS was 200 MHz - 9.9 GHz.

The final experiment discussed used a 8’Rb MOT for radio frequency atomic
magnetometry, which I worked on as part of my initial training. Laser-cooled atoms
were used to detect AC magnetic fields. The magnetometer has a sensitivity of 330
pT/v/Hz, and is able to operate over a range of radio frequencies, 17 kHz - 99 kHz.
It was also possible to vary the number of atoms available for magnetometry, which

leads to higher sensitivities.

Unfortunately due to the repairs needed to the experiment and the ongoing
COVID-19 pandemic, progress in trapping isotopes and isomers was hindered. The

following sections discuss upcoming work that had been delayed.

6.2 Offline caesium-134 & caesium-135 ion beams

The offline sources mentioned in Section 3.5 have been used to produce a 133Cs™
beam. Further tests will entail obtaining a '>3Cs MOT from this beam source. This

would involve confirming what amount of the CsNO3 solution is needed for the
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beam to get a visible MOT, and this could give an estimate of the efficiency of the
entire process, from the CsNO3 to the MOT. Such an estimate would be valuable
information for the subsequent goals of producing '3*Cs and !3°Cs ion beams and

trapping them.

An assessment on the logistics of using ampoule samples to capture MOTs of
134Cs and 13°Cs can be made by considering the data gathered to date and presented
in Sections 3.4 and 3.5. First, the procedure by which different detunings of the
two calculated trapping frequencies are found will be described. The cooling laser
detuning will be varied between + 2I" using the offset lock described in Chapter
4, in steps of about 0.2I". Then for each cooling laser detuning, the repump laser
will be cyclically varied by inputting a 10 mHz triangular wave form in to the offset
lock for the repump. The peaks and troughs of the wave form will correspond to the
upper and lower bands of the repump detuning, + 100 MHz about the calculated

frequency.

Fig. 3.20 shows a total of 4.5 x 10'? ions detected at the switchyard. The
efficiency between the switchyard and the neutraliser is 43%, so this would translate
to 4.5 x 10'? ions at the neutraliser from a single sample. The ampoules with the
highest concentration of radioactive isotopes are those that were irradiated for 50
days, with 8.4% of the atoms being 13*Cs and 2.9% being '3 Cs. This would give us
1.6 x 10! ions of **Cs™, and 5.6 x 10'° jons of '3>Cs*. The highest stable current
from the ampoule in Fig. 3.20 was around 23 pA. Were this current maintained, the
sample would be depleted after 8.7 hours. At the neutraliser this would be 8.7 hours
of 9.89 pA, 0.83 pA for **Cs™ and 0.29 pA for 13Cs™.

Another consideration is that the current measured at the neutraliser is likely to
actually be smaller due to the secondary current produced by the impact of the ion
beam. The current measured at the neutraliser will be used as a reference point in

the following assessment, and any inaccuracies in the current should be normalised.

The procedure above will allow for two cycles of repump detuning in a little

over three minutes. Together with relocking the cooling laser, it can be assumed
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that each cooling laser detuning will take at least 5 mins to investigate, of which
there may be up to 20. So the minimum amount of time required for fully scanning
the detuning of the two lasers would be 1 hour and 40 minutes. Since this is much
less than the 8.7 hours that would be available at the highest stable ion beam current
observed, preliminary MOT detunings may be found with one sample, if not with

two.

The exact strategy may depend on the limitations of the current of the ion
beam produced. If a higher current is possible, then we would be able to have a
higher current of our desired isotope coming into the chamber for a shorter time
comparable to one full detuning sweep, and things may proceed as they did (or
better) for the MOT showing growth directly due to the ion beam. With trapping
a limited number of isotopes at as of yet uncertain frequencies, there would be
no issue of a large bulk of atoms emitted from the neutraliser obscuring results as
was the case in the testing of the coating. Instead it would be possible to have the
neutraliser heated to the optimum temperature of 900-1000 K. This would mean
that the maximum of atoms that could be emitted from the neutraliser at any given
time would be. If a larger ion beam current was not possible, then the neutraliser
could be loaded for a short while between each round of tests, so that when the

optimal detuning combination is used, a MOT signal will be seen.

6.3 Planned apparatus updates

6.3.1 Pneumatic gate valve

In order to protect the cold atoms chamber from room pressure in the event of
another power cut, a pneumatic gate valve will be installed in front of the turbo-
molecular pump. The gate valve is a CF 100 Pneumatic Bellows Sealed Gate Valve
from Kurt J. Lesker. In the event of a power cut, the gate valve will shut, and
prevent the venting of the system through the turbo-pump and scroll pump if they

have turned off.
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6.3.2 MagneTOF detector

Currently the current of incoming beams is measured using the Faraday cup and the
neutraliser foil. The lowest current that Faraday cups can detect is 1072 A. While
this is more than suitable for the offline 133Cs* source (4-7 x 10712 A), radioactive
beams will have smaller currents. A MagneTOF detector from ETP Electron Mul-
tipliers will be installed in the setup. It is capable of measuring incoming ions at a

rate of 10'” ions per second down (1.6 x 10~ A ) to a few ions per second.



Appendix A

Fluorescence imaging MOT

population calibration

This appendix outlines the process by which the fluorescence of the MOT as de-
tected by a CCD camera is used to measure the number of atoms in a MOT [86].
The population of the MOT can be related to the counts measurement by the CCD

camera by the following equation:

N

= (A.1)
nTch‘sctexp

Nyor

where N, is the number of counts that the CCD detects, 7 is the quantum efficiency
of the sensor, T is the transmission coefficient for the imaging apparatus, Q2 is the
solid angle, 7.y, is the exposure time of the sensor and I'sc is the scattering rate,

which is given by:

" 61/I;
T 21+(61/1) +4(5/T)2

(A.2)

where T is the natural line width for the 6525, 2 6p>Ps /2 transition, / is the in-
tensity of the MOT beams, I is the saturation intensity for the cooling transition

6525, 2. F=4— 6p°P; /2.F =35, and 0 is the detuning of the cooling laser.

The solid angle is calculated using the following equation:

I 2
Q= 1 (Dfn> (A.3)
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where F is the focal length of the objective prior to the CCD, and D is the distance
between the MOT and the aperture. f, is the focal length of the objective divided
by the aperture diameter. The above was used in a LabVIEW program that can

simultaneously provide a live image and population of the MOT.



Appendix B

Baking of vacuum chamber

To reach Ultra-High Vacuum (UHV), which includes pressures from 10~ mbar to
10~'2 mbar, vacuum chambers must be baked. This refers to the process of heating
the chamber to high temperatures to increase the desorption rate of contaminants

from the chamber’s inner surface while pumping away the released contaminants.

The temperature of the chamber is raised using heating tapes wrapped around
it. Uniform heating of the chamber is ensured by placing three layers of aluminium
foil over the chamber and heating tapes. The temperature of the baking is slowly

raised in increments of 10 °C every 20 minutes until the final temperature is reached.

The final temperature of the bake varies depending on the nature of the cham-
ber. A standard steel cold atoms chamber such as that shown in Section 2.2.2 can
handle higher temperatures than the glass chamber with the PDMS coating in Sec-
tion 3.1.4, though the steel glass connections of the former must be heated with care.
The level of suspected contamination also affects the final temperature, as well as

the baking duration.



Appendix C

PDMS coating procedure

The procedure for applying the PDMS coating to the Pyrex cold atoms chamber is
based on the procedure outlined in [35]. It consists of four main stages; cleaning,

evacuation, coating and installation.

First, the pyrex cell is cleaned with a mixed solution of methanol, ethanol
and potassium hydroxide (KOH). The exact proportions are 45% methanol, 45%
ethanol and 10% KOH. The KOH must be added after the two alcohols are mixed,
and stirred at length. The solution heats up to around 40 °C when it is added. After
rinsing the cell with this mixture, it is additionally rinsed with de-ionised purified

water five times over.

The cell is then evacuated with a scroll and turbo pump that are directly con-
nected. The cell is gently baked using heating tapes, the temperature is slowly raised
until 120 °C is reached. This evacuation continues until the pressure of the chamber

stabilises at 10~® mbar.

The PDMS coating is diluted with ether such that the solution is 5% PDMS
and 95% ether. This is placed in the chamber and the cell is rotated at a rate of 1
Hz until the entire inner surface has been coated. The excess solution is disposed
of. The chamber is once again evacuated directly to the scroll and turbo pumps, and
baked at a temperature of 100 °C. This continues until the pressure reaches a stable

minimum.
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Then the cell is installed back onto the main line. The neutraliser along with
its supports is placed within the chamber, before it is mounted onto the CF40 cross
piece (shown in Figure 3.3). Then the final gentle baking (around 100 °C) of the
chamber as well as the closest parts of the beam line is done. After this, the passiva-
tion of the coating takes place. This entails exposing the coating to caesium vapour
from the ampoule attached to the vacuum system. As the vapour moves throughout
the chamber, the adsorption sites of raw coating interact become occupied with cae-
sium atoms. The progress of the passivation is monitored by the growing population

of a MOT.
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