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Abstract

Study of the quantum phenomena present in interacting ultracold gases has led to many
fascinating discoveries and applications, such as quantum computing and more precise mea-
suring of time to amazing accuracy of 1 part in 10−18. The future of innovation lies within
the world of the small and so many physicists have devoted their efforts into probing into
this frontier.
This thesis is concerned with manipulating atoms in the alkaline earth metal, strontium-88,
which have the property of long-range dipolar interactions that come about from coherent
exchange of photons on the 3P0 �3D1 transition. A look back into the historical develop-
ments of the techniques used for long range interaction experiments is shown, followed by
the present methods used for achieving laser cooling and magneto-optical traps (MOTs).
This is followed by a description of the experimental setup used inside of the lab to cool
and trap approximately 1 billion Sr atoms to temperatures of 1.1 mK at a density of 1011

cm−3 inside of a blue MOT. The lifetime of the trapped 3P2 state is shown to be 1.1 seconds.
Zeeman sideband spectroscopy allows measurement of the Landé g factor of 3D1 state which
is shown to be 0.4995(88) which is in good agreement with the theoretical Landé g factor
value of 0.4988. The 2.6 µm laser is currently free running but a specialised cavity housed
within a titanium chamber has been created to allow stabilisation.

Further plans for the future of this experiment are outlined as circumstances did not
allow these to be completed. After construction of the novel adjustable length 2.6 µm cavity,
the next step would have been to integrate this into the experiment. This should increase the
number of the captured atoms and perform even better Zeeman spectroscopy. The plan is
to then develop the cross laser trap for the dipole 1.06 µm laser. Further evaporative cooling
could be performed on the MOT with this installed to achieve denser samples of atoms. This
BEC would use a different isotope of 84Sr due to its much better elastic scattering compared
with that of 88Sr which actually has a negative value of -2. The optical lattice for the sample
can also be performed using the 813 nm laser, frequency doubled to 412 nm and even more
upgrades to the vacuum system can be made for better results.
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1 Introduction to cold atoms and their applications

This project aims to achieve the observation of a long range interaction between strontium
atoms but before this can be done there must be adequate preparation of the atoms before-
hand. The atomic sample must be cooled and dense enough to enter a new state of matter
in a Bose-Einstein condensate for which the techniques of laser cooling, optical lattices and
magneto optical trapping are required. This introductory chapter will explore the origins
of these techniques and how they are being applied both inside the lab and outside in the
world to achieve greater levels of metrology.

To be clear, the aim of this project is not to develop a clock but it may be helpful to
consider their development to better understand the physics of cold atoms.

Atomic Clocks

The world that humans have interacted with over the course of their history for the most
part can be understood using classical mechanics which came about by observations made
using the most rudimentary of instruments - human senses. With a limited range of vision
(400-700 nm) corresponding to the visible light spectrum, a range of hearing from 20 Hz to
20 kHz bested by many other mammals as well as taste, smell and touch, human beings are
essentially blind and deaf to their surroundings regarding the universe.

Science is able to enhance the human senses by using innovative measuring instruments
to probe the universe in ways humans cannot access which leads to a better understanding
of how physical interactions occur. Something that the human body is purported to have
is an internal clock, something that has evolved alongside nature to help regulate humans’
existence over the course of days by using the Sun [1], months by using the Moon and years
according to the changing of the weather with the four seasons.

The idea of time and the measurement of it was a major contributor to how early hu-
mans could effectively track harvests, plan for journeys and eventually create more precise
and better instruments for science, such a bag of sand with a hole replaced with an hour-
glass that then develops into a stopwatch. The best and most accurate clocks of today come
about from studying the interactions of atoms on the nanoscale and below. When deal-
ing with objects of such a small size, weird things can happen that baffle human common
sense ideas, such as quantum tunneling - a particle that can be found outside of a poten-
tial barrier that it was supposedly trapped inside, lacking the energy to escape [86]. This
would be analagous to seeing a ping pong ball inside a cardboard box suddenly roll through
the wall and there are many other quantum phenomena that occur down at the atomic scale.

Every clock generally needs three things in order to function: 1) an oscillator, 2) a counter
and 3) a frequency reference. The oscillator is needed for a regular tick which may be a swing-
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ing pendulum in old style grandfather clocks, an electrical oscillator in a watch or the laser
for an atomic clock which is a defined amount of time tcyc. The counter would then count
up the number of these to work out the amount of time that has passed using tclock = Ntcyc
where N is the number of cycles that have passed. The frequency reference ν0 would be a
well-known frequency, such as a quartz crystal in a watch [87], to prevent the oscillator from
drifting away from the regular ticking by adjusting the oscillator towards it [4]. The quartz
crystals’ refinement and development has led to losing 1 s over a time of 100 years but even
then it is not good enough for some things. After 1 hour, the best quartz oscillators can
be off by a nanosecond which would be detrimental to measuring a fast moving object, like
that of a spacecraft [5]. An oscillator will be more stable (precise) the more ticks it gives per
second but its accuracy is related to how close a measured value is to the target value. Fig
1 shows the differences between stability and accuracy.

Figure 1: a) Neither stable nor accurate. b) Stable but not accurate. c) Accurate but not
stable. d) Both stable and accurate.

Application of clocks

Work on cold atoms has had exciting breakthroughs over recent history which are respon-
sible for many of the technological developments we enjoy today. Atomic clocks are useful
for transferring data over networks as well as utilised in miniaturised accelerometers, mag-
netometers and gyroscopes. Inventions such as GPS (Global Positioning System) required
the use of highly accurate clocks in order to make sure the satellites that orbit the Earth
remain chronologically in sync with us on the surface due to relativistic and gravitational
effects on time dilation that are so small yet they would cause errors if left unchecked for
a long period of time. Optical clocks can assist gravimeters which can resolve differences
in height below 10 cm when changes in gravitational potential would be unknown [6]. There
have been clocks as precise as ultracold 171Yb (ytterbium) with an instability of 1.6× 10−18

per 25000 s [7]. The quartz crystal in a watch is susceptible to changes in its environment
which means any two watches will disagree over what the time may be the longer they are
in use. If the reference frequency were tied to something much more stable, like that of an
atomic transition (ν0 = E2 − E1/~), time keeping will be much more consistent no matter
where in the world it is used. For this reason, in 1967 [8], time had been redefined using
caesium atoms and the International Units (SI), so that a single second would be known as
the length of time taken for 9,192,631,770 periods of the radiation corresponding to the tran-
sition between the two hyperfine levels of the unperturbed ground state of the 133Cs atom [13].
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In 1971 [9] [10], atomic clocks were used to test Einstein’s theory of relativity by attaching
four caesium clocks to a commercial jet flying around the world both east and west and
comparing to a clock stationed on the Earth’s surface. The findings managed to confirm the
prediction made by the theory as all the clocks disagreed with one another. The clock on the
eastern flight lost 59 ns and the western flight gained 273 ns in comparison to the stationary
Earth clock which was within margins for error of 25 ns.

Optical clocks have been made by using alkaline-earth atoms due to their level structure
allowing laser cooling and their clock transitions are narrow enough to avoid being affected
by frequency shifts from external fields [11] [12].

1.1 History of laser cooling

The idea of cooling atoms via laser beam was explained by T. W. Hänsch and A. L.
Scawlow [20] in 1975, then brought to life in experiment by D. J. Wineland [21] who reduced
Mg+2 ions to a temperature of 50 K via radiation pressure. Cooling something means it is
robbed of its internal kinetic energy, in macroscopic terms this would be through processes
like convection, conduction or radiation. By shining a laser light against an atom travelling
with a velocity, the photon can be absorbed which excites the atom and reduces overall
momentum by an amount ∆p = h/λ to then be re-emitted in a random direction upon
de-excitation. Over many instances of this re-emission the atom’s net velocity remains un-
changed due to averaging direction and only the absorption hinders the atom. Very shortly
after in 1979, Wineland and Itano [22] research into how the kinetic energy of a collection
of resonant absorbers were lowered by irradiating them with near-resonant electromagnetic
radiation.

In 1982 W. D. Phillips cooled down neutral atoms [23], who utilised a novel idea; the
Zeeman slower, able to reduce the velocity of the atoms in such a way that they remain on
resonance with the laser, exiting with 40% of their starting speed. A Zeeman slower is a
specific arrangment of a magnets designed to accept atoms with speeds of ≈ 100 ms and by
the time they reach the exit will be slowed to ≈ 10 ms. Atoms that have a certain distri-
bution of velocities will be affected by the magnetic field inside a cylindrical tube so that a
laser coming from the opposite direction will always be on resonance with them no matter
where inside the tube they may be. In this way the atoms will be constantly subjected to
the absorption-emission cycle throughout the entirety of their time inside and therefore the
speeds can be reduced to the fullest degree.

S. Chu et al. [24] in 1985 trapped and cooled neutral (sodium) Na atoms in three dimen-
sions using the radiation pressure of counter propagating beams. The atoms had a density
of ∼ 106 cm−3 and a temperature of ∼ 240 µK which they achieved through the use of
viscous damping. One year later in 1986 saw S. Chu et al. [25] use the dipole force to trap
atoms which was later used to create the first magneto optical trap (MOT) [26]. By arrang-
ing 3 orthogonal sets of counterpropagating laser beams an ”optical molasses” (OM) was
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created that allowed dense pockets of atoms to be trapped within the small volumes that
the overlapping beams provided. Advantages of using a single strongly focused Gaussian
laser were that it eliminated standing waves thereby reducing dipole-force heating, which
can sometimes supply energy for an atom to escape its confinement. They also provided
deeper wells for trapping over a few optical wavelengths.

R. Santra in 2003 [59] decided to explore the lowest 3P2 state of alkaline-earth metals,
specifically strontium-88 as he was aware of the long lifetime and the potential to be trapped
magnetically. He also chose to work with Alkali atoms due to the fact that they have a strong
electric dipole transition from ground state that is in the visible light spectrum so they can
be laser cooled as well as the existence of the unpaired outermost electron, solely responsible
for its magnetic dipole moment, thus being susceptible to external magnetic fields. It was
shown that if the separation of the Sr, R, were between 100-1000 Bohr radii then the electric
quadrupole-quadrupole interaction dominated but increasing that to the long range limit
R ≥ 1000 Bohr radii meant that the dipole-dipole interaction dominated.

That same year (2003), T. Ido [60] [61] and H. Katori worked with neutral Sr atoms in
order to demonstrate a recoil-free spectroscopy on the 1S0 →3P1 transition that had been
trapped inside a 1-D optical lattice. The atoms were kept under the Lamb-Dicke regime so
no Doppler or recoil shifts could affect the measurements of the atomic spectrum which led
to the discovery of the magic wavelength at which both states experienced Stark shifts.

A year later in 2004, P. Pellegrini [62] had performed photoassociative spectroscopy (PAS)
on 88Sr2. PAS was used to further understand the dynamics of collisions in an intercombination-
line MOT to obtain a result for the lowest 1P1 state of Sr (τ = 5.22± 0.03) ns.

T. Ido (et al.) [63] in 2005 worked on ultracold 88Sr samples by changing their density from
109 to more than 1012 cm−3 so they could measure the density-related frequency shift and
linewidth broadening for the 1S0-3P1 optical clock transition. At that time they also gave
the most accurate measurement of that same transition frequency [434, 829, 121, 312, 334 ±
20(stat) ±33(syst)] Hz.

In 2007 the effects of nuclear spin in optical lattice clocks had been researched by Boyd [27]

which presented a perturbative approach for describing the state mixing and magnetic sen-
sitivity of the clock states was given for a general alkaline-earth(-like) system, with 87Sr
used as an example. The g-factor of the 1S0 �3P0 clock transition was also measured to be
µ0δg = −108.44mF Hz/G. In addition the upper limit for the differential and excited state
tensor shift coefficients ∆κT = 0.02 Hz/(UT/ER) and ∆κTe = 0.01 Hz/(UT/ER) have been
measured. It was also shown that a polarizing scheme can be used to control the nuclear
spin related effects in the 87Sr lattice clock to values greatly under 10−17.
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Application of laser cooling

The optical spectroscopy for these kinds of experiments are sensitive to atomic motion be-
cause of the Doppler effect. Doppler effect can limit the final accuracy of clocks based upon
clouds of atoms in free fall, in comparison to what had already been achieved by the best Cs
fountains. What is gained in improved stability will be lost via accuracy due to the Doppler
shift.

As seen earlier, laser cooling is a necessary factor to achieving the most stable atomic
clocks but it also functions as the preparation of atoms for further experimentation by mak-
ing them ultracold. Laser cooling has moved on from atoms to diatomic molecules [28] as well
as being performed on macroscopic objects, such as a 1 g sample being dropped to 0.8 K [29].

Further applications of this can lead to lasers able to function without generating in-
ternal heat [30]. More recent discoveries allow the removal of phonons in a solid to achieve
optical refrigeration [31] which would lead to electronic and optical devices to operate at cooler
temperatures without any vibrations.

1.2 History of Bose-Einstein Condensate (BEC)

Satayendra N. Bose [32] was researching how photons did not have a thermal distribution that
followed the Maxwell-Boltzmann model. If particles follow the function Bose discovered they
would be classed as bosons. When a cloud of atoms in a gas are confined to small regions
of space and cooled to temperatures approaching 0 K, they can exhibit strange effects as
their wavefunctions spread out and interfere with each other to create an essentially gigantic
particle. This state of matter was predicted by Albert Einstein [33] back in 1925 after looking
at Bose’s work.

The first attempt to create this Bose-Einstein condensation was performed in 1938 with
a superfluid liquid Helium-4 (4He) [34] [35] as it was thought that superfluidity was a result
of BEC. Particles in the superfluid have strong interactions which is contrary to the model
Einstein proposed which had non-interacting particles. It had been predicted that interac-
tions would change the underlying physics of a BEC. It seems that only 7% of the superfluid
particles actually become condensed [36] [37] [38] despite reaching absolute zero temperatures.

In 1995 the first BEC was created via evaporative cooling of Rubidium (Rb) by M. H.
Anderson [72] though Sodium [73] and Lithium [74] had been done shortly after. When a gas of
bosons that normally has very low density becomes cooled enough it will undergo a change
in state separate from that of solid, liquid and gas and even a plasma. The change is such
that the bosons in the gas will almost fully occupy the same lowest level quantum state and
then their thermal de Broglie wavelengths will overlap so much as the bosons’ separation
from one another becomes even smaller by comparison. Thus the microscopic phenomena of
wavefunction interference occurs across the whole of the condensate, which is macroscopic.
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Laser cooling alone was not sufficient to cause this phenomenon so an additional evaporative
cooling stage was added to cause the remaining highest energy atoms to leave the gas. By
removing the most energetic of atoms, the remaining atoms in the trap were on average
cooler in temperature and therefore more dense allowing condensation to occur.

A few years later in 1998, a review paper outlining the theory behind these three types
of BEC was written by F. Dalvofo et al [75]. The main takeaway from their work was that
even though the gases are dilute, two-body interactions govern the physical properties of the
gas.

In 1999 a paper outlining experimental techniques making use of a BEC was written by
E.A. Cornell [76]. Its purpose was pedagogical and was intended to help push the develop-
ment of experiments involving BECs by condensing lectures previously given. Even back
then they were aware of how important this work would be in the future and its rapid pace
of progression.

After the BEC was made, in 2004, cold atom systems were thought to be a useful method
to study many-body physics, [77] until this time the atomic densities were too small to have
significant LRI effects in the sample.

Manipulation of alkaline earth metal atoms came about as a result of these developments
in creating ultracold atoms. Deshui Yu in 2013 [71] was able to work with Strontium in a
blue-detuned optical lattice that exhanged virtual photons, leading to low-lying triplet states
exhibiting long-range interactions as well as collective dissipation. In 2015, using that study
as a basis, they investigated the far-zone fluorescence from an ensemble of two-level atoms
alongside long-range dipolar interactions through use of light. They focus on finding things
like photon emission rate, fluorescence spectroscopy and second-order correlation of inten-
sity fluctuations. The paper’s purpose was to find the effects of LRI on the atoms upon the
light-atom interface.

Most recently an attempted replication [78] of a study of ”quantum liquids” in a quasi-
one-dimensional BEC led to discovery and confirmation of a phenomena where ”droplets”
may form of a cluster of atoms that behave as their own group of repulsive and attractive
forces. Ensembles of individual atoms stuck in an optical lattice or arrays of microscopic
dipole traps that are separated by only a few micrometres can be essentially fully controllable
with optical addressing techniques. Getting the atoms to interact at distances greater than
a micrometre requires excitation to the Rydberg states, states with large principle quantum
numbers n [39] [40]. When the atoms are in this high-level state, they have lifetimes that scale
as n3, far longer than the low-level transitions (about 100 µs range for n ≈ 50). In addition
these Rydberg atoms have large dipole moments between states n and n − 1 with opposite
parity, scaling as n2. The result of which is big interaction strengths V which relates to
frequencies of V/h ≥ 1 MHz (h being Planck’s constant) for n ≈ 50 at distances ∼ 5µm.
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Application of BEC

Getting atoms into this weird state of matter allowed physicists to discover new things about
them that can ultimately lead to more exciting technologies. For example, dark solitons
were able to be observed as they had longer lifetimes when trapped in a 87Rb Bose-Einstein
condensate [42].

Recently there have been experiments on excitons and photons which become a 2-D
bosonic quasiparticle trapped in a microcavity that can make it possible to achieve a BEC
at room temperature [41]. It is also proposed that these exciton-polaritons can create a su-
perconducting device at only a few tens of Kelvin.

Logic gates have been made based on storing two light pulses inside of a BEC [43]. It
uses atomic-four wave mixing to make a new matter wave and then is able to recall the two
pulses. A different approach used BEC quantum walks where a light pulse makes a sin-
gle BEC travel along a route that can be manipulated with further microwave pulses [44] [45].
The difficulty with this method was that the system could not encode a problem at that time.

It is expected that the next application of cold atom physics will be of equal, if not more,
importance than those that came before, namely quantum computing, a much faster alter-
native to the computers used currently. In order to make a ”quantum computer” a reality,
new components called ”qubits” are to be used to replace traditional ”bits”, capable of not
only being in a 0 or 1 state (OFF or ON), but something in between as well. However, these
qubits need to be able to communicate with each other in order to do anything useful and
that is where the long range interaction is needed to allow this over a whole array of particles.
BECs were the stepping stone to develop things such as superfluids which are necessary for
the operation of quantum computers by cooling down the semiconductors to temperatures
of a hundreth of a Kelvin. A great example of quantum computing’s usefulness comes from
searching for a specific item out of a list of N items. Traditional computers would have to
randomly select one by one until the correct item is found which on average would take N/2
attempts. A quantum computer could perform the same task with only

√
N attempts by

using a quantum logic based algorithm [46].

There are four approaches currently used to achieve long-range interaction in cold atoms:
using atoms with large magnetic dipole moment (such as chromium) [14], using polar molecules [15],
using Rydberg atoms [16] or light induced dipoles. [17] [19]
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1.3 History of long range interaction (LRI) in cold atoms

The long range interaction necessarily involves atoms ”communicating” with several other
surrounding atoms and so on, which would be very difficult to keep track of and describe.
An area of science known as many-body physics deals with exactly this problem concerning
condensed matter, nuclear and high-energy physics and there are experimental observations
that are still not fully understood. Trying to relate properties on the macroscopic scale to
the microscopic laws of particle interactions is hard due to the exponential scaling of Hilbert
space size as the number of them increases. Approximations are required to solve the many-
body questions but that comes with the problem of finding out when the results would be
valid.

Richard Feynman [47] in 1982 came up with an idea to build a quantum system synthet-
ically in a lab and then apply an approximate model for real world material (but can also
be made up) which leads to an artificial many-body system that then becomes something to
study itself. A benefit to this method is that parameters can be changed to an extent that
wouldn’t otherwise be possible so the effects could be studied better, such as discovering
how interatomic interactions are related to the phase of a certain system by varying their
strength. Synthetic systems are able to be tinkered with to such a degree that it wouldn’t be
possible to do in a real material. Feynman’s method is known as quantum simulation, also
referred to as exploring many-body physics with synthetic systems, an idea that wouldn’t be
realised until the 21st century due to a lack of experimental control over quantum matter.
Recently there are photonic simulators that use propagation of light within a material to
cause photon-photon interactions as well as polariton condensates that need cavity quan-
tum electrodynamics in semiconductor micro/nano structures [48]. These polariton quantum
simulators are useful to study non-equlibrium physics (such as black holes) due to its finite
lifetime.

Physicists that could control the quantum state of an individual atom could also tune
their interactions. Their next thoughts came up with programmable quantum simulations
that can change all parameters of the Hamiltonian. Such a system could also act as a machine
preparing the quantum states as they saw fit for many applications, such as large entangled
states that develop into clocks or sensors with enhanced precision [49].

In the future this would develop into the idea of an atom acting as a quantum bit in
a quantum computer, capable of computing answers to problems that require more effort
than those posed by physics, such as combinatorial optimization, specifically the travelling
salesman problem.

Strontium Rydberg atoms were used by C. L. Vailant in 2012 [64] to show a perturbative
approach to the long range interaction calculations as well as create a table of values for C5

(first order quadrupole-quadrupole) and C6 (second order dipole-dipole) co-efficients.
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Figure 2: Left: The Rabi frequency between ground and Rydberg state is Ω which the laser
is resonant to. Right: When there are two atoms sperated by distance R < Rb the collective
ground state |gg〉 is coupled to |ψ+〉 = (|gr〉+ |rg〉)

√
2 but not |rr〉 due to being moved out

of resonance by Van der Waals interaction.

Rydberg blockade

The Rydberg blockade is a phenomenon that occurs between two atoms that are close to
one another when a laser that is on resonance with one of them excites it to the high-level
Rydberg state and then that same laser cannot promote the second atom to the same level
because the presence of the first atom shifts the energy level higher for the second atom.
This effect can be used to prevent simultaneous excitations of two neighbouring atoms and
generates entangled states. Dipolar interactions with Rydberg atoms have been observed in
1981 by Raimond [50].

Consider a resonant laser to the ground state |g〉 and a rydberg state |r〉 which has a
Rabi frequency of Ω (see Fig 2). If now there are two atoms in proximity starting off in state
|gg〉 with one of them labelled as the ”control” and the other one as ”target”, separated
by a distance of R, then the double excited state |rr〉 will be shifted by an amount C6/R

6

because of the Van der Waals interaction, where C6 is the co-efficient of interaction. When
a 2π pulse (Ωt = 2π, t being the pulse time) is applied to the target atom this will lead to
excitation and de-excitation of the target atom giving phase shift π on the quantum state
|g〉t → −|g〉t. If, however, the control atom is first excited to the Rydberg state whilst the
target atom remains in the ground state: |ψ+〉 = (|gr〉 + |rg〉)

√
2 with a coupling of

√
2Ω,

the coupling with |rr〉 becomes off resonance and therefore suppressed which leads to Rabi
oscillations of the atoms at frequency

√
2Ω between the ground state |gg〉 and entangled

state |ψ+〉. The target atom then undergoes |g〉t → |g〉t when subjected to the 2π pulse.
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If now the same priniciple is applied to an ensemble of N atoms which are within a
blockade volume, at most one Rydberg atom excitation is possible, which then leads to
group Rabi oscillations with an enhanced frequency of

√
NΩ between the collective ground

state |g...g〉 and the entangled state
∑
|g...grig...g〉 /

√
N where Rydberg excitation is dis-

tributed amongst remaining the atoms. If the system’s size is larger than the blockade radius
then there can be multiple excitations for Rydberg atoms but the positions are strongly cor-
related due to the blockade constraint, ultimately leading to many-body dynamics.

This means the target atom’s excitation dynamics and phase are subject to the state of
the control atom. Experiments are set up in such a way using atoms that are close enough
to have strong interactions but also far enough to be controlled individually. This blockade
comes about by localising single atoms to regions formed by tightly focused beams from a
far-detuned laser. By focusing the waist of the beam to w ∼ 10 µm the atoms can be moved
by displacing the control laser, despite the trapping sites being in proximity. As well as this,
the Rydberg levels at n = 79 to 90 are excited and the strength of the LRI between the two
Rydberg atoms scales as n11, where n is the principle quantum number.

Though quantum gases are dilute systems (densities of about 1014-1015 cm−3) nearly all
of the properties are dictated by the interaction between particles. For temperatures of nK,
only s-wave scattering will occur between particles. Huang and Yang in 1957 [51] showed the
real interatomic potential (which would be Van der Waals: V (r) ∝ −C6/r

6) can be switched
out for a short-range, isotropic pseudo-potential:

4π~2a

m
δ(r− r′)

∂

∂|r− r′|
|r− r′| (1)

a being the s-wave scattering length, m the atomic mass along with a regularization op-
erator that is added to remove the singularity of the delta potential in 3-D.

At the start of 2016 it was demonstrated by R. T. Sutherland and F. Robicheaux [52] that
homogeneous line-broadening in a diffuse cold atom cloud was proportional to the resonant
optical depth of the cloud. In addition they showed how the strong directionality of the
coherent interactions caused the cloud’s spectra to strongly depend on the shape. They
chose to use strontium-88 for their calculations, focusing on the 1S1 →3 P1 transition and
discuss an experimental application to verify their work. A curious result they share is that
in a highly elongated cloud in the direction of laser propagation with a red-detuned laser,
atoms at the back of the cloud have a greater chance to be excited than those at the front.
This finding runs counter to exponential decay given by the Beer-Lambert law.

Another 2016 paper by S. D. Jenkins and J. Ruostekoski [53] utilised rubidium (Rb) gas
to show how cold, dense atomic gases had a different optical resonance than their thermal
counterpart due to a Doppler shift. By using both numerical simulations and experimental
observation, they found the fluorescence witnessed in a cold Rb sample is not affected by
these shifts as much the hot gas is so they can be on resonace with incident light more often,
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leading to further resonant light-mediated interactions with other atoms. The simulations
used the physics of recurrent scattering between atoms where the light can be scattered more
than once by the same atom. In the case of cold, dense ensembles it will lead to sub- and
superradiant excitations.

In 2018, R. Jones (et al.) [54] found a way to manipulate a dense cluster of atoms by
placing them near metallic or dielectric surfaces. Ordinarily, if the average separation was
comparable or smaller than the wavelength of the scattered photons, then there would be
a long range coherent interaction of virtual photons amongst the atoms. However, next to
these surfaces the scattering properties can be changed to allow an improvement in the effi-
ciency of the transport of an excitation in a 1-D lattice. This would increase the lifetime of
the excitation whilst maintaining the transport due to coherent dipole-dipole interactions.

Light-induced dipoles

Recently in May 2020, A. Glicenstein [55] studied resonant light scattering in a 1-D randomly
filled atomic chain. As the light scattered was measured along the chain, it was found that
there were constructive interferences in the light-induced dipole-dipole interactions between
the atoms. The interesting thing they found was that there was a shift in collective resonances
even though the interatomic distance was larger than the light’s wavelength, explained by
strong collective effects being enhanced due to the particular geometrical arrangement of the
atoms.

As explained in the paper, consider a 1D chain of atoms excited by a plane wave (with
frequency ω = kc) that propagates along the z-axis. When the intensity is low, the dipoles be-
have as though the E field is linear (i.e. the dipole of atom n at position zn is dn = ε0αE(zn),
where α = i(6π/k0

3)/(1− 2i∆/Γ0) is the atomic polarisability. Also k0 = 2π/λ0 is the tran-
sition wavevector, ∆ = ω − ω0 the detuning with respect to the single-atom frequency ω0

and Γ0 is the linewidth.

As the driving field propogates in the z-direction it gains a phase kzn on atom n. Induced
dipole dn then scatters a field phase-shifted by φ = Arg(α) with respect to the driving plane
wave. The scattered field then gains a phase k|z − zn| by propagating along z-direction.
Going forwards (z > zn) the phase accumulated by the field scattered by a single atom is
kz + φ, which is independent of the atom’s position. Considering all the atoms, the fields
scattered forwards are all in phase from first order and so will constructively interfere. The
1-D geometry is what allows this deduction and should hold up even with position disorder
along the chain. Conversely, should the atoms not be aligned along z, the phases collected by
scattered fields will depend on their position, therefore superposition in the forward direction
will not lead to constructive interference.
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Application of LRI

The long-range interaction can have interesting effects on a set of atoms that make studying
them yield new solutions. One such example comes from studying a Klein–Gordon lattice,
containing a non-trivial frequency band and linear dispersion, and a Gorbach–Flach lattice,
which has only non-linear terms [56] which are shown below in eqns (2) and (3) respectively.
Special low-dimensional solutions are found by exciting an atom in the KG setup which
causes the energy to spread out but in the GF model it remains localised.

The KG lattice has quartic and quadratic on site potential and linear dispersion terms
given by [56]:

HKG(p, x) =
∑
n

1

2
pn

2 +
1

2
xn

2 +
1

4
xn

4 +
C

2
(xn+1 − xn)2 (2)

The GF lattice has N coupled oscillators, sharing the same on site potential as KG but
only quartic interactions for the nearest neighbours’ sites [56]:

HGF (p, x) =
∑
n

1

2
pn

2 +
1

2
xn

2 +
1

4
xn

4 +
C

4
(xn+1 − xn)4 (3)

This means GF is free from linear dispersion. For (2) and (3), pn and xn are the canonical
conjugate pairs of momenta and positions. The boundary conditions are x0 = xN , xN+1 = x1.
Both (2) and (3) have the form [56]:

H(p, x) =
∑
n

1

2
pn

2 + V (xn) +W (xn+1 − xn) = E (4)

with E being the total energy. V (x) is the hard on-site potential 1
2
x2 + 1

4
x4 in both KG and

GF systems. W (x) is the potential functions WL(x) = C
2
x2 for linear coupling in KG and

WN(x) = C
4
x4 for non-linear coupling in GF.

A mathematical model for LRI systems can be further applied to fluid dynamics, plasma
physics, galacticdynamics, and statistical mechanics [57]. A Sr LRI system may be able to
improve the measurements of a quantum system that would keep the measured value of
an observable intact by coupling the atomic cloud to a light beam [58]. This is known as a
quantum nondemolition (QND) measurement; it would be useful to help set up other exper-
iments for spin-squeezed or entangled atoms. This extra control over quantum matter could
be the key to preparing a quantum simulator with ultracold Sr. As mentioned for the BEC
application, quantum computers benefit from LRI with their vastly improved performances.
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1.4 Thesis Outline

The remainder of the thesis is structured as follows:
Chapter 2 focuses on the role played by Strontium in the processes of Laser cooling, trapping
and Bose-Einstein Condensation.
Chapter 3 explores the physics behind the processes that will be encountered when dealing
with long-range interactions.
Chapter 4 will explain the experiment in detail and what the components’ purposes are.
Chapter 5 contains all the measurements taken on the strontium, including the confirmation
of the theoretical result for the Landé g-factor of the 3D1 state.
Chapter 6 rounds the thesis off with a conclusion of the LRI setup.
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2 Strontium Cooling

2.1 Strontium

Alkaline earth metals are quite abundant in their isotopes with naturally occuring bosonic
and fermionic varieties. The bosonic isotopes would not have any nuclear spin associated
with them. Following on from the work that came before in Chapter 1, it should be clear how
the experiment concerning this thesis will benefit from using the alkaline-metal strontium [65]

as it has a single electron governing its magnetic dipole moment, it can be manipulated with
magnetic fields and most interestingly, it has a Landé g-factor for the 3D1 state that has yet
to be experimentally verified. Confirming this result will be a significant milestone along the
way to realising a long range interaction setup for strontium.

2.1.1 Strontium Isotopes

The particular bosonic isotope concerning this thesis is 88Sr, though it can occur as 86Sr and
84Sr as well as fermionic isotope 87Sr. 88Sr is the most abundant in nature at 82.58%, 87Sr
occurs at 7%, 86Sr at 9.86% and finally 84Sr at 0.56% being the rarest variety. It is quite
reactive when exposed to air so it must be kept under vacuum.

Below Fig 3 depicts the electronic structure of 88Sr. The ground state of 1S0 is able to be
excited to state 1P1 with use of a 461 nm laser. The second cooling stage requires use of a
689 nm laser for 1S0 →3P1, which has been used by other groups. Where this thesis differs,
however, is the choice of repumping lasers. Though 707 nm will be used to repump instead
of using 679 nm, it will be replaced with the 2.6 µm laser, taking advantage of 3P0 �3D1 for
more efficient repumping.

Under ordinary room temperature, strontium will be solid but in order to use it in
experiments it must be in gaseous form. To do this an oven is required and the higher the
vapour pressure of the strontium the higher the number of atoms that will be made. The
pressure obeys the Antoine equation given by [67]:

log10 P = A− B

T + C
(5)

Where P is vapour pressure, A, B and C are all Antoine coefficients and T is the tem-
perature.

The oven will need to be heated until an appropriate amount of strontium atoms are
aquired at the other end. Higher temperatures would mean higher velocities for the individual
atoms emitted (they behave classically) which will be distributed according to the Maxwell
Boltzmann distribution equation [68]:

P (v) =

(
m

2πkBT

)3/2

4πv2 exp

(
− mv2

2kBT

)
(6)
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Figure 3: Diagram of electronic level structure of strontium-88 [66]. The first cooling stage
works on |1〉 → |2〉 at 461 nm. The second cooling stage works on |1〉 → |7〉 at 689 nm.
707 nm and 679 nm are used as repumping. However, this thesis will utilise the 707 nm
and 2.6 µm (|8〉 → |6〉) for efficient repumping. The branching ratios of |5〉 → |8〉 |7〉 |4〉 are
11.1%, 33.3% and 55.6%, respectively, with |6〉 → |8〉 |7〉 |4〉 being 59.4%, 38.7% and 1.9%,
respectively.

With P (v) being the population of strontium atoms with a velocity v, m is the strontium
mass, kB is the Boltzmann’s constant, T is the temperature of the oven. Since the velocities
will be spread out then not every atom will be on resonance to the atomic transition. This
is due to the Doppler effect given by f = f ′

(
1 + v

c

)
. c is speed of light, f ′ is the frequency

of the transition in the lab reference frame. The linewidth can be shown to be dependent on
the temperature if equations 6 and the Doppler equation are combined:

σf =

√
kBT

mc2
f0 (7)

The temperature of the oven in experiments is ∼ 830 K (560 °C) so it is expected that
there will be Doppler broadening of ≈ 800 MHz for the 3P0 →3 D1 transition. Since this
is a much larger number than the broadening due to LRI (a few kHz) then this broadening
must be heavily reduced to get useful results.
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Figure 4: Electronic configuration of strontium: 1s22s22p63s23p6423d104p65s2.
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2.1.2 LRI of Strontium (Sr)

Ground state strontium atoms (see Fig 4) (5s21S0) do not have first order dipole moments
(neither magnetic nor electric) so it is able to interact with other atoms only through col-
lisions that can be described with a Dirac delta function. LRI effects are done through
coherent exchange of (virtual) photons which are provided by the abundant electronic struc-
ture of Sr. The particular transition of 5s5p3P0 and 5s4d3D1 corresponds to wavelength
λ = 2.6µm and dipole moment 4.03 D. In order to realise this large dipole moment, a large
lattice spacing of 412 nm is needed.

Due to the interatomic distances being small and the wavelengths being large, dipolar
interaction will take place, meaning the very condition of high density needed to observe
dipolar interaction will ultimately be the cause for its destruction because of the increased
number of collisions. The strength of the interactions is dependent on velocity which in turn
depends on the temperature. Collisions reduce the dipole interactions. To reduce collisions
the MI is used to have 1 atom in 1 lattice site. With collisions reduced the dipole interactions
will be dominant.

Long range interactions within strontium can be understood by looking at 1D chain of
atoms that are trapped in a periodic lattice with an interatomic spacing of a (explained
further in Chapter 3). When a photon excites an atom in the chain the system’s evolution
can be described by a master equation of a density matrix ρ:

ρ̇ = − i
~

[H, ρ] +D(ρ) (8)

The system evolves with two components. The first term describes the conservative
excitation moving along the chain and the second term is the dissipation showing the spon-
taneous transmission. The longer the wavelength or the smaller the interatomic spacing in
the chain, the less the dissipative effect will be. If a = 215 nm in the transition from 3P0 to
3D1, the excitation lifetime is longer than the single atom’s decay.

2.1.3 Bosonic Strontium

D. Yu [71] considers bosonic strontium ensemble, specifically strontium-88 atoms trapped in
a 2-D blue-detuned hexagonal optical lattice with a wavelength of λb = 412.8 nm. It is
assumed that the system is entirely in a Mott-insulator state so each lattice site only has
one atom. The position of the α-th atom is given by:

rα = ex
1− (−1)α√

3

(
λb
2

)
+ ey

2α

3

(
λb
2

)
(9)

The 2-D hexagonal lattice is chosen over 1-D lattice because the tiniest of reductions
to the nearest neighbour distance can strongly increase the interatomic interactions due to
dipole-dipole interactions being proportional to the 1/3 power of the separation between
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atoms.

The (5s5p)3P0 − (5s4d)3D1 transition (of wavelength λa ' 2.6 µm, the frequency ωa =
2πc/λa and the spontaneous emission rate is γ = 2π×46.18 kHz), has a branching ratio just
under 60% of the total decay rate of the (5s4d)3D1 state. 3P0−3D1 transition can therefore
be approximately considered a closed atomic transition (as the ratio is greater than 50%).
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2.2 Bose-Einstein Condensate

2.2.1 Achieving a BEC

An extremely important thermal phase transition [51], Bose-Einstein condensation (BEC)
takes place at temperatures below what is defined as the critical temperature (also referred
to as condensation temperature), Tc when bosons will accumulate in a single one-particle
state, described by the condensate wave function. Tc is of the same order as the temperature
which distance between particles is similar to the particles’ thermal de Broglie wavelength.
The de Broglie wavelength is defined by setting thermal energy equal to kinetic energy
kbT/2 = ~2k2/2m, where kB is the Boltzmann constant, m is the mass of the particle and
the k is the wavevector relating to the de Broglie wavelength via k = 2π/λdB(T ). In Fig
5 we can see how the temperature dictates the state of the bsosons’ interactions with one
another. As temperature, T , is high the bosons whizz around smacking into each other as
if they were billiard balls, behaving classically. As the temperature drops, however, they
behave a bit differently as λdB becomes closer to the spacing between bosons, so they exhibit
a bit more wave-like behaviour.

Figure 5: Left: High temperature bosons with an average separation of d collide at speed v
with each other similar to billiard balls striking one another. Right: At lower temperatures,
the particles behave differently as they are more wave-like. Their de Broglie wavelength is
now large enough to consider them as wave packets as opposed to classical matter.

Once the temperature reaches the critical value, λdB becomes the same order as the
spacing between the particles and so much more overlap occurs, as depicted in Fig 6. Once
the temperature becomes cool to the point of absolute zero, all the wavelengths overlap so
much that they become one giant matter wave, a macroscopic particle in effect.
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Figure 6: (Left): At the critical temperature the de Broglie wavelength is now of the same
order as the separation between particles. Sufficient overlaps occur between them to consider
them a matter wave. (Right): At T = 0 the entire ensemble of particles have overlapped to
become one giant matter wave.

As identical bosons in a system have a symmetric wavefunction under exchange of the
position of any two due to having integer spins, (unlike fermions that have half-odd-integer
spin along with anti-symmetric wavefunctions), bosons can all occupy the same single-particle
state. The transition temperature can be estimated using the following dimensional argu-
ments. In a uniform gas of free particles, consider the mass m, the number of particles
per unit volume n and Planck constant h = 2π~. Using these three quantities to create a
term dimensionally equivalent to energy results in ~2n2/3/m. Then divide this energy by
Boltzmann constant k and the estimate for condensation temperature Tc is:

Tc = C
~2n2/3

mk

Where the numerical factor C ≈ 3.3. Another way to relate the temperature of the
transition to the particle density is to look at the de thermal de Broglie wavelength λT with
the mean interparticle spacing on the order of n−1/3. The de Broglie wavelength is defined
by:

λT =

(
2π~2

mkT

)1/2

When the temperature T is big the de Broglie wavelength is small and the gas is classical.
BEC in the ideal gas occurs when the temperature is low enough that lambdaT becomes the
same order as n−1/3. In experiments, however, gases are not uniform due to being in a trap
that usually has a harmonic-oscillator potential. If the number of particles is N then the den-
sity of the gas is given by N/R3, R being the size of the cloud on the order of (kT/mω0

2)1/2,
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ω0 is the angular frequency of single-particle motion in the harmonic-oscillator potential.

By substituting the value of n ∼ N/R3 at T = Tc into condensation temperature equation
we get:

kTc = C1~ω0N
1/3

Where C1 ≈ 0.94 is another numerical constant. Trap frequencies are typically on the
order of 102 Hz which leads to angular frequency ω0 ∼ 103 s−1. If the number of particles
lies between the range of 104 and 108 the transition temperatures will be in the range of 100
nK to a few µK.

2.2.2 Gross-Pitaevskii equation

The Bogoliubov prescription for the field operator Ψ̂(r, t) can be rewritten as a classical field
Ψ̂0(r, t) when considering a non-uniform interacting gas due to only considering lowest-order
approximations and very low temperatures [79]. This is similar to a shift in quantum elec-
trodynamics to a classical understanding of electromagnetism which is allowed if there are a
large number of photons in the same quantum state. Since there are a large number of atoms
which will occupy the same quantum state inside the BEC, the classical field is appropriate.

The field operator Ψ̂(r, t) is given by:

i~
∂

∂t
Ψ̂(r, t) = [Ψ̂(r, t), Ĥ] =

[
−~2∇2

2m
+ Vext(r, t) +

∫
Ψ̂†(r′, t)V (r′ − r)Ψ̂(r′, t)dr′

]
Ψ̂(r′, t)

(10)
The change of Ψ̂ → Ψ̂0 can be performed if the Born approximation can be applied to

the potential V → Veff where Veff is a soft potential that can give low-energy scattering

properties like V can. Now assume that Ψ̂0(r, t) slowly changes over distances similar to
that of the interatomic force so the variable r′ → r to get the new equation:

i~
∂

∂t
Ψ̂0(r, t) =

[
−~2∇2

2m
+ Vext(r, t) + g

∣∣∣Ψ̂0(r, t)
∣∣∣2] Ψ̂0(r, t) (11)

Here g =
∫
Veff (r)dr. In terms of the s wave scattering length a the parameter g becomes:

g =
4π~2a

m
(12)

(11) is the Gross-Pitaevskii equation and the parameter Ψ̂0 has a similar role to that in
the Maxwell equations for classic electromagnetism. The condensate wave function can be
thought of as the de Broglie wavelength when approaching the classical limit.
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2.2.3 Laser Cooling

This thesis utilises the phenomenon of laser cooling to help trap the Sr atomic flux beam.
As mentioned in Chapter 1, laser cooling involves shining a light onto a counter propogating
atom in order to reduce the speed of it. Even though a photon’s momentum is not very
big, the sheer number of them being absorbed and re-emitted will significantly reduce the
atom’s velocity given enough time. An anology often used to help imagine the event is that
of throwing billions of tennis balls at a speeding train to slow it down.

Figure 7: a) Stationary atom in lab frame sees a laser unshifted and does not absorb the
photon. b) Atom is moving away from the laser and so it sees a red-shifted beam with no
absorption of photon. c) The atom moves towards the laser beam and sees a blue-shifted
beam that becomes on resonance with the transition and so the photon is absorbed. This
momentum change causes the atom to slow down.

However, the right kind of light is needed to get this to work. The light must be of a
wavelength such that when viewed from the atom’s perspective, appears to be the resonant
one to its’ atomic transition. In Fig 7 we see the same laser light being shone on the same
atom in three different scenarios. In a), the atom is stationary with respect to the labora-
tory reference frame and the light seen by the atom does not excite. In b) the atom moves
away from the light, thus red-shifting it from its perspective and also not being absorbed by
the atom. Lastly is c), where the atom is moving toward the light and blue-shifts it onto
resonance with the atomic transition and thus can be absorbed.

Fig 8 shows what happens to the travelling atom after it absorbs a photon. In d) the
atom’s momentum is reduced from the combination of the opposing photon’s momentum
with its own. In e) the excited atom will emit the photon away but in a random direction,
so over the course of many of these emissions the net change will be zero. Therefore the only
contribution to momentum change will have been from the initial absorption of the photon
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Figure 8: d) The atom moving toward the laser light absorbs the photon and its overall
momentum decreases as it becomes excited. e) The atom de-excites and emits the photon in
a random direction. Over the course of many of re-emissions, there will be zero net change
to the momentum, so only the initial photon absorptions will be observed, thereby reducing
the velocity.

and thus the atom’s momentum will decrease in the axis of the beam direction.

2.2.4 Evaporative Cooling

This thesis aims to achieve LRI with Sr so it is necessary to prepare the ultracold sample in
the desired state of a BEC. The experimental setup is designed with evaporative cooling in
mind.

The origin of evaporative cooling comes from H. F. Hess [80] in 1986, to be used on spin
polarised atomic hydrogen in order to achieve a BEC.

As mentioned earlier, laser cooling will be insufficient to get the required temperatures
needed to achieve a BEC. Evaporative cooling further reduces the temperature of the en-
semble of atoms by segrating the most energetic of them so the average kinetic energy of
the remainder will be lower. To do this the trapped atoms potential well (Fig 10) will be
gradually decreased (by reducing the intensity of the laser) so that those at the edges (i.e.
highest energy) will be able to escape, drastically reducing the overall energy remaining since
the atom that escapes will be at the end of the Maxwell-Boltzmann distribution (Fig Fig
11). The technique can be thought of as similar to blowing on a hot drink to reduce the
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temperature, after removing the hottest atoms there must be time allowed for the remainder
to thermalise via collisions. In practice there are some differences than the depicted method.
Instead of the potential changing the atoms leave the trap by undergoing radio-frequency
transitions to untrapped states at a certain distance from the trap centre. Another thing to
note is that cooling is carried out continuously rather than as a series of discrete steps.

Γc = n̄σv̄ (13)

Where n̄ is the density, σ is the cross-section and v̄ is the average velocity. If the initial
temperature of the gas is T and the target temperature is ηT , then the optimal evaporation
speed must satisfy:

Γcτ =

√
2eη

η
(14)

Where τ is the length of the evaporation.

In Fig 9 the idea behind radio-frequency (RF) cooling is shown. This specific technique
requires the manipulation of magnetic fields to kick out high energy atoms by flipping their
spins. It is also often referred to as an RF knife as it slices the hotter atoms out of the
trap. P. Bouyer [81] in 2000 used RF cooling on Rb-87 by coupling the trapping state to the
non-trapping state using a radio-frequency field.

In this thesis optical evaporation will be chosen over RF cooling. This variation decreases
the trap depth by ramping down the laser frequency as S. Chaudhuri [82] demonstrated in
2007. In that experiment, Rb atoms were trapped then cooled in a MOT, which was loaded
from a continuous cold atom beam.
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Figure 9: Forcing evaporation through the use of RF cooling. By changing the magnetic field
the spin of the most energetic atoms can be flipped and thereby ejected from the ensemble
trapped inside the magnetic field. The remaining atoms will then rethermalise and have a
lower average temperature.

Figure 10: a) Trapped atoms in the potential well consisting of various energies. b) The trap
is reduced and the highest energy atoms escape, carrying away a lot of energy with them.
c) The trap is lowered even further and the remaining atoms have an overall lesser energy,
thereby reducing the temperature of those remaining.
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Figure 11: a) Initial Boltzmann distribution at T1. f(E) = exp(−E/kBT1) b) truncated
distribution after the cut, when the hot atoms have left. c) some time later after remaining
atoms collide and regain a Boltzmann distribution at T2 < T1.

31



2.3 Strontium BEC

As mentioned earlier the Sr atoms being so close together might seem at first to promote
dipole-dipole interactions but collisions with each other destroy this quickly. In order to max-
imise the dipole interactions they need to be placed in a Mott insulator state, a weird effect of
materials that would normally have the traits of an electrical conductor but when measured
they instead behave as insulators (particularly at low temperatures) due to electron-electron
interactions.

When the temperature of the ensemble is low, the only parameter that is relevant is the
s-wave scattering length. Looking at Table 1 it is evident due to the -2 atomic units for the
elastic cross section of 88Sr means it is not great at scattering photons with itself compared
to the other isotopes, though it is useful for precision measurements [83]. For this reason it
is preferrable to use 84Sr for achieving the BEC. Ji-Cai Zhang (et al.) [84] investigated the
elestic scattering properties of strontium atoms at ultracold temperatures. They looked at
mixtures of many isotopes of Sr to obtain a large table of data, shown below in Table 1. The
greatest value for s-wave scattering is a mix of 84Sr+88Sr which shows a scattering length of
1657 a.u., with pure 84Sr being 123.

Even though the mixture of 84Sr and 88Sr would provide the greatest scattering length,
it would mean having to set up two spearate BECs with each isotope, using one to cool the
other. This would be very cumbersome and probably not necessary if only choosing one will
be sufficient to demonstrate the LRI.

Table 1: Scattering parameters for different Sr isotopic combinations in units of a.u. [84]

s-wave scattering length Effective range

Quantum Semiclassical Quantum Semiclassical
84Sr+84Sr 122.8 122.9 104.2 105.9
84Sr+88Sr 1656.8 1649.3 186.6 190.9
86Sr+86Sr 799.5 796.7 170.7 174.2
87Sr+87Sr 96.7 96.1 126.1 129.3
87Sr+88Sr 54.8 54.6 373.8 379.2
88Sr+88Sr -2.01 -2.02 528997.1 538702.6
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2.4 Cooling & Trapping

In this section, the idea behind trapping atoms is developed, starting with the concept of
light scattering on a single atom. From the single atom then follows multiple atoms in the
form of a beam that requires use of a laser to slow them down. The physics of the Zeeman
slower are explained to make sure the laser has the best chance to slow the atoms via optical
molasses. Only when the speed is sufficiently reduced can they then be confined to a central
location in space with use of magnetic coils to form the Magneto-Optical Trap.

Conservation of momentum dictates that when radiation is absorbed by an object, there
will be a momentum transfer. Since force is the same as rate of change in momentum then
this will be the same as the rate at which the light imparts momentum ~k which is also given
by the energy ~ω divided by the speed of light c:

~ω
~k

=
ω

k
= c (15)

Radiation of intensity I will give rise to a force over an area A of:

Frad =
IA

c
(16)

Lasers are well-collimated single frequency light that are capable of slowing down atoms as
depicted in Fig 12 [86]. The size of this scattering force is equal to the product of the photon’s
momentum ~k and the scattering rate Rscatt. From optical Bloch equations concerning the
excitation of a two-level atom via radiation whilst being close to resonance on a transition
which decays via spontaneous emission, it can be shown that the steady state population
ρ22, i.e. the fraction of atoms in level 2, is given by:

ρ22 =
Ω2/4

δ2 + Ω2/2 + Γ2/4
(17)

where Ω is the Rabi frequency, Γ is the decay constant and δ is the detuning. The steady
state occurs when the times are greater than that of the lifetime of the upper level state
(t >> Γ−1). It can also be shown that as the driving fields become stronger Ω→∞ then the
population tends to balance at both levels and so leads to ρ22 → 1/2 as the intensity increases.

The scattering rate is given by:

Rscatt = ρ22Γ =
Γ

2

Ω2/2

δ2 + Ω2/2 + Γ2/4
(18)

The frequency detuning δ is given by the difference of the laser frequency ω and atomic
resonance frequency ω0 when considering kv as the shift in frequency from the perspective
of the atom with Doppler effect:
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δ± = ω − ω0 ± kv (19)

Using photon momentum ~k along with the Rabi frequency and saturation intensity
linked via the equation:

I

Isat
=

2Ω2

Γ2
(20)

the equation for the scattering force can be derived:

Fscatt = ~k
Γ

2

I/Isat
1 + I/Isat + 4δ2/Γ2

(21)

Letting the intensity grow I → ∞ shows the force is capped at Fmax = ~kΓ/2. Sponta-
neous emission from both states occurs at a rate of Γ/2 due to the fact as seen earlier the
population for ground and excited levels are 1/2.

Figure 12: An atom emitted from the oven will absorb a photon which gives it a kick in the
direction opposite to its motion and the scattered photons are emitted in random directions.
The net effect is a force that slows the atom.

A single laser beam will slow down an atom to the point of reversing direction but if in-
stead a pair of counter-propagating beams with a frequency red detuned from the transition
could be used then the Doppler effect increases the probability of the beam interacting with
the atoms from the opposing direction, which will cause them to slow down.

Fig 13 below shows a right-moving atom with two counter-propagating beams. The
beam opposing the atom’s motion appears to be of a higher frequency in the atom’s refer-
ence frame, likewise, the beam parallel to the atom’s motion is of a lower frequency. If the
beam is red detuned from the resonance frequency, the counter-propagating beam is Doppler
shifted closer towards the resonance, thereby increasing the probability of that beam inter-
acting with the atom.
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Figure 13: (Left): the atom in the laboratory reference frame. (Right): the atom’s frame of
reference. The beam that originates from the positive z-direction will interact mostly with
the atoms situated at z > 0 which results in the atom being restricted to one axis.

Figure 14: The effect of a magnetic field in MOT. The MOT is applied to an atom with
a J = 0 to J = 1 transition. The splitting δ depends on the position. Two counter-
propagating beams of circularly-polarized (σ+ and σ−) light hit the atom and the selection
rules for transitions between the Zeeman states causes an imbalance to the radiative force
from the laser beams. This effect moves the atom back towards the centre of the trap.
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2.4.1 Light Matter Interaction

If a photon of wavevector k interacts with a 2-level atom that has a mass of m then the
photon will provide a momemtum change of ~k that will give rise to a recoil velocity on the
atom of:

vr =
~k
m
≡ h

λm
(22)

The excited atom will eventually eject the photon in any radial direction with equal
probability which will cause recoil to the atom with opposite momentum. When multiple
photons in a beam undergo this interaction with the atom, the average direction for emission
is isotropic, meaning there is no net change to velocity via photon emission. The only
momentum change therefore would come from the initial photons absorbed by the atom, a
deceleration in the direction of photons’ vector ~k:

~a =
~Fscatt
m

= ρ22
~~k
mτ

= ρ22
~vr
τ

(23)

As seen in equation (17) ρ22 can be considered as the probability, P , for the atom to
absorb the photon, τ is lifetime of the transition which is related to the reciprocal of decay
constant Γ.

In Fig 12 the deceleration of the atom will be given by:

dv

dt
= v

dv

dx
= −a (24)

with a > 0.

Now let the atom be two-level with ground state |g〉 and excited state |e〉 (where g
corresponds with level 1 and e with level 2 from the prior Bloch equations) with energy
difference of Ee − Eg = hν0 and consider if the atom interacts with a monochromatic plane
wave with intensity of I and a frequency of νL. Multiplying the rate of spontaneous emissions
1/τ with the probability of the excited state being filled will give the number of absorption
and spontaneous emission cycles, measured in photons/second.

P =
1

2

I

Isat

1 +
I

Isat
+ 4

δ2

Γ2

(25)

with Γ =
1

2πτ
is the natural width (in Hertz) [97].

Specifically using 88Sr as the atom, with mass of ≈ 87.9 a.m.u and a photon on resonance
with the 1S0 �1P1 transition (see Fig 15), wavelength 461 nm. By substituting these num-
bers into the recoil velocity equation the result is 1.5× 10−3 m/s. The photon is re-emitted
after ≈ 5 × 10−9 s vacating the atom for another photon to enter which could lead to a
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deceleration of 285 km/s2. This gives an idea of what kind of setup is needed for the main
experiment in this thesis. There needs to be a 461 nm laser counter-propagating to the Sr
beam but the Doppler shift needs to be taken into account. This will be combined with
another device called the Zeeman Slower which will help atoms absorb the laser light over
a range of speeds. This same laser light will also be used to help trap the atoms when they
finally come to rest at the desired location in the centre of the MOT.

2.4.2 Zeeman Slower

Figure 15: Transition probability vs velocity of atoms for 1S0 →1P1 on Sr.

The probability of the laser interacting with an atom is dependent on its velocity, therefore
only a very specific range of velocities can be retarded using a single frequency (monochro-
matic) beam. To slow down more atoms one can use a technique known as chirping [91],
whereby the frequency of the laser is increased rapidly as the atom slows down. Another
technique, power/frequency broadening involves an increase of the width of laser frequency
and lastly using a magnetic field gradient along the direction of the flight path can change
the frequency of the transition, which is the Zeeman slower. The Zeeman slower technique
is preferred here as it gives a continuous stream of cold atoms and at low power too.

By increasing the temperature of an atomic source to > 650 K, the number of atoms in
the flux will increase. The Maxwell-Boltzmann distribution of velocities in this case would
suggest that only a small fraction of atoms will be directly captured inside the MOT so
the Zeeman slowing method will be necessary to increase the percentage loaded within the
MOT. It would be possible to also use a two-dimensional MOT but the requirements would
be additional power for the lasers and a longer loading time of 5.5 s [92] in comparison to 0.5 s
from a Zeeman slower [93]; factors that will affect the final number of atoms captured in a 3D
MOT. The additional equipment needed for the 2D setup would introduce more complexity
to the system and there would need to be realignment periodically as well [95].
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The δ in (19) and (25) will change in a magnetic field to:

δ = ω − ω0 − ~k.~v −
µB(z)

~
= γ − ~k.~v − µB(z)

~
(26)

Where γ = ω − ω0 is the gap of the laser frequency with the transition frequency. The
term µ = (geme− ggmg)µB is the transition magnetic moment, ge,g is the Landé g-factor for
the excited and ground state whilst me,g is the magnetic quantum number [94]. The maximum
deceleration takes place on resonance (when δ = 0). So the magnetic field will need adjusting
in the parallel (z) direction to the velocity of the atom so the light stays on resonance with
the transition the whole journey along the slower:

δ = 0 = γ − ~k.~v(z)− µB(z)

~
−→ B(z) =

~
µ

(
γ − ~k.~v(z)

)
(27)

Therefore if the deceleration were constant:

B(z) =
~
µ

(
γ − |k|.

√
2|a|z
m

)
(28)

Now using (23) and (28), δ = 0 and P = 1
2
:

B(z) = B0 −
1

µm

√
~3|k|3

2τ

I/Isat
1 + I/Isat

(29)

B0 = ~
µγ

is the offset of the field which is necessary to keep the laser inside the Zeeman
slower from interacting with the atoms upon exiting. If this did continue interactions then
more decelerations would occur to force atoms to rest and then reverse direction and there-
fore will not enter the capture region.
Conventional Zeeman slowers are created with current-carrying coils with a specific winding
geometry in order to get the correct spatial distribution along the atomic flow axis [96]. Later
in Chapter 4 the innovative setup for the experiment will involve a robust and simple method
to achieve the same effect.
If there is a gradient larger than that in (29), atoms do not have the time needed to slow
down to keep resonant with the incident light. In a coil or magnet there can be imperfections
which will change the profile of the field and there will also be fluctuations in the laser light
beam. The Zeeman slower in the experiment therefore has a lower gradient than the one

above. Atoms will interact with the laser in regions where
~k.~v+µBz

~ ≈ γ; therefore higher
veolocty atoms interact earlier than lower velocity atoms. This will compress the velocity
distribution and also reduce the average speed.
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2.4.3 Doppler Cooling Limit

The force from a single laser can be expressed as:

F = Fabs + δFabs + Fspont + δFspont (30)

The scattering force Fscatt is equivalent to the average of all the forces from absorption of
photons. Meanwhile the average of all the forces from spontaneous emission are zero. There
will be fluctuations for both of these, however, which are given by the δFabs and δFspont terms.

Spontaneous emission can be in any direction so the overall direction can be modelled
as a random walk (Brownian motion). Over a period of time, t, the mean square velocity
increases as v2 = Rscattt× vr2. The number of steps N over the time period is N = Rscattt.
Considering the z-direction only gives:

(vz2)spont = ηvr
2Rscattt (31)

Every recoil kick will have a ~k cos θ along z with the η = 〈cos2 θ〉 as the angular average,
with isotropic cases η = 1

3
. The fluctuations in absorbtion come about as the atom doesn’t

always absorb the same amount of photons in the time t. If the scattering obeys Poisson
statistics then the fluctuations about the mean have a standard deviation of

√
N . The 1D

random walk caused by the fluctuations in absorption have a velocity spread described in
(31) but lacking the η factor due to all the absorbed photons originating from the same
direction:

(vz2)abs = vr
2Rscattt (32)

So the effects via average fluctuations in the force from absorption δFabs are given for a
single laser. If there are two counter propagating lasers (e.g. left and right) then the effects
will likely cancel on the atom, however the fluctuations’ effects are cumulative. Since the
atom is just as likely to absorb a left moving photon as a right moving photon then the
random walk will only be along the direction of the beams.

If an atom is moving alongside one beam and against the other then the Doppler effect
would make the atom experience different forces from these beams. If the atom were sta-
tionary it would not experience this differing force from the beams. The total force from
this arrangement is given by:

Fmolasses = Fscatt(ω − ω0 − kv)− Fscatt(ω − ω0 + kv)

' Fscatt(ω − ω0)− kv∂F
∂ω
−
[
Fscatt(ω − ω0) + kv

∂F

∂ω

]
' −2kv

∂F

∂ω

(33)
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For this equation kv << Γ where the velocity is low. The force in (33) can be rewritten
more simply as Fmolasses = −αv, where α is a damping co-efficient. The light is playing the
same role that a viscous fluid would, providing friction with regards to a particle travelling
through it and so this phenomenon is known as Optical Molasses.

The total of the two counter propagating forces will be the overall optical molasses force
Fmolasses = F+ + F− where each force can be expressed as [87]:

F± = ±~kΓ

2

S

1 + S + [2δ∓/Γ]2
(34)

with S = I
Isat

and so the addition of these becomes:

Fmolasses ∼=
8~k2γSv

Γ(1 + S + (2γ/Γ)2)2
(35)

By differentiating (21), α is also expressed as:

α = kv
∂F

∂ω
= 4~k

I

Isat

−2δ/Γ

[1 + (2δ/Γ)2]2
(36)

In this equation the term I/Isat << 1 and so has been omitted. This is due to optical
molasses being applicable only when intensity is much lower than the saturation intensity so
the force from each beam is treated separately. If low intensity from the beam is assumed,
there is no cause for concern regarding excitation from one beam and stimulated emission
from the other beam. To damp then the α > 0← δ = ω − ω0 < 0 which would be akin to a
red frequency detuning. Along the z-direction, Newton’s second law of motion gives:

d

dt

(
1

2
mvz

2

)
= mvz

dvz
dt

= vzFmolasses = −αvz2 (37)

In a setup where there are x and y counterpropagating beams as well, there will be a
region where all of them overlap. In this region the kinetic energy, Ek = 1

2
m(vx

2 + vy
2 + vz

2)
and the velocities in all directions decreases:

dEk
dt

= −2α

m
Ek = − Ek

τdamp
(38)

This damping time τdamp = m/2α can be on the order of microseconds which would be
how long it takes for atoms entering the region to be cooled, provided they are travelling
at speeds that can be captured via optical molasses. One problem with (38) is that it may
seem that energy will eventually become zero but this is due to ignoring any fluctuations in
the force which cause heating. By detuning the laser to just below the transition frequency,
the laser opposing the atoms’ motion will be blue-shifted with regards to the atomic rest
frame whilst the laser with the motion will be red-shifted away from resonance (mentioned
in Fig 13). This can be used to make atoms interact more strongly with the opposing beam
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and slow down even more.

Including the force arising from fluctuations into (37) and having the scattering rate from
two beams being 2Rscatt:

1

2
m
dvz2

dt
= (1 + η)Er2Rscatt − αvz2 (39)

with the term Er being the recoil energy given by:

Er =
1

2
mvr

2 (40)

The equation shows how the heating and damping terms balance when considering an
atom in a pair of opposing beams. However, in typical optical molasses experiments there
are three perpendicular pairs of laser beams. When considering these six beams it can
be assumed that scattering occurs six times faster in the overlap region compared to one
beam (also neglecting saturation). Symmetrical configuration means stimulated emission is
isotropic and so the average angle leads to η = 1

3
. The δFspont is 3 times greater than two

beams along a single axis so 1 + η → 1 + 3η = 2 for this case. Therefore the kinetic energy
from scattering becomes twice that of the recoil 2Er.

Setting the time derivative of (39) to zero leads to the six beam setup becoming:

vz2 = 2Er
2Rscatt

α
(41)

Equipartition theorem leads to the energy relation 1
2
mvz2 = 1

2
kBT along the z-direction

for kinetic and thermal energy. By inputting for α and Rscatt:

kBT =
~Γ

4

1 + (2δ
Γ

)2

−2δ
Γ

(42)

A minimum for this function occurs at the value δ = ω − ω0 = −Γ
2

where:

kBTD =
~Γ

2
(43)

This TD is the lowest temperature possible from the optical molasses method and the
equation itself is the Doppler cooling limit. If applying to strontium it can reach just 110
µK when using a 461 nm laser.
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2.4.4 Magneto-Optical Trap

Beyond slowing down atoms in an optical molasses setup, the next step is to confine the atoms
with a magnetic field gradient. Two coils with opposite direction currents can produce a
quadrupole magnetic field but this alone is not sufficient to trap. The existence of this
quadrupole magnetic field creates an imbalance in the scattering forces from the lasers. The
radiation force from the side with the stronger laser is what actually traps the atoms. Fig 16
shows the effect on this special magnetic field shape. Fig 14 shows how the MOT is meant
to work over a J = 0 to J = 1 transition as the centre of the coils has both fields opposed
and symmetric so the field is B = 0. The field changes linearly short distances away from
this null region.

Figure 16: Two coils that have currents flowing in opposite directions which produce a
quadrupole magnetic field. At the centre region the field is zero and the magnitude increases
linearly for all directions at small distances from the centre.

Going back to 1S0 �1P1 transition, if a linear magnetic field Bz = B0z is active, the
Zeeman effect will split the 1P1 state into sub-levels, depicted in Fig 14. If the two counter-
propagating beams have opposite circular polarisation and red detuning, the beam originat-
ing from the positive z-direction will interacting mostly with the atoms situated at z > 0
and vice versa. The result of this is the atoms are restricted to the one axial direction.

2.4.5 Repumping laser

The 1P1 state is not guaranteed to decay back to ground state. Fig 3 shows how this state
can also decay to the 1D2 state with a probability close to 1/12000. At this point an atom
will either go to the 3P1 state with a probaility of 2

3
or the 3P2 with probability 1

3
. Should

the atom go to 3P1 it will have a lifetime of 21 µs before going back to 1S0 where it repeats
the cycle. The 3P2 state, however, is much more long lived with a lifetime of 120 s meaning
these atoms will not be going back to the MOT, so this calls for intervention via repumps.
The atoms in this longer lifetime state can be sent to the 5s4d3D2 state with the use of a
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3µm laser. From here the atoms will decay most likely to the 3P1 state and some back to
3P2. This is difficult to pull off due to the scarcity of such lasers for commercial use.

Atomic clocks make use of a 707 nm laser to pump the 3P2 to the 5s6s3S1 state where the
atom can decay back to any of the 5s5p3PJ states. Whilst 55.6% will return to the 3P2 to
be repumped again, the remaining two states will have probability 33.3% for 3P1 and 11.1%
for 3P0, with a ratio of 3:1 for re-entering the cycle. The atoms entering 3P0 can be pumped
back to 3S1 with the aid of a 679 nm laser so no atoms are lost.

The 679 nm laser can be swapped for the 2.6 µm clock laser which makes use of the
clock transition, 3P0 →3D1. From this state the atoms will decay to the 3PJ manifold
with probabilities 1.9%, 38.7% and 59.4% for J=2, 1 and 0 respectively. This is the chosen
transition for this thesis due to its necessity in observing long range interaction. Later in
this thesis the 707 nm and 2.6 µm lasers will be shown as a part of the final setup.

2.4.6 Red MOT

This specific technique first came about from H. Katori in 1999 [88] who experimented with
88Sr and then with 87Sr [89] in 2003. Sometimes this second cooling stage may be called a
“narrow-line MOT”, its purpose being to reduce temperature and increase the density (phase
space) of the ensemble.

In the case of strontium-88 the 461 nm laser will allow the formation of the blue MOT
with axial field gradient 50 G/cm [90] through the transition 1S0 �1P1 which keeps atoms
in the mK regime. After this pre-cooling stage the trapped atoms must then be transferred
over to the red MOT using the 1S0 �3P0 transition at 689 nm to push them into the colder
µK regime (Fig 49 shows the timings). This is done by quickly reducing the field gradient to
3 G/cm whilst also red-detuning and broadband frequency modulating the 689 nm laser (to
obtain a broadband red MOT). This transition has a linewidth of Γ

2π
= 7.5 kHz and Isat = 3

µW/cm2. 10 ms afterwards the atomic cloud can be shrunk by changing the field gradient
linearly to 10 G/cm over the course of 50 ms. The 689 nm laser will be broadened during
this time to capture the atoms with velocities ranging over their Doppler profile so that after
the 60 ms has passed the 689 nm laser is no longer frequency modulated and the broadband
red MOT now becomes a single-frequency red MOT.
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2.5 1D Lattice Trap

The experimental setup on the lab bench is that of a blue MOT; this section is to introduce
the idea behind how the Sr atoms may be trapped in much cooler 3D optical lattices. The
goal is to place the Sr atoms into a BEC through use of a 1 micron laser for evaporative
cooling and a crossed dipole trap with 2 beams.

2.5.1 Dipole potential

An optical lattice confines the atoms with the electric field of a laser and the resulting in-
duced electrical dipole of the atoms. Using a far-detuned laser, the resulting trap will be
weaker than that of a MOT, but the optical excitation is able to stay low. Given the right
setup, a conservative potential can be created that is insensitive to the internal state of the
atoms. Therefore, the far detuned optical lattice makes for a good way to study the atom’s
internal state.

By considering the atom as a classical oscillator, [98] an atom placed in an oscillating
electric field E(r, t) = êE0e

−iωt + c.c. (a laser beam) will experience an induced dipole
moment p(r, t) = êP0e

−iωt + c.c.. Electric field and polarizability are related by:

P0 = αE0 (44)

with α is the complex polarisability, dependent on the electric field’s frequency, ω. The
induced polarisability then creates an interaction with the electrical field and atom:

Udip = −1

2
〈pE〉 = −1

2
Re(α)〈E2〉 = − 1

2ε0c
Re(α)I (45)

〈 〉 represents the time average, I = 2ε0c
∣∣E0

2
∣∣ is the intensity of the electrical field.

This leads to a dipole force given by:

Fdip(r) = −∇Udip(r) = − 1

2ε0c
Re(α)∇I(r) (46)

The power absorbed is given by:

Pabs = 〈ṗE〉 =
ω

ε0c
Im(α)I (47)

Scattering rate is:

Γabs(r) =
Pabs
~ω

=
1

~ε0c
Im(α)I(r) (48)

The Lorentz’s model [99] of a classical oscillator leads to the equation:

α = 6πε0c
3 δ/ω0

2

ω0
2 − ω2 − i(ω3/ω0

2)Γ
(49)
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Where ω0 is the frequency of the transition, ω the frequency of the electric field and Γ
the spontaneous decay rate.

Now substitute α in the interaction potential and power equation to get:

Udip(r) =
3πc2

2ω0
3

Γ

∆
I(r) (50)

Γabs(r) =
3πc2

2~ω0
3

(
Γ

∆

)2

I(r) (51)

~Γabs =
Γ

∆
Udip (52)

with ∆ = ω − ω0 being the detuning. Red detuning of light , ∆ < 0, leads to a negative
potential (attraction) with the atom in the maximum intensity whilst for blue detuning,
∆ > 0, a repulsive potential (positive) is obtained and the atom is in the minimum intensity.
The dipole potential changes with Γ

∆
but the scattering rate changes with Γ

∆2 . This means a
largely detuned laser with high intensity can be used to keep scattering low.

2.5.2 Multi-level atoms

Real atoms used in experimentation have a more complicated electronic transition. The
dipole potential generally depends on the specific sub-state of the atom. Multi-level atoms
can be described with state-dependent atomic polarizabilities.
The polarizability of a state a, frequency ω0 is given by:

αa =
2

~
∑
k

|dak|2
ωak

ωak2 − ω0

(53)

with ωak being the frequency of transition from state a to the state k. dak is the dipole
matrix element:

|dak|2 =
6πε0~c3

2ωak3
Γak (54)

Directly measuring the transition rate is hard so an alternative is to calculate the total
decay rate via the state lifetime τa = 1

Γa
. Now (53) can be rewritten as:

αa(ω) = 6πε0~c3 ωak
(ωak2 − ω0)ωcm3

bakbMak
Γa (55)

with bak being the branching ratio for transition rates bewteen the fine structure states.
bMak

is the normalised branching ratio. ωcm
3 =

∑
n bnωn

3 is the centre of mass frequency.
bMak

= 1 for linearly polarised light.
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2.6 3D Optical Trap

Light and matter interactions have resulted in the developments of techniques useful in many
scientific fields. Light can be used to transfer momentum to particles on the microscopic
scale and below which is useful way to manipulate them [100]. The earliest known use of
a technique called optical tweezers (OT) was discovered by A. Askin [101], who along with
others [102] managed to trap a single microscopic particle in three dimensions using a tightly
focused laser beam.

2.6.1 Higher-dimensional lattices

These higher dimensional lattices can be realised with more than two beams superimposed
with differing wave vectors [103]. Let ω be the frequency of linearly polarized beams which
leads to electric field being:

ε =
∑
i

εicos(qi.r − ωt+ δi) (56)

with δi being the phases. The square of the electric field, averaged over one period of the
oscillation is:

< ε2 >t=
1

2

∑
i

ε2
i +

∑
i<j

εi.εjcos[(qi − qj).r + δi − δj] (57)

To get a potential that is periodic in two dimensions requires minimum two independent
values of qi−qj, so three values of qi are necessary (three interfering beams). As an example,
three beams in a plane and all at 120°to one another generates a two-dimensional triangular
lattice.

It can be easier to use more beams to create an optical lattice. Consider two pairs of
linearly polarized, counter-propagating beams in the x and y directions. If both the x po-
larizations are the same and the y polarizations are the same but orthoganal to x then the
resulting potential energy becomes ∝ cos2(qx) + cos2(qy), as the product εi.εj is non-zero
only for a pair of beams propagating along the same axis.

Such a potential makes up a square lattice, which has a lattice constant of π/q = λ/2. If
a z-directional beam is added that is polarized and orthogonal to the other beams, a three
dimensional simple cubic lattice potential.

2.6.2 Optical lattice laser

M. Takamoto alongside Katori in 2005 trapped atoms in optical lattices for the purpose
of being quantum references. In order to have an accurate atomic clock, there must be
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no external influence on the measurement of atomic resonance ∆ν at transition frequency
ν0. The fractional instability σy(τ) can be used to see how the clock performs, minimised
by repeated measurements of the high-Q (Q = ν0/∆ν) transition. Fractional instability is
approximated using the Allan deviation:

σy(τ) ≈ ∆ν

ν0

√
Nτ

(58)

Here, N is the total number of oscillators measured in unit time, τ is the total measure-
ment time. Takamoto linked the equation to improving the Cs (caesium) clock by choosing
a transition with higher frequency ν0, therefore making research into optical atomic clocks
necessary. The design of the trap could also lead to better stability, if the extended coherent
interaction time ∆t were to increase then the Fourier limit linewidth would decrease accord-
ing to the relation ∆ν ≈ 1/∆t, all leading to a higher Q-factor.

Up until that point the best trap was a Paul trap, where a single ion would be trapped in
a region smaller than the transition wavelength (in the Lamb-Dicke regime) by using the zero
point of an electric quadrupole field. The problem with this setup was the strong Coulomb
interactions between ions meant that only one ion could be used so according to (58) the
fractional instability cannot be further decreased due to tiny N . To overcome this issue,
it was thought of to use neutral atoms that wouldn’t experience Coulomb interactions to
that degree and therefore increase the N value. Lasers interfering with one another could be
setup in a spatial arrangement to produce periodic trapping potentials for ultracold neutral
atoms, which is what we know as an ’optical lattice’ depicted in Fig 17. Here the standing
waves produced by the interfering lasers will produce wells with a width less than that of
the laser’s wavelength λL.

Figure 17: The lasers’ interference pattern will create a lattice potential which traps atoms
in a region that is even smaller than the optical wavelength λL. [105]
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This optical lattice is able to contain atoms inside regions less than a micrometre with the
periodicity leading to billions of micro-traps in a volume of 1 mm3. Although these properties
were advantageous for stability, there were issues with the lattice-trapping field modifying
the atoms’ internal states through a phenomenon known as ’light-shifts’ (explained in Chap-
ter 3). Only when these light-shifts could be cancelled was the idea for optical lattices further
explored for atomic clocks.

The transition frequency ν of the atoms trapped in the lattice laser with an intensity of
I is equal to the sum of the unperturbed transition frequency ν0 and the light shift νac:

ν(λL, e) = ν0 + νac = ν0 −
∆α(λL, e)

2ε0ch
I +O(I2) (59)

with the usual constants of ε0 being permittivity of free space, c being speed of light and
h is planck constant. The quantity α(λL, e) = αu(λL, e) − αl(λL, e) is the difference in the
a.c. polarisabilities of the upper (αu) and lower (αl) states, both of which depend on the
optical lattice wavelength λL and polarisation vector e.

By making α(λL, e) = 0, the transition frequency becomes independent of the lattice
laser intensity I and therefore would equal ν0, provided the higher order O(I2) terms remain
negligible.

In 2006, H. Katori [104] used standing laser radiation waves (an optical lattice) to trap Sr
atoms in a periodic arrangement with dimensions being less than that of the wavelength of
light. Letokhov first came up with the idea of reducing the Doppler width for the emission
spectra of atoms by way of trapping them in a region of space with a size much less than
the light’s wavelength. Doing so would cause the Doppler broadening to be reduced strongly
because of the Lamb-Dicke effect.

2011 continues Katori’s [106] work on achieving an optical lattice as he reviewed the so
called ’magic wavelength’ that can make atomic clocks precise with measurements having
∼ 10−18 uncertainty due to states being affected by light shifts by the same amount. In
this review he described how to overcome the light-shift problem in a similar way to the
Takamoto [105] paper in 2005 but further expanded on this by explaining how the first atomic
clocks attempted to use a ’red-detuned’ magic wavelength of λm = 813nm from the 1S0−3P0

state (ordinarily on resonance at 461 nm), which would have the effect of making the dif-
ferential light shift ∆νac insensitive to the lattice laser frequency due to being so far off
resonance:
2π∆νac

∆ωL
≈ −1× 10−9 for I = 10 kW cm−2.
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Figure 18: a) The intereference of the lasers causes potential wells with widths less than that
of the wavelength of the laser light λL. b) Atoms can become excited from 1S0 →3P0 , the
clock transition. Here the two states are equally energy shifted by the lattice potential. n
denotes the vibrational states of the atoms inside the lattice potential. [106]
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3 Theory

As mentioned in the introduction, the long range interaction (LRI) will be of utmost impor-
tance to the future of technological developments as well as the focus of this thesis.

3.1 Long-Range Interaction

The long-range interaction (LRI) is essential in studying the physics of condensed matter
systems, with regards to strongly correlated phases of quantum matter. The previous chapter
described how the conditions needed to observe this phenomenon would be achieved through
use of MOTs, optical lattices and BECs, that would cool and trap the strontium atoms in a
dense ensemble.

Due to Sr having two valence electrons (see Fig 4), it has a spectrum made of a series of
singlet and triplet states. These two series have forbidden radiative transitions due to dipole
constraints. This is very useful for technological advancements as there are consequential
small transition line widths that allow for clocks and quantum processors to be made [107].

Consider starting off with Sr atoms in a Mott insulator state, and the wavelength of
the lattice laser being set to λ = 412.8nm (blue-detuned magic wavelength), which leads
to a lattice spacing of a = 206.4 nm (see Fig 19). At first, all the Sr atoms in the lattice
are excited to the triplet manifold, one of which is the 3P0 metastable state (essentially its
lifetime is infinite with regards to experiments) or the 3D1 state. Then the long range inter-
action between two Sr atoms comes about via resonant exchange of photons emitted along
the 3D1-3P0 transition with a wavelength of λ = 2.6 µm.

Figure 19: (Left) Atoms trapped in the optical lattice. (Right) The interaction between them
is generated by the exchange of (virtual) photons on the transition between 3P0 and the three
degenerate 3D1 states. λ is much larger than the typical interatomic spacing (a = 206.4 nm)
at the magic wavelength. [107]

LRI is understood to apply only when the sample is very dense, when interatomic dis-
tances are much smaller than the wavelength of the transition. A specialised lattice setup
incorporating small spacing and a long wavelength transition that Sr provides enables a
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platform on which to experiment with LRI whilst avoiding atomic collisions that ordinarily
destructively interfere. This makes LRI itself fundamentally different to a conventional in-
teraction where all atoms can be excited by the same laser (see Fig 2 when R is large).
There is a relatively powerful dipole-dipole interaction, carrying over multiple lattice sites,
when it comes to 3P0 metastable state and the three 3D1 degenerate states due to a transition
dipole moment of p = 4.03 Debye.

3.1.1 Many-body Master equation

To begin deriving the many-body Master equation, the Hamiltonian of N Sr atoms cou-
pled to the radiation field is needed. The vector transition operator for the kth atom
bk = bkxx̂ + bkyŷ + bkz ẑ (position rk) where the transition dipole matrix elements are real
and aligned along three cartesian spatial axes x̂ , ŷ and ẑ.

The notation bkj = |P 〉k 〈j|, j = x, y, z where |P 〉k represents the kth atom in the 3P0

state and |j〉k the cartesian states of 3D1, related to the angular momentum ones |m〉k (with
m = −1, 0,+1) as |∓1〉 = (± |x〉 − i |y〉)/

√
2 and |0〉 = |z〉.

The Hamiltonian of the atomic ensemble, the radiation field (2nd term) and interaction
potential (3rd term) is given by [107]:

Haf =
N∑
k=1

~ωab†k.bk +
∑
qλ

~ωqa
†
qλaqλ + i~

N∑
k=1

∑
qλ

gqλ

(
a†qλske

−iq.rk − skaqλe
iq.rk

)
(60)

with sk = b†k + bk where ~ωa = 2π~c/λ is the difference in energy from 3P0 to the
degenerate 3D1 manifold, ~ωq is energy of a photon with momentum q and polarisation λ

and aqλ is the annihilation operator for this photon. Co-efficient gqλ = p

√
ωq

2ε0~V
êqλ, where

V is the quantization volume and êqλ is the unit polarisation vector of the photon (q.êqλ = 0).

This leads to the Master equation [108] [109] describing the how the density matrix ρ of the
atomic ensemble changes over time: ρ̇ = −i/~[H, ρ] +D(ρ). The first term is dependent on
the many-body Hamiltonian [107]:

H = ~ωa

∑
k

b†k.bk + ~
∑
k 6=l

b†k.Vkl.bl (61)

The first term has the bare energies of the atomic levels whilst the second term describes
the long-range and anisotropic dipole-dipole interaction, which is characterised by a co-
efficient matrix [107]:
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Vkl =
3Γ

4

{[
y0(κkl)−

y1(κkl)

κkl

]
I + y2(κkl)r̂klr̂kl

}
(62)

I is the identity matrix. yn(x) is the n-th order spherical Bessel function of the second
kind. κkl ≡ karkl, with ka = ωa/c and rkl = rk − rl = rklr̂kl. The second term of the Master
equation is dependent on the dissapator [107]:

D(ρ) =
∑
kl

bk.Γkl.b
†
l −

1

2
{b†k.Γkl.bl, ρ} (63)

Γkl =
3Γ

2

{[
j0(κkl)−

j1(κkl)

κkl

]
I + j2(κkl)r̂klr̂kl

}
(64)

The coefficient matrix Γkl describes the dissipative couplings among the atoms, jn(x)
represents the n-th order spherical Bessel function of the first kind. The coherent and dis-
sipative dynamics are very closely intertwined as they both come from the emission and
absorption of photons. Since the wavelengths of the photons is long and the seperation is
small, the coherent interaction is a lot stronger than the dissipation. Start by comparing the
coherent interaction V12 to the dissipative rate Γ12, with two atoms separated by distance d
with induced dipoles aligned as ↑↑. If d = a then the ratio of V12

Γ12
≈ 5.7. However, when the

dipoles are aligned as →→ the ratio becomes 13.9, implying the Sr lattice setup is good for
exploring many-body physics.
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3.1.2 Light Shift

Fig 20 shows how the presence of a laser can shift the energy levels of an atomic transition
but when the atom is trapped inside an optical lattice, the relative shift in energy levels of
ground and excited state is zero. Using the laser wavelength as a reference λ1 with the optical
lattice laser being referred to as λ2 we have a red-detuned optical lattice when λ1 < λ2 and
a blue-detuned optical lattice when λ1 > λ2.

Figure 20: Black: The energy levels show the ground and excited state without any laser
presence, with a transition frequency of f0. Red: When the laser is introduced to the atom,
the energy levels separate with differing amplitudes and direction, causing a new frequency
transition f1. Green: If the atom is first trapped inside of an optical lattice then when the
laser causes light-shift in the energy levels, both ground and excited state shift by the same
amount and direction, meaning there is no relative change to the transition i.e. f2 = f0.

Light-Shift cancellation

As mentioned earlier in Chapter 2, the optical lattice is able to use neutral atoms to al-
low multiple atoms to be trapped as opposed to having charged atoms trapped in magnetic
fields (Paul trap). By designing the light-field potentials in a specific way, the light-field
perturbations can be cancelled out. Since a single atom is confined in a trap less than the
wavelength of the laser light, the first-order Doppler shift and collisional shift terms are
significantly reduced, leading to a simulation of the single ion inside a Paul trap, the ma-
jor difference being that millions of them can be present to improve the QPN limit by 1/

√
N .

Generally, the electronic states of atoms trapped inside optical lattices would be energy
shifted by light shifts but these can be negated with the use of the lattice field providing the
exact same light shift for the two states in the transition. Equation 59 described the clock
transition frequency in terms of the intensity of the laser I but in terms of the electric field
E it becomes approximately (using electric dipole E1):
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ν(λL, eL) = ν0 + νac ≈ ν0 −
∆αE1(λL, eL)

2h
E2 +O(E4) (65)

The quantity αE1(λL, eL) = αu(λL, eL) − αl(λL, eL) is the difference in the E1 polaris-
abilities of the upper (αu) and lower (αl) states. By manipulating the lattice wavelength λL
and polarisation vector eL in order to make αE1(λL, eL) = 0 the final observed frequency
ν can equal ν0 no matter the intensity of the laser (∝ E2), provided that the higher order
terms O(E4) remain negligible. The wavelength that this occurs at is called the ’magic’
wavelength, λm.

An optical lattice configuration for the 3P0 state with all magnetic sublevels for the 3D1

state can be made by first considering a 1D blue-detuned optical lattice along the x direction.
The positive frequency of the lattice field is given by [107]:

E
(+)
b (x)e−iωbt = εb

(√
2

3
ŷ +

√
1

3
ẑ

)
cos

2πx

λb
e−iωbt (66)

εb is laser field amplitude, ωb = 2πc
λb

is the laser frequency and c is speed of light in

vacuum. Using this lattice field all of the 3D1 (m = 0,±1) have the same ac polarizability
αbD(λb). Using data [133] [134] [135] [136] for the electric dipole transitions pertaining to the 3P0

and 3D1, the values of ac polarizability as a function of lattice wavelength λb are calculated [70].

This means at a particular wavelength of light for an optical lattice, the polarizability of
two atomic clock states will have the same value leading to both of them being changed by
the same amount. When this happens there is no shift in the transition frequency compared
to when there is not light present. The special wavelengths that satisfy the condition of
no overall shift in transition are called magic wavelengths. The magic wavelength for Sr is
λbm ≈ 412.8 nm, the values for the polarizabilities αbP (λbm) = αbD(λbm) ≈ −0.76 × 103 a.u.
The negative value means the atoms will be trapped in the minima of intensity for the lattice
field. The 413 nm laser used in this thesis is shown in Fig 46.
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3.2 Dipole-dipole interaction

A specific case for this phenomenon at high energies was explored earlier in Chapter 1 for
the case of Rydberg atoms. Now the general case of two particle interaction is explored.
Considering two particles 1 and 2 with dipole moments e1 and e2, with a relative position
r, the dipole interaction energy is [132]:

Udd(r) =
Cdd
4π

(e1.e2)r2 − 3(e1.r)(e2.r)

r5
(67)

Cdd is the coupling constant where Cdd = µ0µ
2
m for a particle that has a permanent

magnetic dipole moment, µm, whereas Cdd = µ2e
ε0

for a particle with a permanent electric
dipole moment µe. µ0 is the permeability of free space, ε0 is the permittivity of free space.
In a polarised setup where dipoles are aligned in the same direction (see Fig 21) z the
expression becomes simplified as:

Udd(r) =
Cdd
4π

1− 3 cos2 θ

r3
(68)

where θ is the angle between the polarisation direction and the relative position of the
particles.

Figure 21: Two particles interacting via dipole-dipole interaction in the case of: (a) non-
polarised, (b) polarised, (c) two polarised dipoles next to each other repel each other, (d)
two polarised dipoles in head-to-tail arrangement attract each other.
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The dipole-dipole interaction features a long range due to the ∼ 1
r3

term and anisotropic
characters.

Long range

Particles interacting at short range have an extensive enrgy in the thermodynamic limit
whereas for long range interaction systems, the energy for one particle may only depend on
the total number of particles. By considering:∫ ∞

r0

U(r)dDr (69)

where D is thr dimensionality of the system and r0 is some arbitrary short distance cut-
off. Looking at interactions that decay over large distances as 1

rn
, the integral will converge

for D < n which implies a short range interaction. So the dipole-dipole interaction (n = 3)
is long range in three dimensions but short range in one or two dimensions.

Anisotropy

The dipole-dipole interaction has angular symmetry of the Legendre polynomial of 2nd or-
der P2(cos θ). For 0 ≤ θ ≤ π

2
the 1 − 3 cos2 θ term goes from -2 to 1, therefore particles

repel when they are side-by-side and attractive when head-to-tail. At the magic angle of
θM = cos−1 1√

3
= 54.7°, the dipole-dipole interaction disappears.

3.3 Reference Cavity

As the use of lasers will be paramount to achieve the MOT and BEC, it will also be neces-
sary to run them for a long time, during which they must remain on resonance with as little
deviation as possible. To do this effectively there must be a way to correct the frequency of
a laser should it drift off target and this is where a frequency stabilisation system (FSS) will
be used. The reference cavity will be the most important part of FSS, its purpose is to be a
measuring stick to judge the wavelength of any incoming laser.

In the case of a resonator of length L, a standing wave can be formed only if its wavelength
is an integer multiple of twice the resonator length, 2L. Such a relation is given by:

nL = N
λv
2

(70)

The constant n is the refractive index of the material in between the mirrors of the res-
onator, leading to the quantity nL which is the optical length of the resonator. N is an
integer value called the longitudinal mode number with λv being the wavelength inside a
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vacuum. If nL were to change then λv changes with it which must be prevented by con-
trolling the temperature and the refractive index. The temperature is related to thermal
expansion which affects the length of the spacer whilst the refractive index can be affected
by air pressure.

Let us consider first the temperature fluctuations, leading to the thermal expansion:

dL

dT
= αL (71)

T being the temperature and α the coefficient of thermal expansion of the spacer. Differ-
entiating (70) and substituting into (71) leads to a formula relating the change of resonating
wavelength with the temperature change of the spacer:

dλv
dT

= 2α
nL

N
(72)

As frequency, ν, is related to wavelength through λvν = cv, where cv is speed of light
in vacuum, it is possible to take the temperature derivative and substitute into the above
equation to get:

dν

dT
=

1

2
α
Ncv
nL

(73)

The formula for fractional wavelength temperature sensitivity is given by:

dλ

λ
= αdT (74)

The formula for fractional frequency sensitivity is similarly given by:

dν

ν
= −αdT (75)

Both of these fractional sensitivities do not depend on resonator length, wavelength nor
refractive index, instead they behave similarly to the thermal expansion equation.
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4 Experimental Setup

Figure 22: The experimental setup for cooling and trapping Sr atoms. (a) CAD drawing
of the setup consisting of self-assembled Zeeman slower and the science chamber. Inset:
a typical image of a blue MOT consisting of 9.8 × 108 atoms. (b) Schematic diagram of
the experimental setup including the plan of cooling and trapping laser beams. Blue arrows
represent 461 nm laser beams; The directions of 707 nm and 2.6 µm beams are pointed inward
and outward, respectively; CCD, camera for taking images of atoms; 1/2, half-wave plate;
AOM, acousto-optic modulator; PBS, polarization beam splitter; ZS, Zeeman slower. [66]

The entire setup for experimentation is depicted above in Fig 22 as both a CAD drawing
and schematic diagram. Each individual component of the system will be explained next
along with the pictures of the current iteration of the setup. Below is Fig 23 which will help
with each step. (Further details found in Marco Menchetti’s thesis [85]).
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4.1 Vacuum System

Figure 23: A drawing of the vacuum system setup assembled on the bench.

1) Oven: This oven (Fig 24) system design comes from the SOC 2 (space optical clock on
the International Space Station) setup [19]. The strontium is kept in a stainless steel chamber
before being heated (up to 560 °C) into a vapour that is funneled through capillaries forming
it into a beam of around 1011 s−1 flux. It has been unchanged since before this thesis.

2) Gate Valve: The gate valve (Fig 25) follows the oven and controls whether the vapor-
ised atoms can reach the rest of the system. It was installed before this thesis began.

3) Angle Valve: In the next stage is a four-way cross (Fig 25) connecting a 25 l/s ion
pump and an angle valve to the beam. The angle valve is connected to a turbo pump for
pumping down from 1 atm and the ion pumps take over from there to produce vacuum
pressures in the range of 10−8 mbar. The pumps have been installed during this thesis,
replacing the older ones.

4) Atomic Shutter : The atomic shutter (Fig 26) receives the collimated strontium beam
before it reaches the science chamber. Turning it 90°will stop the flux. This component is
unchanged since the thesis began.

5) Differential Pumping Tube: Immediately afterwards is the differential pumping tube
(Fig 27). Its purpose is to create a pressure differential from one side of the system to the
other. A second 25 l/s ion pump is used via a T-junction pipe (3-way) to the pumping tube.
This is unchanged from before the thesis.

6) Zeeman Slower : The flux then encounters the Zeeman slower setup (Fig 28). It is
comprised of an assembly of magnetic ball bearings attached to a stainless steel nipple. The
magnetic field created from the outer magnet layer allows the Zeeman slower to slow down
the atoms to the required trapping speed through the aid of the cooling laser. This has been
broken down and reassembled many times throughout the project.

7) 8 way cross : Exiting the slower, the beam meets the 8 way cross (Fig 29). The cooling
laser at the far end of the setup will be visible here. It would be possible to setup a 2D
optical molasses at this point to further confine the beam but due to the atom number being
around 108 − 109 it is not necessary. This component is unchanged from the start of the
thesis.
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8) Science Chamber : The ultimate destination of the atomic source is the science chamber
(Fig 30). Here the 6 beams of the 461 nm laser form the 3D trap for the strontium. It is
kept under vacuum from the final ion pump from saes group. It is a NEXTorr Z 200 model,
58 g, 57 W and side lengths 91 mm. It is capable of pumping heavy elements like N2 at 80
l/s and lighter elements like H2 at 290 l/s. Much of this chamber had been reconstructed
towards the end of this project.

Figure 24: The strontium source encased in the ceramic heater and aluminium shielding.
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Figure 25: The gate valve, the 4-way cross, the 25 l/s ion pump and the angle valve.

Figure 26: The atomic shutter.
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Figure 27: The differential pumping tube. It has 10 cm length and 5 mm diameter and is
part of a 3-way connector with a 25 l/s ion pump.

Figure 28: The cylindrical arrangement of the NdFeB magnetic balls leads to a zero magnetic
radial field from the central axis. The strength of the field decreases from left to right as the
number of ball bearings decreases which is suitable for the changing speed of the Sr atoms.
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Figure 29: The 8 way cross. It has Kodial glass windows around it that provide a
hermetically-sealed lens with useful transmission characteristics across a wide spectrum.

Figure 30: The science chamber. The atomic flux reaches the centre to be trapped and
cooled in the MOT.
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Figure 31: (Top): The 3-way T connecting to the Science chamber. (Bottom): NEXTorr Z
200 ion pump and the 461 nm Zeeman branch laser.

64



Motor-Valve setup

Earlier it was stated that the atomic shutter for the strontium beam needs to be manually
twisted approximately 90°to go from closed position to open. Due to this manual control-
ling of the atomic flux into the science chamber, measuring and recording data about the
strontium sample becomes unreliable as there is a significant time delay between the start
of the python code and the twisting of the valve which is on the order of seconds. For this
reason, a metallic sheathe was developed to fit around the exterior in which a small motor
would be fitted and operated via computer, which would reduce the error caused by human
operation.

Figure 32: (Left) The motor attached to the shutter via an aluminium sheathe. (Right) The
sheathe and metallic arm to hold the motor.

The motor and controller were provided by Faulhaber and work in conjunction with their
software to operate it (see Fig 33 [117]). The motor is Brushless DC-Servomotors Series 0824
housed in a black anodized aluminium with a nominal voltage of 6-12 V, maximum torque of
89 mNm, diameter 8mm and length 24.1 mm. The controller is part of the Motion Controllers
Series MCBL 3002 F with hot-melt housing and screw terminals on the supply side and with
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flexboard connection on the motor side. It has a maximum continuous output current of
2 A and a peak of 3 A. The planetary gearhead comes from Planetary Gearheads Series
08/1 made from a metal and steel geartrain. It has continuous torque 60 nMn, intermittent
torque 120 nMn and a length of 20.4 mm. This gives the assembly of motor and gearhead
a combined 44.5 mm length as seen in Fig 34. One additional component needed was the
adaptor board Accessories Series 6501.00136 that allows the whole assembly to be connected
via mini USB cable.

Figure 33: (From left to right): The motion controller MCBL 3002 F. The motor 0824P012B.
The planetary gearhead 08/1 gear ratio 1024:1. The adapter board MCxx 3002. [123]

Figure 34: The planetary gearhead, motor and controller assembled together.

66



4.2 Magnetic Coil

4.2.1 Zeeman Slower

The Zeeman slower used in the experiment (Fig 28) is made from ball bearing magnets
arranged in a hexagonal pattern [95]. The cylindrical arrangement has a net zero field along
the atomic flux beam axis which can be changed with the additional fins that give it the
desired magnetic field profile for slowing. This design is very easy to assemble and needs no
external holder.

4.2.2 Coils

The MOT coils (Fig 35) are made using several coils of 1 mm copper filament with 330
turns. With a TTL signal, a switch between Helmholtz and an anti-Helmholtz configuration
is enabled on the order of ms. Normally the coils are set to anti-Helmholtz configuration
which generates about 50 G/cm of gradient near the centre. During this time the coil draws
4.5A, produces 127 W of power and stabilises at 48 °C. The external magnetic fields need to
be eliminated to optimise the experiment. The compensation coils (Fig 36) used to do this
are made of three pairs of coils, each having a square profile. Each coil is made with 90 turns
of 1 mm copper wire, all held in position by an aluminium frame. The size and position of
these compensation coils are large to allow access to the chamber and also cover a large area
around the MOT. They had been installed before this thesis began by Marco Menchetti.
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Figure 35: 1) Titanium science chamber, 2) thermal isolator, 3) copper support for coil, 4)
heat sink [85]

Figure 36: The compensation coils surrounding the Science chamber. [85]
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4.3 Laser Systems

4.3.1 Distributed Feedback (DFB) Laser

Most lasers (such as Fabry-Perot) are not efficient in the sense that there are multiple close
wavelengths outputted either side of the desired setting, albeit with lower power. The type of
laser being used in this experiment is a distributed feedback laser which does not suffer this
problem - it emits only a single wavelength. The addition of a grating above the active layer
of the laser is what sets it apart from others. It has a zig-zag composition with spacings and
refractive index designed to only allow one wavelength of light to be reflected back whilst
others pass through unperturbed, thereby feeding back the desired wavelength throughout
the whole laser into the cavity. This where the ”distribution” of the feedback comes from
and so only this light wavelength builds up and eventually released from the cavity. The
addition of the grating is more expensive though but the value comes from being able to use
more signals in the space of fewer wavelengths which is key in modern optical networks.

DFB lasers have a resonator that is entirely made of a periodic structure that behaves
as a distributed reflector in the wavelength range of laser action, containing a gain medium
which amplifies the power of light. The periodic structure is usually made with a phase shift
in the middle of it. The structure is made of two interconnected Bragg gratings with an
optical gain within the gratings. The DFB laser also has multiple axial resonator modes,
with one mode usually favoured in terms of losses. Single frequency operation is often easily
achieved, in spite of spatial hole burning as a result of standing wave pattern inside the gain
medium. Due to large free spectral range, wavelength tuning without mode hops can be
done over a range of nanometers.

In a fibre laser the distributed reflection is within a fibre Bragg grating, usually only
a few mm or cm. It is a very simple and compact single-frequency laser fibre which leads
to low intensity and phase noise levels. Our laser, semiconductor DFB, has the corrugated
waveguide built above the active region, requiring time-consuming regrowth techniques. The
typical power outputs are tens of milliwatts whilst the linewidth is a few hundred MHz, with
wavelength tuning often possible over several nm.
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Figure 37: Fabry-Perot lasers have their power split between multiple wavelengths either
side of the desired one whereas the distributed feedback laser will have its power only go to
one specific wavelength.

Figure 38: The corrugated layer above the active layer of the laser with a specific refractive
index and space of the gratings are designed to reflect only one wavelength of light. This
wavelength of light then continues to reflect and build up in intensity within the whole of
the cavity layer. This ”feedback” of the light back into the cavity is ”distributed” across the
whole laser which the laser is named after.
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Figure 39: The repump lasers adapted from Marco’s setup [85]. The 707, 689 and 688 nm
lasers are not actually locked into a cavity but they can be. As of now they are locked to a
wavemeter. S1 and S2 are shutters controlling the 679 nm and 707 nm beam of the other
experiments, respectively.
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4.3.2 Pre-Cooling/Blue MOT/Detection - 461nm laser

The 461 nm laser is responsible for not only providing the blue MOT but also the Zeeman
cooling beam and detection for the camera. The main (M squared lasers) Ti:Sapphire laser
at 922 nm is followed by a cavity doubler that doubles the frequency to 461 nm and with 550
mW of power. The power is split into four branches using several polarising beam splitters
(PBS) and half waveplates (λ/2). The first branch goes to the Zeeman slower, the second
forms the MOT beams, the third goes to the wavemeter for monitoring and the fourth is
sent to other experiments in the cold atoms group. The frequency is locked at +19 MHz
from the transition by a PID loop controlled by the wavemeter. The wavemeter (WSU2
from highfinesse) has a resolution of 500 kHz and is calibrated using a SLR-780 rubidium
reference laser.

Figure 40: The 461 nm laser is divided into 3 branches that go to the Zeeman slower, MOT
science chamber and finally the wavemeter. The beam that is sent to the MOT is subdivided
into 2 beams, one for the main use of MOT and the other is the probe beam headed towards
the camera.
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Figure 41: The ECD-X 461 nm laser enclosure setup on the optical bench. The optics can
be shielded from above with a wooden lid.
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Along the Zeeman branch (see Fig 40), the light enters into an acousto optical modulator
(AOM) which is set to -320 MHz generated from a direct digital synthesizer (EVAL-AD9959).
Just after the AOM a laser shutter is placed. The laser polarisation is aligned with the Po-
larization Maintaining (PM) fibre’s fast axis by utilising a λ/2 plate just before the coupler.
At the other end of the fibre, the emitted light is 45 mW and passes through a λ/4 plate,
expanded to 20 mm and then focused to 75 cm in order to maximise the intensity at the
Zeeman slower and have a minimum at the MOT. The whole array of optical components
can be seen in Fig 41.

The cooling laser is controlled by a 40 MHz AOM. Just like the Zeeman branch, the
polarisation of the beam is for the fast axis of the fibre with a λ/2 plate and lens. Exiting
this fibre (see Fig 42) another PBS is placed to increase the polarisation purity of the 461 nm
light which then overlaps to the 689 nm laser path through the use of a long pass dichroic
mirror (DMLP567). These beams then split into three with more PBS and λ/2 plates to be
circularly polarised with achromatic λ/4 plates. The three beams enter the science chamber
at right angles to one another and upon exiting they are then reflected by an arrangement
of mirrors and λ/4 plates, reversing direction and polarization simultaneously. The overall
effect is to provide 6 beams into the MOT.
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Figure 42: Delivery system to the Science Chamber of the MOT beams. The 3 widened
beams going into the chamber are retro reflected from the other side to give in effect 6
beams in 3 dimensions, creating the MOT.
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4.3.3 Second Cooling - 689nm laser

The 689 nm laser is a commercial ECDL laser connected with a Tapered Amplifier (TA).
Before the TA the power is only 10 mW. The total power of the main laser is 250 mW.
The optics are on their own separate breadboard which has shock absorbing feet. The main
beam is split using a PBS with one branch going to the wavemeter whilst the other passes
through a roughly 80 MHz AOM which is needed to set the beam to the correct frequency
and applies 1.6 MHz modulation during the broadband cooling phase. After this it goes into
a polarization maintaining (PM) fibre that sends the light to the science chamber. Further
details concerning the 689 nm laser can be found in Marco’s setup.

4.3.4 Repump - 707nm laser

The home built repump laser is used for moving atoms from 3P2 to 3S1 state. The 707 nm
laser is sent to several areas: the science chamber through optical fibre, the wavemeter, a
cavity and for other groups’ usage. The final power in the science chamber is 2.5 mW with
a beam waist 3 mm.

4.3.5 2.6 µm clock laser

This 2.603 µm laser with power 7 mW is also home built. It consists of a PIN diode that
provides the initial laser and then a Bragg grating for refinement (see Fig 43).

The beam encounters an AOM at 40 MHz which controls the efficiency of the output
beam. Changing the voltage will change the power of the 2.6 µm light. Due to being in
the infra-red range of light, it is not visible which causes problems in alignment. To align
the beam requires the use of a liquid crystal detector card which will change colour when
exposed to different temperatures, revealing the location of the beam with a darkened spot.
In this setup (shown in Fig 44) though, there is an additional 679 nm laser beam which has
been overlapped with the 2.6 µm laser that can be toggled on and off with use of the flip
mirror. A nice coincidence is that this additional laser is resonant to 3P0 - 3S1 transition so
the effect will be seen in the MOT. Correct alignment results in more atoms present in the
MOT. The laser is subdivided into three paths with the aid of a beam sampler. One path
leads to a wavemeter, the second goes to a photodiode for checking power and the third is
the main beam power towards the science chamber.

2.6 µm stabilization cavity

Here the Pound-Drever-Hall (PDH) [110] technique of frequency stabilisation used for locking
the 2.6 µm cavity will be explained. As of this moment the laser is free running and prone to
drastical changes in frequency at any moment during use. Commercial lasers have their own
way of restoring the frequency back to normal, perhaps using an input signal that will correct
the output laser frequency, but this is simply too slow. A separate cavity is incorporated
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Figure 43: The inside of the 2.6 µm laser.
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Figure 44: A recreation of the 2.6 µm setup from Marco’s thesis [85]. The laser is sent
through an AOM at 40 MHz and the -1 order branch is used to send to both the wavemeter
for monitoring, a photodiode and the science chamber. A flip mirror allows the 679 nm laser
to be overlapped with the invisible 2.6 µm in order to align with the mirrors and it too will
increase the number of atoms in the MOT.
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Figure 45: The 2.6 µm setup on the lab bench. Two waveplates, a λ/2 and λ/4 are needed
to focus the beam into the chamber. The PID circuit used to lock the laser has two feedback
signals for temperature and current. Temperature is used for slow locking and the current
is used for fast locking.

into the lab bench which will aid the speed of frequency restoration.

The length of the cavity will be resonant to the 2.6 µm laser frequency. Some meth-
ods may try to keep the reflected light intensity constant in order to maintain constant
frequency [111]. The optimal frequency gives the largest intensity of reflected light but a re-
duction in light can come from going above or below resonance which is why the derivative
of the the reflected light is used instead thanks to its anti symmetry about resonance.

Fig 45 shows a possible setup. The laser light will enter into an Electro-Optical Modula-
tor (EOM) to vary the phase as opposed to frequency which can be easier to do. The light
will enter the cavity and after bouncing around it eventually exits the same way it entered
to give the reflected beam. The reflected beam is then guided into a photodetector which
in turn provides a signal. This signal along with the EOM oscillator signal is entered into a
mixer to be compared. The mixer will subtract the two signals and then this resultant error
signal is sent to a low pass filter to remove unwanted noise. The error signal is then passed
through a servo amplifier to be inputted into a PID circuit. Depending on whether the error
signal shows a shift above or below resonance, the PID will send a signal to the input port
on the laser to correct the frequency back onto resonance.

The PID will only send a signal when the difference between oscillator and photodiode
signals is outside a certain acceptable range i.e. when the laser is no longer locked. The pro-
portional parameter P determines how large the outputted signal is to the laser which will be
proportional to the error signal. The integral paramter I determines the time for adjustment
which ideally should be a few seconds for correcting. Finally the derivative parameter D
looks at how the error signal changes over time to make longer term adjustments.
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4.3.6 813nm laser/412nm laser

This 813.4 nm laser can ouput a maximum of 3 W, with 1 mW being used for the wavemeter,
whilst the remaining laser power goes to a high power PM fibre (see Fig 46). The final 1 W
of power exiting is then passes a 20 mm lens after which the beam is sent to a 200 mm lens,
leading to beam waist of 50 µm. When the beam reaches the other side of the chamber, a
75mm lens collimates the light to hit a hot mirror (FM01) to be reflected back tightly. The
lens also collects the fluorescence of the atomic cloud used in spectroscopy.

The 813 nm laser is frequency doubled to become a 412 nm laser used for the optical
lattice. The optical lattice is blue-detuned from the 698 nm laser used on the 1S0 →3P0 tran-
sition. By trapping the atoms in the lattice, the 698 nm laser will not be able to light-shift the
energy levels relative to one another and so the 698 nm laser can continue to be on resonance.

Figure 46: 813 nm nm laser is split to be sent off to the miniclock system and wavemeter.
The remaining branch is frequency doubled to become 412 nm for use in the optical lattice.
The AOM for the 412 nm branch will be from ISOMET (M1002-T110L-2).

Fig 20 shows how the presence of a laser can shift the energy levels of an atomic transition
but when the atom is trapped inside an optical lattice, the relative shift in energy levels of
ground and excited state is zero. Using the laser wavelength as a reference λ1, optical lattice
laser λ2 we have a red-detuned optical lattice when λ1 < λ2 (blue-detuned for λ1 > λ2).
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4.3.7 Dipole laser - 1.06 µm laser

There are many methods that experimentalists may use to gain a sample of ultracold dense
atoms but the optical dipole trap has an advantage over them as it does not require the use
of a magnetic field and a low number of optical excitations that can yield a tightly confining
trapping potential [117]. These properties make it possible to use to obtain a BEC.

Other groups trying to create BECs in dipole traps have used CO2-lasers [118] in single
beam or cross-beam configurations [119] [120] [121]. There can be disadvantages to using longer
wavelengths such as 10.6 µm at the necessary high powers as there would need to be optical
components that can handle this light which are very hard to get. A wavelength closer to
1 µm is commercially available and does not suffer the aforementioned drawbacks. Prior
systems using this wavelength have had some unexpected losses in atom number especially
when using cost-efficient high-power multifrequency laser like fibre lasers. Experiments trap-
ping 87Rb in a BEC are few due to complicated setups employed [122], such as shiftable lenses
allowing a compression of the trap which compensates the lower power available.

This setup starts off with the atoms in the MOT and then loaded into a crossed dipole
trap with the 1064 nm lasers from Azurlight systems (see Fig 47) perpendicular to one an-
other. Only the dipole laser intensity is increased during the evaporation process. In Fig
48 the beam is split into two beams with polarising beam splitters and an AOM at 80 MHz
regulates the power for each beam. After the laser exits the fibre, a lens will be placed in
front of both beams to focus them into the MOT. The beam waist can be easily varied here
by changing the lenses. As the MOT loading phase occurs, the dipole lasers are turned on
to maximum power (20W).

Figure 47: Azurlight systems 1064 ± 0.5 nm laser. It can operate at a maximum of 50
W, single frequency linewidth <50 kHz with ultra-low noise <0.02% RMS. It has beam
diameter 10±0.2 mm, short term power stability < ±0.3% and long term power stability (8
hours)< ±0.5%. (Left) Laser controller with multi-turn potentiometer. (Right) The laser
head 330×115×80 mm.
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Figure 48: (Top): The current 1.06 µm laser setup on the bench and (Bottom): drawing of
the final setup of the 1.06 µm dipole laser.
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Figure 49: The timing sequence for the blue MOT �red MOT �optical dipole trap is
shown.

Fig 49 shows the order in which this experiment can be performed. Starting from blue
MOT over the first 50 ms the 461 nm laser is gradually turned off along with the magnetic
field (the Zeeman slower is immediately turned off). Over the next 50 ms the broadband
red MOT occurs before single-frequency red MOT sequence starts. Over the next 150 ms
the magnetic field is very gradually increased and the 689 nm laser is reduced. The 1.06 µm
laser is turned on now at low power over the next 115 ms to prepare for the optical dipole
trap. For the first 20 ms of the ODT the dipole laser is ramped to high power and the 689
nm laser is turned off along with the magnetic field. Over the next 3 seconds the dipole
laser power is gradually decreased to perform evaporative cooling before being turned off.
Afterwards the 461 nm laser for the camera is turned to capture an image of the resultant
atomic cloud.
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Dipole laser characterization

The dipole laser can be extremely dangerous and major safety precautions were undertaken
when operating at full power, including constructing a wall surrounding the optics. The
data sheet that was packaged included some values for the display power and actual power
for selected input currents in Table 2. The actual values for the 1.06 µm dipole laser on the
lab bench is shown in Table 3. It is apparent enough that the output power for the bench
cannot be tested further than 7 A as the power exceeds 20 W and would not be safe to
collect further data to compare at this present time without further precautions.

Table 2: Front panel display calibration: List of input currents, display values for power and
actual output power according to Azurlight systems. The pre-amplifier for their test had
been set to 0.3 W.

Current (A) Display Set-Point (W) Power Out of the laser head (W)

0.72 0.26 0.15
1.0 0.6 0.50
2.0 3.4 3.35
3.0 6.6 6.60
4.0 9.85 9.90
5.0 13.1 13.10
6.0 16.2 16.20
7.0 18.6 18.60
7.25 20 20.00
7.36 20.6 20.60

Table 3: Actual input current, display power and output power for the dipole laser on the
bench. The pre-amplifier was at 0.34 W.

Current (A) Display Set-Point (W) Power Out of the laser head (W)

0.73 0.3 0.35
1.0 0.59 0.64
2.0 3.38 3.57
3.0 6.29 6.70
4.0 9.85 10.3
5.0 13.15 14.30
6.0 16.5 18
7.0 19.4 21.6
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Figure 50: The values from Table 2 show a very strong overlap for the commercial laser
display power and output power.

Figure 51: The values from Table 3 show the deviation between display power and output
power for the setup in the lab.
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4.4 Imaging

Flourescence imaging is the clustering of photons scattered from the atoms in the trap. Two
images of the MOT are required: one for loading under normal conditions and the other is
an image for the MOT loaded with the atoms. The difference between the two images leads
to a quantitave value of the number of atoms in the trap. The software bundled with the
camera allows taking a background measurement of fluorescence which is automatically used
to generate a proper readout for the MOT.

The experiment makes use of the 461 nm lasers to fluoresce the atoms in conjunction
with a 1-inch diameter lens with 75 mm focus, situated under the science chamber. 50 cm
away the light is directed to the sensor of a Zyla 5.5 (Andor) camera (see Fig 52) with a
50 mm, f=1 lens. In between the lenses is a model FM01 Thorlabs heated mirror as well
as a 70:30 beam splitter. This mirror is used to make the lattice and also filter unnecessary
light from getting to the camera. Part of the light is branched using the splitter into a PMT
tube, which has a better sensitivity than the camera, faster response time and also easier
to operate. The PMT’s disadvantage compared to the camera is that it does not provide
information on the atoms’ distribution.

Figure 52: (Left) The Zyla 5.5 (Andor) camera used for fluorescence imaging. (Right) The
camera positioned underneath the science chamber.
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4.5 2.6 µm Chamber

As mentioned earlier, the 2.6 µm laser will increase the number of atoms present in the MOT
but this can be further increased the more stable the laser is. To realise this, a cavity needed
to be implemented that would make use of the PDH method via a temperature controller,
regulated through a peltier element. A prior PhD student, Shruthi Viswam [112], had made a
very similar chamber and so the basis of this design will begin the same and deviate where
necessary. The cavity itself was assembled by Dr. Jonathan Jones and Freya Owen [131] where
further details will be explained when that thesis is completed.

To start with, the optical reference cavity was made of an ultra-low expansion glass (ULE)
30 mm length cylindrical spacer with a 1 inch diameter, attached to the 2.6 µm rated mirrors
(custom made by Layertec 150850 Fused Silica) either side of it (see Fig 53). The mirrors
have a high reflectance (HR> 99.98%) coating on one side and anti-reflection (AR< 0.2%)
on the other whilst the spacer has vent holes due to it being operated under vacuum.

ULE materials are often used for building reference cavities because they have very low
coefficient of thermal expansion (CTE). This means when the temperature changes there is
little change to the length of the material. The material that a cavity is made from will de-
termine how it is affected by not only thermal expansion but air pressure changes as well. [113]

Even the smallest changes in cavity length will change the resonant frequency of the light
trapped inside, dictated by the equations (see also section 3.3):

∆L

L
= α∆T (76)

∆L

L
=

∆ν

ν
(77)

L is cavity length, ∆L is change in cavity length, α is the CTE of the material, ∆T is
change in temperature, ν is resonance frequency and ∆ν is change in the resonance frequency
of the cavity.

The cavity length can be adjusted through the use of Thorlabs piezos (PA4JK 150 V, 3.5
µm Displacement, 3.0 x 3.0 x 3.0 mm) as an additional parameter, adjustable to account for
any drift in the laser frequency. The epoxy glue was chosen instead of the optical contacting
method because whilst the latter method made for a much more accurate cavity, it would
not have the flexibility needed. One other point to consider was how stable it needed to be,
with only 100 kHz to be accounted for, it seemed better to choose the epoxy method simply
because of the difficulty in achieving a smooth flat surface for optical contacting. Optical
contacting requires a high degree of flatness, only achieved through machining the surface to
λ/10, although the payoff for doing this would be no additional material interposed inside
the cavity, no changes to dimensions, less chance for outgassing at increasing temperatures
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and less stress on the cavity.

Figure 53: (Left) The ULE cylindrical spacer with vent holes. (Right) Mirror (Layertec
150850) and piezos (Thorlabs PA4JK) glued to disc.

Figure 54: (Left) The inner can. (Middle) The outer can. (Right) The combination of the
two as well as a viton ball inserted in between.

The cavity will be inserted into an aluminium inner housing (Fig 54), with the aid of
4mm viton balls. These viton balls provide rigidity to ensure the cavity remains in place,
squeezed into 2 holes per column with a spacing of 120°(3 columns). This inner can is then
inserted into an outer aluminium can using the same method, with 6 more viton balls pressed
in between.

Underneath the outer housing is placed a peltier element (Thorlabs TEC3-6), designed to
draw heat away from the interior and therefore stabilise the temperature of the cavity. The
peltier element is regulated with a 10 kΩ resistor and connected to a temperature controller
(Thorlabs T-Cube) which allows adjustment and monitoring (see Fig 55). Fig 58 shows the
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titanium chamber in both CAD and on the bench. The CAD drawing shows four holes at
the edges which have actually been replaced with a single rectangular hole for clamping to
poles on the bench. A transparent chamber is shown in Fig 56 where an optional copper
base plate is placed beneath to aid the extraction of heat. Testing seemed to suggest that
the base plate heats up too much to be used effectively with only one peltier element so this
was axed from the final setup. Fig 57 is a simple diagram showing the plan for the final
arrangement, with an additional peltier element placed outside the chamber but again this
was scrapped due to time constraints.

Figure 55: (Left) T-Cube temperature controller. (Right) The TEC 3-6 peltier element.
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Figure 56: Titanium chamber hollowed out to show how the cavity housing, peltier element
and copper base plate are to be fitted.

Figure 57: Basic sketch of the final assembly. Viton balls keep the outer housing bound
to the inner housing. The temperature controller will feed into the PID loop for the PDH
method.
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Figure 58: Front facing view of titanium chamber without windows attached.

Figure 59: The window seal affixed to the chamber with teflon spacer and aluminium com-
pression flange in both CAD and on the bench.
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Figure 60: The chamber on the lab bench with the aluminium housing placed inside. The
setup is raised about 10 cm above the lab bench by affixing M4 screws into the rectangular
cutouts on the edge.
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4.5.1 Vacuum Sealing

Once all the components are placed inside the chamber, it will be sealed up using indium
which can hold a vacuum below pressures of 10−6 mbar [114]. This technique has been used in
vacuum systems since 1957 [115]. Indium is a soft metal, (with a melting point of 157°C and a
CTE of 42×10−6/°C) that can be flattened quite easily to create airtight seals for many ma-
terials such as quartz, ULE, germanium, pyrex, oxygen free copper. gold and titanium [116].
The seal will last for long time but can be removed with the use of acetone when needed. In
one instance the windows needed to be removed and the use of a heat gun along with a flat
edge could pry the indium sealing off the windows fused to the chamber. There was minimal
damage to the windows, fortunately, but there is always a risk of shattering when using force.

All interior components need to be cleaned before the sealing process can begin as there
will be no other opportunity to do so after the lid has been closed. The titanium cham-
ber itself will be cleaned too as there must be no impurities or blemishes on the surface
which can cause a failure in the vacuum seal when going to lower pressures. The workshop
that made the chamber have machined it to be as flat and smooth as possible and then it
must be cleaned thoroughly through the use of various methods which will now be explained.

The preliminary cleaning process begins with firstly, the chamber and aluminium housing
being given a hand scrub with detergent followed by a rinse with tap water to get the large
particles off and finally an ultrasonic bath in acetone for 15 minutes. This is necessary due to
the way the parts were created after being machined by the workshop as there will naturally
be residue from cutting. The final cleaning process consists of four ultrasonic baths, each
lasting for 15 minutes starting with a soft metal detergent (as there are aluminium parts),
distilled water, acetone and finally isopropanol. In between baths, each previous residue is
rinsed away from the beakers that the components are placed in and then dried afterward.
Once this cleaning is complete the parts are placed into an oven to bake away any moisture
at temperatures exceeding >100°C over the course of a few days.

The indium wire (IN005130/62, Goodfellow Cambridge) must be cleaned as well with
a light amount of force using optical tissue paper and isopropanol. Folding the tissue then
squirting a few drops of isopropanol, the wire will be dragged through multiple times in a
straight line, so as not to deform it, which could result in weakened sealing. The indium is
then cut to the desired length, looped into a circle and then sliced at an angle to increase
the surface area when pressing the two ends together. A teflon spacer inside an aluminium
compression flange are tightened to the (WW30530-E1) fused silica windows (see Fig 59)
which have the indium rings placed around the chamber exterior, whilst a large indium
rectangle is placed on the top for the lid to be pressed down onto it. Both the window seal
and the lid are fixed with M4 screws tightened equally. An optional extra was to use vacuum
grease (LewVac A-GREASE-DC50) for ease of use but unfortunately this was unable to be
done due to time constraints. One particular screw in the lid seemed to be particularly
stubborn to remove during testing so future chambers ought to use this grease.
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4.5.2 Vacuum System

Every component that will be inside the chamber will also be under vacuum and therefore
must be able to maintain this pressure when in use or else this leads to an instability of the
2.6 µm laser. The two holes (ConFlat Flange vacuum joint) on the side of the chamber (Fig
58) are designed to conjoin with a DN16CF connection, in this case two LewVac FL-T16CF
flanges.

The peltier element is attached to the base of the cavity (see Fig 62) using a vacuum epoxy
(TS10) designed for low vapour pressures. It will also need to be connected using suitable
wires designed for vacuum as the ones that come packaged with it will outgas so specialised
copper wiring is needed (KAPTON® WIRE 0.25mm (30 AWG) 2kVDC 2A L=10m). In
addition the solder used must also be suitable for use within vacuum (4-6337-8817 Vacuum
solder from Mouser).

Figure 61: DN16CF Hand Valve.

The interior of the chamber needs to be evacuated of not only air but other smaller
elements that may be present, in order to achieve the lower pressures required for stability
of the laser. To start with, a turbomolecular pump is used to pump down to a pressure of
about 10−2 mbar. One side of the chamber will have a stainless steel CF-R rotatable flange
(see Fig 61) to be used with this turbomolecular pump which can handle pressures as low as
10−10 mbar. Afterwards, the 2.5 l/s ion pump (Mini TiTan MiniDI1VMNNN) is turned on
that will reduce the pressure even further to around 10−7 mbar, controlled through the use
of a DIGITEL controller (SPC-1-P-S-1-UK230-E-S-N). This setup did not need the use of a
further vacuum getter pump although one could be used to absorb active gases and reduce
the size of the overall setup if desired.
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Figure 62: The peltier element (TEC3-6) inside the base of the chamber. The ion pump and
feedthrough system for the piezos appear on the top-right whilst the top-left has the peltier
element wiring and turbomolecular valve attached.

Figure 63: The aluminium outer shell inserted above the peltier element inside the chamber.
The LEWVAC feedthrough C9KIT-16CF attached to piezos will be fitted to the tee flange
branching to the ion pump.
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Figure 64: The peltier element’s wiring coming out of the DN16CF tee attached to a D-sub
connector for use with the temperature controller. The DN16 valve ultra high vacuum is
attached the other end of the tee.
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4.5.3 Cavity finesse

Finesse is a characteristic of cavities defined as the number of times light will oscillate
between the sides before being transmitted or absorbed, determined by how reflective the
mirrors used are. Loss, scattering, roughness or non-uniform coating on the mirrors will
contribute to the finesse:

F =
π

2 sin−1( 1−R
2
√
R

)
(78)

If R ≈ 1 by using a Maclaurin series expansion this will become:

F = π

√
R

1−R
(79)

with R being the mirror reflectivity. The equation ignores other factors that may affect
the finesse so only R is dominant. Using the HR value for the constructed cavity yields a
value for finesse F ∼ 15000.

4.5.4 Temperature drift

The cavity must be maintained at a constant temperature to prevent any drifting of the fre-
quency. The peltier element inside the chamber connects the floor of the aluminium housing
to the chamber’s floor to aid the flow of heat to the environment till the set temperature is
achieved. When using the temperature controller in conjunction with a well defined ther-
mistor, the interior temperature of the chamber and therefore the cavity can be determined.
The 10 kΩ thermistor (TDK model number B5786150103F040) is placed inside the cham-
ber along with the peltier element to gauge the temperature with a PID servo loop. The
temperature changes according to the Thermistor Beta equation:

1

T
=

1

T0

+
1

B
ln

R

R0

(80)

where T is the ambient temperature in Kelvin, T0 is room temperature, B is the beta
constant, R is the thermistor resistance at ambient temperature and R0 is the thermistor’s
resistance at T0. By using T0 = 298.15 K, B25/100 = 3988 K, R25 = 10 kΩ an equation for
the temperature in Celsius can be obtained related to the thermistor resistance:

RT = R25exp

(
3988

T + 273.15
− 3988

298.15

)
(81)

The equation is graphed in Fig 65 which uses the ratio of thermistor at room temperature
R25 and the current resistance R to a temperature T using the Celsius scale. Due to the way
beta constants work, the thermistor loses accuracy outside the 25°C - 100°C range but this
should be sufficient for experimental use.

The whole assembly of the temperature controller alongside the chamber under vacuum
is shown in Fig 66.
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Figure 65: A graph showing the temperature in degrees Celsius versus the ratio of the
thermistor’s resistance (RT ) and 10 kΩ resistor (R25).
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Figure 66: The T-Cube in operation with the assembled chamber raised on the lab bench near
the atomic oven. The ion pump is connected through the use of 628-5617 4 pole connections
to a DIGITEL controller.
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5 Results

5.1 Zeeman slower characterisation

Figure 67: (a) Self-assembled Zeeman slower. (b) Side view of the structure of each fin. (c)
The measured (blue dots) and simulated (red curve) longitudinal magnetic field profile of the
Zeeman slower. (d) Simulation for the trajectory of atoms with different initial velocities.
Plotted by a velocity step of 25 m/s. The centre of MOT is located at the position of 40 cm
away from the start of Zeeman slower. [66]

The specific field needed in this experiment was achieved by first building an ’adhesive’
cylindrical inner layer of the ball bearings to go around the vacuum nipple and then attaching
’fins’ to the to outside as depicted in Fig 67(a). The fins are constructed using five layers of
spherical magnets, each layer has: 2×26, 2×23, 2×19, 2×15 and 2×8 magnets respectively.
The first magnet of each layer is located between the first two magnets of the lower layer,
leading to a slowly decreasing magnetic field profile. Fig 67(b) shows the side view of the
fins. An individual ball bearing has diameter 6 mm and is magnetised the same way along
the z-axis, the axis along the atomic beam. Each fin is spaced symmetrically 120◦ to each
other around the cylinder and the z-axis. Fig 67(c) shows the measured magnetic field
profile along the z-axis. The Gaussmeter used (GM07 HIRST) limits the accuracy to < 1%.
The Zeeman slower is placed between 0 and 15 cm of the z-axis where the magnetic field is
positive and has an effective slowing. When the magnetic field is high and negative, it will
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also have a slowing effect in close proximity to the Zeeman slower. The field can be profiled
by using the equation:

Bz =
µ0M

4π

∑
i=1

2(z − zi)2 − (x− xi)2 − (y − yi)2

[(x− xi)2 + (y − yi)2 + (z − zi)2]
5
2

(82)

here, M is magnetic dipole moment, µ0 is the vacuum permeability equal to 1.257×10−6

H/m, i represents the magnet in the i-th position and N is the total number of magnets,
in this case 522. The simulated field and the measured field are in close agreement as seen
in Fig 67(c). Testing required simulating the velocity distribution of atoms as they pass
through to compare with the measured results of the beam after exiting the Zeeman slower.
Fig 67(d) shows that atoms with velocities between 200 m/s and 350 m/s are slowed to be
captured within the MOT at a location 40 cm away from when they are first slowed by the
Zeeman slower. Anything traveling at speeds below 200 m/s stop well before reaching the
trapping region in the MOT. The capture velocity could be increased with the use of more
magnets.
Probing the 1S0 →1P1 transition with the use of the 461 nm laser, angled at 45°to the atomic
flux allows measurement of the velocity distribution. The most likely velocity is 94 m/s and
the width is 26 m/s by use of Zeeman slower. Before the Zeeman slower the velocities were
400 m/s with a width of 370 m/s, so the slower is having a large impact on the capture rate.
Overall use of the Zeeman slower causes 34% of the atomic source to finally be caught.
The method of absorption spectroscopy to measure the speeds is the same as Marco Menchetti’s
thesis [85]. The oven setting is 2.48 A with the signal at maximum. The absorption signal
is used to calibrate the fluorescence signal that is sent to a PMT that is set to take light
emitted by the atoms. The fluorescence signal will then be used to measure the atomic flux
at smaller current values, where the signal to noise ratio is too small to measure it using
absorption spectroscopy.
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5.2 Performance of MOT

Fig 68 shows the active blue MOT capturing a small cloud of Sr atoms in the middle of
the Science chamber. The setup of the experiment requires the oven to be heated to 560°C
which leads to an atomic flux of 2.8 × 1011, able to be increased through more heating at
higher temperatures. The 6 orthogonal 461 nm laser beams have a combined intensity of 19
mW/cm2 (∼ 0.5Isat), a 1

e2
radius 10 mm and a detuning of -40 MHz (1.25Γ). The 707 nm

and 2.6 µm repump lasers both have radius 1
e2

= 2 mm, with a power of 1.2 mW and 2 mW
respectively. The magnetic field gradient was 55 G/cm. In Fig 69 the sample of atoms in
the gas cloud has been captured by the Zyla 5.5 camera and converted into an image using
the bundled Andor Imaging software. The pixel data was converted into a spreadsheet and
fed back into a graphing software to produce the image shown.

Figure 68: The active blue MOT. The small ball of gas in the centre of the science chamber
is the atomic cloud fluorescence.

Time of flight

The time of flight (TOF) [124] method is used to determine the temperature of the sample
by looking at the spread of the cloud with no external forces affecting it aside from gravity.
It begins with the atoms being loaded into the blue MOT. If the atoms in the cloud have
a uniform temperature TM then the velocity distribution function f(v) will be a Maxwell-
Boltzmann distribution:

f(v) =

√
m

2πkBTM
e
− mv2

2kBTM (83)

with m being the mass of one strontium atom and v is its velocity. Spatial distribution
function f(r) of the atoms will follow Gaussian distribution:
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Figure 69: The active blue MOT density captured with the Zyla 5.5 (Andor) camera and
software. The atom number is measured in each location and pixel data is sent to a spread-
sheet for recreation in graphing software using a 2D Gaussian function to fit.

f(r) =
1√

2πrM
e
− r

2r2M (84)

r is the atom’s position within the cloud and rM is the MOT radius. The next step
requires the anti-Helmholtz coils and the cooling laser to be turned off. Without the field or
laser the atomic cloud will begin to expand and at a time t later the atom will have moved
from a position ri to final position rt = ri + vt. The position distribution at this time t is
given by:

f ′(ri, t) =

∫ ∞
−∞

f(ri)f(v)dri =

∫ ∞
−∞

f(ri)f

(
rt − ri
t

)
dri = f(ri) ∗ f(v) (85)

This result leads to the MOT radius becoming:

r2(t) = r2
0 +

(
kBTM
m

)
t2 (86)

with r0 being the radius at time t = 0.
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Next the blue laser needs to be switched on so the imaging camera can be used to take
a snapshot of the image at the desired time t. By comparing the picture of the MOT before
and after the expansion the temperature can be calculated using (86). Fig 70 shows the
repeated measurement of the cloud after several milliseconds of expanding to create a time
lapse. In Fig 71 the values for the terms in equation (86) are plotted as a straight line graph.
The calculation of the temperature for the blue MOT in this instance returned a value of
2.5± 0.4 mK which will be improved in future testing due to problems in power output for
the 461 nm laser.

Fig 72(a) shows the blue MOT being loaded under several conditions. With no Zeeman
or repump lasers, only 2× 106 atoms are trapped in the MOT. If the Zeeman laser is active
at 15 mW then the number obtained increases 20 times. Turning on the 707 nm repump
will double the atomic number whilst dual repumps increase the steady-state atom number
further. It is clear to see that using 707 nm in conjunction with 679 nm repumps is inferior
to when 707 nm is utilised alongside 2.6 µm repumps. By fixing the 707 nm power both of
the remaining repumps are set to an intensity of 16 mW/cm2; 3 × 104Isat for 2.6 µm and
27Isat for 679 nm. The 2.6 µm has a saturation intensity of 0.54 µW/cm2 whilst the 679 nm
has 0.6 mW/cm2. The graph shows an improvement of factor 16 when using the 679 nm +
707 nm setup but a much improved factor of 23 when using the 2.6 µm + 707 nm setup.
The ratio between the two is 23

16
≈ 1.4.

The blue MOT was operated with the 2.6 µm and 707 nm dual repumps alongside the
atomic source oven at 560°C, the Zeeman slower with laser power PMOT = 60 mW for the
total MOT beams and PZS = 20 mW for the Zeeman slower beam opposing the atomic flux.
These parameters lead to a peak steady-state atom number of 9.8× 108 and atomic density
1.4× 1011 cm−3, limited by the maximum power of the cooling laser. The MOT loading rate
is 3 × 109 s−1, loading time 0.3 s and lifetime for the MOT 1.1 s. After improvements in
output power for the 461 nm laser had been made, thanks to repairs from M2 lasers, another
TOF measurement was carried out. At this time the motor controller had been setup to be
controlled via computer to eliminate the human error from turning the valve on the shutter
shown in Fig 73. It can operate at set speeds but there was little available aside from start
and stop, so macros were created to refine the movement to be exactly the necessary angle
of rotation and stop immediately. Shown in Fig 72(b) more images of the expansion were
captured and the temperature was 1.12 mK.
The number of atoms trapped in the blue MOT are around 1 billion.

Magnetic Trapping

More characterisation of the setup can come from loading the atoms into the magnetic trap of
the 3P2 state using the 1S0 →1P1 cooling cycle. The 3P2 state has a large magnetic moment
of 3µB plus a long radiative lifetime of about 17 minutes which allows this trapping to occur.
The method involves continuous loading to 3P2 state during the MOT process, holding in
an anti-Helmholtz magnetic field for 1.3 s. Next, the 461 nm laser and the magnetic field
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are switched off, again after 1.3 s. Last is to turn on the 707 nm laser, the probe laser and
the camera after an amount of time thold in order to detect the 3P2 atoms trapped via the
transitions 3P2 →3P1 →1S0. The magnetic field gradient 50 G/cm gives a magnetic trap
depth 38 mK. In Fig 74(a) the atom number for the trap is shown versus time in seconds.
The lifetime comes out as 1.1 s whilst the loading time is 0.5 s. Fig 74(b) shows the timing
sequence used. A back to back sequence of decay and loading of the MOT is shown in Fig
75 yielding a lifetime of 1.09 s.

Atom number calculation

The Andor camera software calculates the atom number N based on the following equation:

N =

n

(
4R2

r2

)
P

(87)

where:

P =

1
2

(
I

Is

)
G× 106

1 +

(
I

Is

)
+D2 +G2

(88)

where n is number of detected photons, R is the focal length of the lens, r is distance
from lens to atom, I is intensity, Is is saturation intensity, G is the natural linewidth (32
MHz) and D is the detuning (80MHz).
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Figure 70: The time of flight (TOF) for the blue MOT. The atoms are thrown up as a
collective and allowed to spread as they fall in order to measure the temperature. Multiple
measurements were taken by turning off the field and laser then fluorescing the sample after
several milliseconds with the 461 nm laser.
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Figure 71: PMOT = 45 mW, PZS = 15 mW. By fitting as a straight line for equation (86),
the temperature of blue MOT is obtained, which is 2.5 ± 0.4 mK
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Figure 72: (a) The dependence of atom number in blue MOT on Zeeman slower beam and
two repumping beams. The fluorescence of the sample is captured by the CCD camera to
determine atom number. (b) The radius of blue MOT as a function of time of flight. Inset:
the images of atomic cloud at different time of flight. [66]
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Figure 73: The motor controller can be used to rotate the shutter valve at differing speeds.
The latest TOF measurements used this to reduce the errors from turning by hand.
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Figure 74: (a) Measuring of atom number for 3P2 magnetic trap during the decay (blue solid
circles) and the loading phase (red solid circles). Fits are shown by solid curves. (b) The
magnetic trap decay timing sequence. ZS: Zeeman slower; B: magnetic field gradient; CCD:
charge coupled device camera. In the lifetime measurement, the atoms are continuously
loaded into 3P2 for 1300 ms. [66]

Figure 75: When turning off atomic shutter (all lasers and magnetic field are on), the PMT
signal will be decreased; when turning it on again (others are kept on), the signal will
increase. By fitting with an exponential function, the lifetime of the blue MOT is 1.09 s.
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Figure 76: A typical resolved-sideband Zeeman spectroscopy of 3P0 →3D1. Experimental
data (blue dots) are fitted with three independent Lorentz functions (colourful curves). This
is because there are three separate peaks from left to right which correspond to m = 0 →
m′ = −1, 0,+1 transitions. Inset: the Zeeman sublevels of 3D1. [66]

5.3 Landé g factor measurement

Previously, alkaline earth metals’ g factors for 1S0 and 3P0;1;2 had already been experimen-
tally determined to estimate the Zeeman shift in optical clocks [125]. Something that had not
been measured was the g factors of 3D states. This will be a new measurement of the Landé g
factor of 3D1 state using cold 88Sr atoms confined inside a blue MOT. The resolved-sideband
Zeeman spectroscopy will be key to the g factor measurement.

The first step to get this measurement was by having 88Sr atoms continuously loaded
in the blue MOT. Meanwhile, the 707 nm repump laser is locked and kept on the whole
time. Secondly, a neutral density filter is inserted into the reflected MOT beam parallel to
the anti-Helmhotz coil axis. This will cause an imbalance between the traveling-wave com-
ponents. The atoms are propelled towards the reflected beam side because of the intensity
imbalance which is the result of split Zeeman sublevels by the non zero magnetic field. The
third step was to switch on the 2.6 µm laser to excite the 3P0 atoms to 3D1 and carry out
the Zeeman spectroscopy by the electron shelving methods [126]. The 2.6 µm laser power was
80 µW and beam size was 2.3 mm. The laser was scanned at speed 8 MHz/s. The magnetic
field gradient was 45 G/cm.

In Fig 76 the typical resolved-sideband Zeeman spectroscopy of 3P0 →3D1 is shown.
There are three peaks which correspond to the m = 0 → m′ = −1, 0,+1 from left to right.
A NE02A filter (OD=0.2) is inserted which could produce a 37% difference in intensity.
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The three peaks are individually fitted with a Lorentz function. They are broadened by the
following effects, all of which are independent of one another: the intensity broadening, the
linewidth of the 2.6 µm laser and the Doppler broadening. More broadening on the side
peaks occurs due to variation of the magnetic field across the atomic cloud.

The Doppler broadening is about 175 kHz at a temperature of 1.1 mK. Intensity broad-

ening is calculated to be 4.4 MHz using ∆ν = ∆νN

√
1 + I

Isat
, with ∆νN as the natural

linewidth of the 3D1 state, Isat is the saturated intensity for transition 3P0 →3D1. The
full width at half maximum (FWHM) of the three peaks are 18.3 MHz, 6.3 MHz and 14.7
MHz from left to right. The frequency shift of the left peak is 10.2 MHz from centre peak,
whilst the right is shifted 10.8 MHz. The measured difference between left and right peaks
in FWHM and shift is brought about via fitting uncertainty and the induced magnetic field
variation across the atomic cloud during the laser scanning time period.

The peak splittings and widths are calculated from the measured displacement, S, and
atomic cloud radius, ∆S

2
:

S =
∆Sh

gµBmJB′Z
(89)

∆S

2
=

∆Wh

gµBmJB′Z
(90)

with ∆S and ∆W being the peak splitting and the FWHM difference between the central
peak and side peaks, µB is the Bohr magneton, mJ = ±1 is the magnetic quantum number.
For this experiment S = 2.98 mm and ∆S

2
= 2.6 mm. Using rate equations [127] [128] the values

of ∆S = 9.4 MHz and ∆W = 8.2 MHz can be calculated, close to experimentally determined
values of ∆S = 10.5 MHz and ∆W = 10.2 MHz. One possible reason for this discrepancy
could be the magnetic field within the Science chamber is higher than 45 G/cm that was
put into the calculation. Looking at the arrangement of components, a likely candidate for
this extra field could be one of the ion pumps.

In Fig 77 the plot for Zeeman spectroscopy of 3P0 →1D1 is shown. There are three cases:
without filter, NE01A filter and NE02A filter with an intensity difference of 0%, 21% and
37% inserted into the reflected beam, parallel to the magnetic field axis. The cloud is shifted
toward the reflected beam side in Fig 77(a). When the magnetic field is increased, the side
peaks shift further and are more broadened as shown in Fig 77(b). When there is no filter
there are still two side peaks visible that come about from an imperfect magnetic trap which
is splitting the sublevels. The 2.6 µm laser used had Doppler broadening ∆νd = 432 kHz,
Power broadening ∆νp = 24 MHz and Zeeman broadening ∆νz = 0.91 MHz, making power
broadening the largest contributor to inaccuracies in results.
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Figure 77: (a) Left: Atomic cloud without filter. Middle: Atomic cloud with small magnetic
field and NE01A filter. Right: Atomic cloud with higher magnetic field and NE02A filter (the
one used for Fig 76). The cloud is shifted towards the reflected beam side which is parallel
to the magnetic field direction. (b) Zeeman spectroscopy for the above three scenarios. The
light dots represent the experimental data and dark curves are fitted results for all three
cases. The Zeeman sublevel splitting is larger and the signal amplitude weakens as the
magnetic field increases. [66]

The value of gJ is measured in experiments by use of frequency splitting at various mag-
netic fields using g = ∆νh

µBB
, with ∆ν being the frequency splitting of the side peak with

respect to the central peak. g will be calculated by calibrating the frequency splitting and
the magnetic field. The frequency splitting can be calibrated using a 80 MHz frequency
interval between the carrier and the modulated side band. The magnetic field is worked
out from the equation, B = cB′∆p, with c = 38 µm/pix, B′ is the magnetic field gradient
and ∆p is the change in the number of pixels. 7 measurements were taken and averaged to
obtain a value of gJ = 0.4995.
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Figure 78: Summary of measurements of the Landé g factor of 3D1. The error bars show the
uncertainty of the experiment. The soild line and the gray area represent the mean measured
value and the 1− σ confidence interval. σ = 0.0044 [66]

The gJ for 3D1 is also calculated using Russel-Saunders approximation [129]:

gJ = gL
J(J + 1) + L(L+ 1)− S(S + 1)

2J(J + 1)
+ gS

J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
(91)

L is the total orbital angular momentum quantum number, S is the total spin quantum
number, J is the total angular momentum quantum number. gL = 1 and gS = 2×1.0011597
for this experiment [130]. This leads to a calculated value of gJ = 0.4988 for the 3D1 state
of 88Sr. The measured value for gJ is shown in Fig 78; the mean value experimentally is
0.4995(44) which is remarkably close to the theoretical calculated value of 0.4988. The error
bars show the uncertainty which mostly come about from the frequency splitting calculation
and the magnetic field. This value can be refined further when the 2.6 µm laser is locked to
the cavity.
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The work done throughout the course of this thesis has been published in papers and
presented at conferences:

� S. Zhang, P. Ramchurn, M. Menchetti, Q. Ubaid, J. Jones, K. Bongs and Y. Singh,
“Novel repumping on 3P0 →3D1 for Sr magneto-optical trap and Landé g factor mea-
surement of 3D1”, (2020). J. Phys. B: At. Mol. Opt. Phys. 53 235301

� Sh. Zhang, P. Ramchurn, S. Ganesh, K. Bongs, Y. Singh, “Light Scattering from
Sr Atoms in a Two-Dimensional Optical Lattice”, (2021). Quantum Optics X, 5-11
September 2021, Toruń, Poland.

� S. Zhang, P. Ramchurn, K. Bongs, Y. Singh, “Simulation of Dipole-Dipole Interac-
tions With Ultracold Sr in an Optical Lattice”, (2021). 2021 Joint Conference of
the European Frequency and Time Forum and IEEE International Frequency Control
Symposium (EFTF/IFCS)

� S. Zhang, P. Ramchurn, K. Bongs, Y. Singh, “The Measurement of Landé Factor of
3D1 with Cold 88Sr Atoms”, (2020). 2020 Joint Conference of the IEEE International
Frequency Control Symposium and International Symposium on Applications of Fer-
roelectrics (IFCS-ISAF)

� S. Zhang, P. Ramchurn, K. Bongs, Y. Singh, “Characterization of ultracold 88Sr atoms
for the dipolar interaction of the 3P0-3D1 transition”, (2020). APS Division of Atomic,
Molecular and Optical Physics Meeting Abstracts

6 Conclusion

Looking back on the strontium LRI project I remember all the hurdles that the group has
overcome and still managed to accomplish some milestones. The thesis introduced the setup
required for confining a sample of Sr atoms inside of a trap through cooling with the aim to
develop a BEC through the additional cooling with a dipole laser. Steps towards achieving
the BEC and ultimately probing strontium for evidence of long-range interactions have been
undertaken so that those who wish to utilise the current setup may find it in a better state
than it was 3 years ago:

� The experimental confirmation of the Landé g factor

� The vacuum system has been upgraded to a new ion pump with 80 times the pump
speed to reduce external effects upon the blue MOT atoms in the Science chamber

� Motion manager software macros have been implemented to assist the TOF measure-
ment by automatically twisting the valve with the push of a button

� The 2.6 µm laser was free running but now has a cavity and chamber to lock it into
place for an increase in stability
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� The current atom number for 88Sr is ∼ 109 cooled down to 1.1 mK with a density for
the cloud 1×1011 cm−3. When switching to broadband red MOT the transfer efficiency
was 30% - 40%. From broadband to single frequency red MOT the efficiency was 90%.

� The 1.06 µm dipole laser has been installed and is operating at maximum power 20 W
safely

6.1 Unfinished tasks

I successfully worked alongside my colleagues to get the systems up and running again after
returning to the labs; since being inactive throughout lockdown. Naturally there are some
things left unfinished:

� Characterising the 2.6 µm laser

� Create optical dipole trap to perform a BEC with 84Sr

� Perform the blue detuned optical lattice

� Make further improvements to the vacuum system by adding two additional ion pumps
to the Science chamber also rated for 200 l/s

Overall I thoroughly enjoyed the experimental side of physics, having previously only
had a background in mathematics and theoretical physics. It was not obvious at first that a
lot of time is spent setting up an experiment rather than just carrying it out. However, the
research into the world of cold atoms has revealed a new side to reality that would otherwise
have been overlooked or neglected. Strontium and many other alkaline earth metals will be
the subject of many additional experiments to investigate the ultracold frontier with atoms.
Having worked on the project for 3 years it is apparent that such steps are hardly ever made
alone, considering the input from others working in the cold atoms group have contributed,
both small and large.

The first step for the project from here on is to lock the 2.6 µm laser to the cavity. Once
this is done the next task will be to achieve the BEC using strontium-84. From here there
are two options: i) either proceed to achieve long-range interactions or ii) to load the BEC
into an optical lattice at 412 nm, thereby putting the atoms into the Mott insulator state
and then drive the long-range interactions using the 2.6 µm laser.

For the future detection of LRI, the fluorescence of the linewidth broadening will be
measured. It is expected that the frequency will shift and the peak is suppressed. At the
current rate of progress we expect around 2 years to detect preliminary readings for LRI.
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