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Abstract

This thesis presents details on the design and construction of a compact magneto-

optical trap (MOT) for neutral calcium atoms. All of the apparatus required to

successfully cool and trap ∼106 40Ca atoms to a temperature of ∼3 mK are

described in detail.

A new technique has been developed for obtaining dispersive saturated ab-

sorption signal using a hollow-cathode lamp. The technique is sensitive enough

to detect signals produced by isotopes of calcium with abundances of less than

0.2 %.

A compact Zeeman slower has been used to reduce the velocity of a thermal

beam of calcium atoms to around 60 m/s, which are then deflected into a MOT

using resonant light. A discussion on the characterisation and optimisation of the

Zeeman slower and deflection stage is also given.

The number of atoms trapped in the MOT has been shown to increase by

a factor of ∼4 when a repumping laser at 672 nm is used to excite atoms from

the 1D1 state back into the main cooling cycle. As this transition is excited the

lifetime of the MOT increases, with lifetimes up to 50 ms having been measured.

These measurements are compared with a rate equation model and were found to

be in agreement. A 1530 nm diode laser has also been used in conjunction with

the 672 nm laser, to repump atoms from the metastable 3P2 state back into the

cooling cycle, increasing the trapped atom number by a further 70 %.
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Chapter 1

Introduction

1.1 Laser cooling

1.1.1 History and development

In 1975, Hänsch and Schawlow published an article that described how an en-

semble of neutral atoms could be brought to a temperature close to absolute

zero, using laser light [2]. In that seminal article they stated that coherent light,

slightly red detuned from the relevant atomic transition, could be used to remove

an atom’s kinetic energy, to the point where the Doppler width was as small as

the natural linewidth. In fact, it was later discovered that the lower energy limit

of their laser cooling technique results in a Doppler width well below the natural

linewidth [3]. At around the same time, Wineland and Dehmelt independently

suggested that laser light could be used to remove energy from trapped ions [4],

and indeed, the process of Doppler cooling (or laser cooling) was first demon-

strated on ions trapped in electric fields [5]. Despite laser cooling reducing the

kinetic energy of each ion, Coulomb interactions limit the number of particles

that can be cooled simultaneously within a given volume [6].

If an atom is moving towards a laser beam that is red detuned from its reso-

nance frequency, the Doppler effect causes the atom to experience the light shifted

closer to resonance and is more likely to absorb a photon from the beam. On

1



CHAPTER 1. INTRODUCTION 2

the other hand, if the atom and laser light are propagating in the same direction,

the light is shifted further from resonance and no photon will be absorbed. Since

photons that are absorbed are re-emitted randomly into space, this results in a

net force in the direction opposite to the atom’s motion.

It took a number of years to develop the light sources and build an experimen-

tal setup that was capable of cooling atoms in the way that Hänsch and Schawlow

envisaged. Phillips and Metcalf demonstrated in 1986 how the technique could

be used to slow a thermal beam of neutral sodium atoms [7]. However, it was

Steven Chu, and co-workers at Bell Labs, that were the first to experimentally

realise resonance radiation pressure cooling in three dimensions [8]. They used

three orthogonal, counter-propagating, laser beam pairs to cool a cloud of sodium

atoms to 240 µK in a configuration known as optical molasses.

At around the same time, Phillips and Metcalf had demonstrated that it was

possible to trap neutral atoms using a quadrapole magnetic field [9]. As the force

that atoms experience in optical molasses is independent of position, a technique

was sought that would trap the cold atoms and also allow long interaction times;

the ideal situation for spectroscopic measurements. The magneto-optical trap

(MOT) was the fruit of this work, developed in 1987, it was designed to incorpo-

rate optical molasses and magnetic trapping into a single setup, see Fig. 1.1 [10].

The method proved to be successful and produced 10 million atoms, cooled to a

temperature of ∼ 600 µK, for over two minutes.

The theory of laser cooling had been well developed by the time the first MOT

had been created [11], therefore, the community was surprised when the group at

NIST produced results which showed that atoms cooled in optical molasses could

exhibit a temperature below the Doppler limit [12]. It was not long before it was

realised that Doppler theory was too simple to apply to multi-level atoms and so

the theory for laser cooling was extended to include the additional mechanisms

which could enable further cooling [13, 14, 15]. For their contributions to the

experimental realisation and theoretical description of laser cooling, Steven Chu,
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Figure 1.1: The configuration of the anti-Helmholtz coils and laser beams used

in a MOT. The arrows indicate the direction current flows through the coils and

the handedness of the circularly polarised light beams.

William Phillips and Claude Cohen-Tannoudji were each awarded one third of

the 1997 Nobel prize in physics [16, 17, 18].

Laser cooling is a method for creating a sample of atoms that have a high

phase space density (PSD)= nλ3
dB, where n is the number density and λdB is

the thermal de Broglie wavelength. A high PSD describes a group of atoms that

have narrow spatial and velocity distributions; a property that is useful in many

areas of physics. If the atoms involved have integer spin, i.e. they are bosons,

and have a PSD above 2.62, they enter the quantum degenerate regime [19].

Therefore, there exists a critical temperature, Tc, at which the thermal de Broglie

wavelength of each atom becomes larger than the inter-particle spacing and the

atoms collapse into the lowest energy, quantum mechanical state of the system.

This phenomenon is known as Bose-Einstein condensation (BEC) and was first

predicted in 1924 [20, 21].

Well-known phenomena such as superconductivity [22] and superfluidity [23]

have been long known to exhibit some of the behaviour expected from a quan-
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tum degenerate system, however, these systems can only be described by strong

inter-particle interactions, since the atoms are closely packed. The strong interac-

tions make the resulting macroscopic state difficult to understand and is not the

original vision of a BEC, which was based on weakly interacting particles. The

advent of laser cooling provided a fast and efficient route to achieving high phase

space densities for weakly interacting particles. However, the re-absorption and

emission of photons limits a MOT from reaching the temperatures and densities

required to enter the quantum degenerate regime [24].

Higher phase space densities were achieved when laser cooled atoms were

transfered into magnetic traps. In this case re-absorption of light was no longer

a limiting issue [25], and a technique known as evaporative cooling was used

to further cool the atoms [26]. This technique involves removing the hottest

atoms from a trap and allowing the remaining atoms to re-thermalise at a colder

temperature; this is analogous to blowing on a spoonful of hot soup before putting

it in your mouth. In 1995, within the space of three months, the groups at JILA

and MIT both reported that they had used an evaporative cooling technique to

Bose condense gases of rubidium and sodium respectively [27, 28]. For their work

in experimentally realising the first Bose-Einstein condensates Carl Wieman, Eric

Cornell and Wolfgang Ketterle won the Nobel prize in Physics in 2001 [29, 30].

Much like the laser at the time it was invented, Bose Einstein condensates

have found few practical applications in everyday life. However, they have been

frequently employed in experimental setups to test fundamental physics prob-

lems. BECs have been used by over 70 groups [31] to study fundamental topics

in physics such as wave-particle duality [32] and the superfluid to Mott insu-

lator phase transition [33]. Closely related experiments have cooled fermions

(particles with half-integer spin) to a temperature at which a degenerate Fermi

gas forms [34]. In this case, the atoms are forbidden to all collapse into the

trap’s ground state by the Pauli exclusion principle and so each atom then

has to occupy the lowest available energy level. Although direct laser cooling
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methods of molecules have been proposed [35], Bose condensation of molecules

was actually achieved using cold fermions and forcing them to form bosonic

molecules [36]. This area of research has allowed direct study of the BCS-BEC

crossover regime [37].

1.1.2 Atomic species

With the exception of metastable helium [38], ytterbium [39] and most recently

chromium [40], the elements which have been Bose condensed have been limited

to atoms with a single outer electron; hydrogen [41], lithium [42], sodium [28],

potassium [43], rubidium [27] and caesium [44]. It is only relatively recently

that laser sources have become readily available that are capable of driving the

electronic transitions of more exotic species.

The atoms of the alkali-earth group of elements have drawn the interest of

the laser cooling community in recent years for a number of reasons. The even

isotopes of this group have no nuclear spin and as a result have a non-degenerate

singlet ground state. This produces an almost ideal two-level energy level struc-

ture, simplifying the theory associated with the interaction of light. However,

the addition of the spins of the outer electrons also results in a triplet energy

level scheme, connected to the singlet scheme through narrow resonances known

as intercombination lines.

Much of the previous work, which has made use of laser cooled alkali-earth

atoms, has focused on utilising the narrow resonances between the singlet and

triplet schemes for frequency metrology [45, 46]. The second is currently defined

via the RF frequency of the radiation corresponding to the transition between

the two hyperfine levels of the ground state of of 133Cs [47]. Narrow linewidth

optical radiation could be used as a faster frequency reference and allow improved

accuracy over the current standard. However, techniques that are capable of

measuring optical frequencies have only recently become available [48]. The 1S0−3

P1 transition in calcium has been demonstrated to be a possible reference for a
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future frequency standard by the PTB group in Germany and the JILA group in

the US [49, 50].

In addition to being used as a frequency reference, laser cooled alkali-earths

have been used to model how atoms collide at very low temperatures [51, 52]. The

non-degenerate ground state of the alkali-earths reduces complexity of the theory

for cold collisions greatly when compared to the alkalis. Experiments have since

been performed which have resulted in the photoassociation of calcium, allowing

the theory to be directly compared with experiment [53]. Laser cooled alkali-

earths may also provide a method of measuring the electronic dipole moment [54].

The 1S0−3P1 transition in 40Ca is narrow enough to facilitate laser cooling to

extremely low temperatures. However, direct laser cooling of this transition is not

possible as the resulting spontaneous force is not large enough to support against

gravity. In strontium, where the intercombination line is wider and gravity is not

an issue, samples have been created which have a phase space density 1000 times

greater than have been achieved by laser cooling the alkalis [55].

Stimulating the main intercombination line in 40Ca, where Γ < 400 Hz,

presents the huge engineering challenge of generating light with a linewidth nar-

rower than that of the transition [56]. The JILA group have demonstrated that

such a source is not critical to drive this transition using a technique known as

‘quenched narrow line cooling’ [57]. Here they have artificially decreased the life-

time of the metastable state by exciting the atoms into higher lying states that

can decay quickly to the ground state. The linewidth of the long-lived state can

then effectively be controlled by the number of atoms excited to the higher lying

state, but at the expense of heating; due to higher energy photons. Another way

to continually stimulate this transition would be to trap the atoms in a dipole

trap and continually irradiate the transition [58].

The group at PTB has shown very recently that forced evaporative cooling

can be used to reach these temperatures and allow a calcium BEC to form.

They have used a laser close to the ‘magic wavelength’ to generate a dipole trap
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the atoms. In this situation, the laser induces ac-Stark shifts that are equal

for the ground state and the 3P1 state, allowing direct cooling using a 657 nm

laser. Using the trapping laser in a crossed dipole trap configuration they have

trapped around 20,000 atoms and cooled them to a temperature of around 200

nK and observed the bimodal distribution synonymous with the formation of a

BEC [59]. At almost the same time, the Innsbruck group used an evaporative

cooling technique to Bose condense Strontium [60].

The aim of the work presented in this thesis was to develop a source of laser

cooled calcium atoms, which could be used as a platform for exploring paths to

reach the low temperatures required for a calcium BEC. The majority of the the

work herein details the design and construction of the components used to create

this source of cold calcium [61, 62]. The system has been characterised in detail

and has been used to demonstrate new repumping schemes for collecting cold

samples of atoms.

1.2 Thesis layout

• Chapter 2 summaries the fundamental theory required for the laser cooling

of neutral atoms. The latter part of the of the chapter gives relevant infor-

mation the properties of calcium and reviews the energy level structure of

40Ca.

• For light to interact with ensembles of free neutral atoms it is essential that

there are as few collisions with background atoms as possible. Chapter 3

describes the design and construction of the vacuum system used for the

experiments in this thesis.

• Chapter 4 details the frequency doubled laser system used to create the

blue light for driving the strong laser cooling transition. A simple frequency

stabilisation technique, for atoms that do not have commercially available

vapour cells, is also described.
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• A number of diode lasers were employed in the experiment, used for fre-

quency references and for probing atomic transitions. These lasers, and the

methods used to stabilise them, are described in Chapter 5.

• Measurements obtained from characterising and optimising the laser cooling

system are given in Chapter 6.

• Chapter 7 describes how a homemade ECDL and commercial telecoms laser

were used to control the lifetime of the MOT and the states that the trapped

atoms were permitted to occupy.

• Chapter 8 concludes with a thesis summary and a discussion of possible

future experiments.



Chapter 2

Laser cooling and the alkali

earths

2.1 Laser cooling

2.1.1 The scattering force

For an ensemble of two-level atoms interacting with a laser beam of intensity

I, red-detuned from the atomic resonance, ω0, the fraction of the atoms in the

excited state is given by [63]

ne =
1

2

(I/Isat)

1 + (I/Isat) + (2δ/Γ)2
, (2.1)

where ω is the angular frequency of the laser, ω0 is the atomic resonance frequency,

δ = ω − ω0 and Γ is the decay rate of the transition. The saturation intensity,

Isat, is defined, such that, if a laser beam is resonant with an atomic transition

and has an intensity of Isat, the atom will spend one quarter of its time in the

excited state. Knowing the atomic transition wavelength, λ, and its spontaneous

emission coefficient, Aik, the saturation intensity is calculated via [24]

Isat =
πhcAik

3λ3
, (2.2)

where h is Planck’s constant and c is the speed of light.

9
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Consider a two level atom, with a resonant frequency ω0, that is interacting

with a laser beam propagating along the z direction, with a wavelength λ =

2πc/ω. The atom initially has a velocity vz and so experiences the laser light

Doppler shifted to ω′ = ω − kvz. If the atom is moving towards the laser source

it finds the light blue-shifted closer to the atomic resonance and so will scatter

more photons. If it is moving away from the laser, the frequency of the light is

red shifted further from resonance and the atom will interact less strongly with

the light.

The photons that make up the laser beam each carry an absolute momentum

of p = h̄k, where h̄ is the reduced Planck constant and k = 2π/λ. When the

atom absorbs a photon from the beam it gains a momentum p, in the direction

the photon was traveling. When the atom spontaneously re-emits the photon

it receives a momentum kick, of the same magnitude, resulting in an associated

recoil velocity vr = h̄k/m in a random direction. Since each of the laser’s photons

produce a momentum change in the same direction, and the emission process is

symmetric, many absorption/emission events result in an average force on the

atom in the direction of the laser beam, slowing the atom down. This force is

known as the scattering force. It is the basis of laser cooling and its magnitude

is calculated by multiplying the photon momentum by the rate at which the

atom can scatter photons [64]. Dividing this force by the atomic mass gives the

acceleration the atom experiences as it moves towards a red detuned laser beam,

a =
Γh̄k

2m

I/Isat

1 + (I/Isat) + (2(δ − kvz)/Γ)2
. (2.3)

The acceleration saturates as I → ∞, due to the populations of the upper and

lower states both approaching 1/2. This results in a maximum acceleration,

amax =
h̄k

m

Γ

2
= vr(Γ/2). (2.4)

In the case of the 1S0−1P1 transition for a 40Ca atom, a resonant beam can

cause a maximum possible acceleration of 2.6 × 106 m/s2, which is almost three

hundred thousand times the acceleration due to gravity! The acceleration the
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atom experiences clearly depends on the rate of the absorption/emission cycle,

which scales with the amount of time that the atom spends in the excited state,

i.e. the shorter the excited state lifetime, the stronger the cooling transition. For

calcium this excited state lifetime is of the 1S0−1P1 transition is 4.6 ns, resulting

in a very strong line for laser cooling.

Table 2.1 compares the transitions of some elements that have been suc-

cessfully used for laser cooling and highlights the differences between important

atomic parameters for the alkali and the alkali-earth metals in the same row of

the periodic table.

39K 87Rb 40Ca 88Sr

Mass [amu] 39 87 40 88

Abundance [%] 93.3 28 97 83

Main cooling line 42S1/2-42P3/2 52S1/2-52P3/2 41S0-41P1 41S0-41P1

Aik [s−1] 3.87 ×107 3.81 ×107 2.18 ×108 2.02 ×108

λ [nm] 766.701 780.241 422.792 460.862

amax [m/s2] 2.58 ×105 1.1 ×105 2.56 ×106 9.9 ×105

Γ/2π [MHz] 6.2 5.9 34.2 31.8

Isat [mW/cm2] 1.81 1.67 60 42.7

TD [µk] 148 145 832 767

vrec [mm/s] 13.3 6.02 23.5 9.84

Trec [µk] 0.83 0.37 2.67 1.02

Table 2.1: A comparison of relevant atomic parameters for the main cooling

transitions for the isotopes of elements used in laser cooling experiments [65].

The theory described above can be extended to the more useful situation

where a laser is used to reduce the velocity of the atoms in a thermal atomic

beam, which can be achieved by illuminating the collimated beam with laser light

propagating opposite to the atomic motion. As the beam is made up of atoms

with a distribution of velocities, the laser detuning is chosen to be on resonance
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with a particular velocity class. However, a major problem arises quickly in this

scenario: as atoms are slowed down by the laser, the Doppler shift corresponding

to their new velocity effectively tunes the laser out of resonance and the atoms

absorb photons at a much lower rate. Taking the example of cooling on the main

calcium transition, which has a natural linewidth of 34 MHz, an atomic change

in velocity of 1 m/s results in a Doppler shift of 2.4 MHz, giving a maximum

velocity change of 15 m/s before the atoms no longer interact with the laser light.

Originally, this problem was first solved by altering the laser frequency as the

atoms slowed, such that the laser was constantly resonant with the atoms. This

‘frequency chirping’ technique can be achieved using either an EOM [66] or by

directly modulating the laser itself [67]. However, experiments that make use

of this method of slowing have the serious disadvantage of producing a pulsed

atomic beam.

In 1982, an atomic beam was passed down the axis of a tapered solenoid.

Current flowing in the solenoid created a spatially varying magnetic field and

provided a Zeeman shift to compensate for the changing Doppler shift [7]. This

varying magnetic field and laser beam combination are commonly referred to as

a Zeeman slower.

2.1.2 The position dependent scattering force

Zeeman effect

Applying an external magnetic field, B(z), to an atom where the nuclear spin is

absent shifts the atomic energy levels by an amount ∆E = µBgJmJB(z), where

µB is the Bohr magneton, mJ is the magnetic quantum number, gJ is the Landé

g-factor for the fine structure level J and is given by [68]

gJ =
3

2
+
S(S + 1)− L(L+ 1)

2J(J + 1)
. (2.5)

For a two level atom with ground and excited levels J = 0 and J = 1 respectively,

the Zeeman effect splits the energy of the excited level into three magnetic sub-
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levels, mJ = −1, 0,+1. These sub-levels must each be driven by a laser beam with

σ−, π, σ+ polarisations respectively, which are defined relative to the z-direction

for the 1-D case.

The Zeeman slower

By still considering the case of a laser propagating opposite to an atomic beam,

when an inhomogeneous magnetic field is introduced along the interaction region

this results in an additional detuning of the laser beam from the atomic resonance,

∆±(z) = δ ± kv +
µB

h̄
gJmJB(z), (2.6)

Substituting ∆±(z) for δ±kv into Eqn. 2.3 results in an acceleration that is both

velocity and position dependent,

a =
Γh̄k

2m

I/Isat

1 + (I/Isat) + (2∆±(z)/Γ)2
. (2.7)

For a constant deceleration, the velocity of an atom moving along the length

of a Zeeman slower is v(t) = v0−at, and the distance traveled can be found from

z(t) = v0t− at2/2, where v0 is the atom’s initial velocity. The time and distance

to slow an atom to v(t), is given by,

t =
v0

a
and s =

v2
0

2a
. (2.8)

At every position along the atomic path, the magnetic field must have a value such

that it cancels the Doppler shift so the laser beam is continuously on resonance

with the transition, i.e. ∆±(z) = 0. By rearranging the equations of motion

above, the required magnetic field can be found as a function of the position, z,

along the path of the slower. To slow the atom, which has gJ = 1, when using

the mJ = +1 level, the field required to keep the atom on resonance is given by,

B(z) = Bbias ±B0

√
1 +

2az

v2
0

, (2.9)

where Bbias = h̄δ/µB, B0 = hv0/µBλ, and a ≈ amax/3 [7]. The Bbias depends on

the laser detuning, if it is neglected when B0 is calculated δ can then be used as

a free parameter to select an initial velocity class to slow.
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Figure 2.1: The magnitude of the spatially and velocity dependent acceleration

is given by the grey-scale on the right-hand side. Each red line corresponds to

the motion of atoms along the length of the slower for a number of initial velocity

classes as they enter the Zeeman slower.

A plot of the acceleration experienced by an atom moving through the cal-

cium experiment Zeeman slower is plotted in Fig. 2.1. Values for the equation

parameters were taken from the actual experimental values, which are described

in detail in Chapter 3. The red lines along the length of the plot show the tra-

jectories for atoms in a number of different velocity classes. It can be seen that

atoms with initial velocities between 200 and 500 m/s are decelerated to around

60 m/s, at which point they exit the slower.

Traditionally Zeeman slowers generate the required magnetic field by passing

a current through a solenoid, set up such that the mJ = +1 level can be driven

using σ+ polarised light for slowing. More recent techniques have been developed

which slightly improve on the original design. For example using a σ− polarised

beam is used for slowing this has the advantage that atoms can be quickly taken

out of resonance with the beam. In other cases the solenoid has been replaced
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with a permanent magnet, which can help in cases where power and cooling issues

are critical [69, 70].

Any atoms with different initial velocities below the v0 are shifted into res-

onance with the laser beam at different points along the slower. This bunches

atoms that were initially in different velocity classes together in a slower velocity

distribution. This is not strictly cooling of the atoms, rather, just a reduction of

the mean velocity in one direction.

2.1.3 Doppler cooling

Consider a single atom in a 1-D standing wave created by two identical, counter-

propagating, laser beams, which are slightly red-detuned from the atomic reso-

nance. If the atom is moving it experiences the light it is moving towards Doppler

shifted closer to resonance and the light it is moving away from Doppler shifted

further from resonance. The atom will therefore scatter more photons from the

beam it moves towards and experiences a force opposite to its velocity, slowing

the atom down. The total force on the atom in this 1-D case is given by [24]

F = h̄k(Γ/2)
I/Isat

1 + (2I/Isat) + 4(δ + kv)2/Γ2

−h̄k(Γ/2)
I/Isat

1 + (2I/Isat) + 4(δ − kv)2/Γ2
. (2.10)

For (red) detunings, δ = ω − ω0 < 0, and atomic velocities close to zero, this

force varies linearly with velocity, F = −αv, as shown in Fig. 2.2. Producing

a damping force on the atom similar to a particle moving in a viscous fluid.

Consequently, this mechanism is commonly known as ‘optical molasses’ [8]. The

damping coefficient, α, is given as [71]

α = 4h̄k2 I

Isat

2δ/Γ

(1 + 2δ/Γ)2
. (2.11)

The critical velocity, vc ≈ δ/k, depicted by vertical lines in Fig. 2.2, marks the

velocities over which Eqn. 2.11 is valid; outside this region the force is no longer

directly proportional to the velocity and the atoms are less efficiently cooled.
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Figure 2.2: The linear force around vz = 0, for one-dimensional Doppler cooling

on the strong 1S0−1P1 transition of 40Ca, where δ = −Γ and the incident intensity

is equal to the saturation intensity. The vertical lines mark the linear region over

which the force can be described by a damping constant.

The damping force described above can be used to remove kinetic energy from

a system of atoms and hence reduce their velocity. However, there is a limit to the

cooling process. The recoil velocity associated with the emission or absorption of

a photon gives rise to heating which competes with the damping force, resulting

in each atom having a steady state, nonzero velocity. The movement of the

atoms in momentum space is due to the random direction in which the photon

is spontaneously re-emitted and also the uncertainty in the number of photons

absorbed from the light field. An equilibrium temperature is reached when the

heating rate equals the cooling rate of the damping force, which is described by

[68]

T =
h̄Γ

4kB

1 + I/Isat + (2∆/Γ)2

2|∆|/Γ
, (2.12)

where kB is Boltzmann’s constant. The Doppler temperature, TD, is the minimum



CHAPTER 2. LASER COOLING AND THE ALKALI EARTHS 17

of this function and occurs at low laser intensities and a detuning of δ = −Γ/2,

TD =
h̄Γ

2kB

. (2.13)

Atoms cooled in this manner are constantly absorbing and emitting photons,

making the atoms undergo a random walk in momentum space in a way similar

to Brownian motion. As there is no restoring force to keep atoms fixed in space

they can eventually diffuse out of the molasses region and are therefore eventually

lost from the cooling process.

Sub-Doppler cooling techniques have been developed that allow temperatures

to be reached that are well below the Doppler Temperature [13, 71, 14, 15].

However, as there is no hyperfine splitting of the strong 1S0−1P1 transition in

40Ca, standard sub-Doppler cooling techniques cannot be used.

2.1.4 Position dependent Doppler cooling

Ideally, long interaction times are required to make precise spectroscopic measure-

ments of the electronic transitions in atoms. The MOT uses an optical molasses

setup combined with a spherical quadrupole magnetic field B(z), to trap atoms

for long time periods [10]. The field is typically created using two co-axial coils

in an anti-Helmholtz configuration, positioned so the zero of the field coincides

with the intersection point of the molasses beams.

For relatively small detunings, replacing Eqn. 2.6 for δ−kv in Eqn. 2.10 gives

a force proportional to the atomic velocity as well as position [72]. The principle

of operation for a MOT in one-dimension, for a J = 0 to J = 1 transition is given

in Fig. 2.3. As in the case for molasses, the laser beams are red-detuned from

resonance and as the magnetic field is linear with z, the σ± beams propagating

in the ±z directions drive the ∆mJ = ±1 transitions respectively. As can be

seen from the figure, atoms on the positive (negative) side of the origin have the

mJ = −1 (+1) sub-level lowered in energy and scatter more σ− (σ+) than σ+

(σ−) photons. As the atoms are cooled they are also pushed toward the zero of

the magnetic field, confining them in space.
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Figure 2.3: The principle of operation of the MOT. The Zeeman splitting of

the mJ sub-levels depends on the position of the atom along the z-axis. The

two counter-propagating σ± beams drive the mJ = ±1 respectively, creating an

imbalance in the scattering force that pushes the atom towards the zero of the

magnetic field (B(0) = 0).

This one dimensional treatment is readily extended to three dimensions [73].

However, it should be noted that the three dimensional field created by the anti-

Helmholtz coils disturbs the light shift created by the standing wave of the or-

thogonal beams, breaking down the mechanism for sub-Doppler cooling. As a

result, it should be noted that sub-Doppler cooling can only be observed in opti-

cal molasses.

Capture velocity

For the one dimensional case, the capture velocity of the calcium MOT was found

by numerically calculating an atom’s position and velocity as it moves through

the z-axis MOT beam. All of the MOT beams are derived from a single source

and therefore all have a Gaussian profile of width σ. By assuming that the

fastest atom that can be trapped by the MOT comes to rest 1.5 σ beyond the

trap centre, and that the atoms’s acceleration can be described by Eqn. 2.3, the
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atom’s motion is calculated as shown in Fig. 2.4. Calculating the capture velocity

for atoms incoming from the z direction returns the maximum possible velocity

as the magnetic field gradient is largest in this direction.
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Figure 2.4: A numerical simulation of an atom’s velocity along the z-axis as it

enters and moves through the MOT. The simulation calculates the initial velocity

of an atom that has been slowed to 0 m/s at the point it passes 1.5 σ beyond

the trap centre. This is calculated for a detuning ∆ = -24 MHz, a MOT with 10

mW of power in each beam and a field gradient of 18 G/cm.

To find how the capture velocity varied with MOT trapping parameters, the

numerical simulation was adapted and run for different initial conditions. Fig. 2.5

shows how the capture velocity varies with the diameter of the MOT beams. As

is expected, the capture velocity increases with increasing MOT beam diameter,

d, due to the longer time that the atom will spend in the beam. However, as the

power that was available for the MOT beams was limited, d = 12 mm was chosen

so as to drive the atoms close to saturation when trapped in the MOT.

Fig. 2.6 shows the variation in the capture velocity as the detuning of the

MOT beams is changed. As the laser frequency is detuned further from resonance

the MOT can capture atoms with faster velocities. As the laser cooling process

produces the coldest temperatures for a beam detuning of Γ/2, using a detuning

far from this value would introduce heating of the atoms. Experimentally a value

of ∆ = −24 MHz was found to give the highest trapped atom number, this is
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Figure 2.5: The variation of the capture velocity with beam radius, for a constant

detuning of ∆ = −24 MHz and a constant field gradient of 18 G/cm.

close to the optimum detuning, and also gives a capture velocity close to the

velocity of the incoming atoms.
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Figure 2.6: The variation of the capture velocity with laser detuning for a constant

field gradient of 18 G/cm and a constant beam diameter of 1.2 cm with 10 mW

in each beam.

Fig. 2.7 shows the variation of the capture velocity as the MOT field gradient is

changed. These plots also show that field gradient does not have a large influence
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on the capture velocity. Therefore, optical molasses removes the energy from the

atoms, the field only acts to trap the atoms once they have been slowed.
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Figure 2.7: The variation of the capture velocity with the magnetic field gradient

for a MOT beam diameter of 1.2 cm, a beam detuning of ∆ = −24 MHz and 10

mW in each beam.

2.2 Calcium

For a hydrogen atom, the allowed electronic transitions are governed by the pres-

ence of only one proton in the nucleus and the one orbiting electron. At the

time laser cooling was demonstrated, there was a lack of efficient ultraviolet laser

sources, which meant that many of the techniques developed for laser cooling

were for more complex atomic species.

The alkali metals are similar in structure to hydrogen as they have only one

valence electron. However, they have additional sub-shells of orbiting electrons,

as well as a number of extra protons and neutrons within the nucleus that change

their energy level structure away from being purely hydrogen-like [74].

The laser sources required to stimulate the cooling transitions of the alkali

metals have been readily available for many years. Narrow linewidth, near IR,
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diode lasers were developed in the early 90’s and have been the source of coherent

light for many atomic physics experiments [75, 76]. The presence of a nuclear spin

in the alkali metals results in hyperfine splitting of the ground state, producing

in a loss channel for atoms laser cooled on the D2 line. An additional laser is

required to ‘repump’ atoms decaying to the lower hyperfine state back into the

cooling cycle. When the repump laser is used in conjunction with the trap laser,

atoms can be trapped in a MOT for time limited by collisions with background

atoms in the vacuum chamber.

As more efficient, narrow-linewidth, laser sources are created [77], there is

an option of laser cooling more exotic species, such as the alkali earth metals.

Changing the atomic source in a laser cooling experiment from rubidium to an

alkali earth atom, like calcium, removes the problem of a hyperfine ground state

but introduces other leaks into the system. An aim of the work for this thesis

was to find a suitable repumping scheme for 40Ca and remove the decay channels

to allow a large number of atoms to be trapped at low temperatures.

2.2.1 Physical properties of calcium

Calcium is a reactive, soft metal with atomic properties that place it in the s-block

of the periodic table. It has a melting point of 840 ◦C and boils at 1480 ◦C [74].

Solid calcium has a metallic silver colour, but rapidly forms an oxide coating

when exposed to air, which clouds its metallic surface [78].

Vapour pressure

At 840 ◦C the melting point of calcium is very high when compared to the potas-

sium, which is in the same row of the periodic table, but only has a melting point

of 63 ◦C. The vapour pressure is the pressure of a vapour in equilibrium with its

solid and liquid phases and is a measure of how many atoms are released from a

solid as it is heated. The vapour pressure can be modeled with the equation

log10P = 5.006 + a+
b

T
+ (c ∗ log10T ), (2.14)
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where P is the vapour pressure in mPa, a = 10.127, b = −9517 and c = −1.4030

are constants found in the literature [74], and T is the temperature of the metal in

kelvin. It can be seen from Fig. 2.8 that calcium must be heated to a temperature

four times higher than that of potassium to reach a sufficient vapour pressure of

10 mPa.
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Figure 2.8: The vapour pressure calculated using Eqn. 2.14, where a = 10.127,

b = −9517 and c = −1.4030 for (a) calcium and (b) potassium.

2.2.2 Atomic and spectroscopic properties

Neutral calcium atoms have 20 protons and electrons, however, there are a number

of calcium isotopes that have properties summarised in Table 2.2 [79]. The most

abundant isotope is 40Ca, accounting for 97% of all the calcium on Earth, and

unless otherwise stated the rest of this thesis only considers this isotope.

As an alkali earth metal, calcium has the attractive feature of two valence

electrons. Using the standard Russell-Saunders notation of 2S+1LJ to describe

the total angular momentum of the atom, calcium has an electronic ground state

of

1s22s22p63s23p64s2 1S0. (2.15)

This ground state has no fine or hyperfine structure due to the absence of a nuclear

spin. The two outer electrons can have spins aligned anti-parallel or parallel,

resulting in singlet and triplet energy level schemes respectively. An energy level
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Isotope Natural Abundance [%] Isotope shift [MHz] Half Life

40 96.94 0 Stable

41 10−12 166 105 Years

42 0.65 393 Stable

43 0.14 554 Stable

44 2.09 774 Stable

46 10−3 1160 1015 Years

48 0.19 1513 > 1019 Years

Table 2.2: The abundances and half life of each of the calcium isotopes [79]. The

isotope shifts are for the 1S0 −1 P1 transition relative to 40Ca.

diagram is shown in Fig. 2.9, and gives the relevant transition wavelengths and

corresponding transition rates that are relevant to the work described in this

thesis.

The 1S0 −1 P1 transition is the line most often used for first-stage laser cool-

ing alkali earth-like atoms [80]. The short upper-state lifetime of the 1P1 level

results in a large natural linewidth. This makes the line ideal for Doppler cool-

ing, recalling from Section 2.1 that the force an atom experiences increases with

a decreasing absorption-emission cycle time. It was this transition that Kurosu

and Shimizu used to first laser cool calcium in 1990, just three years after the

first MOT of sodium atoms [81].

At an energy between that of the ground and first excited states, calcium has

a 1D2 state that provides an additional path for an electron to decay back to

the ground state. The branching ratio for an electron to decay from 1P1 into

the 1D2, rather than to the ground state, has been measured to be 1 (±0.15)

×105 [82]. Once in this state, the electron has a lifetime of 3.1 (±0.3) ms [83].

Experimentally this lifetime has been measured to be around 2.5 ms [84, 85].

A more recent measurement of the lifetime used a time-of-flight technique and

found the lifetime to be (1.5± 0.4) ms [86]. For a system of calcium atoms in a
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Figure 2.9: The energy level diagram for a neutral 40Ca atom. The energy level

spacing is not to scale and only transitions relevant to this work are shown.

MOT, there is a lifetime of approximately 20 ms before all of the atoms leak into

this D state and have eventually populated metastable states and are hence lost

from the cooling cycle.

The 88Sr energy level structure is very similar to that of 40Ca and also has a low

lying 1D2 state. Kurosu and Shimizu demonstrated using a 717 nm laser that the

lifetime of a strontium MOT could be increased by pumping atoms straight from

the 1D2 state to a higher lying 1P1 state. This repumping is achieved in calcium

with laser at 672 nm. After a few cycles on this transition the atoms return to the

ground state, increasing the number of atoms that can be trapped and cooled.

The 1D2 state has 5 degenerate Zeeman sublevels that have their energies shifted

due to the presence of the magnetic field component of the MOT. The magnitude

of the Zeeman shifts within the region of the atomic cloud is smaller than the

natural linewidth of the transition and so atoms in any of the Zeeman states are

pumped by a single frequency laser.

Atoms in the 3d4s 1D2 state spontaneously decay to 4s4p3P2 and 4s4p3P1
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Transition Excited state lifetime [s] Centre wavelength [nm] Isat [mW
cm2 ]

1S0-41P1 4.6 × 10−9 422.792 60.0

1D2-41P1 83× 10−9 671.954 0.8

1D2-51P1 1.3× 10−3 1530 4.46 ×10−6

1S0-3P1 3.85× 10−3 657.460 190 ×10−6

Table 2.3: The excited state lifetimes, centre wavelengths [65, 82] and saturation

intensities of relevant transitions in calcium.

with a branching ratio of 1:5 respectively [81]. It is important to note that the

branching from the main transition is weak and that atoms in a MOT can be

cooled to near the Doppler temperature before they decay to the 3P states. The

3P2 level is metastable with a lifetime of 118 minutes, representing the leak out

of the cooling cycle [87].

The lack of a nuclear magnetic moment in the ground state means traditional

evaporative cooling cannot be used to create a ground state quantum degenerate

gas in a magnetic trap [27]. Theoretical studies have therefore suggested making

use of the long lived 3P state, which for calcium, is filled with atoms at a rate

of 2× 1010 atoms per second [87, 88]. Experimentally this has been realised and

could be used to explore the rich collision physics that has been predicted for

anisotropic interactions between 3P atoms [89].

In LS coupling transitions between the singlet and triplet states are forbidden.

However, the spin-orbit interaction allows electric dipole transitions to take place.

Transitions between the two energy level schemes have very narrow linewidths

and are known as intercombination lines. Due these narrow linewidths the tran-

sitions have been adopted by the optical atomic clock community as a reference

oscillator [46].

The first intercombination line to consider is the 1530 nm transition, which

links the 1P1 and 1D2 energy levels and represents the leak from the strong cooling

423nm cooling transition. Stimulating this transition should drive atoms in 3P2
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back to the 1D state and allow atoms to decay to the ground state through 3P1,

essentially emptying the 3P2 state.

The 657 nm 1S0-3P1 intercombination line is a prime candidate for an optical

atomic clock [50]. The appeal comes from the narrow natural linewidth of 400 Hz,

which also happens to give a Doppler temperature in the nano kelvin range, open-

ing up the possibility of laser cooling to Bose-Einstein condensation. However,

this narrow linewidth does not provide a large enough acceleration to allow the

creation of a MOT directly. Schemes have been created that artificially broaden

the lifetime of the state to allow direct laser cooling, this in turn increases the

linewidth of the transition [57]. Cooling atoms using the main cooling transition

and transferring them into a dipole trap would support the atoms against gravity

and allow them to be laser cooled on the intercombination line [58].

Although not used in this work, a 430 nm laser has been used to pump atoms

from the the metastable 43P2 state back into cooling cycle by using the higher

lying 53P2 state [90]. However, as the photons required to stimulate this transition

are of higher energy, pumping this transition results in heating of the atoms.
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Hardware

3.1 Vacuum system overview

For all experiments that involve laser cooling of dilute gases, it is critical that

collisions between the atoms of interest and background molecules are kept to a

minimum. This is achieved by using an ultrahigh vacuum (UHV) system, inside

which, the background pressure is typically lower than 10−5 Pa (10−7 mbar).

During the vacuum system’s design process, the element that was to be laser

cooled had to be taken into account. Unfortunately, as can be seen from Fig. 2.8,

calcium must be heated to a relatively high temperature to provide sufficient

vapour pressure, when compared to the alkali metals. Heating calcium to these

high temperatures results in the evaporated atoms possessing a large mean ve-

locity, which is unsuitable for direct trapping when using the vapour-cell MOT

technique. This means that the calcium vacuum system needs to incorporate a

few additional platforms to facilitate laser cooling; a Zeeman slower and deflec-

tion chamber. A schematic showing the main components of the vacuum system

is shown in Fig. 3.1. A pneumatic valve is also shown in the figure, its purpose

was to provide a means of isolating the two ends of the chamber, allowing main-

tenance to be carried out at one end of the system, while the other end could

remain under vacuum. This also significantly reduced the time to bring the entire

28
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system to low pressures after a number of power cuts experienced during 2008.

Deflection
Chamber

Zeeman
Slower

MOT
Chamber

Ion
Pump

Backing
Pump

Ion
Gauge

B
O
C
T
M

To lab 
exhaust 
system

Ca
Oven

Oven power supply 
feed through

Pneumatic valve

All-metal valve

Figure 3.1: A schematic of the vacuum apparatus as viewed from above. Solid

calcium is heated in the oven to produce an atomic beam that propagates through

the Zeeman slower. The slower increases the number atoms with slow velocities

within the beam. These atoms are then directed into the MOT chamber by a 2D

molasses in the deflection chamber. The pressure inside the system was typically

10−5 Pa during experiments.

3.1.1 Vacuum pumps

The system was pumped below atmospheric pressure using a combination of com-

mercial vacuum pumps. When all the sub-components of the vacuum chamber

were sealed together, the system was then pumped to a pressure of 10−3 Pa by a

BOC Edwards turbomolecular 250 l/s pump (BOCTM in Fig. 3.1). This pump

was operated continually throughout all of the experiments in this thesis. Since

the turbo pump requires an initial pressure of 10−1 to operate, an Edwards PB25
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rotary pump, attached to the turbo’s exhaust, was used to initially reduce the

pressure inside the chamber and allow the turbo pump to reach optimum pumping

speed. Although the pressure in the chamber was already significantly reduced

by these two pumps the pressure had to be be reduced further to ensure that the

MOT lifetime was not dominated by background collisions.

A Varian Starcell Valcon Plus, 40 l/s, ion pump was fixed to a port on the

MOT chamber and was used to reduce the chamber pressure to 10−5 Pa. The ion

pump, like the turbo pump, continually worked on the system during experiments,

but unlike the turbo pump does not have any moving parts and therefore does

not couple mechanical vibrations to the MOT chamber.

A Kurt Lesker ion gauge (KJL4500) was used to provide a rough measure of

the pressure in the chamber. However, at low pressures the current drawn by

the ion pump was used as more sensitive measurement of the pressure inside the

MOT chamber. This is done by using a current-pressure chart provided by the

manufacturer of the ion pump [91].

3.2 The calcium oven

An oven was developed that would generate temperatures high enough to provide

a sufficient vapour pressure when it was used to heat granules of calcium; the

finished oven is shown in Fig. 3.2. The oven was designed to have two stainless

steel caps, each with a flange diameter of 35 mm and an inner diameter of 17 mm,

into which the calcium granules were loaded. To allow the vaporised calcium to

escape from the crucible a 7 mm diameter hole was drilled in the upper cap. Two,

hollow, copper caps, with a 34 mm outer diameter were fixed and then placed

over each end of the crucible, the lower of which was shaped to allow a tight fit

over the bottom half of the crucible. The upper cap allowed space for 19, 10 mm

long, 1 mm diameter nozzles to be stacked together in a hexagonal structure, held

together by two copper clamping pieces, to be fitted between its inner edge and

the crucible. These nozzles provided collimation of the atoms emerging from the
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crucible.

Two Thermocoax, twin core, swaged heaters were wound around the outer

surface of the copper shell. The front and rear parts of the oven were heated

independently, and the temperatures at both ends were measured with K-type

thermocouples. When the system was reduced to low pressures and experiments

were being performed, the oven was raised to a temperature of 770 K by delivering

20 W of electrical power to each of the heaters. The top of the oven was kept

approximately 20 K warmer than the rear of the oven to ensure that calcium

could would not condense inside the small capillaries.

The oven was mounted on a DN75 conflat flange which provided the electrical

feedthroughs for the heaters and thermocouples. The entire assembly was then

mounted into the vacuum system where it was surrounded by a 50 mm diameter,

water cooled, copper pipe, in order to minimise direct heating of the vacuum

chamber.

Figure 3.2: The photograph on the left shows the oven before it was fitted into

the vacuum system. The heating wires can be seen wrapped round the top and

bottom of the oven. The diagram to the right shows the inside of the oven. The

lower section in this diagram is the crucible where calcium is loaded.
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Figure 3.3: The coil windings of the Zeeman slower solenoid. Each red point

represents the centre of a layer of wire wrapped round the water cooled pipe.

Each winding is symmetric around the z−axis.

3.3 Zeeman slower

In 2006, Dr. Luke Maguire designed and built the Zeeman slower for the calcium

experiment. Traditional Zeeman slowers can often be over 1 m long, taking

up a large amount of space on the optical bench. However, since calcium is a

relatively light atom and the energy of the photons used for cooling is large,

atoms can be slowed over small distances. By using a laser beam that produces a

modest deceleration of 0.3amax, atoms in the atomic beam can have their velocity

reduced from 490 m/s to 55 m/s by a slower which is only 11 cm long.

The solenoid that was used to create the Zeeman magnetic field was wound

around a custom pipe which was 13 cm long. The pipe was designed to have

a thin channel underneath its outside diameter and have connectors at either

end to permit a water supply to be attached and allow water to flow through the

channel. The purpose of the water flow was to remove the 40 W of heat generated

by the solenoid when the maximum 10 A of current was passed through it. The

magnetic field that the solenoid was required to generate was calculated using

the theory in section 2.1.2.

Once the Zeeman slower was constructed, the on-axis field, generated by 10 A

flowing through the solenoid, was measured using a Hall probe. The data points

shown in Fig. 3.4 are the measured values of the field along the axis and are

compared to the solid line, which is the ideal field required to slow atoms from
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Figure 3.4: (a) Data points are the measured values of the magnetic field by

a Hall probe along the centre axis of the slower. The solid line indicates the

ideal magnetic field to slow 40Ca atoms from 490 m/s to 55 m/s using counter

propagating laser beam that produces a constant deceleration of 0.3amax and has

a detuning δ = −220 MHz from resonance. Part (b) shows the initial velocity

selected as a function of the Zeeman beam detuning from resonance, over the

range permitted by the AOM.

longitudinal velocity of 490 m/s to 55 m/s and was calculated using Eqn. 2.9.

As described in section 2.1.2, if the peak value of the magnetic field is fixed,

detuning of the Zeeman laser gives control over the initial velocity class which

is slowed. Experimentally, this was achieved using an acousto-optic modulator.

The capture velocity as a function of laser detuning is given in Fig. 3.4 (b).

When the Zeeman slower was tested, it was realised the water cooling was

not sufficient to remove the heat produced by the solenoid. To stop the wire

reaching temperatures in excess of 50 ◦C, a length of Tygon tubing was wrapped

around the outside of the solenoid and connected to the laboratory water supply.

This additional water cooling removed enough heat to keep the solenoid at room

temperature while it operated with the maximum current flowing.

The distribution of velocities for atoms within the atomic beam is given by [92]

f(v) =
2v3

v4
0

exp(−v2/v2
0), (3.1)

where v0 =
√

2kBT/m is the most probable velocity and m is the atomic mass.

As described in section 2.1.4, the Zeeman slower can slow atoms with a velocity
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up to the capture velocity, vc, and slows all atoms traveling slower than this to

the desired final speed. Therefore, it is desirable to know what fraction of the

total distribution is actually slowed by the slower, this is given by∫ vc

0

f(v) dv = 1−
(
v2

0 + v2
c

v2
0

exp(−(v2
c/v

2
0))

)
. (3.2)

Therefore, a Zeeman slower with a capture velocity of 490 m/s, acting on a beam

of 40Ca atoms at 490 ◦C will capture around 12 % of the distribution.

3.4 Deflection chamber

The oven was used to collimate the atomic beam such that the divergence from

the propagation axis is less than 6◦. However, even with this small angle, the

transverse velocity is still relatively large at 60 m/s (for an oven temperature of

770 K). These speeds produce a beam width of almost 2.5 cm at the Zeeman

slower exit. Without a reduction of the transverse velocity the beam would

continue to expand and become unmanageable by the time the beam reaches the

MOT chamber. The deflection chamber is used to reduce the atomic transverse

velocity components and remove Zeeman slowed atoms from the rest of the beam.

A single laser beam with a 12 mm diameter and a power of ∼10 mW was

retroreflected in a figure-of-four geometry using two mirrors placed at an angle

of incidence of 22.5◦, see Fig 3.5. For a laser beam of this diameter, the atoms

slowed by the Zeeman slower spend several damping times in the molasses and

leave in a direction orthogonal to the molasses beams. This results in a deflection

of the beams by an angle of 12.9◦ in the vertical plane and into the direction of

the MOT chamber.

The chamber itself consists of a rectangular stainless steel block with the

dimensions 70 × 70 × 140 mm and 10 conflat ports. The ports at each end

serve as the entrance and exit for the atoms of interest, while the laser beams

enter through anti-reflection coated windows. To prevent the atomic beam from
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Figure 3.5: The deflection chamber. (a) Atoms enter and are transversely cooled

by a 2D molasses then exit the chamber, leaving the thermal atoms to collide

with the chamber. (b) The cross-section A-B. The view of the 2D molasses, as

seen by atoms entering the chamber. (c) The Zeeman slower laser beam entering

the chamber.

directly striking a window, the Zeeman laser beam enters from the underside of

the chamber and is directed towards the oven using a silver coated mirror, fixed

at ∼40◦ to the horizontal.

3.5 MOT chamber

The MOT chamber was designed to give substantial optical access to a cold cloud

of calcium atoms trapped at its centre. The chamber was originally designed to

accommodate the beams required to create the tetrahedral lattice crated by a
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CO2 laser, as described in [58]. A large amount of optical access is required for

such a system and this is not typically found in standard commercial parts. As

a result a custom MOT chamber was commissioned.

The custom chamber had to have at least 6 ports for the MOT beams and 8

ports for the CO2 laser to allow both traps to operate simultaneously. In total,

the MOT chamber was designed to have 22 ports, 20 of which could potentially

be used for optical access, taking the vacuum pumps and atomic beam access into

account. A minimum MOT beam size of 1 cm was required to ensure that any

trapped atoms that decayed into the 3P1 could be recaptured. This constraint

lead to a minimum port size for the MOT beams to be 40 mm.

The chamber was machined in the Photonics group workshop by Mr. Robert

Wylie, from a block of 316 LN stainless steel. To be compatible with additional

standard vacuum components, each of the ports were machined to have a ConFlat

edge, this also done in the workshop. A similar chamber was built previously for

a project in Durham, which investigated a CO2 tetrahedral lattice for rubidium

atoms [93].

The main body of the vacuum system in its typical operating state is shown

in Fig. 3.6, with the oven on the far left and the MOT chamber on the far right.

Figure 3.6: An image of the vacuum system. The oven chamber is on the far left,

while the MOT chamber is on the far right.
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3.5.1 Viewports

In their raw form, traditional glasses are unsuitable for viewports in laser cooling

experiments due to their transmission waveband and the reflections from their flat

surfaces. The glass for viewports needs to be specially selected for the wavelength

of light intended to be used. Even when the correct glass is chosen anti-reflection

(AR) coatings are required to minimise the reflected power. The Doppler cooling

effect is very sensitive to an imbalance in the intensity in each of the beams. Since

the experiment makes use of retroreflected beams, it is essential that losses from

the windows are minimised. The windows used were made from a fused silica

substrate coated with an AR coating that provides a transmission of 99.2% at

423 nm and a transmission of 99.6% at 657 nm.

Due to the AR coatings and specific glasses required for windows in laser

cooling experiments, commercially available viewports are often expensive or just

not available. As a result there are a number of methods that describe how to

build viewport assemblies [94]. The FokTek windows were incorporated into a

modified version of the design presented in [95].

Each viewport was created from four main parts: a 2 3/4” flange (Kurt Lesker;

HN-0275SS), a sealing washer made from an alloy wire (97.5% Lead, 1.5% silver,

1% tin), a FokTek (J4S1) circular window (6 mm thick, 44.5 mm diameter) and

a brass clamping flange to hold the assembly together.

The solder rings were made from a lead alloy commercially available from the

Indium Corporation of America and has a circular diameter of 0.78 mm. It has a

high melting point of 327 ◦C and outgassing from the wire is negligible, making

the wire suitable for baking to moderate temperatures. The washer was made

by cutting a length of the solder and placing both ends close together and then

applying a large force to compress the wire to a thin annulus. Two seals were

required for each viewport assembly.

Each component of the window was stacked then held together by twelve M4

screws on the clamping flange, which screwed into pre-drilled holes in the flange.
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Figure 3.7: Two views of the homemade viewports that were used on both the

MOT chamber and deflection chamber to minimise reflections of the laser light

coupled into the vacuum system.

The screws had to be tightened to 1.5 Nm to squeeze the washers on either side

of the glass and create a glass to metal seal. Each viewport was mounted onto

the vacuum system with large bore copper gaskets using the knife edges of the

system.

The viewport assemblies were tested after being mounted to the vacuum sys-

tem and were found to operate well for a system pressure of 10−5 Pa. Testing

was done using an SRS RGA200 residual gas analyser to monitor the amount

of helium within the system as the exterior was surrounded by a helium rich

atmosphere.
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Frequency doubling and laser

stabilisation

4.1 423 nm source

Due to its short upper-state lifetime, the 1S0 −1 P1 transition in 40Ca is ideal

for laser cooling neutral calcium atoms to mK temperatures. The blue light at

423 nm required to drive this transition can be generated from two main sources:

diode lasers and frequency doubled infrared (IR) lasers.

Diode lasers are a common source of light for the alkali atom laser cooling

experiments and have been reliably generating coherent radiation in the near-

infrared for a number of years [75]. If the diode is used in combination with

an external grating a tunable, narrow linewidth output can be achieved. These

external cavity diode lasers are a common tool in the field of spectroscopy and

would be an ideal candidate for a 423 nm source if a suitable diode were available.

Some groups have used low power (∼ 30 mW) laser diodes, that have a central

wavelength close to 423 nm, for spectroscopy of calcium [96]. However, these blue

diodes are now a rarity and few exist due to the drive towards creating diodes

centered on the 405 nm; the wavelength required for Blu-Ray DVD technology.

Nonlinear crystals offer an alternative approach to generating blue light [97,

39
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98]. As a reliable, narrow linewidth, IR source was available in our lab, 423 nm

light for the calcium experiment was generated by frequency doubling its output

using a periodically poled potassium titanyl phosphate (ppKTP) crystal. Details

on how this light was generated, as well as how it was stabilised to the 40Ca

transition, are given in this chapter.

4.2 Second harmonic generation: theory

Classical optics is an approximation and as the intensity of a light beam prop-

agating through a medium increases, linear optics fails and a material’s optical

properties must be described by nonlinear optics [99]. Due to the high intensities

of light required to enter this domain, optical nonlinear processes in materials

could only be witnessed after the invention of the laser [100].

There are a number of solid state gain media that provide a stable high-power

output, but these sources are mainly limited to the IR region of the spectrum.

By utilising of the nonlinear response at high intensities of certain crystals, light

from readily available IR sources can be converted into its harmonics, providing

useful coherent light in the violet region of the spectrum [101].

For an optical wave propagating through a medium, its associated electric field

induces a time varying electric polarisation, P (t). At low incident intensities, this

polarisation wave interacts with the optical wave and reduces its phase velocity.

Classical optics measures the reduction in phase velocity via the refractive index,

n. At high intensities, the polarisation can be described as a power series in the

incident electric field, E(t),

P (t) = ε0
(
χ(1)E(t) + χ(2)E2(t) · · ·+ χ(n)En(t)

)
= P (1)(t) + P (2)(t) · · ·+ P n(t) (4.1)

where χ(n) are the nonlinear optical susceptibilities corresponding to the nth

order of the electric field. For the purpose of this thesis, only second order
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nonlinear interactions will be considered and it is assumed that the polarisation

wave responds instantaneously to the electric field.

A laser beam, with an electric field strength described by

E(t) = Ee−iωt + c.c., (4.2)

where c.c. is the wave’s complex conjugate, that is incident on a crystal with

χ(2) 6= 0, will create a nonlinear polarisation

P (2)(t) = ε0
(
χ(2)E2(t) = 2χ(2)EE∗ + (χ(2)E2e−2ωt + c.c.)

)
. (4.3)

Therefore, the resulting second-order polarisation consists of a DC contribution

and a contribution at a frequency of 2ω. The latter contribution leads to the

generation of radiation at the second-harmonic of the incident electric field and

is known as second harmonic generation (SHG) [102]. This nonlinear process is

used experimentally to create a source of 423 nm light for the calcium experiment.

Note that only crystals lacking a centre of inversion can have χ(2) 6= 0.

4.2.1 Nonlinear susceptibility

The second order nonlinear susceptibility, χ
(2)
ijk, where the indices ijk refer to the

directions along each cartesian axes, is a third order tensor with 27 elements. For

most crystals, Kleinman symmetry can be assumed, therefore, it is convenient to

introduce the contracted notation

dil =
χ

(2)
ijk

2
, (4.4)

where jk → l as

jk 11 22 33 23, 32 31, 13 12, 21

l 1 2 3 4 5 6

Every crystal can be categorised by one of 32 classes, each of which has its

own symmetries. The combination of Kleinman symmetry and the crystal’s own

spatial symmetry generally simplifies the dil matrix to have few non-zero elements.
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KTP is classed as a type mm2 crystal and so has the second order nonlinear

susceptibility described by the matrix [103]

dil =


0 0 0 0 d13 0

0 0 0 d23 0 0

d13 d23 d33 0 0 0

 , (4.5)

where d13 = 1.95 pm/V, d23 = 3.9 pm/V and d33 = 15.3 pm/V [104].

The polarisation component that gives rise to second harmonic generation is

described by the scalar relationship [102]

P (2ω) = 2deffε0E(ω)2, (4.6)

where deff is an effective nonlinear coefficient, which depends on the direction

of propagation and polarisation of the incident fields and is calculated from the

elements of the dil matrix [105].

4.2.2 Phase matching

As the fundamental and second harmonic beams propagate through the crystal,

they each experience a different refractive index and therefore propagate at dif-

ferent phase velocities. As the direction of the power flux between the interacting

waves is determined by the relative phase between the beams [106], the result-

ing dispersion produces a change in direction power flow. Hence, the intensity

of the second harmonic wave is determined by the phase difference between the

wavevectors, ∆k = k2 − 2k1, where ki = niωi/c. For an incident fundamental

intensity, Iω, the intensity of the second harmonic is given by [102],

I2ω =
2ω2|deff |2L2

n3c3ε0
sinc2(∆kL/2)I2

ω, (4.7)

where L is the crystal length. The coherence length, lc = λ/4(n2 − n1), is the

distance over which the relative phase between the fundamental and second har-

monic waves changes by π, it is also the half period of the growth and decay cycle
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of the second harmonic. Typically, lc is of the order of only a few µm, which is

not long enough to provide sufficient buildup of the second harmonic.

In order to achieve the maximum conversion efficiency along the length of

the crystal, it is crucial to make ∆k = 0, i.e. the fundamental and second

harmonic should propagate at the same phase velocity, this process is known

as phase matching. When phase matched, the second harmonic intensity grows

quadratically along the crystal length, as shown by the red curve in Fig. 4.1 [106].

However, from Eqn. 4.7 it is clear that if the phase velocities are not matched, the

second harmonic intensity oscillates between zero and a maximum value, which

determined by the fundamental intensity, Fig. 4.1 (green curve).
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Figure 4.1: The growth of the second harmonic intensity as a function of the

propagation length through a nonlinear crystal. The red curve is the case when

the waves are critically phase matched, i.e. ∆k = 0. The green curve is the

growth of the second harmonic when there is no phase matching between the

waves (Eqn. 4.7). The blue curve shows the second harmonic growth when the

waves are quasi-phase matched in a periodically polled crystal [106].
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Practically, phase matching can be achieved in birefringent crystals by care-

fully choosing the angle at which the fundamental enters the crystal, as the re-

fractive index is a function of the incident angle. This process is known as critical

phase matching. There are a number of problems associated with this method,

with walk-off being one of the most troublesome. This is an effect produced by

the difference in the direction of power flow, given by their Poynting vectors,

between the two waves and results in the waves propagating in slightly different

directions and therefore a reduced interaction length.

Quasi-phase matching

As can be seen from Fig. 4.1, when the waves are not phase matched the second

harmonic intensity begins to drop after a distance lc in the crystal, at which

point the phase difference is π. However, by repeatedly inverting the nonlinear

coefficient after a distance lc, along the full length of the crystal, it is possible

to enable continuous second harmonic growth along the length of the crystal.

This method of SHG is known as quasi-phase matching (QPM) and removes the

difficulty of critical phase matching, since the restraint of ∆k = 0 is removed.

A technique called periodic poling generates domains of altering polarity in

ferroelectric nonlinear crystals, which changes the sign of the effective nonlinear

coefficient. The process involves applying an electric field to the ferroelectric crys-

tal using a cathode of length lc, with a period Λ = 2lc [107]. Using a quasi-phase

matched technique, generating 423 nm light requires a commercially available

crystal with a poling period of 4.2 µm.

QPM allows for the direction of propagation and polarisation to be chosen

to maximise deff , unlike birefringent phase matching where the propagation di-

rections are severely constrained. Another major advantage for using a QPM

system is that all of the waves propagate along the same crystal axis so there

is no spatial walk-off. The wavelengths for QPM are also only limited by the

transmission band of the crystal, compared to traditional phase matching where
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only a wavelength that can be critically phase matched can be used, this allows

the propagation axis through the crystal to be chosen arbitrarily. The selection

of the axis for QPM is usually chosen to be the axis with the largest nonlinear

coefficient. As can be seen from Eqn. 4.4, the largest nonlinear component of the

nonlinear susceptibility for KTP is d33, permitting more than double the SHG

efficiency of any other propagation direction.

The build up of the second harmonic in quasi-phase matching depends crit-

ically on the polling period, as the crystal has a non-zero thermal expansion

coefficient, Λ = Λ(T ) and the phase matching condition for a periodically polled

crystal

∆kQPM(T ) = 4π
n2ω

λ
− 4π

nω
λ
− 2π

Λ(T )
, (4.8)

for a fundamental wavelength λ [108]. As a result, controlling the crystal temper-

ature provides allows fine control over the crystal poling period, and hence the

efficiency of the SHG process.

4.3 Second harmonic generation: experiment

4.3.1 Infrared laser source

The workhorse laser for the calcium experiment was a Coherent Verdi-V8 laser.

The commercially available laser generally required no attention and operated

reliably for over two and a half years. Due to this reliability, the laser can be

regarded as a black box that generates 532 nm laser light. The interface unit

for the laser allows the output power to be set between 0 W and 8 W with a 10

mW resolution. An electric chiller was used to keep the laser head at a constant

temperature of 17 ◦C and ensured stable operation.

The light produced by the Verdi was used as the pump source for a Coherent

MBR-110 Ti:sapphire laser. The MBR-110 is a source of single frequency light

that is tunable over the range 770 nm - 880 nm [109]. Various elements inside

the laser are used, in conjunction with an external interface electronics unit, to
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produce a narrow linewidth, TEM00 laser beam that is polarised horizontally with

respect to the table. Due to the high power incident on the Ti:sapphire crystal, a

water supply was connected to the water inputs of the laser head, allowing water

to flow past the crystal at a rate of 0.5 l/min, removing any dissipated heat

and again ensuring stable operation. Under optimum conditions, the maximum

output power from the laser was 950 mW at 846 nm for 8 W of pump power.

However, in normal operation, 7 W of pump light would produce ∼ 600 mW of

infrared light, sufficient for the calcium experiment.

The MBR-110 electronics unit has a number of useful modes of operation,

two of which were used frequently in different experimental situations. The scan

mode allows the user to select a range of frequencies to be scanned over a range of

up to 30 GHz, whilst remaining single frequency, this was useful for spectroscopy

of the calcium resonances. An offset mode allows fine control of the output laser

frequency to a resolution of 10 MHz. This control was used as a method of

setting the output to approximately the frequency required to generate resonant

blue light, the external stabilisation system, described later in section 4.5, was

then used to lock the laser frequency.

The scan mode was used frequently, however, the scan range input was not

calibrated to the scan range output by the laser. Using a Toptica FPI-100 Fabry-

Pérot interferometer [110], it was found that the frequency input (in MHz) on

the control unit should be multiplied by 0.64 to represent the actual frequency

range scanned by the laser. The linewidth of the laser was also measured to

be 1.5 ± 0.5 MHz using the same FPI. The linewidth of the ti:sapphire laser

was not completely optimised since, even when the beam was frequency doubled,

it was still narrow enough to probe the natural linewidth of the strong cooling

transition.

After a daily ‘warm-up’ period of 20 minutes, the laser would operate reliably

over a 12 hour period and only need serviced around once per month to optimise

the cavity mirrors. Note that a strong laminar flow unit was required to operate
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above the laser to ensure that no dust particles entered into the cavity.

4.3.2 Nonlinear crystals

Two nonlinear crystals were used to frequency double the infrared light from the

Ti:sapphire laser; one was used in a single pass configuration and the other was

placed into a resonant enhancement cavity to generate the higher powers required

for the calcium MOT.

The crystals were designed to an identical specification, both were 10 mm

long, 1 mm thick and 5 mm tall and formed from c-cut ppKTP. The periodic

poling period of each crystal was 4.2 µm (Λ = 2lc) and was achieved using the

electric field poling along the c-axis of the crystal. The end facets of both crystals

were AR coated for 846 nm and 423 nm light.

Resistors

Thermistor

ppKTP

Copper oven assembly

Figure 4.2: The ppKTP crystal was spring loaded into a copper oven. The

oven temperature was controlled by the current flowing through the resistors,

regulated by a temperature controller that received temperature feedback from

the thermistor.

Each of the crystals were fixed to an individual copper oven and clamped as

shown in the Fig. 4.2. The copper oven was embedded with two resistors, which
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acted as the heat source, and a 10kΩ thermistor, all of which was housed in a

PTFE casing. The oven (and casing) were constructed to give maximum optical

access to the crystal, whilst using enough insulation to maintain temperature

stability. The resistors for each oven had a series resistance of 10.54 Ω and were

driven with ∼ 1 A of current supplied by a Wavelength Electronics MPT-5000

temperature controller, operated in resistive heater mode. This kept each of the

crystals at a constant temperature of around 75 ◦C.

A number of parameters determine the efficiency of the SHG process within

the crystal. The first of these is the incident polarisation, this was easily controlled

by a λ/2-plate positioned prior to the crystal. By rotating the waveplate about

its axis, the maximum second harmonic output was obtained empirically. The

efficiency also depends on the poling period of the crystal, which changes with

crystal temperature.

Crystal temperature

A measurement of the SHG conversion efficiency as a function of crystal tem-

perature was carried out for each of the two crystals used in the laser cooling

experiment. The Ti:sapphire output frequency was set to twice the 1S0 −1 P1

calcium resonance using a wavemeter and the beam was focused to a spot size of

17 µm inside the centre of the crystal, using a two lens system.

Fig. 4.3 shows the second harmonic power produced as the crystal temperature

was varied from 69 ◦C to 77 ◦C for a single pass configuration. The maximum

second harmonic power generated was 4.2 ± .2 mW at a temperature of 73.5 ◦C,

for a fundamental power of 600 mW this corresponds to a conversion efficiency of

1.17 ± 0.02 %/W, in line with previous measurements [111]. As expected from

Eqns. 4.7 and 4.8, the data follow a sinc-function, which has a FWHM of 1.9 ◦C.

The same experiment was repeated for both crystals, the second crystal pro-

duced a similar maximum power of 3.6 ± .2 mW but at the slightly lower tem-
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Figure 4.3: The SHG power generated as a function of crystal temperature for:

a 10 mm long ppKTP crystal, 600 mW of 846 nm fundamental light focused to

17 µm at the centre of the crystal. The data fit well to a sinc function (see 4.7)

with a measured FWHM of 1.9 ◦C.

perature of 70.2 ◦C. There may be a number of reason for the inconsistencies

in optimum temperature, although it is expected that a slightly different poling

period is the likely cause [107].

Techniques have been recently developed that allow direct observation of the

domains in periodically polled materials [112]. The technique shows that many

irregularities occur during the poling process and can be a cause for lower than

expected conversion efficiencies from a specific crystal. These probing techniques

will hopefully lead to improved poling processes and result in crystals that pro-

duce higher conversion efficiencies.
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4.4 SHG setup

Light from the Ti:sapphire laser was used in a single pass configuration with a

ppKTP crystal to generate 423 nm light that was used to stabilise the laser to

the atomic transition. By placing the ppKTP crystal at the focus of a telescope,

which was used to collimate the Ti:sapphire output, 4-5 mW of blue light was

generated with negligible loss of IR power. This blue light was then used in the

laser stabilisation setup apparatus, see Fig. 4.4.

Ti:sapphire ppKTP

w=17μm

To PMF

To saturated
absorption

Isolator

f = 200m f = 100m

Figure 4.4: A ppKTP crystal, placed at the focus the Ti:sapphire collimation

telescope. For 600 mW of IR and a at crystal temperature of 74.2 ◦C, 4.2 mW

of blue light was generated. It was separated from the IR beam using a mirror

with a transparent substrate and reflective coatings for IR wavelengths.

The 4 mW generated by a single pass of the IR light through the ppKTP crys-

tal was not sufficient to drive the laser cooling experiment, at least 80 mW of 423

nm light was required for the Zeeman slower, deflection stage and MOT beams.

High second harmonic power output can be achieved by placing a nonlinear crys-

tal inside a resonant enhancement cavity [113, 114]. The following section details

the design and construction of a resonant enhancement cavity used for generating

sufficient blue light for the calcium experiment.

4.4.1 Resonant Enhancement Cavity

A resonant enhancement cavity consists of two or more mirrors that are set up

in such a way that allows light to propagate round a closed path. If the incident

light is resonant to the cavity and properly mode matched to it, the resulting
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circulating power is far above the the incident power. By placing a ppKTP

crystal inside the cavity, the higher fundamental power can be utilised to produce

a higher power of SHG.

The resonant enhancement cavity was chosen to have a ring configuration, as

shown in Fig. 4.5. The cavity was created from two plane mirrors, M1 & M2, and

two curved mirrors M3 & M4 (radius of curvature (ROC) = 50 mm), in a bow-tie

arrangement. All of the mirrors were high-reflection (HR) coated for 846 nm

(except M1 which has a reflection coefficient R = 0.95) and anti-reflection (AR)

coated for 423 nm. The crystal, housed in the oven, was mounted on a vertical

translation stage at the tight focus between the two curved mirrors. There were

two main advantages of using a ring cavity over a linear cavity. First, there was

minimal feedback from the enhancement cavity back to the pump laser, ensuring

stable operation. Second, as the fundamental beam only propagates round the

cavity in one direction, almost all of the second harmonic was emitted in one

direction.

Figure 4.5: The ring cavity design for resonant enhancement of the incident

fundamental wave.

The cavity was designed under the assumption that the incident IR light had

a Gaussian transverse profile [115], this allowed the complex beam parameter,

q(z), to be used to describe the propagation of the laser beam throughout the

system [116],

q(z) =

(
1

R(z)
− i λ

πw2(z)

)−1

, (4.9)

where λ is the incident wavelength, R(z) is the radius of curvature of the wave-
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front and w2(z) is the beam waste. Winlase is commercially available software

that calculates q(z) at all points throughout an optical system for a given set of

initial parameters. Winlase outputs the beam diameter and ROC graphically as

a function of z throughout the system, reducing the time required to design a

cavity.

It is essential for a cavity to be stable in order for the laser to circulate many

times around the cavity and produce a build up of power. A cavity is defined to

be stable when the complex beam parameter is reproduced after one round trip

i.e. the beam waist and radius of curvature are the same after the beam passes

through the entire cavity. Mode matching is the process of matching the incident

light q(z) to the cavity q(z) at M1, practically this was achieved by manipulating

the incident beam with a lens pair before it entered the cavity. Winlase also

determines the cavity stability for a particular design and will only output data

for a stable cavity.

For a mode matched cavity, only one longitudinal and transverse cavity mode

is excited. However, the amount of light that is coupled into the resonant

mode is determined by how well the cavity and incident beam are impedance

matched [117]. This can be achieved by matching the reflectivity of the input

coupler to the losses experienced by a beam that has propagated once round the

cavity [98].

After careful alignment of the coupling lenses at the input to the cavity, ∼

85% of the incident light could be coupled into the cavity. Fig. 4.6 shows the

signal detected by a photodetector monitoring the light reflected from M1 as the

cavity length is scanned using a PZT fixed to M2.

Before the curved mirrors were fixed into the cavity configuration, they were

placed in the path of a 600 mW, 846 nm laser beam. Using a photodiode, the

power transmitted through the mirror was measured and recorded. Once the

cavity was completely assembled and resonating with the ppKTP crystal inside,

the same photodiode was used to measure the transmitted power from the curved
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Figure 4.6: The light reflected from the input coupler was measured with a pho-

todiode as the cavity length was scanned over one free spectral range. Input

coupler had 5 % transmission.

mirrors once again. From the known ratio of incident power to transmitted power,

the circulating pump power was found to be 6.4 W on resonance, for ∼350 mW

of 846 nm incident light.

Cavity stabilisation

To provide constant second harmonic power from the enhancement cavity, the

cavity length had to be stabilised to ensure that it was always resonant with the

fundamental beam. A number of schemes that actively counteract the effect of

mechanical vibrations and temperature changes, which cause the cavity to drift

from resonance, have been developed [118, 119]. The Hänsch-Couillaud technique

does not require modulation of the incident light to provide active feedback to

the cavity, reducing the complexity and expense associated with the the locking

system. Fig. 4.7 shows the setup used to lock the enhancement cavity and brief

review of the technique follows [120].
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Figure 4.7: The experimental setup for the enhancement cavity containing the

ppKTP, locked on resonance using the Hänsch-Couillaud locking technique.

Light incident on the enhancement cavity, with a power Pin, strikes the input

coupler and enters the cavity. The λ/2 plate is used to align the polarisation

of the incident light to an angle θ relative to the optic axis of the birefringent

crystal within the cavity, as this determines the polarisation axis of the system.

The incident beam’s electric field can therefore be decomposed into two orthog-

onal, linearly polarised components, polarised parallel and perpendicular to the

transmission axis of the crystal,

Ei
|| = Eicos θ, Ei

⊥ = Eisin θ, (4.10)

where Ei is the amplitude of the incident beam. The perpendicular component of

the beam is reflected by the input coupler and is used as a reference. The parallel

component is coupled into the cavity and experiences a frequency dependent

phase shift as it is reflected. If any phase difference is introduced between the

two beams, the polarisation of the light reflected from the input coupler will be

elliptical. The amplitude of the reflected wave, Er, for each polarisation is given

by [121]

Er
|| = Ei

||

√
R1 −

T1R√
R1

cos δ −R + i sin δ

(1−R)2 + 4R sin2 (δ/2)
, (4.11)

where δ is the phase accumulated by the wave as it propagates around the cavity,

R1 and T1 are the reflectivity and transmissivity of the input coupler, and R is
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the amplitude ratio of the field as it propagates through a number of round trips

through the cavity. The reflected component is given by

Er
⊥ = Ei

⊥

√
R1. (4.12)

When the cavity is resonant, each of the polarised components are real and

both waves are in phase. However, when the cavity is off resonance, the parallel

component of the field gains a phase shift relative to the perpendicular compo-

nent, resulting in the reflected beam being elliptically polarised. The magnitude

of the ellipticity of the reflected polarisation therefore a measure of the frequency

detuning from the cavity resonance.

Experimentally, the elliptically polarised light is decomposed into its compo-

nents using a λ/4 plate and a polarising beamsplitter cube, see Fig. 4.7. The fast

axis of the waveplate is aligned at 45◦ to the polarisation axis of the beamsplitter,

to resolve the elliptical light back into linear components. The intensity of light

emerging at the output of the beamsplitter, Ia and Ib, was then monitored using

two photodiodes. By detecting the difference in the intensities [120],

Ia − Ib = I i2cos θ sin θ
T1R sin δ

(1−R)24R sin2 δ/2
, (4.13)

an error signal could be obtained, which was then input to an integration unit

that was used to drive the PZT mirror within the cavity, keeping the cavity

on resonance. Fig. 4.8 shows the typical error signal that was produced by the

subtraction of the photodiode currents.

When the cavity was originally constructed the error signal was highly asym-

metric about the x-axis and not suitable for input into the locking electronics.

The asymmetry was produced by a thermal induced bistability [98]; when the

round-trip path length is decreased by the PZT mirror in the cavity, the circu-

lating pump power increases, as does the second harmonic power. The crystal

absorbs photons from both of the beams, which results in a local temperature

increase, and hence an increase in the optical path length. The cavity resonance

then shifts to a shorter cavity length, resulting in a slow increase of the circulating
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Figure 4.8: The difference signal between PD1 and PD2 as the cavity length was

scanned using the PZT.

pump power. As the cavity is tuned just beyond the resonance, the circulating

pump power decreases at an accelerated rate due to the sudden decrease in tem-

perature in the crystal.

To reduce the effect of the bistability, the spot size at the crystal’s centre was

increased beyond the ideal value of 17 µm, in 1 µm steps until a quality error

signal was produced and could be used for locking. A spot size that is not equal to

the optimum value results in a poorer conversion efficiency for the SHG process,

however, the lower powers did allow the cavity to be locked. Unfortunately, no

single cavity parameter could be changed to alter the size of the focused spot in

the crystal, so a number of cavities had to be designed and tested.

The design parameters for the cavity which produced the most power, but also

produced a reliable error signal, are given in Tab. 4.1. The measured circulating

pump power of 6.4 W and second harmonic output power of 100 mW produces a

single pass conversion efficiency of ∼ 0.5 %/W, less than the 1.2 %/W measured

in section 4.3.2. However, even with this lower conversion efficiency, a stable

output power of 100 mW could be achieved continuously for over four hours,

using the above locking scheme.
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Parameter Value

M1 reflectivity 95 %

M3 & M4 ROC 50 mm

Mode matching spot size 178 µm

Spot size in crystal 25.75 µm

Crystal temperature 73.5 ◦C

Typical incident power 450 mW

Typical SHG output power 100 mW

M1/M2 separation 120 mm

M3/M4 separation 65 mm

Table 4.1: The optimum parameters used for the resonant enhancement cavity.

4.5 Laser stabilization to an atomic reference

The Ti:sapphire laser that was used as the light source for the fundamental wave

in the SHG process, described in the previous sections, required an absolute ref-

erence to the 1S0 −1 P1
40Ca transition. There are a number of well developed,

Doppler-free techniques that can be used to produce a reference source for laser

stabilisation and they are often employed in laser cooling experiments [122, 123].

Similar to the locking technique used for the resonant enhancement cavity, an

absolute frequency reference requires an anti-symmetric line with a steep zero-

crossing, to allow electronic feedback to compensate for any laser drifts. Spec-

troscopic techniques that have been developed to generate these reference signals

can be classified into two groups; modulation free techniques [124] or those that

require to internally or externally frequency modulate the laser light [125, 119].

Saturated absorption is an attractive technique for frequency stabilisation and

is commonly used in laser cooling experiments [126]. The narrow spectral fea-

tures that can be resolved provide good long-term stability, however, the basic

signal is a symmetric Lorentzian that does not have a zero-crossing. Frequency
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modulating the laser light produces a dispersive signal that passes through zero,

allowing feedback electronics to stabilise the laser to the centre of the absorption

feature [127]. However, frequency modulation of the laser light introduces com-

plication to the setup and may cause disruption further down the optical path,

especially if the laser is internally modulated.

A dispersive signal can be produced without frequency modulating the laser

beam, this can be obtained from the difference between two saturated absorption

features generated by pump beams with a small frequency difference. The small

frequency difference between the beams has been shown previously to be obtained

by using either two acousto-optic modulators (AOM) [128] or using the zeroth

and the first order beam of an AOM as the pump beams [129]. Neither of the

setups modulate the AOMs to allow for phase sensitive detection and as a result

both are prone to low frequency noise.

At room temperature, the vapour pressure of calcium is low when compared

with atoms typically used in laser cooling experiments, see section 2.2.1. As a re-

sult, the commercial vapour cells that are often used for saturation spectroscopy

are not available for calcium. Home made vapour cells often have relatively

complex designs [130] and require to heat the calcium source to high tempera-

tures [131]. However, there are reliable alternative methods, for example those

that make use of an atomic beam [123] or hollow cathode lamps (HCL) [132] to

produce a reference signal.

The following section describes a simple saturated absorption setup that em-

ploys a commercial HCL to generate an error signal, which is then used to stabilise

the Ti:sapphire laser. The technique has been demonstrated to lock the laser rel-

ative to the calcium resonance over a number of hours and is sensitive enough to

also provide a frequency reference for the less abundant calcium isotopes.
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4.5.1 Lamp characterisation

The central feature of the Hamamatsu L2783-20NE-Ca, the HCL used in the

setup, is a cylindrical hollow cathode with a 3 mm bore that is lined with solid

calcium. The lamp is contained in a glass T-shaped bulb, which is filled to a

pressure of 6 torr with a neon buffer gas. The lamp was connected to a power

supply, which provided a potential of around 680 V. Although the applied voltage

was varied during the experiments, care was taken not to exceed the 20 mA

maximum current specified by the manufacturer. The neon atoms in the gas

become charged at the anode when the potential is applied and accelerate toward

the cathode, resulting in calcium atoms being ejected. The released calcium

atoms can then be used for spectroscopy.
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Figure 4.9: The Doppler broadened absorption profiles produced by a 423 nm, 25

µW, 0.5 mm diameter beam passing through the HCL with an applied voltage

of 900 V (circles), 800 V (squares) and 700 V (diamonds). A Gaussian fit was

found for the normalised data to find the maximum absorption and FWHM of

the absorption profile.
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With the aid of a Coherent WaveMaster wavemeter, the Ti:sapphire laser

was adjusted to output a wavelength of 845.584 nm. The four milliwatts of blue

light, produced by the single pass of the IR light through the ppKTP crystal, was

separated from the fundamental beam using a mirror with a transparent substrate

and an HR coating for IR light. The blue beam was focused to a diameter of 150

µm in the centre of the lamp and reduced to a power of 25 µW, using neutral

density filters. A photodiode was used to monitor the power of the light that

emerged from the exit of the HCL. The Ti:sapphire laser was used to scan the

blue light 4 GHz around the expected 1S0−1P1
40Ca transition frequency, resulting

in a fraction of the light being absorbed by the calcium atoms. The absorption

profiles for three different applied voltages to the lamp are shown in Fig. 4.9,

the fits are used to determine the maximum absorption. The temperature of the

calcium atoms, which absorb the photons from the laser beam is related to the

full-width half-maximum (FWHM) of the absorption profile via [126]

T =
c2m(∆ωFWHM)2

8kBω2
0ln2

, (4.14)

where c is the speed of light, ω0 is the transition frequency, m is the atomic mass

and ∆ωFWHM is the Doppler width.

As the life of an HCL is limited [133], 680 V was typically applied during

experiments as this resulted in a sufficient beam absorption for spectroscopy and

also helped increase the lifetime of the lamp. A summary of the maximum ab-

sorption of the laser through the HCL and the temperature of the ejected calcium

atoms for a number of voltages applied to the lamp is given in table. 4.2, which is

in good agreement with previous measurements [96]. The maximum absorption

was measured as a function of the power in a 150 µm diameter beam, for a con-

stant lamp voltage of 680 V. This allowed an evaluation of the power to be used in

the beam that would result in sufficient absorption but still produce a measurable

signal. The data are shown in Fig. 4.10. As the maximum absorption occurs for

∆ = 0, the data should follow 1/(1 + I/Isat) and allow a direct measurement of

Isat.
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Voltage [V] FWHM [GHz] Max. absorption [Norm.] Temperature [◦C]

900 1.9 0.48 250

800 1.8 0.38 244

700 1.6 0.32 116

Table 4.2: Data for the variation of absorption profile and calcium temperature

as a function of the voltage applied to the lamp. The beam spot size was 150 µm

and the beam power was 25 µW.

The curve shown in Fig. 4.10 is a fit to the data corresponding to Isat = 57.7±6

mW/cm2, in agreement with the accepted value of 61.9 mW/cm2 [81].

æ

æ

æ

æ

æ

æ

0 500 1000 1500
0.0

0.1

0.2

0.3

0.4

Laser intensity @mW�cm2D

A
bs

or
pt

io
n

of
be

am
@N

or
m

.D

Figure 4.10: The variation of laser beam absorption with incident intensity. The

laser spot size was 125 µm, while the lamp voltage was set to 680 V.

4.5.2 Saturated absorption

A typical saturated absorption setup comprises of a pump beam and a counter-

propagating probe beam that simultaneously interact with an atomic vapour.

By modulating the amplitude of the pump beam, phase-sensitive detection of
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the probe beam produces a signal that is proportional to the homogeneously

broadened atomic linewidth.

Modulation can be achieved by passing the pump beam through an AOM,

which displaces most of the incident light into the first order, and modulating the

applied power to the device. By aligning the zeroth and first orders to overlap with

the probe beam at the same position in the atomic vapour, the detected signal

depends on which pump beam the probe interacts with. If power is applied to the

AOM the probe interacts with the first order beam, resulting in a detected signal

that is shifted by half of the AOM frequency from the zero velocity class value. If

there is no power supplied to the AOM the detected linewidth is centred on the

zero velocity class but is phase shifted from the previous signal by 180◦. For a

rapid modulation, the probe signal, as detected with a phase sensitive detector,

displays an anti-symmetric lineshape with a zero-crossing at one quarter of the

AOM frequency.
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Figure 4.11: The dispersion signals for a range of AOM frequencies, calculated

using Eqn. 4.15. The amplitudes were kept equal and the AOM frequencies used

were νAOM= .5Γ (blue), Γ (magenta), 2Γ (gold) and 3Γ (green).

As the centre frequency is increased to the point at which the signal crosses

zero, i.e. the point used for locking, also increases. For the case where the
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AOM is used to create two pump beams, the observed signal is the difference

of two Lorentzian profiles that are frequency shifted from each other by half the

frequency of the AOM:

S =
A1

(Γ/2)2 + (νl − ν0 + νAOM/2)2
− A2

(Γ/2)2 + (νl − ν0)2
, (4.15)

where A1 & A2 are the amplitudes of each signal, Γ is the homogeneously broad-

ened linewidth for the transition, ν0 is the atomic transition frequency and νl

is the laser frequency. Any difference in the amplitudes of the individual signals

leads to a shift of the zero crossing frequency. Experimentally, there was generally

a difference of ∼20 % between the amplitudes, which corresponds to an induced

frequency shift of 3.5 MHz, this is relatively small when compared with the 34

MHz of the natural linewidth.
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Figure 4.12: The slope of the dispersion signal, formed by two equal amplitude

signals, through the zero crossing as a function of AOM frequency.

The calculated difference frequency for a number of AOM frequencies are

shown in Fig. 4.11. As the AOM frequency is increased, the difference signal grows

and the slope passing through zero steepens until the two individual absorption

profiles separate. Therefore, the slope through the zero crossing is a measure

of the suitability of the signal as a reference source for the stabilisation scheme.
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Fig. 4.12 shows the variation of the slope of the dispersion signal through the zero

crossing as a function of AOM frequency. It can be seen that the maximum of

the curve occurs at an AOM frequency of ∼1.15Γ, the experiment is conducted

at an AOM frequency within 5% of this value.

4.5.3 Method and results

The setup used for frequency stabilisation of the Ti:sapphire laser is shown in

Fig.4.13. The 4 mW of blue light was passed through an AOM driven with an

RF frequency of 80 MHz. Approximately 80% of the incident light could be

coupled into the +1 diffracted order beam from the AOM and independently

aligned through the collimation lens from the zeroth order beam.

Figure 4.13: The experimental setup for the frequency stabilisation of the

Ti:sapphire laser to the calcium resonance. The λ/2 plate is used to rotate the

polarisation of the pump beams wrt to the probe beam. The beam marked with

+1 is the first diffracted order from the AOM.



CHAPTER 4. FREQUENCY DOUBLING AND LASER STABILISATION 65

The two vertically polarised pump beams were overlapped inside the HCL

along with a weak, horizontally polarised, probe beam propagating in the opposite

direction. The probe beam was picked off from the main beam before entering

the AOM and had a power of 300 µW. The applied RF frequency was modulated

on and off at a frequency of 55 kHz, due to the efficient coupling into the first

order, this essentially results in alternate switching of the pump beam at this

high frequency. A 423 nm interference filter is placed in front of the AC coupled,

amplified photodetector to remove the stray light produced by the HCL. The

individual saturated absorption signals are obtained by only allowing one pump

beam through the lamp at a time and detected using a Stanford Research Systems

lock-in amplifier. Fig. 4.14 shows the individual saturated absorption signals, the

red plot is the signal when the first order beam is blocked from entering the

HCL, the green trace shows the signal when the zeroth order beam is blocked.

The yellow trace is the signal detected by the lock-in amplifier, set with a time

constant of 1 ms, when both modulated pump beams interact with the probe

beam. The measured linewidth of the signal is 70 MHz, or twice the natural

linewidth of the 1S0 −1 P1 transition.

Doppler broadening effects caused by the alignment of the pump beams is kept

below the natural linewidth, Γnat, by using knife-edge mirrors. However, calcium

collisions with the neon inside the HCl could potentially result in homogeneous

broadening or a frequency shift. The 423 nm transition in calcium is well studied

in the presence of noble gases and by extrapolating from data measured at higher

temperatures, at the 6 torr of neon within the lamp, there should be a broadening

of Γp =16 MHz [134].

The pump intensities of 130 mW/cm2 also induces a broadening of the ob-

served linewidth, given by [3]

Γtotal = Γnat

√
I

Isat
+

(
1 +

Γp
Γnat

)2

. (4.16)

Using the extrapolated value of Γp =16 MHz along with Γnat = 34.6 MHz, Isat =

61.9mW/cm2 and I = 130 mW/cm2, the expected linewidth is 71 MHz, which is
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Figure 4.14: The slope of the dispersion signal, formed by two equal amplitude

signals, through the zero crossing as a function of AOM frequency.

close to the measured value.

As the calcium inside the HCL cannot be used as an absolute frequency ref-

erence, the zero crossing frequency of the dispersion signal was compared to the

laser induced fluorescence from a thermal beam of atomic calcium, which was

excited with light incident perpendicular to the atomic beam direction of propa-

gation. The atomic beam used for the reference is also the source of atoms for the

MOT and was accessed through the spare viewports on the deflection chamber.

The incident laser beam was retroreflected and aligned to ensure that the Doppler

contribution to the detected signal was minimised.

Fig. 4.15 shows the dispersion signal from the saturated absorption setup and

compares it with the beam fluorescence signal. As both setups used light from

the same source, the signals could be obtained simultaneously, allowing a direct

measurement of the zero crossing of the dispersion signal and the atomic transition

frequency. The beam fluorescence is fitted with a Gaussian, which has a FWHM

of 80 MHz. The lower signal is fitted with Eqn. 4.15 and has a calculated zero



CHAPTER 4. FREQUENCY DOUBLING AND LASER STABILISATION 67

Figure 4.15: The top signal is the detected laser induced fluorescence from the

atomic beam. The lower signal is the dispersion signal produced by the sat-

urated absorption setup. The amplitude and offsets of the signals have been

adjusted to allow both signals to appear in one plot. The left and right vertical

lines correspond to the atomic transition frequency and zero crossing frequency,

respectively.

crossing at 24 MHz to the red of the peak of the fluorescence curve.

The resonance frequency of the calcium within the HCL is shifted from the

true value due to the presence of the neon buffer gas. For the pressure of neon

in the HCL, the resulting in a shift of 8.6 MHz to the red [134]. For an AOM

frequency of 80 MHz the resulting zero crossing should be 20 MHz to the red of

the transition, adding this to the pressure shift the crossing should be -28.6 MHz

from the true transition frequency, meaning the expected and measured values

differ by more than 4 MHz. The reason for this could be partly attributed to

amplitude differences between the two pump beams entering the HCL, however,
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as the amplitudes were within 20% of one another, this suggests that there are

additional shifts taking place in the HCL that are unaccounted for.
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Figure 4.16: The dispersion signals for calcium isotopes, detected in the hollow

cathode lamp.

The plot shown in Fig. 4.16 demonstrates the sensitivity of the technique. As

the Ti:sapphire was scanned far from the 40Ca 1S0 −1 P1 resonance, dispersion

curves resulting from the 1S0−1P1 transitions in 42Ca, 44Ca and 48Ca could also be

observed, where the abundances range from 0.2-2%. The measured isotope shifts

for each of the signals are compared to recently pulished values in Table. 4.3 [79].

Isotope Measured [MHz] Literature value [MHz]

42Ca 390 (20) 393

44Ca 765 (28) 774

48Ca 1525 (39) 1513

Table 4.3: The isotope shifts, measured relative to the 1S0−1P1 transition in 40Ca,

of three isotopes of low abundance and compared to values in the literature [79].
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As the typical absorption of a beam through the HCL is around 50% (Fig. 4.9)

and the cross section for the transition is 5 × 10−15 m2, the density of atoms is

6.9 × 1015 m−3 [135]. Therefore, the beams interact with ∼ 108 atoms of which

∼ 180000 (0.2%) are 48Ca.



Chapter 5

Laser diode light sources

Since its creation in 1962 [136], the diode laser has become the most common form

of laser in the world today [137]. Over this time it has evolved into a compact

and efficient source of coherent radiation, which has found many everyday appli-

cations. Laser diodes are inherent in barcode scanners and optical data storage

devices, and we also rely on them for high speed intercontinental communica-

tion [138]. However, industry has not been the only beneficiary of mass produced

laser diodes, as the range of available wavelengths has grown, researchers have em-

ployed diode lasers in their experiments as an invaluable substitute for dye lasers

due to their low cost and easy maintenance [75]. The following chapter describes

the setup and configuration of the various diode lasers used in the Strathclyde

calcium lab. For a detailed discussion on the theory of diode lasers see [139].

5.1 Properties of diode lasers

5.1.1 Structure

Traditional lasers, such as gas lasers, typically have cavity lengths of centimeters

or greater. However, diode lasers have a cavity length of only a few hundred

microns. The structure of a standard diode is shown in Fig. 5.1. Optical feedback

is made possible in such a small device by cleaving flat, parallel, edges when the

70
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Figure 5.1: The typical structure of a standard diode laser. Feedback is achieved

in the diode laser by cleaving the diode form the source with optically flat edges.

Adapted from [139].

diode is first cut from the source wafer. These flat edges from a very small optical

cavity, which define the longitudinal modes of the coherent light emitted. For a

typical diode laser length of 400 µm the frequency spacing between each of the

modes permitted to oscillate is around 100 GHz. The longitudinal mode that

will actually oscillate within the cavity will be the mode with maximum gain, i.e.

the longitudinal mode closest to the maximum point on the diode gain curve, see

Fig. 5.2. The laser diode gain profile varies with the current injected across the

bandgap and with the temperature of the diode itself.

5.1.2 Temperature and current dependence

The wavelength of the light output by a laser diode depends critically on the

bandgap of the semiconductor used, which is not a parameter that can be easily

changed. For calcium, there are a number of commercially available laser diodes

with an output close to the wavelengths required for driving a number of atomic

transitions. As the output of a diode does generally not correspond exactly to

the atomic transition frequency, the diode must be tuned a number of GHz from

its free running value. This is achievable by controlling the diode temperature,

the injection current and controlling the light fed back to the bare diode.
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Frequency

Diode Gain Curve

Longitudinal modes

Figure 5.2: The diode gain curve is defined by the bandgap in the semiconductor.

The longitudinal mode which experiences the most gain will be the mode which

oscillates, in this case shown by the vertical line.

The temperature of the diode affects two properties of the diode: the length

of the laser cavity (since the material has a thermal expansion coefficient) and

the laser diode gain curve. For a typical laser diode an increase of one kelvin

results in an increase of 0.06 nm in output wavelength [75]. This can be used as a

coarse method of bringing the output to within a few hundredths of a nanometer

of the desired wavelength. As temperature control systems are generally slow to

react to small changes in temperatures, the injection current to the diode is used

as the next stage of refinement.

Changing the injection current to the diode laser changes the charge carrier

density in the diode, which in turn changes the refractive index of the active

region of the diode and hence the output wavelength. However, on timescales

of a microsecond this effect can be ignored [140]. The injection current also

affects the temperature of the laser diode, which again has a direct effect on the

output wavelength of the diode. A change of one milliamp in the injection current

typically corresponds to a frequency shift of 4 GHz [54].
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5.1.3 Mode-hopping

The laser diode temperature and injection current affect the frequency position

of both the longitudinal modes and the diode gain curve. However, the shifts in

gain curve and mode spacing due to temperature and current are different and

result in a phenomenon known as mode-hopping. If the laser diode gain curve

maximum occurs at a frequency between two longitudinal modes, small variations

in temperature or current result in a large discontinuous shift in output frequency,

see Fig. 5.3.

Frequency

Figure 5.3: The centre of the diode gain curve at temperatures T (blue) and T +

∆T (red) correspond to a different oscillating longitudinal mode. The maximum

gain at T + ∆T occurs at a frequency between two longitudinal modes, giving

rise to large discontinuous frequency shifts for small changes in temperature or

current.

Generally, mode-hopping cannot be well predicted and presents the technical

challenge of producing a laser with a large continuous tuning range. In prac-

tice, wavelength tuning via current and temperature becomes an iterative process

where both are changed until the laser operates in a region around the wavelength

of interest.
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5.2 External cavity diode lasers

While the output wavelength of the laser diode can be somewhat controlled by

the temperature and injection current, the linewidth of the light produced by a

free running laser diode can be up to tens of megahertz. There are a number of

systems that have made use of the fact that diode lasers are extremely sensitive

to optical feedback, and have been used to narrow the linewidth of the light

output by the diode successfully [141]. As mentioned previously, mode-hops do

not allow a continuous tuning of the output wavelength. External cavity diode

lasers (ECDLs) are a common tool in laser cooling laboratories and solve many

of the issues associated with bare diodes.

Placing a diode laser into an external cavity, which makes use of a frequency

dependent reflector, such as a diffraction grating, provides a method of reducing

the linewidth of the output and increases the continuous tuning range. Increasing

the cavity length and feeding back a small fraction of the emitted light can reduce

the linewidth by a factor of two orders of magnitude [142].

The ECDLs used in the calcium laboratory used the Littrow configura-

tion [143], which is commonly used for diode lasers in spectroscopy. This method

uses the grating to diffract the low power first order beam back to the diode’s

active region, while the zeroth order beam is coupled out from the cavity. The

angle of the grating to the direction of propagation of the output beam defines

the frequency of light reflected back by,

λ = 2 d sin θ, (5.1)

where λ is the wavelength of the light, d is the distance between the grooves of

the grating and θ is the angle between the grating’s normal and the angle of the

incident light. As small changes in grating angle correspond to relatively large

changes in wavelength, a piezoelectric transducer is used to control the angle

of the grating position. By changing the voltage applied to the PZT, θ can be

increased, which then in turn increases the wavelength.
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5.3 672 nm source

An ECDL system was used as the light source for driving the 31D2 − 51P1 tran-

sition of the atoms trapped in the MOT (see sec. 2.2.2). The ECDL design is

based on that of Arnold et al [141], a design which has previously been success-

fully implemented in our group [76].

A high power, single mode, diode laser (HL6545MG) was used as the light

source in the ECDL. A Thorlabs LT230P-B collimation tube was used to fix the

diode position with respect to a lens (f = 5 mm), which was used for collimating

the highly divergent output. As the lens is threaded, precise control of the beam

collimation can be achieved, which is essential for creating good feedback to the

diode.

A commercial optical mirror mount (Newport U100-P) was used to hold both

the diode/lens assembly and the grating. Fig. 5.4 indicates how the individual

components are fitted together to create the ECDL. The collimation tube was

fitted into a pre-drilled hole in a standard post adapter (Newport UPA-PA1),

then clamped in place with a screw. The post adapter was then fixed to the

mirror mount, from which a square section had been removed from the faceplate.

This was to allow an aluminum block, cut with one face at an angle of 37◦ to the

collimation tube axis, to be fixed to the mirror mount and be used as a location

for the grating.

A standard, off-the-shelf, 1800 lines/mm, diffraction grating (05HG1800-500-

1) was then fixed to the aluminum mount and aligned with its lines parallel to

the output polarisation of the incident light. In this configuration up to 75 % of

the light could be coupled out via the zeroth order beam.

To gain control of the output frequency of the laser it was essential to have

well aligned feedback into the active region of the diode. The first order diffracted

beam was directed back into the laser diode by using both the horizontal and ver-

tical adjustment screws of the mirror mount. Once good feedback was achieved,

small adjustments of the horizontal screw provided control over the laser fre-
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Figure 5.4: The external cavity diode laser used for the 672 nm laser source.

Coarse frequency tuning is achieved using the horizontal adjustment screw, while

fine control is achieved by varying the voltage applied to the PZT.

quency. A piezo actuator (Thorlabs AE0203D04F) fixed into the horizontal arm

of the mirror mount allowed fine control over the grating angle, θ, and hence the

frequency of the output. The maximum increase in the actuator length was 3 µm

for an applied voltage of 100 V, which corresponds to a frequency range of ∼ 20

GHz. In practice, mode-hops limited the continuous tuning range using the piezo

to around 2 GHz. To ensure mechanical stability, the assembled ECDL mirror

mount was attached to base plate, which was used to fix the ECDL inside a die

cast box. Anti-reflection coated windows were fixed into the boxes to allow the

laser beams to exit the box.

As described previously, the temperature of the diode has a direct impact on

the output frequency of the laser. Using a heat conducting glue, a Peltier element

was fixed between the assembled mirror mount and the base plate. The Peltier

element was connected to an automatic temperature controller (Wavelength Elec-

tronics FPT-5000), which was configured to deliver a maximum current of 3 A.
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A 10 kΩ thermistor, set into the mirror mount between the collimation tube

and baseplate provided the feedback to the FPT-5000 to allow it to maintain a

constant temperature to within 0.01 ◦C of the desired set point.

Changes in injection current also affect the diode output wavelength. An

increase in current corresponds to a decrease in the frequency of the light output

by the laser. Typically, an increase of 1 mA of the injection current corresponds to

a 4 GHz decrease in output frequency. As the atomic transitions of interest have

linewidths of < 1 MHz, it is therefore critical that the current noise is minimised

and kept below a peak-to-peak value of 1 µA. A Thorlabs LD1255R was used as

the current driver for the laser diode. A 27 Ω resistor was connected in series with

the laser diode to allow a direct measurement of the current flowing through the

circuit and also of the current noise. As laser diodes are extremely sensitive to

sudden changes in current [75], three 10 µF capacitor was placed in parallel with

the diode to ensure a gradual decrease in current in the event of a sudden loss of

power. Using a Fluke 87 series multi-meter, the current noise was measured to

be less than 1 µA.

5.3.1 Alignment and wavelength calibration

As laser diodes have only a relatively limited lifetime, and are very sensitive to

environmental conditions, replacing the diode in the ECDL was, unfortunately,

a regular occurrence. The following section describes the alignment procedure

used to bring the wavelength of a new laser diode close to the atomic transition

wavelength and also correctly set the feedback of the ECDL.

The laser diode was fixed into the collimation tube and driven a few mA above

threshold to provide a 1 mW output. The lens was then adjusted to ensure that

the laser output was collimated over the length of the optical bench. The tube

was inserted into the post holder, positioning the front of the lens ∼ 10 mm away

from the grating, and then rotated to align the long axis of the beam profile

parallel with optical table and perpendicular to the lines on the grating. The
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drive current was then reduced until the diode was just below threshold. This

is the point at which the diode is most sensitive to optical feedback. A sheet

of white card was placed one meter from the ECDL and used for observing the

output. By rotating the horizontal and vertical adjust screws of the mirror mount

a weak beam becomes visible close to the main beam profile. This weak beam is

the result of a poorly aligned cavity, so by using the mirror mount adjustments

screws to collapse the weaker beam onto the principal beam the output power of

the diode increased dramatically as this feedback takes the laser above threshold.

A power meter was then used to monitor the output power of the laser. The

following process is then iterated until optimum feedback conditions are met:

• reduce the drive current until the diode is just below threshold.

• small rotation of the lens.

• alter vertical and horizontal adjustments of mirror mount to observe if the

laser can be made to lase.

• reduce current to just below threshold and repeat.

The above process should be repeated until the threshold current is minimised.

At room temperature the HL6545MG laser diode is designed to output light

at a wavelength of 660 nm. To reach the desired wavelength of 672 nm it was

necessary to heat the diode to temperatures above 60 ◦C, the precise tempera-

ture was specific to the laser diode used but was typically 64 ±1◦C. The Peltier

element was driven with ∼ 2 A of current to raise the temperature of the entire

mirror mount and therefore increase the case temperature of the diode. Fig. 5.5

shows the typical variation of the bare diode output wavelength as a function

of temperature. When placed in the ECDL, the grating could be used to ex-

tend the upper limit of the wavelength by a further 10 nm, permitting a lower

operating temperature and increasing the diode lifetime. Once the temperature

of the mirror mount had stabilised, the diode was brought up to 70 % of the
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Figure 5.5: An example of the wavelength of light produced by a HL6545MG

laser diode. Adapted from [144].

maximum operating current, producing output powers > 50 mW. The horizontal

alignement screw was used to set the output wavelength close to 671.9 nm, the

applied voltage to the piezo was then used for fine adjustment.

5.3.2 Stabilisation to a stable reference cavity

A number of attempts were made at producing an atomic frequency reference for

the 672 nm laser with methods similar to that described in section 4.5, however,

these were unsuccessful and alternative methods had to be sought. There are a

number of absorption lines in the absorption spectrum of iodine that are close

to the 41D2 − 51P1 transition in calcium [145]. However, these absorption lines

are weak and long interaction lengths and high iodine temperatures are required

to provide a sufficient absorption signal [146]. The locking scheme which proved

most successful in fixing the frequency of the 672 nm laser made use of a stabilised

reference cavity [147].
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Experimental setup

For the cavity to be a reliable frequency reference for the ECDL, it was necessary

to first stabilise the cavity against environmental changes such as mechanical

vibrations or thermal drifts, as these cause the frequency of the cavity modes to

drift [147]. The linear Fabry Perot cavity used as the reference had a finesse of

∼ 100 and a FSR of 300 MHz. The cavity length could be controlled, on the

micron scale by changing the applied voltage to the PZT, which was attached

to one of the cavity mirrors. This allowed the cavity length to be modulated

at high frequencies. To fix the cavity length and make it a suitable frequency

reference, the cavity was locked to a temperature stabilised HeNe laser, which

acted as an absolute frequency reference. The HeNe output beam was directed

into the cavity (M1), parallel, but off-centre from the cavities central axis, see

Fig. 5.6. A photodiode was used to detect the light re-emerging from M1, which

was produced by the resonances experienced by the cavity as the length was

scanned by applying a large AC voltage (75 Vp−p, 20 Hz) to the PZT, shown in

Fig. 5.7 (a).

In addition to the large AC scan, a weak modulation at 18 kHz was applied

to the PZT, allowing a lock-in amplifier to demodulate the Lorentzian peaks and

produce dispersion-like curves, see Fig. 5.7 (b). After alignment of the beam into

the cavity, the large AC scan was removed and the output of an electronic inte-

grator was connected to the PZT. The input to the integrator was the dispersion

curve produced by the lock-in amplifier. At this point, the cavity could easily be

locked to the HeNe laser by setting the PZT DC offset such that the cavity was

close to a resonance and then switching the integrator to ’lock’. As the HeNe

laser was extremely stable, the cavity would remain locked for weeks at a time,

provided that there were no large mechanical disturbances on the optical table.

A beamsplitter was used to align a fraction (∼ 3 mW) of the 672 nm ECDL

output into the opposite end of the cavity to the end the HeNe was coupled into.

Directed into the cavity, parallel but off centre from the central axis, the beam
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Figure 5.6: The 672 nm diode laser stabilisation system. The laser is locked to a

reference cavity, which has been pre-stabilised to a HeNe laser.

circulated a number of times before it re-emerged and detected by a photodiode,

see Fig. 5.6. To observe a resonance of the 672 nm light inside the cavity, the

frequency of the laser had to be scanned by applying a varying voltage to the

PZT within the ECDL, see Fig. 5.8 (a). As a result of the existing modulation

of the reference cavity PZT, the 672 nm light detected by the photodiode could

also be demodulated to produce a dispersion-like signal, Fig. 5.8 (b). Using an

additional set of integrator electronics it is then possible to lock the laser to the

cavity. However, as the reference cavity modes are fixed at a spacing of 300 MHz,

there was little chance that locking the 672 nm laser to one of these modes would

correspond to the frequency of the calcium 41D2 − 51P1 transition. Therefore,

a method to remain locked to the cavity but also frequency shift the laser was

required.

An extremely useful property of diode lasers is the ease in which they can

be frequency modulated. When used in spectroscopy experiments, ECDLs will
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Figure 5.7: (a) The signal detected by the photodiode when the HeNe light is

incident on the cavity and the cavity length is scanned by ∼300 MHz. (b) An 18

kHz modulation applied to one of the cavity mirrors allows the photodiode signal

to be demodulated to produce a dispersion curve that is then used to stabilise

the cavity length. A secondary HeNe laser mode can be observed in both the

photodiode signal and its derivative, but is unused by the system.

often have the diode drive current modulated in the kHz range to allow lock-in

amplifiers to produce dispersion-like representations of atomic transitions [75].

However, a more useful application in this instance involves modulation of the
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drive current at tens of MHz. In this regime, the optical spectrum develops

sidebands located at the multiples of the RF modulation frequency, which is

useful in a number of spectroscopic applications [148]. To generate sidebands

on the 672 nm ECDL optical spectrum, the current delivered to the diode was

sourced from a bias-t, which was used to couple together the output of the DC

current driver and a variable radio-frequency synthesiser (Hameg HM8134-3, 0-1.2

GHz). The amplitude of the sidebands is proportional to the RF power delivered

to the diode, typically the maximum power delivered was -1 dBm, powers greater

than this drove the diode into a multimode operation.

The addition of sidebands to the 672 nm spectrum produced additional dis-

persion curves from lock-in amplifier 2, since there was already a modulation of

18 kHz on the reference cavity PZT. These dispersion curves were smaller in am-

plitude and had their zero crossings shifted from the carrier signal by a frequency

equal to the RF output of the synthesiser. The advantage of using a variable RF

synthesiser becomes apparent when the ECDL is locked using one of the disper-

sion curves produced by a sideband. Once locked on a sideband, the synthesiser

output frequency could be adjusted between 10-140 MHz in real-time, providing

a fully tunable source whilst remaining locked relative to the cavity resonance.

5.4 1530 nm laser

In addition to building a source of cold calcium, one of the main aims of this thesis

was to explore methods of returning atoms populating the 3P2 to the ground state.

Previously, this has been done by driving atoms to the higher lying 4p2 3P2 state,

however, the short wavelength photons used in this process result in heating of

the atoms [90]. Another, more obvious, route of returning the atoms to the singlet

energy level scheme involves using the 1D1−3P2 transition; the source of the leak

out of the cooling cycle. The wavelength required to stimulate this transition is

1530 nm [82], which is a wavelength at the edges of the S and C bands used in

industrial fibre optic communication networks [149]. As a result of being close to
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Figure 5.8: (a) The modes detected by the photodiode as the 672 nm laser is

scanned using the grating. (b) Although the cavity is locked the cavity mirror

is still modulated. As a result, signal (a) can be demodulated to produce a

dispersion-like curve that can be used to lock the laser to the cavity. Position of

the modulation sideband can be changed by simply altering the frequency of the

synthesiser.

telecommunications wavelengths, it is possible to source commercial laser diodes

that are capable of driving the atomic transition.

A QPhotonics (QDFBLD-1530-20) laser diode was chosen as the source for
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Figure 5.9: Emission spectrum of 1530 nm laser at 25 ◦C [150].

the 1530 nm light. The DFB-laser combines the diode, a TEC element and

a 10 kΩ thermistor into a single compact unit. The diode package was fixed

into a compatible mount (Thorlabs LM14S2) which was connected to a TEC

controller (Wavelength Electronics MPT-5000) and a low noise current source

(ILX Lightwave LDX-3200 Series). A maximum of 20 mW of 1530 nm light can

be output by the laser, this is done via a single mode fibre, which collects the

light directly output by the diode.

Laser diodes supplied in a butterfly package are generally not designed to be

used in an ECDL type configuration, limiting the achievable linewidth to a value

set by the manufacturer; approximately 1 GHz. With a lack of optical feedback,

the diode temperature is the only means of controlling the output wavelength.

The emission spectrum of the diode at 25 ◦C is shown in Fig. 5.9, the position of

the centre peak varies by 0.2 nm per ◦C [150]. The ILX current driver was set to

output 87.4 mA to the diode, which produced a usable output power of 14 mW.



Chapter 6

MOT setup and characterisation

Chapters 4 & 5 describe how to build the narrow linewidth light sources that

are required to produce a calcium MOT. Chapter 3 describes the construction

of a UHV chamber inside which a calcium MOT can be formed. With previous

chapters as a reference, the following pages describe the the experimental setup

and operation of what is believed to be the first alkali-earth MOT in the UK.

The setup differs significantly from the standard vapour cell MOTs commonly

employed in modern cold atom experiments. The setup’s uniqueness demands

that many of the experimental operating parameters must be optimised individ-

ually to achieve the maximum number of trapped atoms. The results of this

optimisation are discussed alongside the setup description.

6.1 Experimental setup and apparatus

6.1.1 Optical layout

The experiment is built upon two floating optical tables (see Fig. 6.1). Each

of which has over-head shelving to support the electronic equipment used for

experimental control and sensing. To isolate the vibrations of the UHV system,

which are due to the system being constantly pumped by a turbomolecular pump,

one table is dedicated to lasers, while the other is for the UHV system and

86
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coupling optics.

Figure 6.1: An image inside the lab showing the positioning of the laser (left)

and vacuum (right) optical tables.

The lasers table has mounted on it the Verdi, the Ti:sapphire laser, the 672

nm diode laser, the HeNe and the 657 nm diode lasers. Light from these lasers

that is needed to perform experiments on the vacuum table, is coupled across

using polarisation maintaining fibres. The light emerging from the fibres on the

vacuum table is then prepared and coupled into the chamber, as shown in Fig. 6.2.

Originally, the frequency doubling cavity was intended to be built on the lasers

table, and blue light would also be coupled to the vacuum table via an optical

fibre. This was to ensure that mechanical noise generated on this table would

not affect the stability of the resonant enhancement cavity. However, difficulty

arose in sourcing a fibre that did not heavily attenuate light in the blue part of

the spectrum. This resulted in a different approach being taken. Fibres designed

for IR wavelengths are a well developed technology and can transport light at

these wavelengths over large distances (> 10 m) with negligible loss of optical

power. It was decided that instead of transporting blue light between tables, the

Ti:sapphire output would be sent via fibre to the vacuum table where it would
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Figure 6.2: A schematic of the optical setup used to slow the atomic beam and

create the MOT. Note that it is sufficient for the repumping lasers to be incident

on the MOT from only one direction. Each of the three blue MOT beams are

retroreflected.

then be coupled into the doubling cavity. Fortunately, after setting up doubling

cavity on the vacuum table, the vibrations caused by the pump did not affect the
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output of the doubling cavity at all, thus allowing the output of the cavity to be

used in the experiment without any compromise on 423 nm power. The half-wave

plate and polarising beamsplitter placed at the output of the Ti:sapphire fibre

was used to ensure that the light coupled into the doubling cavity was of pure

vertical polarisation.

The optical layout shown in Fig. 6.2 is typical of the configuration used when

atoms are trapped by the apparatus. The output power from the doubling cavity

was divided up as follows; 35 mW of light for the MOT beams, 24 mW was used in

the Zeeman slower and 10 mW was used for the (recirculating) deflection stage.

This splitting of power was achieved by placing an AR-coated half-waveplate

before a polarising beam splitting cube, and then rotating the waveplate about

the beam axis through. The power output from each port of the beam splitter

can then be divided in any ratio required by the controlling the angle of the

waveplate.

Light that emerges from the doubling cavity is not collimated, therefore three

lenses (f3 = 100 mm, f4 = 100 mm and f5 = 100 mm) were used to produce

collimated laser beams with a diameter of 12 mm. The lens f6 = 400 mm focuses

the incident. Light into an AOM from which 75 % of the light emerges in the

first order, shifted in frequency by 202 MHz. Lens f9 = 500 mm then gently

focuses this light through the Zeeman slower onto the front face of the calcium

oven, to a spot of ∼ 5 mm. The zeroth order beam from the AOM is collimated

to a beam size of 14 mm and is used for the 2D molasses deflection stage. A

shutter placed in this beam acts as a switch for deflecting atoms into the main

chamber, allowing control over loading of the MOT.

The paths of the repumping lasers are also shown in Fig. 6.2, for more details

on the setup of these lasers and their effect on the MOT, see chapter 7.
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6.1.2 Detectors

Photo detectors are positioned throughout the calcium experiment and used as a

tool for accurately measuring the amount of light incident on an area of interest.

Specifically, within the experiment they are used for: measuring the powers emit-

ted by the various lasers used in the experiment, determining the fluorescence

from atoms emitting photons, triggering parts of the apparatus and detecting the

absorption of a laser beam passing through a group of atoms.

The experiments carried out in this thesis required a number of different

colours of light to be detected and as no one material has a suitable spectral

response for all of these colours detectors constructed from a number of different

materials were used. Table 6.1 lists the detectors used in the experiment and the

range of wavelengths which they are sensitive to.

Detector Spectral response [nm]

Silicon Photodiode for Visible (BPW 21) 350-820

Hamamatsu PMT (H5784-20) 300-900

Silicon (bpx 65) 400-1050

Table 6.1: The spectral response for the main photodetectors used in the calcium

experiment.

Light scattered by atoms trapped in the MOT and light from the atomic beam

is detected using the amplified output of a BPW 21 diode. The bulk of the initial

characterisation of the MOT, and the measurements of the velocity distributions

produced by the Zeeman slower, were measured using this photodiode. However,

the noise produced by this photodetector meant it was not sensitive enough for

the experiments using the 1530 nm laser and had to be replaced with a commercial

silicon detector package (LCA-S-400K-SI) with integrated low noise circuity.

A CCD camera was also implemented to monitor the density distribution of

atoms trapped in the MOT. The camera was positioned at an unused port on
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the MOT chamber and included a zoom lens system. This allowed the camera to

output a magnified image of the MOT onto a TV monitor. Using the magnified

image on the screen as a reference, the MOT beams were slightly re-aligned to

produce a compact MOT with a profile as close to a Gaussian curve as possible.

One of the transitions of interest within the 40Ca energy level scheme is the

1S0−3P1 transition. This transition is so long lived that few photons are emitted

at this wavelength. As the amount of 657 nm light scattered by trapped atoms

is negligible when compared with that at 423 nm, a much more sensitive method

of detection is required than the amplified photodiode previously used.

6.1.3 Acousto-optic modulators

Lasers that are used within cold atom experiments are normally frequency sta-

bilised to a reference cavity or to a known atomic line. These reference frequencies

are often tens of MHz away from the frequency that is required for laser cooling.

The acousto-optic modulator (AOM) is a device that gives the ability to shift the

frequency of a laser beam by a controlled amount. A detailed description on the

principles and applications of AOMs is given in [151].

One Crystal Technology 3080-125 AOM was used within the saturated ab-

sorption spectrometer used in the 423 nm laser stabilisation setup. This AOM

was driven with an Isle Optics RF oscillator at 80 MHz, well within the 50 MHz

bandwidth of the AOM. Using two mirrors and a focusing lens, up to 75 % of the

incident light could be coupled into the first diffracted order.

The Zeeman slower beam was derived from the -1 diffracted order from the

laser beam passing through a 3200-120 AOM, driven by a Marconi Instruments

2022 RF signal generator, whose output was amplified by a Wessex Electronics

+34 dB amplifier. Lenses were used to focus the laser light to a spot size of 300

µm at the centre of the crystal within the AOM. With careful alignment and

one Watt of RF power at 202 MHz delivered to the AOM, over of 80% of the

incident light could be coupled into the first order and used in the Zeeman slower.
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The remaining light was collimated and used for the deflecting the slow atoms

emerging from the slower into the MOT chamber.

6.1.4 Zeeman slower

The Zeeman slower laser beam was derived from a laser source which has been

stabilised to an atomic reference using the method described in 4.5. Therefore,

the light incident on the AOM was detuned from resonance by 24 MHz resulting

in an overall Zeeman laser beam detuning of -226 MHz. To drive the atoms

which experience the Zeeman magnetic field, the laser light must be σ+ polarised

to drive the mJ = +1 level of the excited state. This was achieved by placing

a quarter waveplate into the Zeeman beam with the optic axis aligned at 45◦ to

the laser polarisation. Light is coupled through one of the lower windows on the

deflection chamber and directed to the front face of the oven using a silver mirror

fixed inside the chamber.

The Zeeman slower technique was used to slow the longitudinal velocity of an

atomic beam. However, as the beam is slowed there is an accompanying increase

in the transverse velocity that arises due to the spontaneous re-emission of the

absorbed photons from the Zeeman laser. As the atoms decrease in longitudinal

velocity from vi to their final velocity vf , given by

vf = vi − vrecN(t), (6.1)

the transverse velocity components increase as the atoms scatter photons via [152]

(vrms
x,y )2 =

vrec2

3
N(t), (6.2)

where vrec is the recoil velocity and N(t) is the number of photons scattered

between t = 0 and t.

For atoms slowed from vi = 650 m/s down to vf = 55 m/s, over a distance

of 20 cm, this results in an increase in the average transverse velocity of 2 m/s.

Once atoms leave the Zeeman slower at the longitudinal velocity vf , they will
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have a transverse velocity component of vtrans and the atomic beam will spread

with a constant divergence angle of 2vtrans/vf .

When atoms leave the oven they emerge into an opening angle of 11◦, resulting

in an initial rms transverse velocity of 67 m/s. After leaving the oven these atoms

almost immediately collide with the vacuum chamber walls and do not exit from

the Zeeman slower. Only atoms with an initial transverse velocity less than 12

m/s will reach the end of the Zeeman slower. As shown above, the Zeeman slower

also adds a small contribution to this transverse velocity, ensuring that a number

of the slow atoms would not be able to reach the MOT chamber. This heating

effect can be reduced with the use of a 2D molasses situated at the exit of the

Zeeman slower.

6.1.5 Cooling and deflection

Cooling

Light from the zeroth order of the Zeeman slower AOM was used to create a

Doppler cooling stage to reduce the velocities of the atoms in the transverse

directions. One laser beam was used to create a 2D optical molasses using the

geometry shown in Fig. 3.4. Atoms moving in molasses decay to the Doppler

temperature in a characteristic time constant α/m, where

α = −4h̄k2 I

Isat

2∆/Γ

[4∆2/Γ2 + (1 + 2I/Isat)]2
, (6.3)

is the friction coefficient and m is the atomic mass [24].

A 40Ca atom in a laser beam with an intensity of 7 mW/cm2, detuned 24 MHz

from the atomic resonance, will decay to the Doppler temperature with a time

constant of around 50 µs. As the atoms that pass through the cooling stage with

a speed of around 60 m/s, the beam diameter had to be sufficiently large enough

to provide cooling for a number of time constants. The beam diameter was made

to be 1.2 cm. This meant any atoms passing through the molasses would spend

over 4 time constants in the molasses, ensuring that the atoms were cooled to the
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Doppler temperature before exiting the deflection region.

Deflection

Simply cooling in the vertical direction does not remove the cooled atoms from

the Zeeman slowed beam. By setting up the vertical molasses beam as shown

in Fig. 6.3, the vertical velocity of the incoming atoms could be manipulated

to direct the atomic beam into the vacuum chamber. Atoms that enter the

molasses along the z-axis have their vz component slowed by vzcos(θ) and the vy

component of their velocity increased to −vzsin(θ), deflecting the atoms out of

the MOT chamber. The angle of the deflection beam relative to the vertical axis

θ

v
z

y

b

va
θ

Figure 6.3: The setup for the vertical beam in the 2D molasses. Atoms entering

along the z-axis are deflected by an angle θ. The experimental setup used an

angle of θ = 13◦ to drive the atoms with a resonant beam and ensure efficient

cooling.

was chosen to be θ = 13◦, this ensured sufficient deflection of the cooled atoms

from the beam. As the beam is not along the y-axis, the atoms will experience

the light Doppler shifted closer to resonance. For an angle of θ = 13◦, atoms

traveling at 60 m/s experience the light Doppler shifted to 8 MHz above the

atomic resonance. This results in a large friction coefficient slowing the atoms

very quickly, deflecting the atoms out of the beam.
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6.1.6 MOT coils

As discussed previously, the scattering force requires a magnetic field to be able

to trap atoms spatially. Experimentally, this was achieved using two coils of

wire arranged in an anti-Helmholtz type configuration, which produced a linear

magnetic field, passing through zero at the trap centre. A single piece of copper

wire was shaped to produce two coils, each with 12 turns, along a common axis

and separated by 132 mm. The inside diameter of the coils was 35 mm, large

enough to allow the coil to be slotted over the viewports and fixed to the outside

of the MOT chamber.

The coils were constructed from wire with a hollow square cross section and

turned using the lathe in the Photonics group workshop. Water from the labs

main supply was passed through the bore of the wire to provide cooling for the

wire as the large currents passing through generated large amounts of heat. The

current flowing in the coils could be varied between 0-200 A using a current

control circuit. Typically, the maximum atom number was obtained when 180 A

was flowing through the coils.

The MOT coils have a radius R = 5 cm, are separated by a = 10 cm and

produce a total field between them that varies along the coil axis as,

Btot =
µ0nIR

2

2

(
1

(R2 + (z − a/2)2)3/2
− 1

(R2 + (z + a/2)2)3/2

)
, (6.4)

where n = 12 is the number of turns each coil has and µ0 is the permeability

of free space. The field gradient at the centre close to the centre of the trap is

almost constant at dB
dz
≈ 17.89 G/cm. It should be noted that the trap field is

not isotropic as the divergence of the magnetic field is zero. This means that the

field gradient along the axial direction is actually twice of that in the x and y

directions.

The MOT coils were only ever switched off during the experiment when an

observational check for the presence of the MOT was required. Therefore, the

500 µs that the coils required to fully switch off was never a limiting factor.
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6.2 Atomic beam characterisation

6.2.1 Beam presence

The most important part of the vacuum system is the atomic oven and its ability

to output a beam of neutral calcium atoms. Once the vacuum system, as de-

scribed in chapter 3, had first been assembled and brought to a pressure of 10−8

mbar, the temperature of the oven was slowly risen from room temperature to

450 ◦C. The initial heating of the oven was done slowly to allow any unwanted

particles inside the chamber to evaporate freely and not react with and spoil the

calcium. The oven was held at this temperature for a further hour to ensure that

all of the calcium had been heated uniformly to produce a constant atomic beam.

Note that the first version of the deflection chamber did not use internal mirrors
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Figure 6.4: The fluorescence from the atomic beam as an orthogonal laser beam

scans its frequency over the 1S0 −1 P1 transition.

to recirculate the molasses beam. It had viewports on every side, allowing optical

access to the atomic beam for the following experiments in this section.

Once the oven was running and the vacuum had settled to a constant value, an
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experiment was performed to check for the presence of an atomic beam inside the

deflection chamber. This was achieved by exciting the atoms with a resonant 423

nm beam that crossed the atomic beam at right angles, a photodetector detected

the photons emitted orthogonally to both the laser and atomic beam directions.

A sample of the beam fluorescence as the laser frequency is scanned across the

atomic resonance is given in Fig. 6.4.

6.2.2 Velocity distribution from oven

After confirming that atoms were emerging from the oven, the longitudinal ve-

locity distribution of the beam was measured with a similar setup. The photode-

tector remained in the same location and detected photons emitted vertically

upwards by atoms. However, the laser beam was realigned such that it and the

atomic beam were counter-propagating. The laser was scanned over a larger fre-

quency range (6GHz) than in the previous experiment (600 MHz), in order to

excite the atoms with many velocities from the distribution that were detectable

in this configuration. Fig. 6.5 shows the signal detected by the photodiode for

a probe beam power of 15 mW. The data are fitted with a Maxwell-Boltzmann

distribution (Eqn. 3.1) for T = 441 ◦C. This temperature agrees well with the 457

◦C measured by the thermocouples fixed to the oven inside the vacuum chamber.

6.2.3 Velocity distribution into MOT chamber

The experimental setup was designed to create a velocity distribution with an

increased number of atoms at around 50 m/s and direct these atoms into the

MOT chamber for trapping. A time-of-flight experiment was performed to ensure

that the atoms arriving into the MOT chamber did have a velocity close to this

value.

The 2-D molasses beams in the deflection stage of the experiment were de-

rived from a 20 mW light beam, which was detuned 24 MHz from the atomic
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Figure 6.5: The longitudinal velocity distribution of the atomic beam produced

directly from the oven. This plot was produced by monitoring the fluorescence

from the atomic beam as the frequency of a counterpropagating laser beam was

increased. From the fit a temperature of 441 ◦C is calculated. This is in agreement

with the measured oven temperature of 457 ◦C.

resonance. Using a shutter the laser beam could be used to control the number

of atoms reaching the MOT chamber. A 20 mW probe beam, detuned 24 MHz

from the atomic resonance was used to illuminate the atoms arriving into the

MOT chamber from the deflection stage. The probe was aimed transverse to

the direction of the incoming atoms, while the fluorescence emitted orthogonally

from excited atoms was measured with an amplified photodetector.

The resulting velocity distribution detected by the photodiode is shown in

Fig. 6.6. This is the typical spread of velocities deflected into the MOT chamber

for typical experimental operating parameters. The oven was set to 457 ◦C to

produce atoms with an initial velocity distribution as shown above. The Zeeman

slower had 9 A of current driven through its main coil and used a laser beam

with 24 mW of power and was detuned from the atomic transition by 226 MHz

with the use of an AOM.
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Figure 6.6: The velocity distribution of the atomic beam entering the MOT

chamber for an initial oven temperature of 457 ◦C. A Gaussian fit measures a

centre velocity of 55 m/s with a spread of 10 m/s.

For this experiment the shutter which the molasses beams pass through, was

connected to a pulse generator which closed the shutter for 1.5 seconds and opened

it for 1 ms. This ensured that for each experimental run there were no atoms

remaining from the previous shot. The shutter open time was chosen to be short

enough to allow the approximation that the fluorescence signal was proportional

to the velocity distribution, but long enough to produce a detectable signal.

Knowing that the distance between the deflection stage and the probe beam

in the MOT chamber was d = 33 cm, the time axis of the measurement was

converted to velocity via v = t/d, where t is the time between the detected signal

and the opening of the shutter. The data in Fig. 6.6 is fitted with a 1/v weighted
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Guassian centred on 55 m/s with a spread of 15 m/s.

6.3 MOT characterisation

The light for the MOT beams is split into three separate beams, each of approx-

imately 10 mW, by using two polarising beamsplitter cubes. These beams are

then passed through quarter-waveplates to produce circularly polarised light and

then sent into the MOT chamber. The quarter waveplates were orientated such

that the handedness of the radial beams was opposite to that of the axial beam,

relative to the axis of the anti-Helmholtz coils. A photo of the MOT containing

over 400,000 atoms is shown in Fig. 6.7.

Figure 6.7: An image taken with a standard digital camera, showing the MOT

working under typical conditions. The white cloud in the middle of the photo

shows the fluorescence from over 400,000 atoms.

6.3.1 Atom number

A useful parameter for optimising a MOT is the number of atoms which it traps,

this can be easily determined from the MOT fluorescence. A calibrated amplified

photodiode was used to measure the light that was emitted by the MOT. At a
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distance R = 87 mm from the MOT, a lens with a radius r = 12.5 mm collects

the emerging light and focuses it down onto the detector. At this distance, the

collected light can be assumed to be coming from a point source that emits

isotropically. The solid angle of the incoming light is determined by the lens as

it has a smaller diameter than the viewport, therefore, Ω ≈ 4π(r2/4R). The rate

at which atoms scatter the incident light is given by R = Γ(I/Isat)
2(1+I/Isat+(2δ/Γ)2)

[71].

Since the energy of an emitted photon is E = hc/λ, the total number of atoms is

found via:

N =
2λΓ

hc

1 + I/Isat + (2δ/Γ)2

I/Isat

4π

Ω

vmeas

cdtr
, (6.5)

where vmeas is the voltage produced by the amplified photodiode and

cdtr = 1.46× 107 V/W is the calibration factor for the detector, which was

found empirically. With an oven temperature of T = 470◦C, 24 mW of laser

power in the slower beam and the typical experimental operating conditions of

δ = −24 MHz, Γ = 34 MHz, I = 77 mW, using the amplified photodiode, the

number of trapped atoms in the ground state is N = 4 × 105 atoms. As the

power from the doubling cavity contributed to a large error in the measurement

of the intensity, the number of atoms is correct to the 15% level.

6.3.2 Deflection stage optimisation

To determine the power required for each of the molasses beams in the deflection

stage of the apparatus, the MOT fluorescence was monitored as a function of

the power in each of the beams. The following parameters were used to generate

a MOT with around one hundred thousand atoms; the oven temperature was

497 ◦C a Zeeman slower laser detuning and power of - 230 MHz and 22 mW

respectively and the Zeeman coil was driven with 9 A of current. The MOT used

three retro-reflected, 10 mW, laser beams, resulting in an incident intensity of

1.3 Isat. The MOT and deflection beams are both derived from the same source

and are detuned 28 MHz from the atomic resonance.
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Figure 6.8: The effect on the MOT fluorescence as the horizontal molasses beam

power is altered. An optimum value of 10 mW is found for the beam power.

Horizontal cooling

The horizontal beam of the transverse cooling stage reduces the velocity of the

atoms in the horizontal plane and forces the atoms to stay on a course for the

centre of the MOT chamber. The molasses in this direction is created by a

laser beam with a diameter of ∼ 1 cm, that enters through a viewport on the

deflection chamber, crosses the atomic beam at 90◦, exits the chamber via a

viewport and is retro reflected by a mirror on the opposite side of the deflection

chamber. The power into this beam was controlled with the aid of a polarising

beam splitting cube and a half-wave plate. The MOT fluorescence was then

measured as a function of the power in this beam with a constant 3.8 mW of

power in the vertical molasses beam. It is clear from Fig. 6.8 that the maximum

number of atoms are deflected into the MOT trapping region when the power in

the horizontal beam is ∼10 mW.

Vertical cooling

The vertical cooling stage provides the means to deflect the slow atoms in the

atomic beam to the MOT chamber. The following experiment was used to deter-

mine the optimum laser power that should be directed into the vertical molasses
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Figure 6.9: The effect on the MOT fluorescence as the vertical molasses beam

power is changed. A value of around 11 mW generates the largest number of

trapped atoms.

and deflect the maximum number of atoms into the MOT chamber. The setup

for this experiment used a number of the same parameters as the previous ex-

periment. However, as the power required by the MOT beams had to remain

constant (30 mW), as did the Zeeman slower beam, the power for the deflection

stage was limited to 25 mW. The horizontal molasses beam had a power of 3 mW,

this was not the optimum value as found in section 6.3.2, but provided sufficient

horizontal cooling to allow the rest of the power to be used in the deflection stage.

It can be seen from Fig. 6.9 that the number of trapped atoms is a maximum

for around 11 mW in the deflection laser beam. As the power in the beam is

increased beyond this power, the MOT fluorescence decreases. As the intensity

of light in the molasses beam is increased the minimum temperature that can be

imposed by the molasses also increases, resulting in a velocity that is faster than

the capture velocity of the MOT.
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6.3.3 Zeeman slower optimisation

To optimise the number of atoms trapped by the MOT, each of the Zeeman slower

operating parameters were characterised with reference to the MOT fluorescence

signal. In the following experiments the Zeeman laser detuning was kept constant

at δ = −230 MHz and the oven was operated at 457 ◦C. Both the horizontal and

vertical molasses beams each had a power of 10 mW and were detuned by 28

MHz from the atomic resonance. Each of the MOT beams contained 10 mW

of power, giving a total I/Isat = 1.3 of incident intensity on the MOT and the

current passing through the MOT coils was fixed at 180 A.
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Figure 6.10: The MOT fluorescence as a function of the current flowing in the

Zeeman slower. The blue dots represent a Zeeman slower laser beam power of 28

mW while the maroon squares represent a laser power of 17 mW.

The first experiment involved measuring the MOT fluorescence as a function

of the main Zeeman coil current, which was carried out at two Zeeman laser

powers 25 mW and 17 mW. It can be seen from Fig. 6.10 that the number of

atoms trapped by the MOT was maximum for 9 A of current in the main Zeeman

slower coil, this agrees well with the model on which the Zeeman slower was based.

The second parameter of the Zeeman slower to be characterised was the input



CHAPTER 6. MOT SETUP AND CHARACTERISATION 105

laser beam power, this was varied as the MOT fluorescence was monitored. The

current in main coil for this experiment was held at 9 A and the power in the

Zeeman beam was varied with the aid of a polarising beam splitter cube. It can

be seen from Fig. 6.11 that for 9 A of current in the main coil the slower the

power which generates the largest trapped atom number is around 22 mW.
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Figure 6.11: The MOT fluorescence as a function of the Zeeman slower laser

beam power.

It should be noted that the Zeeman slower was originally designed to operate

with two coils, the main coil and a termination coil at the end of the slower.

When this coil was characterised it was observed that the current flowing in this

coil made an insignificant impact on the trapped number of atoms in the MOT.

6.3.4 MOT coil current variation

Once the optimum loading values for the deflection stage had been set, the mag-

netic field of the trap was varied to observe the effect on the MOT fluorescence,

this can be observed in Fig. 6.12. A current of ∼180 A flowing through the MOT

coils produces the maximum number of trapped atoms. The maximum current

that the supply could drive was 210 A. This placed an upper limit on the current

available for the experiment.
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Figure 6.12: The MOT fluorescence as a function of the current flowing in the

MOT coils for I/Isat = 1.3, MOT beam ∆ = −24 MHz, Zeeman detuning of 230

MHz and an oven temperature of 456 ◦C.

6.4 Trapped atom characterisation

6.4.1 Trap lifetime

In any laser cooling experiment it is important to characterise the lifetime of

the of the trap. This ensures that the atoms are not continually colliding with

background particles and there are no unexpected losses. For the common vapour-

loaded alkali MOTs the lifetime of the trap only depends on the background

density and temperature [153].

The lifetime of atoms, trapped in the 423 nm MOT, is limited by leaks into the

metastable triplet states. The rate of atoms lost from the MOT to the metastable

3P2 state depends on the scattering rate on the cooling transition. Therefore,

from the scattering rate, R, it is clear that the lifetime of the trap depends on

the intensity of light in the MOT beams. The power into each of the three retro-

reflected, 1.2 cm, MOT beams was varied to find a large MOT fluorescence signal

but also provide a reasonable lifetime.

A chopper was used to pulse the 2-D molasses beam on and off for periods of

∼400 ms, allowing the trap to fully load and empty when the beam was on and off

respectively. The MOT/2-D molasses beams were detuned by 24 MHz from the
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atomic resonance, while the MOT fluorescence was continually monitored with

the amplified photodiode. The lifetime of the trap was measured for a number

of MOT beam intensities. Each of the values are shown as points in Fig. 6.13,

while the lines represent the calculated lifetime from a rate equation model.
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Figure 6.13: The variation of the trap lifetime as the total intensity incident on

the atoms was varied. The curves represent the lifetime predicted by the rate

equation model (Eqn. 6.10) for two values of Γ34, the literature value of 300 s−1

(maroon) and the fitted value 414 s−1 (blue). For both theory and experimentally

measured values ∆ = −24 MHz.

Rate equations

The losses due to transitions into the triplet states can be analysed with a rate

equation model, allowing the lifetimes of the trap to be calculated for various

experimental parameters. Fig. 6.14 shows the relevant energy level structure for

the analysis, while the transition rates are given in table 6.2.

A set of coupled differential equations can be constructed and solved to give

the relative populations in each of the levels as a function of time when atoms

are trapped in the 423 nm MOT. Assuming that the filling rate is constant, the
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Figure 6.14: The energy levels relevant to the 423 nm MOT lifetime. The tran-

sition rates are given separately in Table 6.2. The dashed line represents an

effective decay from 1D1 to 1S0.

equations can be written as follows [154],

Ṅ1 = R− L(∆, I)(N1 −N2) + Γ21N2 + Γ31N3(1− ε),

Ṅ2 = L(∆, I)(N1 −N2)− Γ23N2 − Γ21N2,

Ṅ3 = Γ23N2 − Γ31N3 − Γ34N3,

Ṅ4 = Γ34N3 − Γ31εN4, (6.6)

where R is the filling rate into the trap, Ni is the population of atoms in the ith

state, Γij is the spontaneous transition rate between the i and j states, L(∆, I) =

(Γ3
21/8)( I/Isat

∆2+(Γ21/2)2
) is the stimulated transition rate [24], and ε is the fraction of

atoms that are fast enough to leave the MOT trapping region before they have

time to decay from the 1D2 state.

In steady state, the total number of trapped atoms, NT = N1 + N2 + N3, is

constant, therefore,

ṄT = Ṅ1 + Ṅ2 + Ṅ3

= R− (Γ34 + εΓ31)
N3

N1 +N2 +N3

NT

= 0. (6.7)



CHAPTER 6. MOT SETUP AND CHARACTERISATION 109

i j Γij[s
−1]

2 1 2.18 ×108

2 3 2180

3 4 300

3 5 96

5 1 2100

Table 6.2: The transition rates, Γij, for each the relevant energy levels in

Fig. 6.14 [65].

where,

N3

N1 +N2 +N3

=

[
1 +

N2

N3

(
N2

N1 +N2

)−1
]−1

, (6.8)

and
N2

N3

=
Γ31 + Γ34

Γ23

. (6.9)

Assuming that N1 and N2 can be treated as a two level system1, the fraction

of atoms in the upper state (N2/ (N1 +N2)) is therefore given by Eqn. 2.1. The

lifetime of the trap is given by the analytic expression

τMOT (∆, I) = 1 +
Γ31 + Γ34

Γ23ne(∆, I)

1

Γ34 + εΓ31

. (6.10)

This expression is plotted in Fig. 6.13 using a detuning of ∆ = −24 MHz, and

the transition rates listed in Table 6.2. The parameter ε is estimated to be 4.2

%, assuming a 1D2 state lifetime and a MOT trapping radius of 10 mm [154].

The decay rates in Table 6.2 are those which are often used in the literature [82,

81]. However, as the transition rates Γ34 and Γ35 are low, and therefore difficult

to measure, there have been varying values measured for the lifetime of the 1D2

state [86]. Plotting Eqn. 6.10 as a function of the MOT beam intensity, using the

values in the above table, predicts a lifetime shorter than the measured value. It

is feasible to assume that the lifetime of 1D2 state is shorter than that listed in

1The branching ratio of the decays from the 1P1 state to the 1D2 and 1S0 states is 1:105 [154]
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the table, therefore, Γ34 was made a free parameter of Eqn. 6.10 and then fitted

to the data, returning a value for Γ34 of 414 s−1. The data fit could have used

Γ35 as the free parameter, however, it was kept constant at 96 s−1 as there were

insufficient data points to allow both decay rates to be fitted.

6.4.2 Temperature

Measuring the temperature of an ensemble of atoms is a way of characterising

the atomic velocity distribution. For atoms that have undergone laser cooling,

the resulting temperature is a measure of how well the process was implemented,

and is a critical parameter for calculating the phase space density of the sample.

For an incident intensity equal to the saturation intensity and a laser detuning

of ∆ = −24 MHz, the expected temperature is calculated to be 1.98 mK from

Eqn. 2.12. The release and recapture technique is an appropriate method for

measuring temperatures at this scale [71].

Method & result

The release and recapture technique requires the trapping volume for the atoms

to be well known. To ease the temperature calculation, two of the MOT beams

were passed through square apertures, which produced a cubic trapping region.

Leaving one beam at full size removed any atoms that were outside the trapping

region, ensuring that the fluorescence produced by the MOT, immediately after

the lasers were switched on, was only due to the atoms that remained within the

trapping region.

The procedure involved setting up the apparatus to operate as described in

section 6.1, so as to produce a MOT, where fluorescence is measured with a pho-

todiode. The fluorescence is then used to calculate the number of trapped atoms

within the MOT, typically in excess of one million atoms. The shutter shown in

Fig. 6.2 is then closed, abruptly blocking the three beams that create the MOT.

The previously trapped atoms are released and ballistically expand. The shutter
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Figure 6.15: The fraction of atoms remaining in the MOT recapture region as

a function of toff. The theoretical fit for the data, shown as the solid line on

the plot, returns a temperature of 3.2 mK of the atoms and is calculated using

eq. 6.11, for ∆ = −24 MHz and I/Isat = 1.

remains closed for a few milliseconds, toff . During this time of ballistic expan-

sion some atoms move out of the trapping region in which they were previously

confined. After toff the shutter is then reopened, allowing the beams to start

the laser cooling process once more. At the instant the MOT is reestablished

the fluorescence of the trap is measured with a photodiode. By comparing the

initial steady state MOT fluorescence to the fluorescence produced by the re-

maining atoms after ballistic expansion, the temperature can be calculated using

the method presented by Weiss et al [15].

Assuming that the initial spatial distribution of the atoms is Gaussian in the

x, y, and z directions, the number of atoms, N , that remain after toff in the cubic

recapture volume is given by [15]

N

N0

=

∫ d

−d
exp(−x2/2σ2

x)dx

∫ d

−d
exp(−y2/2σ2

y)dy

∫ d

−d
exp(−z2/2σ2

z)dz, (6.11)

where N0 is the initial number of atoms, d is half of the length of one side of

the square aperture, posing an upper limit on the recapture volume. Assuming

the atomic velocities are described by a Maxwell-Boltzmann distribution [15], the
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time dependent widths of the cloud in the x and y directions are given by

σx,y =

√
σ2

0 + kBT
t2off
M

, (6.12)

where σ0 is the initial cloud size, T is the temperature and M is the atomic mass.

Since the magnetic field gradient of the MOT is twice as strong along the coil

axis, the cloud width along the z-axis is given by

σz =

√
σ2

0

2
+ kBT

t2off
M

. (6.13)

The measured MOT fluorescence for various values of toff are shown in

Fig. 6.15. When the data were fitted to Eqn. 6.11, using an initial cloud

radius of 1 mm, the temperature was found to be 3.2 mK. This value is

in agreement with the temperature measurements of 40Ca in the literature

[80, 155, 156, 157, 158, 159], which range from 1.6 mK to 9.5 mK, depending

on laser detuning and intensity. All of the measurements produce a temperature

that is greater than the Doppler temperature, the reason behind this extra heat-

ing has been the subject of recent theoretical work, where it is proposed that

coherences between the excited state sublevels cause an additional heating effect

[160].



Chapter 7

Repumping Methods

In Chapter 6 the lifetime of the MOT was measured to be ∼20 ms. This value is

in agreement with the rate equation analysis, which had previously shown that

the decay rate into the 3P2 state imposed an upper limit on the lifetime of the

trap. Experiments by Grünert et al made use of atoms that had been lost to

the long-lived 3P2 state for a second-stage laser cooling setup. By using a laser

at 1978 µm, in conjunction with the existing magnetic field, they constructed a

second MOT using the 3P2 −3 D3 transition. Cooling on this narrow transition

produced a sample of atoms at a temperature of ∼20 µK. A diode laser at 430 nm

was used to drive atoms from the 3P2 state to the 3P1 state, where they decayed

back to the ground state via the 657 nm intercombination line. However, both the

1978 nm and 430 nm lasers are difficult to source, therefore alternative methods

of utilising atoms in the 3P2 state have been explored and are presented in this

chapter.

7.1 Preventative repumping

The group of Hollberg were the first to demonstrate that the lifetime of a 423

nm calcium MOT could be increased by using a 672 nm laser [157]. Light at

this wavelength excites atoms from the 1D2 state to the higher lying 5p1P1 state,

113
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intercepting the atoms before they have the chance to decay to the 3P states.

There are a number of decay routes atoms may take after they have been excited

to the 5p1P1. The most probable route is decaying directly back to the 1D2 state,

as shown in Fig. 7.1. The next most probable transition is to the 5s1S0 state,

from here atoms quickly decay into the 423 nm cooling cycle (Γ52) and are thus

retrapped. Atoms may also decay directly to the ground state, however, this is

a relatively weak transition (Γ51). The remaining decay channel provides a route

into the triplet regime, from which atoms are either eventually lost to the 4p3P0,2

states (Γ54) or are retrapped by the 423 nm cooling cycle, via a decay from the

3P1 state (included in Γ53). The transition rates relevant for repumping in Fig. 7.1

are given in Table 7.1.

N1

672 nm

N2

N3

N 4

N5

Γ51
Γ21

Γ52
Γ53

Γ23
Γ34

Γ31

Γ54

4s3d D
3

1,2

4s5s S
1

0

4s4p P
3

1

423 nm
1530 nm

Figure 7.1: The energy levels of 40Ca which are relevant to repumping atoms

from metastable states back to the ground state. N5 is the 5p 1P1 state which

atoms are excited to by the repump laser. Note that the energy spacings are not

to scale.

A number of calcium MOT experiments have since employed a 672 nm repump

laser [79, 161, 90]. Each experiment has reported an increase in the trap lifetime,

but to varying degrees. Repump assisted lifetimes have been measured to be

between 60 ms and 220 ms, depending on the power of the red laser and the
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intensity of the MOT beams. Ultimately the increase in atom number is limited

by atoms decaying into the 3P2 state, however, Γ54 is small enough that the

population of the trap increases by around a factor of 5.

7.1.1 Rate equations

The set of differential equations, given in Eqn. 6.7, can be extended to include

the effects caused by the repumping laser at 672 nm,

Ṅ1 = R− L1−2(∆, I)(N1 −N2) + Γ21N2 + Γ31N3(1− ε) + (Γ51 + αΓ54)N5,

Ṅ2 = L1−2(∆, I)(N1 −N2)− Γ23N2 − Γ21N2 + Γ52N5,

Ṅ3 = Γ23N2 − Γ31N3 − Γ34N3 + Γ53N3 − L3−5(∆, I)(N3 −N5),

Ṅ5 = L3−5(∆, I)(N3 −N5)− Γ52N5 − Γ53N5 − Γ54N5 − Γ51N5, (7.1)

where L1−2 and L3−5 are the stimulated transmission rates between the N1 & N2

and N3 & N5 states respectively. The coefficient α describes the fraction of atoms

that return to the ground state from the N5 state via the triplet regime, which

is estimated to be ∼ 0.5 [162].

i j Γij[106 s−1]

5 1 0.26

5 2 2.1

5 3 12

5 4 0.34

Table 7.1: The effective decay rates for transitions which occur when the 672 nm

repump laser is used, see Fig. 7.1 [162, 65].

In steady state, ṄT = Ṅ1 = Ṅ2 = Ṅ3 = Ṅ5 = 0, the equations can be

analytically solved to find the population of atoms in the N2 state, assuming that

the filling rate, R, is constant. In the limit of an infinite 672 nm intensity driving

the repumping transition, the number of atoms in the N2 state is enhanced by a
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factor of,

ξ =
(εΓ31 + Γ34)(Γ31 + Γ34 + Γ51 + Γ52 + Γ54)

(Γ31 + Γ34)(εΓ31 + Γ34 + Γ54 − αΓ54)
, (7.2)

Using the values listed in Tables 6.2 & 7.1, a 672 nm laser beam that is resonant

with the transition and has an intensity equal to the saturation intensity should

result in an increase of trapped atom number by a factor of 3.8 when compared

to the case of no repumping laser.

The increase in trap lifetime due to the addition of the 672 nm laser to the

setup can also be found using the above rate equations,

ṄT = R− (εΓ31 + Γ34)N3 − (1− α)Γ54N5

= R−
(

(εΓ31 + Γ34)
N3

NT

− (1− α)Γ54
N5

NT

)
︸ ︷︷ ︸

1/τMOT

NT . (7.3)

Therefore, solving the equations in Eqn. 7.1 returns N3/NT and N5/NT in terms of

the known decay rates and the repump laser power, allowing a direct calculation

of the trap lifetime, τMOT , to be calculated. The lifetime of the trap is plotted

in Fig. 7.2 as a function of the 672 nm laser intensity. The lifetime reaches a

maximum of ∼50 ms at beam intensities of I/Isat ≈ 0.01.

7.1.2 Repumping experiment

Transition detection

The light produced by the 672 nm ECDL was coupled to the vacuum table using

a polarisation maintaining fibre. The light was then aligned into the vacuum

chamber to be incident on the calcium MOT. With a lack of an absolute frequency

reference for the ECDL, the MOT itself was used for locking the frequency of the

laser. This was achieved by changing the DC voltage applied to the PZT of the

ECDL, which in turn changed the output frequency of the laser. Fig. 7.3 shows

a typical plot of the number of trapped atoms as the 672 nm laser is scanned

across the 41S2 − 51P1 transition.
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Figure 7.2: The theoretical increase in MOT lifetime as a function of the 672

nm laser intensity. The 672 nm laser is assumed to be on resonance with the

transition and the intensity of blue light on the MOT is assumed to be equal to

I/Isat = 1.2.

The procedure to lock the laser to the reference cavity is given in section 5.3.2,

however, to lock the laser to the atomic transition involved tuning the laser fre-

quency until the MOT atom number was maximised. The RF current modulation

was then applied to the diode and the reference cavity was locked to the HeNe

laser. The ECDL output frequency was then altered slightly, such that the lower

frequency sideband was resonating with a cavity mode. The ECDL was locked

to the sideband dispersion signal and the synthesiser output frequency was in-

creased until the MOT fluorescence was again maximised. Due to the diode being

driven close to its maximum operating temperature, sudden laser mode hops were

common, limiting the time the laser could maximise the MOT fluorescence to 1-2

hours, before having to be reset.
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Figure 7.3: The number of trapped atoms as a function of the 672 nm laser

detuning from the 41S2 − 51P1 resonance. The 3 mW, 8 mm diameter, 672 nm

laser beam was aligned incident to the MOT in a single pass configuration. The

Lorentzian fit returns a linewidth of 15.1 MHz.

Increase in lifetime

The lifetime of the trap in the repump experiments was measured using a chopper

to pulse the 2-D molasses beams on and off in the same as described previously

(section 6.4.1). The lifetime of the trap was first measured without any repump

light and is shown as the maroon points in Fig. 7.4. The repump laser was then

directed onto the MOT and locked to the transition, striking the MOT with an

incident intensity of 12Isat. The intensity of the 423 nm light on the MOT was

I/Isat = 1.2 and was detuned 24 MHz from the atomic resonance.

The lifetime with the repump laser on was then measured using the same

method as above and is plotted using blue data points in Fig. 7.4. The lifetime

without the repump laser was measured to be 16 ms while the lifetime increased

to 44 ms with the use of the repump laser. These values are very close to those
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Figure 7.4: The MOT lifetime measured to be 44 ms with (blue) the 672 nm

repump laser (I/Isat = 12) and measured to be 16 ms without the repump laser.

calculated using the rate equations.

Intensity dependence

The locked 672 nm laser was used to excite the majority of the atoms falling into

the 41D2 back into the cooling cycle, increasing the number of atoms trapped

in the MOT by a factor of 4. As the repumping process is inefficient, the laser

must drive the transition relatively hard to ensure that atoms do not spend long

periods of time in the 41D2 and have the chance to decay to the 43P2 state and

be lost from the trap.

Fig. 7.5 shows the variation of MOT atom number enhancement as a function

of the 672 nm laser power, which was varied using neutral density filters. The

curve in the figure shows the expected change in MOT fluorescence with 672 nm

laser power. The large difference between the expected result and the measured

values is unclear, however, since the number of atoms is constant, and the lifetime

of the trap is close to the expected value, this suggests that the filling rate of the

trap is affected by the presence of the 672 nm laser. There was insufficient time

to explore this possibility but would be a relatively fast experiment to perform
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Figure 7.5: The data show the measured enhancement of the trapped atom num-

ber as a function of the 672 nm laser power. The beam diameter was ∼8 mm.

The curve shows the expected variation of enhancement with 672 nm laser power.

The constants and decay rates used in the model were the same as those used in

the previous section.

in future work.

A final point that should be noted from the rate equation analysis is that

when the 672 nm laser is switched on the population in the 1D2 state is removed

as almost all of the atoms are pumped either into the metastable state or back

into the cooling cycle, see Fig. 7.6.

7.2 Recovery repumping

The repumping scheme above results in an increased atom number and a MOT

that exhibits a longer lifetime. However, atoms which have already decayed to

the 43P2, before the 672 nm laser is switched on, are essentially lost from the

cooling cycle, but are still trapped by the MOT magnetic field. The 31D2 −3 P2

transition is one of the well known intercombination lines in 40Ca, but there are
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Figure 7.6: The populations in the N2 & N3 states as the resonant 672 nm laser

is pulsed onto the MOT at t = 1 s for 0.5 s. The population in the N3 state (red)

empties within a few ms, allowing a large fraction of the atoms to be returned

into N2 state (blue) and retrapped in the MOT.

no references in the literature to the transition ever being stimulated by a laser

source. The 15 mW of 1530 nm light output by the commercial diode laser was

aligned into the MOT chamber as shown in Fig. 6.2.

Transition detection

As the line had not been observed previously in a laser cooling experiment, it

was necessary to search for the exact wavelength of the light required for the

transition. This was done by first loading the 423 nm MOT using the standard

procedure described in chapter 6 and then illuminating the MOT with the 1530

nm laser light. The MOT fluorescence was monitored using a photodiode, while

the temperature of the 1530 nm diode laser was scanned, as this was the mecha-

nism for altering the output wavelength. Using a HP optical spectrum analyser

the wavelength of the transition was measured to be 1530.562(7) nm.

Initially, it was expected that there would be an increase in the MOT fluores-
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Figure 7.7: The blue trace shows the 423 nm steady state MOT fluorescence,

with no incident 672 nm laser, as the resonant 1530 nm laser is pulsed on using

a shutter.

cence when the laser was resonant with the transition. However, as can be seen

from Fig. 7.7 a drop in the fluorescence was observed when the laser was used to

excite the transition. This can be explained by the density of atoms in each of

the states. When atoms in the MOT decay into the 1D2, they are loaded into a

volume equal to the size of the MOT, and are immediately addressed by the 1530

nm laser before they have a chance expand into a larger volume. However, once

atoms enter the 3P2 state they are not confined to the MOT region and expand

into an ellipsoid determined by the MOT magnetic field. Assuming a tempera-

ture of 3.2 mK, the distance the atoms can expand along the z-axis is 2.5 mm in

each direction, while in the x and y axis this is 5 mm in each direction. The laser

now essentially drives a two level system where it only addresses a fraction of the

atoms in the lower state, due to the large volume the atoms occupy. This results

in atoms being driven into the 3P2 state where they then expand into the larger

volume. Driving atoms into the 3P2 state changes the branching ratio of atoms
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decaying into the triplet and effectively reduces the rate of atoms decaying into

the 3P1 state, which reduces the number of atoms decaying back into the cooling

cycle, and a drop in MOT fluorescence is observed.

The rate equations in Eqn. 7.1 can be easily adapted to include a drive term,

L3−4(N3 −N4), to represent the 1530 nm laser,

Ṅ1 = R− L1−2(∆, I)(N1 −N2) + Γ21N2 + Γ31N3(1− ε) + (Γ51 + αΓ54)N5,

Ṅ2 = L1−2(∆, I)(N1 −N2)− Γ23N2 − Γ21N2 + Γ52N5,

Ṅ3 = Γ23N2 − Γ31N3 − Γ34N3 + Γ53N3

−L3−5(∆, I)(N3 −N5)− L3−4(∆, I)(N3 − βN4),

Ṅ4 = Γ34N3 + Γ54N5(1− α) + L3−4(∆, I)(N3 − βN4),

Ṅ5 = L3−5(∆, I)(N3 −N5)− Γ52N5 − Γ53N5 − Γ54N5 − Γ51N5, (7.4)

the coefficient was introduced to account for the laser only being able to address a

fraction of the atoms in the N4 state. As 1530 nm was the only laser repumping

the atoms in this experiment, L3−5(∆, I) (the 672 nm laser intensity) was set

equal to zero in the rate equation model.

Fig. 7.8 shows the population in the N2 and N3 states as the MOT is loaded

and the resonant 1530 nm laser is pulsed into the MOT region, this was calculated

using the solution to the rate equations. Using the model, the β coefficient has

been estimated to be ≈ 0.7% of the total number of atoms in the N4 state.

7.3 Combined repumping

Fig. 7.6 shows that the population in the 1D2 state can be removed by applying

a laser at 672 nm. Fig. 7.8 shows that the number of atoms in the MOT drops

when a resonant 1530 nm laser is incident. The rate equation analysis showed

that this was due to the laser addressing fewer atoms in the 3P2 state than the

upper 1D2 state. The rate equations in Eqn. 7.4 were set up to include the effects

from both the 672 nm and 1530 nm lasers simultaneously. The model of the
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Figure 7.8: The populations in the N2 & N3 states as a function of time. When

the 1530 nm laser is pulsed on at t=1 s, the population in the N3 state (red) drops

as atoms are driven into the 3P2 state. As a result, the population in the N2 state

(blue) also drops. Both of the curves have been normalised and the N3 population

curve has been given an offset to allow a comparison of the populations.

updated system is shown in Fig. 7.9. In this figure the 672 nm laser is switched

on first until the MOT is in steady state. At this point the 1D2 state (blue) is

empty and the number of atoms in the 423 nm MOT (red) has increased by a

factor of ∼4. When the 1539 nm laser is switched on at t = 2.5 s, a number

of atoms in the 3P2 state are excited back into the cooling cycle and result in

a higher trapped atom number. This is due to the population of the 1D2 state

being close to zero.

The experimental setup was then adapted to have the 672 nm and 1530 nm

beams overlapped, using a polarising beamsplitter cube, before entering the MOT

chamber. The resonant beams were then simultaneously pulsed onto the MOT

cloud while the fluorescence was detected using the photodiode. The result of the

combined laser light can be seen in Fig. 7.10

Fig. 7.10 has the same conditions as used in the model from t = 2.5 s to t = 3



CHAPTER 7. REPUMPING METHODS 125

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

Time @sD

Po
pu

la
tio

n
@A

rb
.u

ni
.D

Figure 7.9: The populations in each of the N2 (red), N3 (blue), N4 (green) states

as the 672 nm laser is switch on at t = 1.5 s and the 1530 nm laser is switched

on at t = 2.5 s, both lasers are then switched off at t = 3 s. Note the curves have

been normalised and a vertical offset has been applied to allow direct comparison.

s, confirming the prediction by the model that there would be an increase in the

number of atoms.

Conclusions

The number of atoms trapped in the calcium MOT has been increased by a factor

of 9 using a combination of a 672 nm diode laser and a 1530 nm diode laser. A

rate equation model has been developed that explains the increase in the number

of atoms in both the 672 nm repump case and the combined 672 & 1530 nm

repump case.
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Figure 7.10: The effect of pulsing 15 mW of resonant 1530 nm and 5 mW of 672

nm light, simultaneously, on the the MOT.



Chapter 8

Conclusions

8.1 Summary

In Chapter 2 an overview of laser cooling and trapping was presented, with a

particular focus on the theory of the scattering force, Doppler cooling and the

magneto-optical trap (MOT). This was followed by a description of calcium and

how its atomic properties make it a desirable element for laser cooling.

Details of the construction of a compact vacuum system were given in Chap-

ter 3. This included a description of the oven used to generate a collimated beam

of atomic calcium. A short Zeeman slower, incorporated into the vacuum system,

was used to slow the atoms emerging from the oven. The Zeeman slower field

was measured and compared with the ideal slower field. The theoretical fraction

of atoms in the beam addressed by the slower was then calculated. The function

and operation of the deflection and MOT chambers was also described.

Chapter 4 described the design, construction and characterisation of a fre-

quency doubled Ti:sapphire laser system for generating light to stimulate the

1S0−1P1 transition in 40Ca. A Hänsch-Couillaud locking scheme was used to gen-

erate 100 mW of narrow-linewidth, 423 nm, light using a resonant enhancement

cavity containing a ppKTP crystal. A novel method of locking the Ti:sapphire

laser to the atomic transition using a hollow-cathode lamp is also presented.

127
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Technical details of the laser diodes used in the calcium experiment were

detailed in Chapter 5.

In Chapter 6 the procedure used to set up, what is believed to be, the first

calcium MOT in the UK was given. Each stage of the setup had been opti-

mised to produce around 100,000 atoms in the trap. The lifetime of the trap

was calculated by solving a system of rate equations. Under typical operating

conditions, the measured MOT lifetime was found to agree well with the rate

equation model, when a reasonable modification to the decay rates from the 1D2

state was included.

In Chapter 7 repumping schemes for the calcium MOT were explored. A

672 nm laser was used to intercept atoms decaying from the main cooling cycle

and repump them back into the system. The observed increase in the number of

trapped atoms agrees well with the updated rate equation model, which takes into

account the additional states that are populated when this transition is excited.

The 3P1−1D2 transition has been observed at 1530.5 nm using a commercial laser

diode. Stimulating this transition in the absence of the 672 nm laser resulted in

a reduction in the trapped atom number, this was due to the relative population

in each of the states. However, with both repump lasers (672 nm & 1530 nm)

incident on the MOT, fluorescence was seen to increase by a factor of 6.

8.2 Improvements

The aim of the work in this thesis was to generate a large sample of cold calcium

atoms and explore techniques that could be used to further lower the temperature,

but at the same time, trap as many atoms as possible. Using the setup, atoms

within the trap reached a temperature of 3 mK, close to the Doppler temperature.

Using repump lasers, leaks into the triplet states have been partially blocked,

resulting in over 1 million atoms being trapped.

The response of the trapped atom number as a function of the repump laser

intensity does not agree with the solution of the rate equations. However, the
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measured lifetime of the trap, when the 672 nm laser is operating, is close to

the value of the lifetime predicted by the model. Since in steady state the total

number of atoms remains constant, the filling rate of the trap must also be a

function of the 672 nm laser intensity. The available power from the 672 nm laser

was a limiting factor for taking a greater set of measurements. By transporting

the ECDL to the vacuum table, a higher intensity of 672 nm light would be made

available and allow a larger number of measurements to be made for both the

atom number and the filling rate, which would provide greater insight to the

dominant loss mechanism for the calcium MOT.

The release and recapture technique used for measuring the temperature of

the atoms in the trap are affected by the large number of atoms in the 1D2 state.

Atoms remain in this state for up to 2.5 ms and during this time are free to

expand to a large distance beyond the trap centre. They can then return to

the ground state and begin to, once again, scatter photons, resulting in a bigger

recapture region than expected for the temperature calculation. A more accurate

way of finding the temperature of the atoms would be to measure the Doppler

broadened lineshape of the 657 nm intercombination line [157].

8.3 Future Work

To achieve a calcium BEC, the temperature of the atoms generated by the exper-

iment in this thesis must be reduced by around a further 4 orders of magnitude.

To do this, a method similar to that used by the PTB group could be used. This

would involve using a high power laser to trap the calcium atoms in an optical

dipole trap and use a standard forced evaporation technique to reduce the velocity

distribution of the atoms present in the trap. As there is sufficient optical access

to the MOT chamber used in the Strathclyde experiment, an optical dipole trap

could be introduced to the apparatus with relative ease. To reach BEC three-

body collisions need to be minimised, the PTB group note that this can be done

by loading the atoms into a large volume dipole trap.
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[126] W. Demtröder, Laser spectroscopy: basic concepts and instrumentation,

Springer, 2003.

[127] G. Camy, J. Borde, and M. Ducloy, Hetrodyne saturation spectroscopy

through frequency modulation of the saturating beam, Opt. Commun. 41,

325 (1982).



BIBLIOGRAPHY 142

[128] C. I. Sukenik, H. C. Bush, and M. Shiddiq, Modulation free laser frequency

stabilization and detuning, Opt. Commun. 203, 133 (2002).

[129] E. D. van Ooijen, G. Kargert, and P. van der Straten, Laser frequency

stabilisation using Doppler-free bichromatic spectroscopy, Appl. Phys. B

79, 57 (2004).

[130] M. Huang and M. Lu, A calcium vapor cell for atomic spectroscopy, Rev.

Sci. Instrum. 73, 3747 (2002).

[131] C. J. Erickson, B. Neyenhuis, and D. S. Durfee, High-temperature calcium

vapor cell for spectroscopy on the 4s2 1S04s4p 3P1 intercombination line,

Rev. Sci. Instrum. 76, 123110 (2005).

[132] R. L. Cavasso-Filo, A. Mirage, A. Scalabrin, D. Pereira, and F. C. Cruz,

Laser spectroscopy of calcium in hollow-cathode discharges, J. Opt. Soc.

Am. B 18, 1922 (2001).

[133] L2783-20NE-Ca Hamamatsu Hollow cathode lamp datasheet.

[134] G. Smith, Collision broadening and shift in the resonance line of calcium,

J. Phys. B 5, 2310 (1972).

[135] O. M. Marago, B. Fazio, P. G. Gucciardi, and E. Arimondo, Atomic gallium

laser spectroscopy with violet/blue diode lasers, Appl. Phys. B 77, 809

(2003).

[136] R. N. Hall, G. E. Fenner, J. D. Kingsley, T. J. Soltys, and R. O. Carlson,

Coherent Light Emission From GaAs Junctions, Phys. Rev. Lett. 9, 366

(1962).

[137] R. V. Steele, Diode-laser market grows at a slower rate, Laser focus world

41, 221439 (2005).

[138] ROHM, Laser diode’s application table, 1st edition.



BIBLIOGRAPHY 143

[139] D. A. Neamen, Semiconductor Physics and devices, McGraw Hill, third

edition, 2003.

[140] P. Melman and W. J. Carlsen, Interferometric measurement of time-varying

longitudinal cavity modes in GaAs diode lasers, Appl. Opt. 20, 26942697

(1981).

[141] A. S. Arnold, J. S. Wilson, and M. G. Boshier, A simple extended-cavity

diode laser, Rev. Sci. Instrum. 69, 138 (1998).

[142] K. B. MacAdam, A. Steinbach, and C. Wieman, A narrow-band tun- able

diode-laser system with grating feedback, and a saturated absorption spec-

trometer for Cs and Rb, Am. J. Phys. 60, 1098 (1992).

[143] L. Ricci, M. Weidemuller, T. Esslinger, A. Hemmerich, C. Zimmermann, ,

Vuletic, W. Konig, and T. W. Hansch, A compact grating-stabilized diode

laser system for atomic physics, Opt. Commun. 117, 541 (1995).

[144] Hitachi HL6545MG Diode laser datasheet.

[145] S. Gerstenkorn and P. Luc, Atlas du Spectre d’Absorption de la Molecule

d’Iode, Centre National de la Recherche Scientifique, Paris, 1978.

[146] V. P. Gerginov, Y. V. Dancheva, M. A. Taslakov, and S. S. Cartaleva, Fre-

quency tunable monomode diode laser at 670 nm for high resolution spec-

troscopy, Opt. Commun. 149, 162 (1998).

[147] A. G. Adam, T. E. Gough, and N. R. Isenor, CO[sub 2] laser stabiliza-

tion using an external cavity locked to a reference HeNe laser, Review of

Scientific Instruments 57, 6 (1986).

[148] J. L. Hall, L. Hollberg, T. Baer, and H. G. Robinson, Optical heterodyne

saturation spectroscopy, Appl. Phys. Lett. 39, 680 (1981).

[149] M. Castelli, Network consultants handbook, Cisco Press, 2001.



BIBLIOGRAPHY 144

[150] QDFBLD-1530-20 1530 nm laser diode datasheet.

[151] E. A. Donley, T. P. Heavner, F. Levi, M. O. Tataw, and S. R. Jefferts,

Double-Pass acousto-optic modulator system, Rev. Sci. Instrum. 76, 063112

(2005).

[152] M. A. Joffe, W. Ketterle, A. Martin, and D. E. Pritchard, Transverse cooling

and deflection of an atomic beam inside a Zeeman slower, J. Opt. Soc. Am.

B 10, 2257 (1993).

[153] K. Lindquist, M. Stephens, and C. Wieman, Experimental and theoretical

study of the vapor-cell Zeeman optical trap, Phys. Rev. A 46, 4082 (1992).

[154] T. Kurosu and F. Shimizu, Laser cooling and trapping of Alkaline earth

atoms, Jpn. J. Appl. Phys. 31, 908 (1992).

[155] T. Chaneliere, J. Meunier, R. Kaiser, C. Miniatura, and D. Wilkowski,

Extra-heating mechanism in Doppler cooling experiments, J. Opt. Soc. Am.

B 22, 1819 (2005).

[156] F. Riehle, A. Witte, T. Kisters, and J. Helmcke, Interferometry with Ca

atoms, Appl. Phys. B 54, 333 (1992).

[157] C. W. Oates, F. Bondu, R. W. Fox, and L. Hollberg, A diode-laser opti-

cal frequency standard based on laser-cooled Ca atoms: Sub-kilohertz spec-

troscopy by optical shelving detection, Eur. Phys. J. D 7, 449 (1999).

[158] C. Degenhardt, T. Binnewies, G. Wilpers, U. Sterr, and F. Riehle, Pho-

toassociation spectroscopy of cold calcium atoms, Phys. Rev. A 67, 043408

(2003).

[159] R. Cavasso-Filo, A. Scalabrin, D. Pereira, and F. C. Cruz, Observing neg-

ligible collision trap losses The case of alkaline earth metals, Phys. Rev. A

67, 021402 (2003).



BIBLIOGRAPHY 145

[160] S. K. Choi, S. E. Park, J. Chen, and V. G. Minogin, Three-dimensional

analysis of the magneto-optical trap for (1+3)-level atoms, Phys. Rev. A

77, 015405 (2008).

[161] I. D. Moore, K. Bailey, J. Greene, Z. T. Lu, P. Mller, T. P. OConnor,

C. Geppert, K. D. A. Wendt, and L. Young, Counting Individual 41Ca

Atoms with a Magneto-Optical Trap, Phys. Rev. Lett. 92, 153002 (2004).

[162] R. Kurucz and B. Bell, Atomic Line Data, Smithsonian Astrophysical

Observatory CD-ROM No. 23 (1995).


