W Durham
University

AR

Durham E-Theses

A dual species MOT of Yb and Cs

BUTLER, KIRSTEEN,LOUISA

How to cite:

BUTLER, KIRSTEEN,LOUISA (2014) A dual species MOT of Yb and Cs, Durham theses, Durham
University. Available at Durham E-Theses Online: http://etheses.dur.ac.uk/10703/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, Durham University, University Office, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk


http://www.dur.ac.uk
http://etheses.dur.ac.uk/10703/
 http://etheses.dur.ac.uk/10703/ 
htt://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk

A dual species MOT of
Yb and Cs

Kirsteen Louisa Butler

A thesis submitted in partial fulfilment
of the requirements for the degree of
Doctor of Philosophy

A]
¥ Durham

University

Department of Physics
Durham University

July 2, 2014



A dual species MOT of
Yb and Cs

Kirsteen Louisa Butler

Abstract

This thesis describes the design and construction of a new apparatus to laser
cool and trap Yb and Cs atoms with the ultimate aim of creating ultracold
molecules with both an electric and magnetic dipole moment, which are of
great interest in a range of fields.

The Yb and Cs atomic beams are first generated and overlapped in a dual
species oven. A collimated atomic beam of the two species is formed by
the use of an array of capillary tubes at the exit of the oven. At this stage
the atoms have an average velocity of 311ms™! or 264ms~! for Yb and Cs
respectively, therefore it is necessary to reduce their velocity before they can
be trapped in a magneto-optical trap (MOT).

This initial stage of slowing is carried out with a Zeeman slower. Due to
their atomic properties, Yb and Cs atoms are unable to be slowed by the
same magnetic field profile therefore they cannot be loaded simultaneously,
however, the Zeeman slower can load the atoms into a MOT sequentially.
Once their velocities have been reduced to approximately 48 ms™ (10ms™!)
the Cs (Yb) atoms can be captured in a MOT.

The laser systems for cooling Yb and Cs are also presented. Laser cooling
of Cs is achieved on the Dy transition at 852.3nm whereas Yb can either
be cooled on the 'S, — 'P, or 'S, — 3P, transitions at 398.9nm or
555.8 nm respectively. Due to the relative linewidths of these transitions
(27 x 28.0 MHz and 27 x 182.2kHz), Zeeman slowing is performed for Yb on
the 1Sy — P, transition and magneto-optical trapping on the 'Sy, — 3P
transition.

A Cs MOT with 1 x 10® atoms and an Yb MOT with the order of 10%
atoms on the narrow 556 nm transition are demonstrated. The mixture can
be sequentially loaded into a dual species MOT, paving the way for many
further experiments exploring this novel mixture.
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Chapter 1

Introduction

This thesis describes the design and construction of a new apparatus to laser
cool caesium and ytterbium atoms with the ultimate aim of creating ultracold
CsYb molecules in the ro-vibrational ground state. This introduction outlines
the motivation for this project and presents a précis of the field of cold
molecules.

1.1 Introduction to cold molecules

The importance of ultracold atomic gases has been recognised by two Nobel
prizes in Physics; the 1997 prize for laser cooling [1-3] and the 2001 prize
for the first realisation of Bose-Einstein condensation in atomic gases [4, 5].
Just as ultracold atoms opened up many new and novel areas of physics, it
is expected that ultracold molecules could have many potential uses as well,
the main areas of which are summarised in [6]. These include areas such
as fundamental physics research [7-10], cold chemistry [11, 12], modelling
condensed matter systems [13-15] and quantum simulation and computation
[16, 17].

1.1.1 Uses for ultracold molecules

The addition of vibrational and rotational degrees of freedom within a
molecule and the presence of a permanent electric dipole moment in het-
eronuclear dimers allow different quantities to be measured with molecules
that are inaccessible with simple atoms. For example, electronic transitions
within a molecule depend upon the properties of the electron, whereas vi-
brational transitions depend upon the properties of the two nuclei (in dimer
molecules), therefore transitions within a molecule can allow the electron-
proton mass ratio to be precisely measured [8, 9]. High resolution molecular
spectroscopy can also be used to measure the time dependence of other funda-
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mental constants, such as the fine structure constant [7]. If the measurements
from a terrestrial laboratory are compared to astronomical data, discrepan-
cies between the values may be found. Molecules are also being used to
put limits on the electric dipole moment of the electron to help eliminate

rival super-symmetric extensions to the Standard Model of particle physics
(10, 18].

Observing and, through the use of external static and dynamic fields, con-
trolling the reactions of ultracold molecules is expected to allow a better
understanding of chemical reactions taking place in interstellar gas clouds,
although the temperatures achievable in the lab will ultimately be lower than
those in space. As the molecules will have such a low velocity, their de Broglie
wavelength will be longer than the typical intermolecular forces and as such
the reactions will be dominated by quantum mechanical effects [11].

In a direct comparison to the breakthroughs in atomic physics with the
advent of the BEC, novel quantum phases could be achieved with ultra-
cold molecules such as Bose-Einstein condensation or Fermi degeneracy of
molecules. As heteronuclear molecules are dipolar, this opens the possibil-
ity of creating and studying dipolar BECs. The first dipolar BEC observed
was in *2Cr atoms [14] and recently in '®Dy [19], which both have a mag-
netic dipole moment. However, the electric dipole moment of ground state
heteronuclear molecules will be much greater and so the dipole-dipole inter-
actions between particles will be larger. The properties of dipolar BECs (e.g.
stability) are strongly influenced by the dipole-dipole interaction and so, in
conjunction with the trapping geometry, a large degree of control over the
quantum state is offered [13]. For example, if the molecules were trapped in
a 2D pancake trap then phase transitions between crystalline and superfluid
phases could be observed [20].

If heteronuclear diatomic molecules were trapped in an optical lattice where
each site could be individually addressed, then each electric dipole moment
of the molecules could be treated as a qubit and quantum information pro-
cessing implemented [17]. In such a system an external electric field would
orientate the electric dipole moments of the molecules either with or against
the field, creating the necessary |0) and |1) states. If an electric field gradient
is applied across the lattice, each site could be individually addressed with
microwave transitions and neighbouring qubits coupled via the dipole-dipole
interaction.

In an expansion to this, paramagnetic diatomic molecules, such as CsYb,
allow extra control over the molecules by the addition of a magnetic dipole
moment due to the unpaired electron from the Yb atom as well as the electric
dipole moment in the ground state. This additional dipole moment allows
the engineering of spin dependent interactions to simulate lattice-spin models
if the molecules are loaded into an optical lattice [16, 21].
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1.1.2 Methods for cooling molecules

The very properties that make molecules interesting to study - their vibra-
tional and rotational degrees of freedom - also make molecules harder to
cool than atoms as simple laser cooling schemes with relatively closed opti-
cal transitions are generally absent. Most molecular transitions are able to
decay to multiple vibrational and rotational levels which would require an
impractical number of repump lasers. There are some molecules where fairly
simple laser cooling schemes have been found, but these are the exception to
the rule and even for these molecules there are still many repumping levels
that must be closed in order for efficient cooling to occur [22, 23].

Therefore other methods for cooling molecules have had to be found. These
break down into two general categories referred to as direct and indirect
cooling methods [24]. Direct cooling methods involve cooling a beam of pre-
existing molecules, whereas indirect methods involve cooling the constituent
atoms before forming molecules with them. Each of these categories has
its advantages and disadvantages. Direct cooling offers the use of a wider
range of molecules but, at the current time, cannot cool molecules to tem-
peratures as low as laser cooled atoms. On the other hand, indirect cooling
allows lower temperatures to be achieved (determined by the temperature
of the constituent atoms at the time of molecule formation) but only with
combinations of atoms that can be laser cooled.

Direct cooling

Some examples of direct cooling include Stark deceleration [25, 26], magnetic
deceleration [27, 28], buffer gas cooling [29, 30] and direct laser cooling [22,
23]. Once a sample of cold molecules has been created, these methods can
then be combined with sympathetic cooling between atoms and molecules
[31] or cooling in microwave traps [32] to lower the temperature further.

Buffer gas cooling often includes a laser-ablated source of molecules that
undergo initial cooling by thermalisation with a buffer gas of helium [30].
The buffer gas is swept past the ablation target and so carries the target
molecules along with it, producing molecular beams that can then be cooled
using further techniques.

Stark deceleration is where a time-varying electric field is applied to a beam
of dipolar molecules [25, 26]. If the molecules possess an electric dipole
moment the Stark effect will act on them when they move into a region of
electric field. The Stark energy gained by the molecules accompanies a loss of
kinetic energy so if the electric field is turned off at the appropriate time the
molecule will lose energy. Repeating this process can theoretically decelerate
a packet of molecules to zero velocity. Stark deceleration merely decelerates
a packet of atoms, i.e., shifts their velocity distribution to a lower average
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value, rather than cooling the atoms (narrowing their velocity distribution)
which is often done in an initial stage such as supersonic expansion [33].

Conversely, magnetic deceleration of paramagnetic molecules can be achieved
through the use of a travelling magnetic trap with a controllable velocity
[27, 28]. As the trap velocity slows, the molecules will be slowed along with
it. For both electric and magnetic deceleration the limiting factor is often
the large distance required to cool the molecules to low temperatures.

Indirect cooling

There are two main methods for the formation of ultracold molecules from
their constituent atoms: photoassociation [34, 35] and magnetoassociation
[36].

Photoassociation is the process by which two free atoms absorb a photon and
form a molecule in an excited electronic state. This highly excited molecule
can then decay into the ground electronic state, although in general the
molecule will not decay into the lowest vibrational state. However, once
in the ground electronic state other methods such as Stimulated Raman
Adiabatic Passage (STIRAP) [37] could be utilised to create ro-vibrational
ground state molecules.

Magnetoassociation makes use of magnetically tunable Feshbach resonances
[36] to create loosely bound ‘Feshbach molecules’ from the two constituent
atoms. The same process of STIRAP can then be used to transfer these Fes-
hbach molecules to their ro-vibrational ground state. If Feshbach resonances
occur at readily accessible magnetic fields for the system under study, mag-
netoassociation is a good method to create ultracold molecules as the process
is relatively simple.

To the author’s knowledge at the time of writing, Feshbach molecules have
been made from SLi*°K [38, 39], #Na'’K [40] and ?3NaSLi [41], whereas
ground state molecules have been formed from '#3Cs, [42], 8"Rby [43],
WKB"RDb [44] and ®"Rb'33Cs [45]. Other mixtures currently being worked
on are °Li-'*3Cs [46], Rb-Sr [47], Yb-Rb [48], Yb-Li [49, 50] and Yb-'33Cs
(this work). (Specific isotopes are only given where a definite mixture has
been settled on and is known to the author).

1.2 CsYb molecules

The aim of this experiment will be to use ultracold caesium and ytterbium
atoms to form ro-vibrational ground state dipolar molecules for use as a
quantum simulator. However, as a first generation experiment the apparatus
does not have the ability to generate an optical lattice for quantum simulation
but will act as a proof of principle and pave the way for further experiments.
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1.3 Thesis overview

This thesis begins with the general background theory relevant to the project
in Chapter 2. Chapter 3 introduces the vacuum system designed and con-
structed specifically for the Yb-Cs project. Chapter 4 gives details about the
laser systems used to cool ytterbium and caesium as well as some background
theory on laser cooling. Chapter 5 describes the dual species Zeeman slower
that is used to sequentially load Cs and Yb atoms into their respective MOTs.
Chapter 6 gives results of optimising the Zeeman slower and single species
MOT for Cs with similar results for Yb presented in Chapter 7. Chapter 8
looks towards operating the system as a dual species experiment and gives
an overview of the next steps for the experiment.

This thesis ends with some details of the work the author carried out on a dif-
ferent experiment (the Rb-Cs mixture experiment) during 2010-2011 in Ap-
pendix A, with code for calculating the electric dipole moment in Appendix B
and various vacuum details and engineering drawings in Appendices C-E.

The author would like to thank Michael Tarbutt for providing the original
Mathematica code for the Zeeman simulations in Chapter 5 and Stephen
Hopkins for doing the majority of the work on these. The author would also
like to thank Stefan Kemp for winding and testing the Zeeman slower and
MOT coils. Finally, the author would like to thank Ruben Freytag for his
work on the Yb laser systems whilst at Imperial College London.



Chapter 2

Background Theory

The field of ultracold atoms is a well established one, with readily avail-
able reference material detailing the theory behind the field. Therefore, this
chapter only outlines the processes directly relevant to the Yb-Cs experiment,
starting with introducing the properties of the ytterbium and caesium atoms
before describing the Feshbach resonance mechanism which can be used to
associate the atoms into loosely bound Feshbach molecules. Next, detail is
provided on how photoassociation spectroscopy can be used to determine the
interspecies background scattering length, a value that is needed to pin-point
the magnitude of magnetic field at which the Feshbach resonances are pre-
dicted to occur. Finally, the electric and magnetic dipole moments of the
CsYb molecule in the ro-vibrational ground state is described.

Only brief introductions to these topics are presented here as there are many
review articles that can be consulted for further details, for example, [12, 15,
16, 34-36].

2.1 The atoms: caesium and ytterbium

The experimental apparatus described in this thesis was designed to laser cool
and co-trap Cs and Yb atoms with the aim to form ro-vibrational ground
state CsYb molecules. Therefore, a logical place to start is to examine these
atoms and their properties and so understand why they have been chosen.

2.1.1 Caesium

Caesium (Cs) is an alkali metal with an atomic number of 55. It is highly
reactive with water and has only one stable isotope: 33Cs. Since 1967 the
transition between the two hyperfine levels in the ground state of Cs has been
used to define the SI second, which is defined as being equal to 9,192,631,770

periods of radiation [51, 52|, see figure 2.1(a).



Chapter 2. Background Theory

F’=5
251 MHz
6P, =
201 MHz
F'=3
151 MHz
F'=2
2| |Mec=2852.3nm
S|2| [T =2rx5234(13) MHz
O |x| [Ty =125.61 uK
I, =1.1049(2) mW cm-2
F=4
62S,, 9.192631770 GHz (exact)
@ — F=3

Transmission

(b)

Transmission

(©

0.0

T
-1000

-5b0 0
Frequency (MHz)

T
500 1000

1.0

0.8

0.6

0.4

0.2

0.0

-500 0 500 1000

Frequency (MHz)

-1000

Figure 2.1: (a) The relevant atomic transitions for caesium. Laser cooling
is achieved on the F' = 4 — F’ = 5 transition, which requires repumping
light on the F' = 3 — F;= 4 transition. The wavelength of the 6 25, —
6 2P; /2 transition, Av,c, linewidth, I', Doppler temperature, Tp and saturation
intensity, I are shown in the box (atomic properties taken from [53]). The
spectra for (b) the F' =4 — F’ transition and (c) F' =3 — F’ transition are

also shown.
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Isotope Abundance (%) Nuclear spin Scattering length (nm)

168 0.13 0 13.33(18)
170 3.05 0 3.38(11)
171 14.3 A -0.15(19)
172 21.9 0 -31.7(3.4)
173 16.12 5 /4 10.55(11)
174 31.8 0 5.55(8)

176 12.7 0 -1.28(23)

Table 2.1: The isotopes of ytterbium and their natural abundances. Scatter-
ing lengths are also given as these indicate which bosonic isotopes are most
readily condensed. Data taken from [64].

Due to its favourable energy level structure, in common with the rest of the
alkali metals, Cs atoms are able to be laser cooled and indeed to date three
groups world wide have achieved Bose-Einstein condensation of Cs [54-56].
Figure 2.1 shows the relevant energy levels for laser cooling along with the
spectra for each group of transitions; F' =4 — F" and F' = 3 — F’ (discussed
in depth in Section 4.1). The required wavelength for cooling Cs is 852.3 nm,
which is easily achievable with diode lasers.

2.1.2 Ytterbium

Ytterbium (Yb) is a rare earth metal in the lanthanide series of the periodic
table with an atomic number of 70. Yb has seven stable isotopes, 5 bosons
and 2 fermions, the abundances of which can be seen in table 2.1. Like Cs,
Yb also has readily accessible transitions that allow for laser cooling: one
going from the ground state, 1Sy, to the ! P, excited state with a wavelength
of 398.9nm and the other from 'Sy to 2P, at 555.8nm. All but one bosonic
isotope of Yb has been cooled to low enough temperatures to form a Bose-
Einstein condensate [57-61] and the two fermionic isotopes have been made
to form quantum degenerate Fermi gases [62, 63]. The boson that has not
been condensed is 1Yb as it has a relatively large, negative scattering length
(see table 2.1).

Figure 2.2 shows the relevant transitions for laser cooling Yb. The 1Sy — 1P,
transition has a relatively large linewidth and so is used in this experiment
for Zeeman slowing (explained in Section 5.1) whilst the 'Sy — 3P, inter-
combination transition has a narrow linewidth and is therefore used for the
magneto-optical trap (MOT) as it has a correspondingly low Doppler tem-
perature of 4.4 uK. According to the electric dipole transition selections rules
the 1Sy — 3P, transition should be forbidden as AS = 1, however, higher
order electric and magnetic multipole effects mean that this transitions is
weakly allowed, which accounts for its narrow linewidth.
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Figure 2.2: (a) The main transitions in ytterbium used for laser cooling.
Zeeman slowing is accomplished on the 1S, — P, line; the fluorescence

spectrum for this line can be seen in (b).

The MOT is achieved with the

1Sy — 3P, transition as this is a perfect two level system with no losses

to other states; the spectrum for this transition can be seen in (c).

The

wavelength, A..., linewidth, I, Doppler temperature, Tp and saturation in-
tensity, I, are shown for each transition. The wavelengths are taken from
the wavenumber in [65] and the linewidths from [60].
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Isotope Shift from "™Yb (MHz)
150 to 1P1 [70] 150 to 3P1 [71]
168 1887.400(50)  3655.123(100)
170 1192.393(66)  2286.345(85)

171 (F =1/2) 1153.696(61)  -2132.063(85)
171 (F =3/2)  832.436(50)  3804.608(100)
172 533.309(53)  1000.020(85)
173 (F =3/2) 515.975(200)  3807.278(134)
173 (F =5/2) -253.418(50)  2311.411(85)
173 (F =7/2)  587.986(56)  -2386.704(85)
174 0 0
176 -509.310(50)  -954.832(60)

Table 2.2: The isotope shifts from '™Yb for both the 'Sy — P, and
1Sy — 3P, lines. The data for the 'Sy — 3P, line has been shifted from
that in [71] as that data was centred on '"Yb. The errors have therefore

also been corrected to account for the uncertainty in the quoted position of
YD relative to 170Yb.

Laser cooling and trapping can be accomplished with the 399 nm transition
([66] for example) but the ' P, state can decay to other states (3D, and 3D;)
that will not necessarily decay back into the ground state and so atom losses
occur. The lower limit of the branching ratio for this decay is 1.2 x 1077
[67, 68]. The 556 nm transition is a perfect two level system and so no losses
to other states occur.

Table 2.2 shows the isotope shifts from the most abundant isotope, ™Yb,
for both the 399 nm and 556 nm transitions. There are two effects that pro-
duce an isotope shift; mass effects and the volume shift, both of which are
explained in detail in [69].

2.1.3 Ytterbium - caesium mixture

There are several reasons why the specific mixture of Yb and Cs was chosen:
the presence of an extra valence electron in Yb, the range of Yb isotopes
available and the effect these isotopes have on the predicted Feshbach reso-
nances (discussed further in Section 2.2).

Valence electron

The electronic structure of Yb is [Xe] 4f'* 6s. This makes it a ‘closed shell’
atom but the two s-electrons can act as valence electrons. These valence
electrons mean that the CsYb ro-vibrational ground state molecule will have
not just an electric dipole moment but also a magnetic dipole moment as one
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of the electrons will not be involved in bonding (see Section 2.4.1 for a more
detailed discussion of molecular dipole moments).

Yb isotopes

As described in table 2.1, Yb has seven stable isotopes; five of which are
bosonic and two fermionic. This in itself opens up some interesting physics
to study with Bose-Bose and Bose-Fermi mixtures, such as phase separation
and miscibility studies [72, 73].

The range of isotopes also give a greater probability that one mixture of
*Yb-Cs will have a favourable interspecies scattering length and Feshbach
spectrum.

Reduced mass tuning

The positions and widths of Feshbach resonances can be tuned by changing
the reduced mass of the system (see Section 2.2):

Mg My,

_ Moslvy (2.1)
Mecs + Myy,

mr
where Mg and Myy, are the masses of the Cs and Yb atoms respectively. As
Cs is the heaviest alkali-metal atom, the reduced mass can be tuned over a
fairly large range on changing the Yb isotope. This helps when trying to find
a Feshbach resonance at a reasonable magnetic field as both the positions
and widths of the resonances scale with the reduced mass of the molecule.

2.2 Feshbach resonances

Feshbach resonances were first predicted in 1958 by Herman Feshbach [74] in
nuclear systems. The first experimental observation of one in a dilute atomic
gas was in 1998 in a sodium BEC [75]. In atomic physics they have become
a useful tool for varying the background scattering length of a system and
also in the formation of ultracold loosely bound Feshbach molecules [76-85],
which are a precursor to forming molecules in the ro-vibrational ground state.

2.2.1 The origin of Feshbach resonances

A Feshbach resonance occurs when the energy of a molecular state (the closed
channel) crosses that of a continuum scattering state of a pair of free atoms
(the open channel) [86], as illustrated in figure 2.3(d). When this happens
atoms in the free potential can be made to resonantly couple to the bound
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state and Feshbach molecules can be created. The energy difference between
the bound and free states can be tuned with a magnetic field if the corre-
sponding magnetic moments of the free atoms and the molecule they form
are different. This tuning allows free atoms in a trap to be swept over a
Feshbach resonance by applying a smoothly varying magnetic field, creating
Feshbach molecules.

Using this magnetic tuning, the s-wave scattering length varies with magnetic
field as [36]:

a(B):J%g<1—-E;jii%>, (2.2)

where ay,g is the background scattering length and B, is the magnetic field
at which the resonance is located. The scattering length becomes infinite at
Bi.es and changes sign to either side of it as can be seen diagrammatically in
figure 2.3(e).

In general, the scattering length changes sign depending on the position
of a bound state with respect to the molecular potential [87]: a negative
scattering length occurs when the potential is not deep enough to support
a bound state (figure 2.3(a)), whereas the scattering length is infinite in the
special case where the bound state lies on the dissociation limit (dashed
line in figure 2.3(b)). When the potential supports a bound state below the
threshold then the scattering length is positive (figure 2.3(c)). When applied
to Feshbach resonances the bound state is that of the closed channel, E..

The width of the resonance is defined as:

A = By — B, (2.3)

where By is the magnetic field closest to the resonance at which a = 0.

2.2.2 Alkali - alkali metal mixtures

In the field of atomic physics, Feshbach resonances are usually observed in
homo- or heteronuclear alkali metal systems [76-85]. For a Feshbach res-
onance to occur, the two potentials (open and closed channels) must have
both coupling between the states and an avoided crossing in energy.

Alkali metals have a non-zero nuclear spin (i) and an electron spin of s =
1/2 giving each atom a ground state of 2S. Therefore, when two alkali metal
atoms are brought together, they can form either a singlet (S = |s, — sp| = 0)
or a triplet (S = s, + s, = 1) potential curve. These potentials have different
characteristics, which give rise to the coupling between states necessary for
Feshbach resonances when the molecular levels cross the atomic thresholds.
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Figure 2.3: The value of the scattering length changes as the position of the
bound state (shown as a black line in (b) and (¢)) moves with respect to the
molecular potential. (a) The scattering length is negative when the potential
does not support a bound state, (b) goes to infinity when the bound state
is at the threshold of the potential and (c) is negative when the potential
supports a bound state. In these figures the radial wavefunction is shown
in purple whilst its asymptotic behaviour is shown in green. It is the zero
crossing of this asymptote that determines the sign of the scattering length.
(d) A Feshbach resonance therefore occurs when a bound state, E., in the
closed channel crosses in energy a continuum state (the open channel) of
a pair of free atoms (shown by the dashed line). This can be achieved by
magnetically tuning the states such that E. is brought close to the continuum
state. (e) The scattering length a — +oo at the magnetic field at which the
resonance occurs, Bies.



Chapter 2. Background Theory 14

Therefore, resonances only occur when a triplet molecular state crosses a
singlet atomic state and vice versa.

Therefore, in these systems the coupling between the continuum and molec-
ular states is given by the difference between the singlet (*X) and triplet (*%)
potential curves. The molecular states have different spin characteristics to
the atomic states, giving different magnetic moments and this provides the
avoided crossings between the atomic and molecular potentials.

For the purpose of this discussion, the notation used for molecular states is
23+1A | where S is the total spin of the mixture and A is the rotational state
of the molecule with A = 0,1, 2... being denoted by X, IT, A...

2.2.3 Alkali - closed shell atom mixtures
Doublet molecular potential

The mechanism for producing Feshbach resonances as described in the section
above is absent for a mixture of an alkali metal atom, such as Cs, with a
closed shell atom such as Yb. This is because the ground state of the Cs atom
is 25, but the Yb atom has a 1S ground state (as s = 0). As such, when the
atoms are brought together, there is only one molecular electronic state: the
doublet, 2X. Therefore, the potential curves for different atomic hyperfine
or Zeeman states are parallel to each other in energy. In principle, crossings
do still occur for molecular states that increase in energy with magnetic field
and atomic states that decrease in energy, i.e., crossings between states with
f=i+1/2and f = 17— 1/2. However, crossings alone are not enough to
form Feshbach resonances; coupling is also required.

To describe why there is no coupling between the different states in a 25 +
1S system it is necessary to look at the molecular Hamiltonian [88]:

H=T-+ V(-R) + Ci<§ + HZeemanv (24)

where T is a kinetic energy term, V(R) is the molecular potential, Hzeeman is
the Zeeman Hamiltonian and (7.5 is an atomic hyperfine term, with ( being
the atomic hyperfine coupling constant. Only the %S atom (the alkali metal)
has nuclear spin so (7.5 is zero for Yb and therefore nothing in the above
Hamiltonian couples the molecular states to the atomic state.

Therefore, although there are crossings between states, because there is no
coupling between them they do not form Feshbach resonances, or they form
Feshbach resonances but with zero width.
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Internuclear distance dependence of (

The above reasoning is only true when the hyperfine coupling constant, (, is
independent of the distance between two atoms. Fortunately this is not the
case, however. It has been predicted [86] that ( varies significantly when a
second atom (in this case the 1S atom) is brought close to the 2S atom. The
¢ of one atom changes when another is brought close due to the perturbing
effect of the second atom’s electrons. This internuclear distance dependence
of ¢ introduces coupling that mixes the atomic and molecular states, giving
width to the Feshbach resonances at the crossings described above.

Crossings and coupling: Feshbach resonances

Theoretically, now that there are both crossings and coupling between the
atomic and molecular states, Feshbach resonances could be detected in an
experiment using an alkali-closed shell atomic mixture. Potentials for the
Cs-Yb system have been calculated [86] and the widths of these resonances
are given by:

2 72
W[mfﬂa[nk

= _—"— 2.
kabgé,ures? ( 5)

where I, is the atomic matrix element of 7.5, i.e., the hyperfine coupling
between two atomic states; Iy is the radial matrix element of A((R) between
the bound and continuum states with A((R) being the distance dependence
of the hyperfine coupling constant for Cs; dji,es is the difference in magnetic
moments of the molecular bound state and that of the free atom pair, which
gives the rate at which the bound state crosses the atomic threshold and £
is the wave vector.

From an experimental point of view, each of these factors have an impact on
either the width or the position of the Feshbach resonances:

e At zero magnetic field, I, is equal to zero as the atomic states are
eigenfunctions of 7.5. However, at low but finite fields (up to ap-
proximately 2000 G), Iy, , increases linearly with B and so the width,
A o B?. This means that resonances at larger magnetic field values
will be wider. Practically, this causes some problems as an appara-
tus will not only have to be able to produce large but also very stable
magnetic fields. Another aspect of this factor is that alkali atoms with
larger nuclear spin (generally heavier alkalis like Cs) will have intrinsic
advantages as I, will be larger.

e [, depends on A((R) which is larger for larger ¢ and so, again, heavier
alkali metals will be better and form wider Feshbach resonances.
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e The dependence of A on 1/dps means that if the difference between
the magnetic moment of the molecular and atomic states happens to
be low then the states may have a ‘glancing blow’ and the resulting
Feshbach resonance will be wider. Whether this will happen depends
on the choice of Yb isotope; there is a possibility that one isotope might
have this happen at a low field, which would give a good candidate to
associate the CsYb Feshbach molecules.

e The ay, factor in the denominator of equation (2.5) on the surface
appears to suggest that broader resonances will occur for smaller back-
ground scattering lengths, however, the strength of the Feshbach res-
onance actually depends on anA (equation (2.2)) so smaller values of
ang are not actually advantageous.

Therefore, in brief, the broadest Feshbach resonances will occur with heavier
alkali atoms at large magnetic fields.

Fermionic isotopes of ytterbium

The fermionic isotopes of Yb have nuclear spin and so another mechanism
to create additional Feshbach resonances comes into play. When the alkali
atom is brought close to a fermionic Yb atom, a new type of hyperfine in-
teraction coupling between the electron spin of the alkali and the nuclear
magnetic moment of the Yb occurs. This can give rise to increased widths
of the Feshbach resonances, which may occur in slightly different places to
the bosonic isotopes. However, for most alkali atoms the resonances are not
expected to be significantly broader; the only system where the widths of
the Feshbach resonances created from this mechanism are expected to be
significantly wider are for Li-Yb [89].

Theoretical predictions for the locations of the Feshbach resonances

The molecular states cannot be calculated completely accurately ab initio and
require experimental measurements of the interspecies scattering length to
feed into the theory. The method by which this can be achieved is discussed in
more detail in Section 2.3. However, these measurements need only be done
for one isotope combination as mass scaling can then be used to extrapolate
for the other isotopes.

The scattering length is given by [90]:

4 — —lim tan §(k)
k—0 k

, (2.6)

where k = /2m,E/h? is the wave vector and (k) is the phase shift. From
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this it can be seen that changing the reduced mass of the system has an affect
on the scattering length in a predictable way.

Generally speaking, increasing the reduced mass shifts the molecular states
down in energy, resulting in lighter isotope combinations having atomic and
molecular state crossings at lower magnetic fields.

Why CsYb?

Cs is the highest mass alkali so gives greater mass scaling when combined
with the different isotopes of Yb (see equation (2.1)), which means that
there is more of a chance that a wide Feshbach resonance will be found at
an experimentally feasible magnetic field. The larger mass also means that
there are a higher density of molecular bound states near the threshold and
so a better chance of finding resonances at lower magnetic fields.

Cs also has a relatively large change in hyperfine coupling when another atom
is brought close [86], which increases I, and so the width of the resonance
(equation (2.5)).

Both of these considerations mean that Yb-Cs is one of the more promising
mixtures for trying to find this type of Feshbach resonance.

2.3 Finding the background scattering length

The background interspecies scattering length or binding energy of the high-
est bound state in the molecular electronic ground state (which itself gives
information on the scattering length) can be fed into the Feshbach resonance
calculations to give the positions and widths of the Feshbach resonances for
CsYb. There are two methods by which the interspecies scattering length
can be found: using the thermalisation between the two atomic species in
the same trap or by photoassociation.

2.3.1 Thermalisation

As derived in [90], the scattering cross section for two atoms of different
species, such as Cs and Ybh, is:

o= g ;(25 + 1) sin® §;(k), (2.7)

where k and §;(k) are as defined for equation (2.6). If the atoms were indis-
tinguishable bosons (fermions) the above equation would be doubled but the
sum would only be taken over the even (odd) I.
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In order to use the cross section to determine the interspecies scattering
length, only s-wave (I = 0) scattering should be considered. If this is the
case the scattering cross section simplifies to:

o9 = — sin® §(k), (2.8)

(again, this would be doubled for indistinguishable particles). Substituting
the definition of the scattering length (equation (2.6)) into the above equaiton
gives

4dra?

gg = m (29)

It is only for atoms at very low temperatures where s-wave scattering occurs
exclusively. This is because as the temperature decreases, fewer partial waves
contribute to the scattering process until a temperature is reached where
only s-waves contributes. For [ > 0 a modification to the molecular potential
arises where a centrifugal barrier is superimposed on the long range part of
the molecular potential (—Cs/r%), such that the effective potential becomes:

Gy, U1+ 1)

Ve = ——
r6 2m,r?

, (2.10)
where the second term is the additional centrifugal barrier with m, being
the reduced mass of equation (2.1). This barrier can be seen in figure 2.4,
where both the long range tail of the molecular potential (purple) and the
centrifugal barrier (red) can be seen contributing to the overall potential
(black). This example was calculated using two colliding Cs atoms.

The Cg coefficient for the Yb-Cs mixture is unknown, however, for Cs-Cs it
is (6890.48 +0.08) Eyad [91] and (1932 +30) Eya§ for Yb-Yb [64] (both given
in atomic units where E}, = h? /mea? is the Hartree energy and ag is the Bohr
radius). For indistinguishable bosons only even partial waves contribute to
the scattering cross section, so the first centrifugal barrier for Cs (!"™Yb)
occurs for [ = 2 and gives a barrier height of 180 uK (228 uK), therefore if
the temperature is below this only s-wave (I = 0) scattering takes place.

These low temperatures are best achieved in an optical dipole trap where
any rethermalisation measurements in this experiment would be carried out.
An optical dipole trap not only allows low temperatures to be reached but
also provides a conservative trap for the atoms so any change in the trapping
potential translates directly into kinetic energy of the atoms. The rethermal-
isation rate, Yiperm, can be measured by introducing a small deviation from
equilibrium to the trap, such as changing the trap aspect ratio, before let-
ting the atoms relax back into the original trap geometry. Plotting the time
taken for the temperature of the trapped atoms to return to the equilibrium
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Figure 2.4: The contributions to the total scatting potential (black) from
the centrifugal term for [ > 1 (red) and the long range part of the molecular
potential (purple) can be seen. The height of the centrifugal barrier increases
as [ increases and determines which partial waves contribute to the scattering.

temperature gives Viperm. 1he cross section is then directly proportional to
the rethermalisation rate, Viperm = nvo, where n is the mean number density
and v is the average relative collision velocity. Therefore measuring this rate
allows the scattering length to be calculated [90, 92].

However, as can be seen in equation (2.9) above, this method only gives a?,

so there will be no information on the sign of the scattering length. There
will also be a larger uncertainty associated with the scattering length value
calculated from thermalisation measurements compared to using photoasso-
ciation spectroscopy (discussed in the next section). This is because other
effects, such as shape resonances [90], may mean that partial waves with
[ > 0 still contribute to the scattering even at temperatures where only s-
wave scattering would be expected. The preferred method to determine the
interspecies scattering length is therefore photoassociation.

2.3.2 1-photon photoassociation

In general, either 1-photon or 2-photon photoassociation can be used to ob-
tain the background scattering length. If 1-photon photoassociation spec-
troscopy is coupled with knowledge about the shape of the ground-state
potential at internuclear separations larger than the separation at which the
photoassociation spectrum is being investigated, the scattering length can be
calculated. The second method uses 2-photon photoassociation to directly
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measure the binding energy of the highest few bound levels of the electronic
ground state, which, when coupled with knowledge about the long-range po-
tential shape gives the scattering length. More in-depth information about
photoassociation can be found in several review articles, such as [34, 35].

Photoassociation is the process by which two colliding free atoms (A and B)
are bound together into an electronically excited molecule ((AB)*) by the
absorption of a photon of a specific frequency:

A+ B+~ — (AB), (2.11)

where the asterisk indicates an electronically excited state. The energy of the
photon, Epa, must equal the energy difference between the colliding atoms
and the electronically excited bound state.

Once in the excited state the molecule can either decay into two free atoms
again or into a bound state in the electronic ground potential, in each case the
molecule emits another photon which is not necessarily of the same frequency
as the absorbed photon in (2.11),

(AB)* — A4+ B+
(AB)* — AB+ 4. (2.12)

As the time scale for electronic transitions is much faster than that for nu-
clear vibration, the internuclear separation between the two free atoms and
the molecule they form stays the same during an electronic transition. This
is illustrated by the vertical arrows in figure 2.5(a). Therefore, the probabil-
ity of a transition occurring depends upon the overlap between the ground
and excited state wavefunctions at a particular internuclear distance. Col-
lectively, this is known as the Franck-Condon principle [6, 93]. A molecular
wavefunction has the largest amplitude at the turning point of the molecu-
lar potential as this is where the kinetic energy of the molecule is the least,
therefore transitions are most likely to occur at these internuclear distances,
as demonstrated diagrammatically in figure 2.5(b).

Experimentally, the Franck-Condon principle means that when the molecule
(AB)* decays it is unlikely to produce a molecule in a low-lying vibrational
level but instead in one of the highest bound states, if not two free atoms.
This is because the turning points of the highly excited vibrational level in
the electronically excited state and the low-lying vibrational levels in the
ground state do not generally occur at the same internuclear distance and
so their Franck-Condon overlap will be negligible. This is especially true for
photoassociation within a MOT as the typical internuclear distance might
be expected to be of the order of microns, producing molecules with a very
high vibrational quantum number.
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Figure 2.5: (a) A schematic of photoassociation showing the atomic transi-
tion at the limit of » — oco. The energy of the photoassociation transition,
Epa, is less than that of the atomic transition, E,ion. The energy difference
is the binding energy, E,,, of the electronically excited state. (b) An illustra-
tive example of the Franck-Condon overlap where the transition probability
is greatest when the excited and ground state wavefunctions are largest,
marked by the position of the arrow in the figure. (c¢) 2-photon photoasso-
ciation, or Autler-Townes spectroscopy, where the laser frequency, L, drives
the same single photon photoassociation transition as in (a) and the sec-
ond laser, Ly, dresses states |1) and |2) leading to a smaller loss rate when
observing photoassociation within a continuously loaded MOT.
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Finding the scattering length

The scattering length of a system can be found by mapping out the location
of a node in the free atom wavefunction by locating several photoassociation
resonances and comparing their relative linestrengths. Due to the Franck-
Condon overlap, when the free atom wavefunction is near a node (i.e., close to
zero), then the probability of a transition is very small, thus the linestrengths
of photoassociation features reduce near a node. Once located, the scattering
length can be calculated provided the shape of the potential is known for
internuclear distances greater than the nodal position. This has been done
with, for example, 5¢Sr and ®8Sr [94].

Heteronuclear systems

The above discussion is true for homonuclear systems, however, when there
is a mixture of atomic species then this is no longer the case. The method of
mapping where the node in the free atom wavefunction is cannot be done as
simply for heteronuclear systems, as the long range part of the potential has
a different dependence on the internuclear distance and so some assumptions
needed to calculate the scattering length break down [35].

Therefore, in a dual species experiment 2-photon photoassociation spec-
troscopy must be used in order to obtain the background scattering length.

2.3.3 2-photon photoassociation

2-photon photoassociation is demonstrated in figure 2.5(c). As for 1-photon
photoassociation the laser frequency, L, is tuned to the photoassociation
resonance creating a steady population in state |1) if the number of atoms
being probed by the laser is in a steady state (for example, a magneto-optical
trap being continuously loaded). The second laser, Ly, then disrupts this
photoassociation process resulting in fewer atoms being lost from the trap.
This happens if the |1) — |2) transition is strongly driven, as this mixes the
levels so L no longer produces molecules in state |1). This is the same idea
as Autler-Townes spectroscopy [95]. The binding energies of the states in the
electronic ground state potential can then be easily calculated as the energy
difference between L; and L.

As before, the probability of a transition occurring, or in other words the
linewidth of the transition, depends on the overlap between the excited and
ground state wavefunctions. This is why only the few highest levels in the
ground state can normally be probed as the value of the Franck-Condon
overlap to lower-lying states is negligible.
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Finding the scattering length

Once the binding energy of the last bound state has been found it can be used
to calculate the scattering length numerically from the molecular potential
[35]. This is done using the following equation [64, 96, 97]:

a:a[l—tan (cp—g)], (2.13)

where ® is a semiclassical phase calculated from the classical turning point
of the potential where V(1) = 0 to infinity:

o = \/2}7/“’ =V (r)dr, (2.14)

and a is the mean scattering length given by:

)
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where the [' terms are gamma-functions.

In order to use these equations to calculate the scattering length, the Cj
coefficient for Cs-Yb needs to be found, as recently achieved in a similar
mixture of Rb-Yb [48]. This was done by finding the binding energies of the
last few bound states with 2-photon photoassociation as described above and
fitting the values with the LeRoy-Bernstein formula [98] for the positions of
the vibrational levels:

1 (2n 20\3 0 (5) 6 ’
Ay == (3 (m) F(g)w(vD—A@)) , (2.16)

using Cg and vp as fitting parameters, where vp is the non-integer value of
the vibrational quantum number at the dissociation limit.

(BN

Once the Cg value is known, numerical analysis of the Schrodinger equation
can be used to find the following approximation to the long range part of the
molecular potential:

Cro CG) (2.17)

vin == (G %

where C1; is used as a fitting parameter. Once a good approximation to V' (r)
has been found that matches the experimental data well, the phase, ®, can
be calculated and equation (2.13) used to find the scattering length.
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Once a is known for one isotopic combination, the mass scaling of ® can
be used to determine a for the remaining isotopes. This method gives a
more precise measurement of the scattering length than that described for
1-photon photoassociation and also works for heteronuclear mixtures.

2.4 Electric and magnetic dipole moments

Once Feshbach molecules have been created they can be transferred into the
absolute ro-vibrational ground state using a process called STIRAP (Stimu-
lated Raman Adiabatic Passage) which will not be discussed here but detailed
descriptions of the process can be found in, for example, [37, 99].

It is in the ground state that the molecules have an electric dipole mo-
ment, which, along with the permanent magnetic dipole moment of the CsYb
molecule can be used for many interesting experiments, such as engineering
spin dependent interactions once the molecules have been loaded into an
optical lattice. These can be used for investigating lattice-spin models [16].

Dipolar molecules are interesting due to their long-range, anisotropic dipole-
dipole interaction. The maximum energy for this interaction when all of the
dipoles are aligned is given by:

Cyal —3cos?6

Uaa = 47 73

: (2.18)

where Cyq is a coupling constant. This takes on different values depending on
whether the dipole is an electric dipole, dy (Cqq = d? /o) or a magnetic dipole,
p (Caa = p12po) [15]. The long-range character of the dipole-dipole interaction
can be seen from the r=3 term, contrasting with the r=¢ dependence of the
contact interaction for neutral atoms. The anisotropic behaviour is evident
from the 1 — 3 cos? 6 term.

A characteristic length, aqq, can be defined as:

Cddm

@dd = Torp2’

(2.19)

with m as the mass of the molecule. This can be used to compare the dipole-
dipole interaction with the contact interaction (which depends on the s-wave
scattering length, a) by the ratio:

adqd
= —, 2.20
€=~ (2.20)
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2.4.1 Electric dipole moment of molecules in the ro-
vibrational ground state

Diatomic molecules only show a significant permanent electric dipole mo-
ment when in the ro-vibrational ground state (where rotation and vibration
quantum numbers are all zero and the internuclear distances are the small-
est). This is because the dipole moment is proportional to r=7 and so is
vanishingly small for molecules with larger internuclear distances [100].

When vibration within the molecule is ignored, a diatomic molecule can be
modelled as a rigid rotator with each atom treated as a point mass at a
distance r away from the other. The eigenfunctions of such a system can be
shown to be [101]:

¥y = N, PI™(cos )79, (2.21)

where N, is a normalisation constant, ¢ is the azimuthal angle between the
line connecting the two atoms and the origin about the z-axis, 6 is the angle
between this line and the z-axis and P}mJ (cos ) is the associated Legendre
function. The probability distribution is then given by ¢*¢ and some of these
can be seen in figure 2.6. These plots show that the molecule will only start
to show ‘direction’” when higher order rotational states start to be mixed in;
specifically as J increases the m; = J state starts to look like a classical
rigid rod rotating about the z-axis. When there is no rotation (J = 0), there
is no preferred direction for the molecule and the probability distribution is
spatially symmetric.

For diatomic molecules that have two different atoms, such as CsYb or RbCs,
a permanent electric dipole moment will be associated with the molecule as
the centres of positive and negative charges do not overlap as they would
within a homonuclear molecule. However, the dipole moment will not start
to manifest until there is rotation associated with the molecule. This is
because, as for the J = 0,m; = 0 state in figure 2.6, the charge is evenly
distributed over the molecule and there is no preferred direction.

Therefore, in order to measure the electric dipole moment the molecule must
not only be in the ro-vibrational ground state, but must also have a direction
imposed on it by the addition of an external electric field, which acts to mix
in states with a higher rotational quantum number. This comes about from
the Hamiltonian of a rigid rotator with a permanent electric dipole moment,
do, interacting with an external electric field, F, [102]:

<Jm=]| H|‘]/mil> = BrotJ<‘]+ 1) 5JJ/me/J
J 17 J 1 J
_ i _1\myg
doBy/ (2] +1) (20" + 1) (1) < )(0 0 o)‘

—my 0 m/
(2.22)
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Figure 2.6: The probability distributions for different values of J and m;
for a diatomic molecule when modelled as a rigid rotator (all plotted on the
same scale). The plots are plane sections through what would in reality be
a 3-dimensional probability distribution. ‘Direction’ only starts to manifest
at higher rotational quantum numbers, specifically for m; = J.
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Figure 2.7: The Stark shift for the J = 0,m; = 0 (black), J = 1,m; =0
(red) and J = 1,m; = 1 (purple) states for any diatomic molecule. Specific
values can be calculated by substituting in the relevant rotational constant
(Biot) and dipole moment (dp).

The first term is simply the rotational energy which does not depend on the
electric field, whilst the second term describes the Stark effect. The factors in
brackets are the Wigner 3-j coefficients and B, is the rotational constant of
the particular molecule. The Stark shift of a diatomic molecule with applied
electric field for the J = 0 and J = 1 states can be seen in figure 2.7.

The dipole moment of the ground state molecule can be calculated by taking
the gradient of the black line (J = 0) in figure 2.7. The dipole moment is
plotted in the main graph in figure 2.8 in terms of dy and B,.. It can be
seen that the dipole moment never reaches dy and it would only reach that
value at an infinitely large electric field. The inset in figure 2.8 shows how
the dipole moment calculated at an electric field of 100E; (where Egyq is
defined as Bio/dy) changes depending on the number of levels included in
the calculation. As a compromise between accuracy and computation time
for the graphs presented here 6 levels were used (i.e., 0 < J < 5).

A useful parameter to calculate when comparing different dimers is the criti-
cal electric field, Eeiy = Byot/do. At Egy the dipole moment will be equal to
do/3, so it gives a good estimation of the magnitude of electric field that will
need to be applied to the molecules when designing an experiment. Values
of Egj for some different diatomic molecules are listed in table 2.3 along
with their dy and B,y values. It can be seen that CsYb has a relatively
small dipole moment, however, it does have the advantage that it also has a
permanent magnetic dipole moment (see Section 2.4.2).
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Figure 2.8: The electric dipole moment of a diatomic molecule with applied
electric field. Specific values can be calculated by substituting in the relevant
values of B, and dy for a particular molecule. Inset: how the number of
rotational levels included in the calculation influences the value of the dipole
moment calculated. The dipole moment only reaches dy at infinitely large
electric fields.

Additional information on the electric dipole moment of ro-vibrational
ground state molecules can be found in [15, 16].

2.4.2 Magnetic dipole moment

Bi-alklai dimers, such as RbCs, do not have a magnetic dipole moment as
both Cs and Rb have just one valence electron, both of which are involved
in forming the bond within the RbCs molecule. However, when a rare earth
atom, such as Yb, is bonded to an alkali atom, one valence electron is left
free after the bond has formed, due to Yb possessing two valence electrons.

Molecule By (GHz)  dy (D)  Egi (kVem™?)

CsYb 0.21 0.24 1.71
RbCs 0.51 1.26 0.80
KRb 116 0.566(17) 3.74

Table 2.3: The rotational constant, B, dipole moment, dy, and critical elec-
tric field, F.;; (as described in the text) for a selection of diatomic molecules.
Data taken from [44].
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Therefore, the CsYb molecule has both an electric and a magnetic dipole
moment in the ro-vibrational ground state.

The main difference between the magnetic and electric dipole moments is
that the magnetic dipole moment is present in all states; the CsYb molecule
does not have to be in the ro-vibrational ground state to measure a significant
magnetic dipole. However, the magnetic dipole moment is much weaker than
the electric dipole moment. Taking the ratio between the coupling constants,
Cuyq, for the electric and magnetic dipole moments for CsYb demonstrates

: piuo -3
this, as d%/e?) =1.5x107"°.

Even though the magnetic dipole moment is quite weak, it does allow the
molecules to be controlled via both magnetic and electric fields. This gives
both dipole-dipole interactions and the ability to engineer spin-rotation cou-
pling between molecules [16].

2.5 Summary

To summarise, it is advantageous to study a closed shell-alkali metal mix-
ture because of the availability of both a magnetic and electric dipole mo-
ment. The specific mixture of Yb-Cs was chosen as Feshbach resonances
have been predicted to occur for mixtures such as this due to the internu-
clear distance dependent change in the hyperfine coupling constant of the
alkali atom. These Feshbach resonances could be used for magnetoassocia-
tion to form molecules from the atoms. Cs in particular was chosen as it is
the highest mass alkali that can be readily laser cooled and thus has more
promising characteristics that may make the predicted Yb-Cs Feshbach res-
onances wider at lower magnetic fields.
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Experimental apparatus:
Vacuum system

The simultaneous laser cooling and trapping of Cs and Yb required a complex
vacuum system to be constructed. An overview of the vacuum system can
be seen in figure 3.1 and this chapter will detail the design, construction and
testing of each section labelled. The vacuum system was designed to have five
main sections; a dual species oven (Section 3.2), a region where spectroscopy
can be carried out on the beam (Section 3.3), a Zeeman slower (Section 3.4)
connected to an ultra high vacuum science chamber (Section 3.5) pumped
out by the final pumping station section (Section 3.6).

3.1 Overview of the vacuum system

Each section of the vacuum system labelled in figure 3.1 has a specific purpose
and therefore a specific vacuum requirement.

The Cs and Yb atomic beams are formed and spatially overlapped at the
oven, which naturally has a higher pressure due to the temperatures required
to produce the beams. This higher pressure region must be isolated by
differential pumping from the UHV science chamber so that the pressure
there remains constant and low. The narrow Zeeman slower tube physically
separates the two ends of the completed vacuum system, which can be seen
in figure 3.2. Spectroscopy can be performed on the atomic beams at the
six-way cross before the Zeeman slower.

3.2 Dual species oven

The first element of the vacuum system to be considered was the dual species
oven. This needed to produce a similar flux of each atomic species in a single

30
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Oven section  Spectroscopy Zeeman slower Science Pumping
section chamber station
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Figure 3.2: Top: the vacuum system shortly before the final bake-out on
the optical table in the lab. The magnets are not on the ion pumps at this
point as the bake is about to begin. Middle and bottom: a side and top view
schematic of the vacuum system showing the five sections and the locations
of specific components such as the rotary shutter and gate valve.



Chapter 3.  FExperimental apparatus: Vacuum system 33

overlapped beam. Therefore, it was necessary to first consider how atomic
beams are formed in an oven before the dual species oven for Cs and Yb
could be designed.

3.2.1 Theoretical considerations

In this section a brief overview of molecular beams effusing from both a thin-
walled aperture and longer tubes will be given, however, greater detail can
be found in many textbooks, for example, [103-105].

The first design parameter that needed to be considered is what temperatures
are required to provide approximately the same flux for each metal. For a
first approximation, equalising the vapour pressures for each species will give
the same flux of atoms.

Vapour pressure
The vapour pressure for Yb can be calculated using [106]:

8111
log(P) = 2.881 +9.111 — ——— — 1.0849 log(T), (3.1)

where the pressure, P, has been converted to units of Torr and where 298
< T <900K. In a similar manner, the vapour pressure can be calculated for
Cs using the equations below, where the pressure is again in Torr [106]:

2.881 +4.711 — 39 208 < T < m.p

log(P) = (3:2)
2.881 +4.165 — 350 mp < T < 550.

Here the top equation is for the solid phase of Cs and the bottom for the
liquid phase. The melting point (m.p.) of Cs is 301.65 K [107].

Figure 3.3 compares the calculated vapour pressures for Cs and Yb, plotted
on a log scale. It can be seen that only a small change in the temperature
of the oven can result in a large change in the pressure (and so atom flux).
The dual species oven is run such that the vapour pressures of Cs and Yb are
approximately equal, with the Cs chamber being heated to 100°C (373 K)
compared to the 400 °C (673 K) required for Yb. This gives vapour pressures
of 6.0 x 10~* Torr and 7.4 x 10~* Torr respectively.

The number density, n, of the atoms in the oven can be easily calculated
by approximating the atoms as an ideal gas (assuming the number of atoms
leaving the oven through the aperture is negligible compared to the total
number),
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Figure 3.3: The vapour pressure for Cs (red) and Yb (purple). It can be seen
that the Cs has a much larger vapour pressure at any given temperature.
The dashed lines show the temperatures at which Yb and Cs have a vapour
pressure appropriate for the oven. This impacts on the design of the oven in
that two areas with very different temperatures need to be created and the
temperature gradient between them carefully managed.

P
kT’

n (3.3)
The number densities for Cs and Yb at the temperatures and pressures above
are (1.6 x 10') atomsm™ and (1.1 x 10'%) atoms m ™~ respectively.

Effusion from a thin-walled aperture

Once the atoms have been heated to the appropriate temperature in the oven
a beam can be formed by letting some of the atoms effuse out of the oven
chamber. The simplest choice of exit from the oven is a thin-walled aperture.
In general, if the area of the aperture is small compared to the total area
of the oven and if the mean free path, A, is large compared to the aperture
diameter then the beam will be fairly well collimated. The mean free path
is the average distance an atom travels before it collides with another atom
and it can be calculated from [104]

1

A=,
V2ron

(3.4)
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where o is the cross sectional area for collision and n is the number density
of the atoms. If the velocity of the atoms follows the Maxwell-Boltzmann
distribution and the gas is at a certain pressure, P, then the mean free path
can be estimated as

A= kgT
- V2rd2P’

where the collision cross section has been approximated to be the diameter
of an atom, d, squared.

(3.5)

Velocity distribution

The velocity distribution of the atoms within the oven is described by the
Maxwell-Boltzmann distribution [105],

f(z) = —=x"e", (3.6)

with © = v/vy where v, is the most probable velocity for an atom in the

oven:
2kpgT
Vg =4/ - (3.7)

However, for an atomic beam the most probable velocity is [108]

T
o = 3R (3.8)
m

The most probable velocities for the Cs and Yb atomic beams with the above
oven temperatures are 264ms~! and 311 ms~! respectively. The Maxwell-
Boltzmann distributions for Yb and Cs at oven temperatures of 400 °C and
100°C are shown in figure 3.4.

Atomic flux

At a large distance from the aperture the atomic intensity or flux (atoms in
a certain solid angle per unit time) will be given by

nvg
273/2

I1(0)dw =

A cos(f)dw, (3.9)

where dw is a solid angle element (dw = sin(0)dfde), 6 is the angle from the
axis normal to the aperture, A is the aperture area, n is the number density
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Figure 3.4: The Maxwell-Boltzmann distribution for Cs at a temperature of
100°C (red) and Yb at 400°C (purple). The solid red (purple) line shows
the average velocity for a gas, v, in the oven, whilst the dashed red (purple)
line shows the average velocity in the atomic beam, vy, for Cs (Yb).

in the oven (calculated in the previous section with equation (3.3)) and v, is
as given in equation (3.7). This result is derived in full in [105].

Following from this, the total intensity of atoms leaving the aperture is:

2T 5 nvg . nugA
In 7/ | 9302 cos(f) sin(0)dfd¢p = N (3.10)
and the intensity in the forward direction (i.e., for § = 0) is
nvgA
o= 15375 (3.11)

Effusion from a tube: collimating a beam

The atomic beam can be made to be collimated by using a tube with radius
r and length L (rather than a plain aperture of area 7r?) as the exit from
the oven. If the number density is kept low enough such that the mean free
path is large compared to L then only atom-wall collisions take place (rather
than atom-atom collisions), i.e., the atoms will still be in the molecular flow
regime rather than the opaque (viscous) regime where atom-atom collisions
dominate.



Chapter 3.  FExperimental apparatus: Vacuum system 37

When considering a tube rather than an aperture it is useful to define a new
variable, ¢, [105] such that

L
= —tan6. 3.12
¢=5 (3.12)
For ¢ < 1 we have both contributions to the atomic beam intensity from
the source where atoms do not strike the wall and also contributions from
atoms that have struck the wall and bounced off. For ¢ > 1 there are only
contributions from atoms that have rebounded from the wall.

Therefore, it can be shown (see [105] and the references therein) that the
angular variation of the intensity is modified from equation (3.9) to the fol-
lowing form:

10) = 35250), (3.13

where j(0) is the angular variation given by

arcos(f) + 2 cos(0) [(1— a)R(q) + £(1 = 2a)(1 — (1 - ¢*)3)] ¢ <
J(0) =

acos(f) + %(1 — 2ar) cos(0) q>

Here o and [ are geometric factors,

B== (3.15)

1 1 (1—253+(252—1)m> (3.16)

“TaT V1T % — Bsinh ' (1/5)

2 3p?
whilst R(q) is the radial movement of the atom,

R(q) = cos™(q) — q/1 — ¢*. (3.17)

If p — oo then equation (3.13) simplifies down to the solution for a thin-
walled aperture (equation (3.9)).

The total intensity over all angles for a tube follows

[ =Wly, (3.18)

where I, is as given in equation (3.10) and where the transmission probability
of the tube is,
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Figure 3.5: (a) The atomic beam intensity as a function of angle from the
opening (either aperture or tube) for 8 values of co (black), 0.75 (red), 0.2
(purple) and 0.029 (green). Collimation of the beam increases as [ decreases,
however, as can be seen in (b) a smaller § value also reduces the total intensity
in the beam as there is now less intensity in the wings.

W=1+ 2(1 —2a) (B —/1+ %) + 3;2(1 +a)(1—4/14+5%).  (3.19)

The intensity profiles for various values of § have been plotted in figure 3.5(a)
normalised to the forward intensity, /. The case where § = oo (black line)
shows the intensity profile for a simple thin-walled aperture of area mr?, as
discussed in Section 3.2.1. The green line shows the intensity profile for
a [ value of 0.029 which characterises the atomic beam from one of the
capillary tubes used in the vacuum system (r = 0.29mm and L = 20 mm,
see Section 3.2.2). The red and purple lines give an idea of how changing the
radius and length of the tube can help collimate the atomic beam.

For the same oven pressure and number density, the forward intensity in each
case is equal to equation (3.11) for both a thin-walled aperture and a tube,
but as the total intensity decreases for a tube (as W < 1), it follows that
there will be less intensity in the wings and so fewer atoms are wasted. The
total intensity, I = W14, as a function of 5 can be seen in figure 3.5(b); as
would be expected the total intensity in the beam decreases as the diameter
of the opening decreases (or the length of the tube increases).

Tube array

The results above are for a single tube, however, using an array of tubes
can give a greater forward intensity but without loss of collimation. This
is because any interference between atomic beams coming from individual
tubes can be neglected therefore the forward intensity scales linearly with
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Figure 3.6: The mean free path for Yb in the oven. The two horizontal lines
represent where A = SL or 10L (the two limits where the flow starts to
become opaque (see text).

the number of tubes in the array. Each atomic beam from each tube has the
same intensity distribution and so the same collimation.

Molecular versus opaque flow

Molecular flow occurs when the mean free path of an atom is larger than a
characteristic length scale: either the diameter of an aperture or the length of
a tube that it is travelling through, i.e., A > L, 2r. However, if the pressure
increases the mean free path decreases (as seen in equation (3.5)) and atom
collisions become more probable. This results in the atom flow becoming
‘opaque’ (also referred to as viscous flow) with the main drawback being
that the angular distribution of the intensity spreads and so collimation of
the beam is lost.

Up to a certain point, the atomic flux can be increased by raising the tem-
perature of the oven (and so the pressure or number density), however this
does not hold forever. Past a certain pressure the flow will no longer be in
the molecular regime and so atoms will start to be lost from the beam. The
region at which this starts to occur is when the Knudsen number, K1, = A/L
is between [ < K1, < 10 [105].

Encroaching on this regime is more likely for Yb as higher atomic fluxes
(and so higher temperatures) are required to perform spectroscopy on the
556 nm transition. Therefore the vapour pressure for Yb (equation (3.1))
was substituted into the equation for the mean free path (equation (3.5))
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with the radius of an Yb atom as d/2 = 175pm [109]) and the dependence
of the mean free path on the oven temperature was plotted to see the range
at which flow begins to become opaque. The resulting graph can be seen in
figure 3.6; the two horizontal lines show where A = L and A = 10L, giving
a temperature range of approximately 669 < T < 867K (396 < T < 594°C).

Empirically speaking, this temperature range fits the observations we have
seen in the Yb spectroscopy beam machine (see Section 4.4.3). When run-
ning the oven at 560 °C a coating of Yb was seen forming a disc around the
first aperture after the oven in an early version of the beam machine, sug-
gesting that the Yb beam was no longer collimated. The lower end of this
temperature range is less than the Yb oven temperature in the main vacuum
system and, indeed, a thin coating of Yb is seen on the rotary shutter sug-
gesting that even at 400°C we are starting to enter this regime. This is not
in itself a problem as we still get sufficient flux at the science chamber even if
collimation of the Yb beam is compromised. Collimation could be regained
by running the Yb oven at a lower temperature, however, the total atomic
flux seen in the science chamber would be less.

Further increases in pressure above this point (K,;, < SL) lead to hydrody-
namic effects becoming dominant and all collimation is lost. Operation of an
oven then becomes inefficient as most atoms do not travel down the system.

3.2.2 Design and construction of the dual species oven

From Section 3.2.1, the design requirements for the dual species oven are
that two separate sections with different temperatures are needed to get the
correct vapour pressures for the two metals; 100 °C for Cs and 400 °C for Yb,
and that the two atomic beams need to be overlapped and collimated using
an array of capillary tubes to increase the forward intensity whilst keeping
a high directivity. The place where this occurs should be the hottest part of
the oven to avoid clogging the capillaries.

The Yb source is three ingots of Yb totalling 5 g (Sigma-Aldrich, 261300-5G)
heated by a nozzle heater (Watlow, MB1J2AN1-X56, 450 W) clamped over a
copper block to increase the thermal contact with the oven (see figure 3.7(b)).
The flux of atoms going down the vacuum chamber can then be directly
controlled by changing the temperature of the Yb oven separately.

A nickel gasket was chosen for use in the DN16 blank flange forming the
bottom of this oven section as ytterbium often reacts in similar ways to
strontium and work with this metal [110] suggested that copper gaskets would
very readily react with the Yb. However, subsequently we found that a
group in Washington [111] had found that the opposite was true and that Yb
reacted with nickel and their vacuum system was subsequently compromised.
To eliminate doubt over this, samples of different gasket materials (nickel,
copper and silver-plated copper) were placed in the beam machine used for
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Figure 3.7: The dual species oven. (a) The Cs comes from three dispensers
whilst the Yb source is three ingots. The atoms travel along hemi-spherical
channels cut into the main oven section before passing through an array of
capillary tubes. (b) Four nozzle heaters control the temperature gradient of
the oven in conjunction with water-cooled clamps on some of the flanges.
The location of two are shown in the diagram as blue circles whilst another
two are clamped onto the six way cross immediately adjoining the oven to
bring the temperature of the vacuum system back to room temperature in
as short a distance as possible. (¢) The Cs dispensers are arranged in such a
way as to spray the inside walls of the oven with Cs, which will then act as
a reservoir to be heated with the nozzle heaters. (d) The two hemi-spherical
channels are separated by 0.4 mm allowing the atomic beams to overlap when
they exit the oven. (e) The capillary array containing 55 tubes is bolted over
the channels to collimate the atomic beams.
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spectroscopy. Some pitting on the surface of the nickel gasket was found,
appearing to confirm the findings of [111] but there was no change to the
surfaces of the copper and silver-plated copper samples. At the time of
writing, micro-leaks had started to develop in the oven section which meant
that the oven had to be brought up to air for the nickel gasket to be replaced
with a non-reactive copper one.

As can be seen in figure 3.7(c), the source for the Cs is an array of three
250 mg dispensers (Alvatec, AS-3-Cs-250-S) that can be individually ad-
dressed via the feedthrough flange (MDC Vacuum, HV5-30C-4-C40). The
wiring diagram for these dispensers can be found in Appendix D. The Cs oven
itself is simply a DN40 nipple (MDC Vacuum, CST40) that the dispenser ar-
ray slides into. The dispensers are positioned in the oven such that they
spray the Cs onto the walls of the tube so the vapour pressure, and therefore
the atomic flux, can be controlled using another nozzle heater clamped over
the body of the oven (see figure 3.7(a)).

Unfortunately, as mentioned above, after several months of running the oven
at the temperatures required to produce both Cs and Yb atomic beams the
vacuum in the oven section started to degrade. During the process of bringing
the oven up to air the Cs dispensers oxidised, so they were replaced with
six smaller 3.9 mg dispensers from SAES Getters (Cs/NF/3.9/12 FT10+10).
Therefore, Chapter 6 contains results obtained from both sets of dispensers,
however it is made clear on the text which set of dispensers were used.

The Cs oven was placed the furthest away from the capillaries as it needs to
be the coolest part of the dual species oven to maintain the correct vapour
pressure. A constant temperature of 100°C is maintained across this oven
section using a combination of a nozzle heater and water-cooled clamps on
the two flanges of the nipple.

Once the Cs atoms have been heated they exit the oven through a hemi-
spherical channel wire-eroded into the main oven (figures 3.7(a) and (c)).
A similar channel is cut to provide a route for the Yb atoms to leave their
oven section. The two channels are separated by 0.4mm and this allows
the atomic beams to be spatially overlapped. This main part of the oven
was made by the mechanical workshop at Imperial College London and the
technical drawing for it can also be seen in Appendix D.

An array of 55 capillary tubes (figure 3.7(e)) is clamped in a triangular mount
(see Appendix D) and bolted over the hemi-spherical channels to collimate
the atomic beams. Each 20 mm long capillary tube (Coopers Needleworks)
is made of 304 stainless steel and has an inner diameter of 0.58 mm and an
outer diameter of 0.89 mm.

A final nozzle heater (Watlow, MB1J1JN4-X36, 600 W) is placed over the
location of the capillaries and this maintains the highest temperature in order
to avoid clogging. The nozzle heater temperatures are given in table 3.1 along
with the corresponding measured temperatures. Several thermistors have
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Nozzle heater Tyt (°C)  Thneas (°C)

Cs oven 100 83

Middle 390 238, 267

Yb oven 400 434
Capillaries 570 478

Table 3.1: The temperature set points and corresponding measured temper-
atures along the dual species oven. Two measured temperatures are quoted
for the middle nozzle heater; the lowest near the water-cooled flange next to
the Cs oven and the highest closer to the capillaries.

been placed at various parts of the oven to monitor temperatures and ensure
that the correct temperature gradients are being achieved. There is only a
40 °C difference between the Yb oven and the capillaries, which is not ideal,
however, to date it has not caused a problem. In a second generation design,
the tube forming the Yb oven may be lengthened, allowing independent
cooling of the Yb oven and a greater temperature gradient to be achieved.

The whole oven section

Whilst the most critical part of this region of the vacuum system to design
is the dual species oven itself, there are other considerations to address with
respect to the design of the rest of the oven section. These include ensuring
that there is adequate pumping to remove the hydrogen that will be baked
out of the metal of the oven chamber when it is operational, as if the pres-
sure becomes too high no atomic beam will form as there will be too many
collisions between atoms in the beam and background gas. This pumping
is achieved with a 551s™! ion pump in combination with a Non-Evaporable
Getter (NEG) pump. These will be discussed in more detail in Section 3.6
but their location in the oven section can be seen in figures 3.8(a) and (b).

The six-way cross (MDC Vacuum, CX6-40) after the oven, visible in fig-
ure 3.8(b), has further water-cooling clamps around it (seen as pairs of blue
circles in the figure), decreasing the temperature of the metal back to room
temperature in as short a distance as possible, thus decreasing the pressure
due to out-gassing of hydrogen from the metal. This cross also houses a
rotary shutter for blocking the atomic beams.

It is advantageous to be able to block the atomic beam after loading the MOT
as this prevents hot atoms from colliding with the trapped atoms in the MOT.
Therefore, in the six-way cross immediately after the oven a shutter has been
attached to a motorised rotary motion feedthrough (MDC Vacuum, BRM-
275-03) (see Appendix D for the technical drawing of the shutter), allowing
the atomic beams to be blocked with a command from the LabVIEW control
program (described in Section 4.6).
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Figure 3.8: (a) A photograph taken of the oven and spectroscopy sections
before their first bake. At this time the 401s™! ion pump was still on an
old vacuum system and wasn’t added until the final bake out of the entire
vacuum system, however the tee for it to be attached to can be seen towards
the left of the photograph. (b) A schematic of the oven and spectroscopy
sections, with key components such as the gate valve, differential pumping
tube and pumps labelled. The locations of the water cooled clamps are shown
as pairs of blue circles.
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(b)

Figure 3.9: (a) The rotary shutter is centred on the atomic beam position
and allows the atomic beam to be blocked when not in use. The differential
pumping tube can be seen in the left of the viewport. (b) Two of the apertures
in the shutter can be seen along with the grub screws holding the shutter on
to the motarised feedthrough. The two longs slots allow trapped gas from
the threads of the grub screws to escape.

The rotary shutter can be seen in figure 3.9. The shutter has two 5mm
notches cut through it at 90° to each other (figure 3.9(b)) such that one
full revolution gives four pulses of atoms. This allows spectroscopy to be
performed on the atomic beam when the shutter is open as light can be
shone through perpendicular to the atomic beam.

The shutter is clamped to the rotary feedthrough with two grub screws. Two
thin slots have then been machined into the top of the shutter which allows
trapped gas to be released from the grub screw threads (see figure 3.9(b)).

A gate valve (MDC Vacuum, E-GV-1500M-11) separates the oven from the
rest of the vacuum system, allowing the Cs dispensers or Yb ingots to be
replaced without breaking vacuum in the science chamber. In a future second
generation oven a further valve would be introduced between the Cs and Yb
oven sections allowing the Cs dispensers to be replaced without disturbing
the Yb oven. This gate valve would also stop Cs atoms escaping the oven,
which they will do even at room temperature due to the relatively high vapour
pressure of Cs; this will therefore increase the lifetime of the Cs source.

3.2.3 Testing the atomic beams

The first test that needed to be performed on the vacuum system oven was
to see whether the capillaries were working as expected and were forming a
collimated Cs atomic beam. The Yb beam was tested at a later date as the
lasers for this species were still being developed at Imperial College London.
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Figure 3.10: A comparison between Cs spectroscopy on the atomic beam
(black trace) and in a vapour cell (red trace) as a reference. In the black
data the absorption dips due to the atomic beam can be seen overlaid on a
small Doppler background.

Caesium

To get the first signal from the Cs atomic beam in the vacuum system the Cs
nozzle heater was run at 200 °C with the capillaries at 300 °C. Cs dispenser
1 (see wiring diagram in Appendix D) was run at the minimum activation
current of 4 A for 3 hours and then at 6 A for a short time in order to boost
the amount of Cs available on the walls of the oven to form a beam.

Beam profile

The absorption recorded from the Cs atomic beam can be seen in figure 3.10
along with a reference spectroscopy signal. The absorption dips from the
F’ =5, F’ = 4 and F’ = 3 lines can clearly be seen on top of a Doppler
background. The Doppler background is thought to be due to Cs depositing
either on or nearby the capillaries as it was found that the Doppler profile
could be reduced by increasing the temperature of the capillaries.

With the atomic beam detected, the Cs oven temperature could be turned
down to 100°C in order to preserve the amount of Cs and so the lifetime of
the oven. The capillary nozzle heater was then at 150 °C, the middle heater
at 100°C and the Yb oven heater was not turned on. These oven settings
were routinely run whenever Cs was being used alone in order to not deplete
the Yb unnecessarily.
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Figure 3.11: (a) The probe laser beams were set up on a breadboard which
was translated vertically with respect to the viewports. The mirrors on the
opposite side of the vacuum system had a large diameter so the probe beams
did not need to be realigned each time. (b) The black squares are from the
first set of viewports, through the rotary shutter. The red circles are data
taken through the spectroscopy section six-way cross. The black and red
lines are Gaussian fits to the data that have been constrained to be zero in
the wings.

The atomic beam profile for Cs was measured at two places; through the
rotary shutter straight after the oven and through the second six-way cross
before the Zeeman slower (at (127 +5) mm and (361 4+ 5) mm from the capil-
laries in the oven respectively). The measurements were taken by collimating
two probe beams on an optical breadboard and translating the breadboard
vertically with respect to the oven viewports (figure 3.11(a)). The probe
beams both had the same 1/e* diameter; (0.75 £ 0.06) mm horizontally
and (0.82 £ 0.06) mm vertically. The beam through the first set of view-
ports had a power of (1.37 + 0.05) uW, whilst that through the second set
was (1.34 £ 0.05) uW. The absorption of each probe due to the Cs atomic
beam was measured for different heights and the results can be seen in fig-
ure 3.11(b).

A Gaussian of the form,

y = U\[exp< (X_X")2>, (3.20)

was used to fit the data, where A is an amplitude and o is the standard
deviation. This Gaussian has been constrained to equal zero in the wings
as where there is no atomic beam there will be no absorption of the light.
The FWHM (denoted w here) of the beam at the two locations can be cal-
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culated from this Gaussian as 2v/0.5ln2¢ giving wy; = (6.1 + 0.5) mm and
wy = (6.5 £ 0.6) mm at (127 +5) mm and (361 +5) mm from the capillaries.
Therefore, it can be concluded that the capillaries are working as expected
and give a well collimated Cs atomic beam as the two measured widths were
equal to within error. The half angle of divergence can be calculated to be
(0.05 + 0.08)° using the small angle approximation with the known distances,
L1 and Lo, between the two width measurements:

Wy — W1

0= —"—r.
2(Ly — Ly)

(3.21)

The error on the divergence angle is larger than the angle itself as the two
widths are equal to within error.

Atomic velocity

The velocity of the Cs atoms was determined by probing the atomic beam
at a slight angle, 6°, from perpendicular to the atomic beam and measuring
the shift in the frequency of the absorption peak. This gives information on
the velocity as:

w = wy — kv, (3.22)
where
2
§ = kv = % (3.23)

So, converting out of angular units, the frequency shift due to the component
of the atomic velocity along the direction of the probe beam is,

v sin 6

A

The measured value of § = (31 & 1) MHz for an angle of # = 6°. Therefore,
rearranging the above equation gives v = (260 4+ 10) ms~!. This agrees to

within error with the velocity calculated using equation (3.8) for a Cs beam.

5 = (3.24)

Ytterbium
Beam profile

The width of the Yb atomic beam was also measured at two different lo-
cations to get an idea of how well collimated the beam is. This time the
measurements were taken at the second six-way cross and at the science
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Figure 3.12: The Yb atomic beam profile at (a) the six-way cross near the
oven and (b) the science chamber. The atomic beam appears to be smaller at
the science chamber, however, this could be an artefact of the small signals
recorded. The line in (a) is purely to guide the eye.

chamber using the 'Sy —!P; transition at 399nm. Absorption data could
only be taken near the oven and fluorescence had to be used at the science
chamber as the atomic beam was too diffuse to detect absorption.

Unlike for Cs where narrow probe laser beams were used, for measuring the
Yb atomic beam profile the probe beam was expanded to a large diameter
and a 2mm aperture translated vertically across it. At the six-way cross (fig-
ure 3.12(a)), the depth of the absorption feature for *™Yb (the most abundant
isotope) was measured on an oscilloscope (Tektronix, DPO 4034B) with the
signal from the photodiode being AC coupled. A percentage absorption was
then calculated by measuring the constant background on the photodiode
when DC coupled.

The FWHM at the cross, figure 3.12(a), is (9 £ 2) mm, although, as the data
were taken by translating a 2mm aperture across the beam, this may be a

convolution of the atomic beam width with that of a 2mm aperture, giving
an approximate FWHM of (7 &+ 2) mm.

Figure 3.12(b) shows the fluorescence data taken at the science chamber and
this gives a Gaussian width of (4.7 £ 0.4) mm. Again, this data may also be
a convolution of the aperture and the atomic beam, however, the fluorescence
signal was very small and close to indistinguishable from noise at the edges
of the beam so the actual width may be larger. It is therefore not sensible
to try and calculate a divergence angle for Yb as was done for Cs. When a
large probe beam was shone on the atomic beam, the widths at the two ends
of the vacuum system appear approximately equal by eye.
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Transverse velocity

A complete fluorescence spectrum was taken at the science chamber, with
every Yb isotope apart from the least abundant '®®Yb being detected, see
figure 3.13(a). In order to obtain this spectrum, fluorescence from the atomic
beam was collected onto a Thorlabs DET110 photodiode and compared to
some etalon peaks from the same laser. The scan of the laser was not linear
in frequency so the data had to first be linearised.

This was done by using two etalon peaks to convert the horizontal axis from
time (as recorded on the oscilloscope trace) to frequency. The spectrum was
then centred on the largest signal (from '™YDb). The frequency shifts from
YD to the rest of the distinguishable isotope peaks were then measured
and compared to a reference (table 2.2, [71]). The differences were plotted
versus the measured frequencies that the peaks occurred at and a high order
polynomial was fitted to the data. This polynomial was then subtracted from
the frequency axis, thus making the peaks from the various isotopes occur at
the correct frequencies.

Some peaks in the spectra in figure 3.13(a) arise from multiple isotopes whose
isotope shifts are similar, however, the widths of the peaks formed from a
single isotope can be used to estimate the transverse velocity of the atoms.
This was done by fitting a Voigt profile to the peaks with any Gaussian
broadening from the fixed Lorentzian natural linewidth (I" = 27 x 30.6 MHz)
indicating Doppler broadening due to the transverse velocity of the atoms.

The Voigt profiles fitted to each of the three peaks (1"Yb, 1™Yb and '"Yb,
F = 3/2) gave Gaussian widths of (26.8 + 0.7) MHz, (22.5 + 0.4) MHz and
(21 £ 1) MHz respectively. These peaks can be seen in figures 3.13(b), (c)
and (d).

The Gaussian width, o, relates to the temperature, T', of the beam as

o= h (3.25)

where fj is the frequency of the transition. Re-arranging this gives a trans-
verse ‘temperature’ of

o\ me
(o) o

The rms velocity is then given by the following formula:

[3kgT
Urms = & - \/go-c- (327)
m Jo

Calculating this velocity for the three peaks gives (17.6 + 0.5)ms™ !,
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Figure 3.13: (a) The full Yb fluorescence spectrum recorded in the science
chamber where signals from every isotope apart from the least abundant
1Y can be seen. Each of the single isotope peaks for (b) "'Yb, F = 3/2,
(c) '™YDb and (d) '"Yb were fitted with Voigt profiles (red lines) to calculate
the transverse velocity (see text).

(15.1 + 0.3)ms™ ! and (13.1 &+ 0.7) ms™! for YD, '™Yb and "' Yb respec-
tively, or a weighted average (using the method in [112]) of (15.4 + 0.2) ms™*.
Whilst this is larger than the Yb MOT capture velocity, either power or ar-
tificial broadening of the MOT beams would allow atoms with this velocity
to be captured (see Sections 4.2.2 and 4.2.3).

Using the average transverse velocity, the divergence of an atom travelling
at the average beam velocity, vy, can be calculated. This yields a value of
(61.9 £ 0.8) mm (or a half-angle of (1.41 + 0.04)°). This seems like quite
a large divergence but considering that the Yb beam may not be very well
collimated in the temperature regime in which the oven is operating this may
not be unreasonable.
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3.3 Spectroscopy section

The main purpose for the spectroscopy section is to allow access to the atomic
beams for spectroscopy (or potentially transverse cooling). However, this
section has other uses in terms of the level of vacuum as a connection between
the oven and the rest of the vacuum system.

The oven runs at relatively high pressures due to the temperatures involved
and so an extra pumping stage is advantageous before the atomic beam is
sent down the Zeeman slower due to vacuum conductance considerations.

3.3.1 Vacuum conductance and differential pumping

Ultra high vacuum is required in the science chamber so that trap lifetimes
will be as long as possible. Therefore, the high pressure oven must be isolated
from the science chamber and this is achieved using a series of differential
pumping tubes.

Differential pumping arises as a consequence of the conductance of molecules
in a vacuum going through tubes of different dimensions. In the molecular
flow regime, as in high vacuum, the conductance of a tube in 1s7* is [113]:

C=12=— (3.28)

where D is the diameter of the tube and L is its length (both in centime-
tres). This formula is for air at 20°C but gives a good indication of what
the conductance of a high vacuum system will be. It can be seen that the
conductance depends heavily on the diameter of the tube, therefore, using a
tube with a smaller diameter decreases the conductance, allowing areas with
different pressures to be isolated as much as possible.

In the vacuum system, there is a differential pumping tube after the rotary
shutter (which can be seen at the left edge of the viewport in figure 3.9(a)).
It has an inner diameter of 5 mm and a length of 60 mm. This gives a conduc-
tance of 0.251s7!, which is orders of magnitude smaller than the conductance
of a DN40 tube of the same length, 1241s~!. In addition to this, the Zeeman
slower tube also acts as a second differential pumping stage with a conduc-
tance of 0.641s7!, although this stage is less effective as the diameter is larger,
which isn’t quite compensated for by its increased length. For two tubes in
series the conductances add as:

Cron = (1+1)_1 (3.29)
tot — 01 02 ) .

giving a combined differential pumping conductance from the oven to the
science chamber of 0.181s7L.
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3.3.2 Spectroscopy section design

The spectroscopy section can be seen in figure 3.8(b) and simply consists of
a six-way cross (MDC Vacuum, CX6-40) with a 401s~! ion pump connected
to it via a DN40 tee (MDC Vacuum, ET40). The viewports on the cross and
one end of the tee are anit-reflection coated for 399 nm, 556 nm and 852 nm
so both the Cs and Yb transitions can be probed if necessary.

The 401s~! ion pump is included as a by-product of the differential pumping
described above; as the both the Zeeman slower and differential pumping
tubes limit the conductance to the science end pumps and oven pumps re-
spectively. The pressure achievable at the spectroscopy section would be
limited without the additional ion pump. This is especially true overnight as
the gate valve is shut every day during the time when the oven is cooling in
an effort to delay Yb coating the Zeeman slower viewport at the other end
of the vacuum system.

3.4 Zeeman slower tube

The Zeeman slower tube is simply a DN16 pipe with an inner diameter of
16 mm and a length of 770 mm with a short bellows section (MDC Vacuum,
075-X) connecting to the science chamber. This was the last connection
made when the vacuum system was bolted together, allowing the flexible
bellows to absorb any stresses due to misalignment of the two halves of the
system. Perfect horizontal alignment could not be guaranteed before the
final connection was made due to the large size of the system, therefore there
had to be some flexibility built in. The final alignment was achieved by
visually sighting along the system from the Zeeman slower viewport at one
end and making sure that the apertures formed by the entrance and exit
of the Zeeman slower tube were centred on each other and equidistant from
the two welds from the science chamber viewports either side of the Zeeman
slower (see figure 3.14(a)).

The Zeeman slower coils were wound on to a separate former which was
manoeuvred over the tube before the final connection was made.

As mentioned in the previous section, the vacuum inside the Zeeman slower
tube is maintained from both ends by the spectroscopy section ion pump and
the science end pumps (see Section 3.6).
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Figure 3.14: (a) A plan and side view of the science chamber, with each set of
viewports labelled. (b) The top and bottom viewports are set in re-entrant
flanges, which give room for multiple sets of coils to be placed close to the
atoms. (¢) A photograph of the science chamber and pumping station before
connection to the rest of the vacuum system. The top and bottom plates of
the science chamber stand have grooves running around their diameter for
shim coils to be wound in place.

3.5 Science chamber

The most critical region in the vacuum system is the science chamber where
the experiments take place. The design of this chamber had to balance good
optical access with the ability to create large magnetic fields; requirements
that led to a design where the chamber has ten horizontal viewports with
various anti-reflection (AR) coatings and two re-entrant viewports on the top
and bottom. The science chamber was a custom part made by VG Scienta
and can be seen in figure 3.14(a) (with a more detailed engineering drawing
given in Appendix D). The viewport coatings are given in table 3.2.

The re-entrant flanges (figure 3.14(b)) allow coils to be mounted as close to
the position of the atoms as possible whilst maintaining optical access. These
flanges were custom made by the UK Atomic Energy Authority (UKAEA)
and the engineering drawing they supplied is given in Appendix D. The view-
port substrates also came from UKAEA, however, they were AR coated by
Vortex Optical Coatings to allow 399 nm, 556 nm and 852 nm light through.

There is a viewport at the end of the vacuum system that allows the two
Zeeman slowing beams for Cs and Yb through. It is a fused silica Kovar, zero
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Viewport AR coating (nm) Part number
Cs MOT 730 - 1064 VPZ38LABBAR-LN
Yb MOT 370 - 580 VPZ38LABBAR-LN
Dipole trap 532, 852, 1064 VPZ38LAWAR-LN
Re-entrant 399, 556, 852 Vortex
Zeeman slower 399, 556, 852 Vortex
Six-way cross 399, 556, 852 Vortex

Table 3.2: The viewport coatings for the vacuum system; the top three
coatings were supplied by Torr Scientific, the bottom three by Vortex (no
part number supplied).

length viewport (Torr Scientific, VPZ38LAQ) with a larger usable diameter,
coated by Vortex with the same AR coating as the re-entrant viewports.
Similarly, the viewports on the six-way crosses near the oven were bought
from VG Scienta (ZVP38QU) but were coated by Vortex. This was done to
allow spectroscopy of both Cs and Yb to be performed near the oven and also
ensured that the viewports could be used for optical pumping or transverse
cooling in the future, if needed.

3.6 Pumping station

After bake-out (detailed in Section 3.7) the vacuum is maintained with a
combination of Non-Evaporable Getter (NEG) pumps (SAES Getters, Ca-
pacitorr C400-2 DSK) and 551s7! ion pumps (Agilent, Vaclon 55), both of
which can be seen in figure 3.15 (as well as an additional 401s™! ion pump
(Varian (Agilent) Vaclon 40) on the spectroscopy section).

NEG pumps are highly efficient at pumping hydrogen from a vacuum system,
with pumping speeds of approximately 4001s~!. Ion pumps on the other
hand are better at pumping other molecules, so they clear any Cs that is not
in the atomic beam (Yb would immediately adsorb onto the vacuum chamber
rather than make it to the ion pumps due to its lower vapour pressure).

The pumping station section seen in figure 3.15 appears in two places on the
vacuum system; one is attached to the oven section six-way cross and the
other to the science chamber. The main component of the pumping station
is a custom-made part (VG Scienta) and the engineering drawing supplied to
the company can be seen in Appendix D. It is a modified four-way cross with
three arms made from DN63 tubing (with an inner diameter of 63.8 mm)
whilst the other is made from a DN40 tube (inner diameter 38.3mm). The
larger diameter of the DN63 tubes allows for a greater vacuum conductance
(see equation (3.28)) leading to the ion and NEG pumps. The depth of the
bottom DN63 arm is determined by the length of the NEG pump cartridge
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Figure 3.15: The pumping station was designed to maximise the vacuum
conductance to the ion and NEG pumps by having sections of DN63 tubing
with a larger diameter. The smaller DN40 section connects to the all-metal
valves and viewport. The depth of the lower part of the pumping station
exactly fits the length of the NEG pump used. The red arrows show the
pumping routes for gas molecules within the vacuum system.
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and puts a lower limit on the height the optics need to be at. The height
of the upper DN63 arm is made as small as possible to minimise the overall
height of the vacuum system. The DN40 arm allows connections to the
all-metal valve and the DN40 viewports to be made.

When pumping down the vacuum system, all-metal valves (MDC Vacuum,
MAV-150-T) provide the connection between the pump and the vacuum sys-
tem. When complete, extra up-to-air valves (Swagelok, SS-4H-TW) are fit-
ted onto the all-metal valves and then evacuated to provide an extra level of
defence in case there are leaks within the all-metal valve.

The construction of the vacuum system was captured in a time-lapse sequence
that can be viewed on the groups webpage [114].

3.7 Bake-out procedure

In order to create a vacuum system with a low final pressure, it was necessary
to bake the system into a turbo pump. This removes any water, oxygen and
other unwanted molecules from the system. The higher the temperature the
bake is performed at the better, however, some components such as viewports
have a maximum safe temperature so bake-outs are limited by these. A longer
bake can compensate for using a lower temperature.

The vacuum system was baked in four steps: separate bakes for the oven, sci-
ence chamber and Zeeman slower tube then a final bake out with everything
connected. Individual bake-outs were done to ensure a better final pressure
and so that the Cs atomic beam from the oven could be tested whilst the
science end was still being baked.

3.7.1 Vacuum cleaning procedures

Before construction each component of the vacuum system made by the
mechanical workshop had to be cleaned in order that no oil or grease would
contaminate the vacuum. This involved following the procedure outlined in
Appendix E.

3.7.2 Oven

The oven section of the vacuum system was baked in the prep room oven
twice, before and after activation of the NEG pump. The first bake was at a
temperature of 190 °C over 4 days. Immediately after the section had been
cooled back down the NEG pump was activated. This was done by gradually
increasing the voltage across the NEG cartridge over 2 hours until it was at
16 V, where is was left for 1 hour. This gradual increase was done so that
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the cartridge did not overheat and damage any of the components near it.
During this time the pressure measured by the ion gauge on the turbo pump
increased by several orders of magnitude (similar to the behaviour seen in
figure 3.17(b)).

Once the NEG pump had been activated the ion pump was also turned on. At
this point the all-metal valve connecting the oven section to the turbo pump
was closed and a second bake was performed into the ion pump. The pressure
was then measured via the voltage readout on the ion pump controller which
can be converted into pressure using the calibration curve supplied with the
pumps. The temperature was left at 145°C for 4 days for this second bake.
The final pressure was at the accuracy limit of the readout on the ion pump.

3.7.3 Science chamber

Initially the science end underwent an air bake, where the chamber was at
atmospheric pressure whilst the oven temperature was increased to 190 °C for
6 days. This might lead to a better final pressure as an oxide layer forms
on the metal surfaces, preventing some out-gassing of hydrogen during the
operational lifetime of the chamber.

After this, two bake-outs under vacuum were performed. In the first the oven
temperature was increased to 190 °C over a period of 9 days, with the change
in temperature of the oven never exceeding 1 °C/min, to ensure that the view-
ports were protected (as they cannot undergo temperature changes above
2-3°C/min). Readouts from the Residual Gas Analyser (RGA) attached to
the turbo pump before and after this bake are shown in figure 3.16. An
RGA gives the partial pressures of gases according to their molecular weight.
As can be seen, before the bake begins the pressure is dominated by water
molecules from the atmosphere (molecular weight = 18) but afterwards the
vacuum system is hydrogen dominated (molecular weight = 2) which indi-
cates a clean environment where all other molecules have been baked away:.

The initial pressure before the first bake was 9.0 x 10~° Torr at room tem-
perature. After 9 days of baking the final pressure reduced to 4.1 x 10~ Torr
(again, measured once the system was back to room temperature). The NEG
pump was not activated on this section as it had to be let up to air again
when the whole system was connected and this would reduce the lifetime of
the NEG cartridge. However, the ion pump was turned on in order to keep
the science section under vacuum whilst other sections were baked. The ion
pump voltage measured at this time was 40 mV, corresponding to approxi-
mately 1.1 x 1077 Torr.

A second vacuum bake was performed as there were doubts over the efficacy of
the original all-metal valve after being baked in air so this part was replaced
and the NEG cartridge inserted at the same time. During this bake the
temperature was increased to 185°C for 5 days. After cooling the ion pump
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Figure 3.16: Residual gas analyser reading (a) before and (b) after the first
vacuum bake of the science end. Water molecules (molecular weight = 18)
dominate the readout before baking whilst hydrogen (molecular weight = 2)
dominates afterwards. The inset in (b) shows the readout after the bake on
the same scale as that before the bake showing a dramatic decrease in the
partial pressure.

voltage was now down to 3.5mV (1.2 x 1078 Torr).

3.7.4 Zeeman slower tube

The Zeeman slower tube and bellows were also baked separately in order to
remove any contaminants. They were wrapped in heater tape rather than
put into an oven as the tube was too long. The temperature was increased
to 200°C for 4.5 days.

3.7.5 Complete bake-out

When the final connection between the Zeeman slower bellows and the science
chamber was made, nitrogen gas was flushed through the system to ensure
very little water vapour went back into the system. Whilst the connection
was made the middle and science chamber ion pumps were turned off. The
gate valve connecting the oven end to the rest of the system remained closed
during the final connection and the ensuing bake as the Cs dispensers had
already been activated and could not be brought up to air again.

Once the vacuum system was complete it underwent a final bake-out on
the table in the lab, as by this point the system was too large to fit in the
prep room oven. The bake-out was done by winding heater tapes around
the system and insulating it with aluminium foil. Care was taken to make
sure the heater tapes were not too close to any viewports so direct heat
would not exceed the maximum temperature change rate. Temperatures
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Figure 3.17: (a) Pressures during the bake out of the complete system. The
highlighted area corresponds to the NEG pump activation, which can be seen
in more detail in (b). During the activation process the pressure increases
by several orders of magnitude before decreasing rapidly again. The last
six points in (a) are readings from the ion pump controller as the bake was
carried out into the ion pumps at this stage.

Ion pump Vien (mV) Pressure (Torr)

Oven 90.0 75 x 1078
Spectroscopy 5.0 7.5 x 107
Science chamber 1.9 3.8 x 107°

Table 3.3: The final voltage readouts from the ion pump controllers can be
converted into known pressures inside the vacuum system.

were monitored with multiple thermocouples taped to the vacuum system
underneath the insulation.

The vacuum system was baked at approximately 140°C (temperatures var-
ied slightly over the length of the vacuum system) for 4 days before the
temperature was reduced in the vicinity of the NEG pump in order for it to
be activated in the same way as for the oven section. The temperature was
then increased to the same level again and left for a further 3 days. Once
the system had been cooled down the valve to the turbo pump was closed
and the ion pumps turned on. A final bake was then performed into the
ion pumps, at a temperature of 110°C for 19 days. A plot of the pressure
measured at the turbo pump during the bake out is shown in figure 3.17 (the
last six points are pressures read out from the ion pump controller).

After the end of the bake out, the pressure within the vacuum chamber was
hydrogen limited and at the limit of the ion pump readouts. The pressures
measured for the three ion pumps are given in table 3.3, however, the actual
pressures may be lower than these readings as the voltages measured from
the controllers are at their accuracy limit.



Chapter 4

Experimental apparatus: Laser
systems

The 1997 Nobel Prize for Physics was awarded to Chu, Cohen-Tannoudji and
Phillips for the first laser cooling of atoms [1-3] and ever since laser cooling
has been common practice in atomic physics experiments world-wide. This
chapter describes the laser systems used to cool Cs and Yb and by way of
an introduction we start with the basic theory of laser cooling and so discuss
the differences between Cs and Yb. More detailed descriptions of the theory
of laser cooling can be obtained from various sources such as [69, 108, 115].

4.1 Laser cooling

The principle of laser cooling is quite simple; consider a simple atom with
two energy levels separated by E = hc/A. A photon of wavelength A, if
absorbed by this atom, will impart a momentum kick of p = Ak in the
direction of propagation of the photon (where k = 27/ is the wavevector).
Absorbing a photon will promote an electron in the atom to the higher energy
level. The electron will eventually fall back down to the lower energy state,
emitting another photon of the same wavelength. These photons will be
emitted symmetrically and so the momentum change of the atom due to their
emission will average to zero. This means that the overall momentum change
for an atom absorbing N photons will be —Nhk relative to the direction of
propagation of the photons.

However, this simplistic view is not quite correct as it does not take into
account the effect of the velocity of the atom in bringing the photon closer
to or further from resonance. If an atom is travelling towards a photon, the
frequency it will see will be W' = wy, + kv, where wy, is the angular laser
frequency. In other words, the frequency will be Doppler shifted. Therefore,
if the photons are red-detuned from the atomic resonance by some detuning,

61
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0, then an atom counter-propagating to the laser beam will be brought closer
to resonance and so will be more likely to absorb the photon and be slowed.
An atom moving in the same direction as the photon will be taken further
from resonance and so will be less likely to absorb the photon.

The light force felt by the atom is therefore [69]

F = hks I/ 7
21+ 1/I,4+4(5)T)

(4.1)

where T is the decay rate of the excited state (in rads™'), I is the saturation
intensity and 6 = wge — wy, is 27 times the laser detuning in Hz (where wy is
the angular frequency on going from the ground to the excited energy level).
If I >> I then the force tends to a limiting value of

Rkl
Fmax = 7 = Amax™, (42)

as the populations in both the upper and lower level of the atom tend to 1/2.

A single laser beam can slow atoms going in one direction only, however, in
reality atoms can be moving in any direction. Therefore, to produce cooling
in all directions, three orthogonal pairs of counter-propagating laser beams
can be set up such as to slow the atoms’ velocity in each direction. Only
an atom at rest would feel no force from any beam, but a moving atom will
feel a force imbalance acting against its movement due to the Doppler effect.
This technique is called optical molasses and it results in a frictional force,

Foo = F.—F_
_BkT 1/1, /1,
o2 1+I/IS+4(5}k”)2_1+I/IS+4(5+$)2
8126 /1.

Q

I (1 1)L+ 4 (1‘5)2>QU - Y

where « is the frictional coefficient. As the velocity must be relatively small
for the light to not be Doppler shifted completely off resonance, any terms
including a v? term have been ignored. The overall force on an atom can be
seen in figure 4.1; for an atom with a negative velocity the force is positive
and vice versa so that the atom is slowed regardless of the direction it is
moving. The maximum frictional force occurs when § = T"/2.
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Figure 4.1: The optical molasses force as described in the text with 6 = I'/2.
The two dashed lines show the force on atoms with negative or positive
velocities alone and the solid line is the combined force. An atom with
a velocity in the positive direction will feel a force acting in the negative
direction and vice versa, pushing the atom back into the centre.

4.1.1 Doppler cooling limit

Naively, it could be assumed that the optical molasses technique could cool
the atoms to zero velocity, however, this is not true. In reality, the atoms
are heated by the process of spontaneous emission which causes them to go
on a random walk due to the momentum kicks imparted by each emitted
photon. This random walk can be translated into a limiting temperature;
the Doppler temperature,

hI’

Ty = —.
P oks

(4.4)

A full derivation from this can be found in various textbooks, [69, 108].

The Doppler temperatures for Cs and Yb can be found in table 4.1. The
Doppler temperature for the 1Sy — 1P, transition in Yb is two orders of
magnitude greater than that for the 1S, — 3P, transition due to the larger
linewidth. However, the 'S, — P, transition does have the advantage
that amay is large, making it a good choice for Zeeman slowing whereas the
1Sy — 3P transition at 556 nm is a better choice for a magneto-optical trap
because the Doppler temperature is smaller and there is no loss of atoms to
other states. The Doppler temperature for Cs is also fairly large, however,
Cs is able to access sub-Doppler cooling, as discussed in the next section.
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Atom  Cooling transition I' (MHz) Tp (K)  amax (ms?)
Cs 625, 5 6%P;, 2mx5234(13) 126 5.79 x 101
Yb 1Sy — P 2m x 28.0 673 5.06 x 10°
Yb 15, — 3P, 27 x 0.1822 44 2.36x 103

Table 4.1: Some useful properties of Cs and Yb when discussing laser cool-
ing. The linewidth, I'; Doppler temperature, Tp and maximum acceleration,
amax are given for Cs and both transitions in Yb. '™Yb was used as a repre-
sentative example in the calculation of a., for Yb. Linewidths were taken
from [53, 60].

4.1.2 Sub-Doppler cooling

For many atomic systems, such as the alkali-metal atoms, cooling to tem-
peratures below the Doppler limit has been observed [116]. There are two
possible mechanisms that cause sub-Doppler cooling, both relying on the fact
that counter-propagating laser beams cannot be treated independently. The
first mechanism uses counter-propagating linearly polarised beams that inter-
fere to produce gradients in the polarisation of the light field, which, when
coupled with optical pumping between the Zeeman levels in the hyperfine
ground state acts to cool the atoms beyond the Doppler limit.

The second mechanism arises when the two counter-propagating beams have
opposite handedness of circularly polarised light. Here the beams interfere
to produce linearly polarised light whose polarisation direction traces a helix
in space. This rotation leads to a population imbalance among the magnetic
sublevels which acts to cool the atoms. Both mechanisms are described in
detail in [115].

lin | lin configuration: Sisyphus cooling

When two laser beams with orthogonal linear polarisation are counter-
propagating they form a standing wave in which the polarisation varies with
position depending on the relative phase of the two beams. The polarisation
of the resultant electric field goes from linear to left handed circularly po-
larised to linear to right handed circularly polarised and then back to linear
over a distance of \/2.

Consider an atom, such as Cs, with a ground state of J = 1/2 and an excited
state of J' = 3/2. When right handed circularly polarised light is incident
on the atom, optical pumping transfers the population to the m; = +1/2
sublevel. This occurs because Am; = +1 transitions are driven and whilst
spontaneous emission can occur with Am; = 41,0, overall Am; > 0 for each
scattering event. The opposite is true for left handed circularly polarised
light, where Am; = -1 and Am; < 0 so the population is transferred to the
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my = -1/2 sublevel. Therefore, when travelling through the standing wave
described above, the population of the atoms is driven from m; = +1/2 to
my = -1/2 over a distance of /4, as shown in figure 4.2.

In the absence of a light field the m; = 41/2 sublevels are degenerate.
However, when atom-light interactions are taken into account the sublevels
experience a shift in energy relative to each other. In the low intensity limit
of two laser beams of intensity I, the light shift for the ground state is,

hr2C2, 1
ABg=—15" 1

(4.5)

where Uy is the Clebsch-Gordan coefficient that describes the coupling be-
tween the atoms and the light field [108], where g,e signifies the ground and
excited states respectively. As these coefficients depend on the magnetic
quantum number and the polarisation of the light they are different for each
m sublevel and change over the course of moving through the standing wave.

Both m; sublevels are shifted lower in energy due to atom-light interactions
but their energy varies depending on the polarisation of the light. Therefore,
as the polarisation cycles, the m; sublevels become higher or lower in energy
with respect to each other. Optical pumping causes more population to be
in the state with the larger light shift so atoms at the top of the potential
hills decay down into the troughs, for example, the atom in the m; = —1/2
sublevel shown in the diagram absorbs a photon and subsequently decays
down into the lower energy m; = +1/2 sublevel at A/4 when the polarisation
is right hand circularly polarised (driving o transitions). Although there is
a probability that the atom will decay back into the state it started in, over
time Am; > 0 for right handed (o¢) and Am,; < 0 for left handed (07)
circularly polarised light so decaying to the troughs is more likely.

Each optical pumping event where an atom goes from a potential hill to a
trough results in the absorption of light at a lower frequency than that emit-
ted, dissipating energy to the light field. Atoms moving over the potential
hills and troughs speed up or slow down, so if an optical pumping event oc-
curs when the atom is on a hill then the kinetic energy lost climbing the hill
is transformed into the light field, leading to cooling. Eventually the atoms
will not have enough energy to climb the potential hills and will all reside in
the troughs.

Therefore, combining optical pumping with the light shifts of the sublevels
leads to Sisyphus cooling, shown pictorially in figure 4.2. Sisyphus cooling is
named after the Greek legend of Sisyphus, who was punished by the gods to
repeatedly push a rock up a hill only to watch it roll back down again.

Atoms must first be cooled using ‘ordinary’ Doppler cooling as Sisyphus
cooling will only work over a small range of atomic velocities. This is because
the optical pumping time scale is a lot longer than the natural linewidth of
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Figure 4.2: In Sisyphus cooling the energy of the magnetic sublevels changes
depending on the polarisation of the light due to the light shift, so an atom
pumped from one m; state to the other loses energy if the scattering event
happens when the atom is at the top of one of the potential hills.

the transition, 7, >> 1/T", so the atoms must be moving slowly enough over
the potential hills that there is a good probability that an optical pumping
event will occur when the atom is at the top of a hill.

Recoil limit

The energy loss for each optical pumping event is equal to the energy dif-
ference between the top of the potential hill and the bottom of a trough.
Therefore, as can be seen from equation (4.5), the amount of energy lost
can be increased by either increasing the detuning, ¢, or decreasing the light
intensity, I. However, Sisyphus cooling does reach a limit when the energy
lost in an optical pumping event is balanced by the recoil energy gained on
emission of a photon. The equivalent temperature due to these recoils is

R2k?
B ka ’

T. (4.6)

where m is the mass of an atom.

For heavy atoms like Cs this recoil temperature is very low at 0.2 uK, al-
though in practice the lowest temperatures reached would be several times
this limit. One reason for this is due to perturbations of the magnetic sub-
levels due to stray magnetic fields, therefore the lowest temperatures are only
reached when very good nulling of the ambient magnetic field in the lab is
achieved.

With Sub-Doppler cooling, Cs can be cooled to approximately the same
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temperature as Yb cooled on the 'Sy — 3P, transition which can only
access Doppler cooling for most isotopes (approximately 4 uK).

o" — o~ configuration

When a right handed (o) circularly polarised laser beam counter-propagates
with a left handed (0~ ) beam they form a light field with linear polarisation
(assuming the two beams have equal amplitude), where the direction of po-
larisation traces a helix in space with pitch A. As the polarisation is linear
everywhere and the intensity of the light field does not change with position,
the light shifts of the ground state sublevels are equal so there is no force like
in the lin L lin configuration. Instead it is an imbalance in population in the
sublevels that causes sub-Doppler cooling for the o™ — o~ configuration.

Considering an atom where J = 1 and J' = 2, atoms at rest are optically
pumped into the m; = 0 state as this is the 7 transition being driven by
the linearly polarised light. Moving atoms will experience a rotation of their
quantisation axis as they move along the beam due to the rotation of the
polarisation. However, as optical pumping takes a finite time the population
in the m; = 0 state lags behind the direction of polarisation. It can be shown
[115] that this results in atoms travelling towards the o beam being more
likely to be in the m; = 41 state and so preferentially absorbing photons
from this beam. The same is true for atoms travelling towards the ¢~ beam.
The preferential absorption of photons counter-propagating with the atoms
leads to a frictional force pushing the atoms in the direction opposite to their
motion, acting to reduce the velocity of the atoms.

As optical molasses are formed with three pairs of counter-propagating beams
a complicated pattern of polarisation could be set up and so in reality a
combination of sub-Doppler cooling mechanisms could exist in a MOT.

Sub-Doppler cooling in Yb

Sub-Doppler cooling has also been observed in non-alkali atoms [117-119] as
Sisyphus cooling can be generalised for any atom where J, = J, + 1. For
Yb, the odd isotopes, '"'Yb and '"Yb, will be expected to have sub-Doppler
cooling as reported in [117] as they have hyperfine structure in their ground
states due to a non-zero nuclear spin.

4.2 Magneto-Optical Trapping

It is not just sufficient to cool the atoms, we also want to be able to trap
them in a specific location for relatively long periods of time. In order to do
this a Magneto-Optical Trap (MOT) is used.
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Figure 4.3: The magnetic sublevels of an atom are shifted in energy de-
pending on their position within the magnetic field gradient with atoms in
my = —1 shifted down in energy with increased magnetic field gradient.
Therefore the left hand (LH) circularly polarised light drives Am; = —1
transitions for z > 0 but Am; = +1 for z < 0 and vice versa for the right
hand (RH) circularly polarised light. Therefore the atoms preferentially ab-
sorb light that is counter-propagating to them, creating a restoring force. wr,
is the laser frequency detuned from the atomic resonance wy.

A MOT uses three pairs of counter-propagating laser beams with opposite
handedness circularly polarised light. The light field is combined with a pair
of coils in the anti-Helmholtz configuration, which gives a region at the centre
where the magnetic field is zero and the gradient near this point is linear.

The magnetic field gradient causes the energy of the magnetic sublevels of the
atom to vary linearly with distance and with the correct choice of polarisation
a restoring force can be created that pushes the atoms back to the trap centre.
For example, considering a simple J = 0 to J = 1 transition as in figure 4.3,
if the atom is in a region where z > 0 then the m; = —1 level will be
brought closer to resonance and the left handed circularly polarised light
will be preferentially absorbed, causing the atom to be pushed back into the
trap centre. The opposite occurs for z < 0 with the right handed circularly
polarised light now driving the Am; = —1 transition and so being more
likely to be absorbed.

4.2.1 Choice of cooling transition

For Cs there is only one atomic transition that can be used for laser cooling
and trapping; the ' = 4 — F’ = 5 transition (see figure 2.1(a)). With
this transition there is some finite probability that when light red-detuned
from the transition is incident on an atom in the ground state it will drive
the FF = 4 — F’ = 4 transition instead. Once in the F’ = 4 level the
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atoms could either decay back into the F' = 4 level or into the F' = 3 level.
Therefore, eventually all of the atoms would be lost into the F' = 3 dark
state if some way of transferring the population back into the F' = 4 state
was not implemented. Therefore, light resonant with the FF =3 — F' =4
transition is combined with the cooling light to close this loss route. This is
referred to as the repumping light.

On the other hand Yb has a choice of two possible cooling transitions;
1Sp = 1P or 1Sy — 3P (see figure 2.2(a)). As summarised in table 4.1,
the 1Sy — 1P, transition has a larger linewidth and amax and so is ideal for
Zeeman slowing as the cycle rate will be high and so more scattering events
will occur in a given distance. However, it is less suited for use in a MOT as
the larger linewidth will lead to a larger Doppler temperature and there is
also a loss route for atoms into the triplet states, shown in figure 2.2(a), only
some of which would decay back into the ground state (as discussed in Sec-
tion 2.1.2). The small but finite branching ratio for atoms in the ! P; state to
transfer into the triplet states is 1.2 x 1077 [67, 68]. Any repumping scheme
for this transition would be quite complicated so the simpler 'Sy, — 3P
transition is often used for a MOT of Yb.

This transition is a perfect two level system so no repumping is required. It
also has a small linewidth and so gives a low Doppler temperature, as shown
in table 4.1.

4.2.2 Capture velocity

The capture velocity of a MOT can be estimated by considering the maximum
force on an atom (equation (4.2)) and using it to calculate the maximum
velocity that can be slowed to zero by this force in a distance D equal to
the diameter of one of the MOT beams [108]. The capture velocity is then

approximately
hI'D
e =1/ ——. 4.7
v (4.7)

Using typical values for a MOT beam diameter of 20 mm, this gives 48 ms™!
and 10ms™! for Cs and the 1Sy — 3P, transition in Yb respectively. This
is the maximum velocity that the atoms should leave the Zeeman slower
at in order to be captured by the MOT. The capture velocity of a MOT
can be increased by increasing the linewidth, either by power broadening
or frequency broadening. If the linewidth was power broadened then the I'

factor in the equation above would become I' = I'gy/1 + I/ 1.

In reality, the capture velocity may be less than that quoted above as atom
losses to different states (and so the time taken to repump the atoms into
the desired state) is not taken into account.
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4.2.3 Frequency broadening the MOT beams

The capture velocity for the 556 nm MO'T for Yb is quite small, therefore, in
order to increase the efficiency of capture from the Zeeman slower the MOT
beams are artificially broadened in frequency, increasing the capture velocity
as in equation (4.7). Several groups have already implemented this technique
for capturing more Yb atoms in a MOT [66, 120].

This technique sacrifices a lower MOT temperature for a larger capture effi-
ciency from the Zeeman slower, however, ramping down the sidebands once
the atoms have been trapped will decrease the temperature again.

4.3 Laser system for caesium

As discussed in the previous section, to trap Cs we require not just cool-
ing light (F = 4 — F’ = 5 transition) but also light resonant with the
F =3 — F’' = 4 transition to repump atoms lost into the F' = 3 level via
F’ = 4. Therefore, two separate laser systems are needed to cool and trap Cs
in a MOT and these are shown in figure 4.4. A Toptica DL 100 Pro extended
cavity diode laser acts as a master laser and seeds a Toptica BoosTA tapered
amplifier, which gives enough power for the MOT and Zeeman slower beams.
The tapered amplifier potentially also gives adequate power to set up Degen-
erate Raman Sideband Cooling (DRSC) [121] at a later date if needed. The
repump light is provided by a Toptica DL Pro extended cavity diode laser.

4.3.1 Lasers and their optical frequencies

The various frequencies needed to cool Cs are obtained by a combination of 10
acousto-optic modulators (AOMs), whose frequencies are given in table 4.2.
The BoosTA AOM (AOM 1) changes the MOT and Zeeman slower detunings
throughout the course of the experiment as it is double-passed so changes in
the RF frequency will not effect beam pointing into subsequent fibres. The
three frequency choices for AOM 1 are for different stages in the experiment:
AB gives the correct detuning for operating the Zeeman slower, MOT and
DRSC, AB for a compressed MOT (¢cMOT) stage and AB for a molasses
stage. There is another channel (AB) that is not currently used and so is
free if a further detuning is required at a later date. Figure 4.5 illustrates
how the various detunings needed to cool Cs are achieved.

The AOMs (Crystal Technology 3080-122, 3110-120 and 3200-124 with centre
frequencies of 80 MHz, 110 MHz and 200 MHz respectively) are driven by
a voltage controlled oscillator (VCO) whose signal is amplified by a Mini-
Circuits amplifier (ZHL-1-2W for the 200 MHz AOMs and ZHL-3A for the
80 MHz and 110 MHz AOMs).
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Figure 4.5: The frequencies of the laser beams required to cool and trap Cs
are shown diagrammatically relative to the relevant atomic transitions for (a)
the cooling light and (b) the repump light. The AOM frequencies (f; - fi)
in table 4.2 combine to provide the correct detuning for the MOT, Zeeman
slower and potential DRSC beams and their respective repumping beams.
The approximate range over which the frequencies can be detuned are shown
by the grey shaded areas in the diagram.
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4.3.2 Laser frequency stabilisation

To operate the lasers with a linewidth less than the natural linewidth they
must be frequency stabilised, or ‘locked’, which can be done with an error
signal derived from an atomic source. There are many methods available
for locking lasers to an atomic signal, including polarisation spectroscopy
[122], the dichroic atomic vapour laser lock (DAVLL) [123-125], frequency
modulation spectroscopy [126] and modulation transfer spectroscopy [127,
128]. It is the last two methods that are used in this experiment; the laser
used for the ' = 4 — F’ = 5 cooling transition is locked using modulation
transfer spectroscopy on a Cs vapour cell, whereas the repump laser on the
F =3 — F’' = 4 transition uses frequency modulation spectroscopy.

Modulation transfer spectroscopy

Modulation transfer (MT) spectroscopy is ideal for use with closed transi-
tions, such as the cooling transition in Cs, as it gives a large signal on a zero
background that is broadly independent of changes in temperature, polari-
sation and beam intensity.

As in saturation absorption spectroscopy [129], counter-propagating pump
and probe beams are aligned collinearly through a Cs vapour cell (fig-
ure 4.6(a)). These beams have approximately equal powers but the pump
beam has first been sent through an electro-optic modulator (EOM). An
EOM consists of a lithium niobate (LiNbO3) crystal (DOHRER Elektroop-
tik) incorporated into an LC'R circuit where the capacitance, C, is that of the
crystal itself and L and R are the inductance and resistance of an inductor.
The resonant frequency of the EOM is then given by:

w=——. (4.8)

Therefore, changing the inductance of the circuit allows the resonant fre-
quency of the EOM to be tailored to suit the requirements of the system, in
this case we require the resonant frequency to be approximately one natural
linewidth of the sub-Doppler transition, approximately 5 MHz.

Modulation frequency at the resonant frequency is then applied to the EOM
and this acts to add two sidebands to the pump beam, each separated from
the central carrier frequency by the modulation frequency [130].

If the pump and probe beams interact with the atomic vapour in a suffi-
ciently non-linear way then a process of four-wave mixing [131] can occur
and sidebands appear on the probe beam, i.e., the modulation is transferred.
The central carrier frequency and the sidebands then beat together and this
can be detected on a fast photodiode. This signal can then be turned into
an error signal to lock the laser to.
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Figure 4.6: (a) The optical set up for modulation transfer spectroscopy and
(b) the modulation transfer signal obtained on the F' =4 — F” transition in
Cs. The largest dispersion signal arises from the closed FF =4 — F’ =5 line
whereas the smaller peaks are from two crossover resonances.

The process of four-wave mixing is most efficient for closed transitions as
there are no other ground states the atoms can relax into, therefore the
strongest signals for Cs are seen with the FF = 4 — F’ = 5 transition.
Signals are seen for other transitions or crossovers but they are much weaker
(two crossover resonances can be seen in figure 4.6(b)).

To obtain the best locking signal, the pump and probe beams have approxi-
mately equal powers, (310+£1) uW and (210£1) uW respectively. The EOMs
resonant frequency is (5.907 £ 0.008) MHz which is driven by a GW Instek
SFG-2120 signal generator. The amplitude of the output signal is 10 V peak
to peak and is split by a coupler (Mini-Circuits, ZFDC-15-6+) which sends
most of the signal to the EOM with some going to a frequency mixer (Mini-
Circuits, ZAD-3+). The pump and probe beams are aligned though a 7cm
long Cs vapour cell before the probe light is incident on a Hamamatsu S5972
(15 MHz) photodiode. The signal from this goes to the frequency mixer,
whose output is amplified by approximately 200x in a low pass gain filter.
The filter acts to remove the high frequency signal from the mixer, leaving
just the DC component which forms the error signal (figure 4.6(b)).

Frequency modulation spectroscopy

It would be ideal to use modulation transfer spectroscopy for locking both the
cooling and repump transitions as it gives a zero background and is resistant
to changes in temperature, polarisation and beam intensity, however, as the
repump transition is not closed, the modulation transfer signal is relatively
small and so frequency modulation (FM) spectroscopy is a better choice.

Unlike MT spectroscopy, in FM spectroscopy it is the probe beam that
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Figure 4.7: (a) As the laser scans over the atomic resonance, the two side-
bands (smaller red lines) are absorbed by different amounts leading to the
production of an error signal (top black line). (b) The optical set up for FM
spectroscopy where sidebands are added to the probe beam by the EOM. (c)
The FM signal for the F' = 3 — F” transition in Cs. Signals from each of
the lines and crossover resonances can be seen.

is phase-modulated with an EOM. This beam is then collinearly counter-
propagated with the pump beam through a Cs vapour cell before being de-
tected on a fast photodiode (figure 4.7(b)).

When the probe beam is incident on the photodiode each sideband beats
with the carrier frequency at the modulation frequency, w,,. When the light
is off resonance with the atoms then the beat signals due to each sideband are
equal in magnitude but opposite in phase and so exactly cancel. However,
when the light is close to resonance with an atomic transition, one sideband
may be absorbed more than the other, destroying the exact cancellation.

As the laser frequency, wy,, is swept across the atomic resonance, wy, there
are certain frequencies at which one sideband will be absorbed more than the
other, giving rise to a beat frequency on the photodiode. For a symmetric
lineshape, such as those in figure 4.7(a), the largest beat signal will occur
when each sideband is on resonance with the atoms, i.e., at wy, —wm, = wy and
wr, + wm = wy. However, if the laser is on resonance instead, i.e., wy, = wy,
then both sidebands will be absorbed by the same amount and the beat
signals will cancel again leading to a zero-crossing on the error signal.

Therefore, as FM spectroscopy depends on the exact form of the atomic
lineshape it is affected by the Doppler background which distorts the sub-
Doppler features and so the centre of the dispersion-type signal is not always
exactly at the centre of the sub-Doppler transition. There is also always a
non-zero background which must be compensated for with an electronic offset
when locking the laser (figure 4.7(c)). This means that FM spectroscopy is
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Figure 4.8: (a) Beat frequency measurements and (b) the associated Allan
deviation between the master and repump lasers locked with MT and FM
spectroscopy respectively. The oscillations in the beat frequency data arise
due to changes in lab temperature from the air conditioning cycle.

more prone to changes in temperature than MT spectroscopy.

For FM spectroscopy the pump and probe beam powers are not equal; the
pump beam has (138 1) uW whereas the probe beam has only (57+1) uW.
The EOM is run at 8.6437 MHz, supplied by a GW Instek SFG-2120 signal
generator. The error signal is derived in a similar way to MT locking; the
signal from the fast photodiode (Hamamatsu avalanche photodiode, C5460)
is sent to a frequency mixer (Mini-Circuts, ZAD-34) where it is mixed with
some of the modulation frequency signal by a coupler (Mini-Circuits ZEDC-
15-6+). The output from the mixer is amplified and filtered and only the
DC component forms the error signal the laser is locked to.

Frequency stability

In order to test the quality of the frequency stabilisation for the two 852 nm
lasers, beat frequency measurements were carried out. Light from both lasers
were coupled down the same fibre and focussed onto a fast photodiode (EOT,
ET 2030A). The signal from this was sent to a frequency counter (Agilent,
53220A) and the beat frequency was sampled every 1s using a LabVIEW
program. The resulting data are plotted in figure 4.8.

Oscillations in the beat frequency with an approximate amplitude of 150 kHz
and a period of 14 minutes can be seen in figure 4.8(a). These correlate with
variations in laboratory temperature due to the cycle of the air conditioning
unit. A larger variation of 300kHz over the period the data were taken can
also be seen, but both of these drifts are much smaller than the natural
linewidth of 27x5.234(13) MHz [53] for Cs, therefore the laser frequencies
are stable enough for our purposes.

The Allan deviation is given by [132, 133],
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where 7 is the averaging time, y; the averaged signal in bin ¢ and n is the
number of bins. The Allan deviation is a useful measure to compare fre-
quency stability between systems and can inform the user whether a system
is white noise limited (large Allan deviation at short 7) or long term drift
limited (large Allan deviation at long 7). Figure 4.8(b) shows the Allan de-
viation for the two lasers in the Cs system and from this it can be seen that
overall the frequency stability is very good with low Allan deviation across
all time periods (some comparison systems are discussed in Appendix A).
The oscillations due to temperature cause the higher Allan variance at long
averaging times (7 = 600s).

4.3.3 Tapered amplifier

The DL 100 Pro alone would not provide enough power for all of the cooling
beams required, and would certainly not give the option to use DRSC. There-
fore, a tapered amplifier is required to boost the amount of power available.
We use a commercially available Toptica BoosTA for this purpose.

A tapered amplifier contains a semiconductor chip that has a tapered gain
region where the amplification of the seed light occurs. The gain region is
tapered to avoid damaging the chip due to the high light intensities within
it. The output light is of the same frequency and mode structure as the seed.
When not seeded, the BoosTA outputs light from both the front and back
of the tapered amplifier chip as both ends are AR-coated, so without a seed
it acts as a single pass laser with output in both directions.

In order to get the most efficient amplification, the seed beam must be shaped
with anamorphic prisms to match the beam from the back of the BoosTA.
This will ensure that the seed beam will be perfectly matched into the tapered
amplifier chip and so the whole of the gain region used. The guide beam was
measured to have an aspect ratio of 2.33:1 (vertical:horizontal) and so a pair
of anamorphic prisms (Thorlabs, PS871-B) were used to match this. The
resulting seed beam had a corresponding aspect ratio of 2.31:1.

The BoosTA is injected by using the two mirrors before it (see figure 4.4) to
walk the seed beam until it overlaps with the guide beam coming from the
BoosTA itself. For fine adjustments of the injection, the power in the output
beam from the BoosTA was monitored as small adjustments were made to
the two mirrors.

The performance of the BoosTA was tested to see if it matched the spec-
ifications sheet supplied with it and to see if the performance was similar
to another BoosTA used in the research group [134]. The first test was to
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Figure 4.9: Injection performance of the tapered amplifier as (a) the current
to the tapered amplifier or (b) the input power from the seed laser increases.
(a) As the current increases the output power also increases. Different seed
powers were used for each current set; 0 mW (black squares), 3.91 mW (green
pentagons), 12.3mW (red triangles) and 33.4mW (purple circles). (b) The
amount of output power varies only slightly with increased input seed power
after the initial jump from no seed power. As seen, higher power is accessed
by increasing the current; 500 mA (black squares), 900 mA (green pentagons),
1500 mA (red triangles) and 2150 mA (purple circles). The two dashed lines
show the range of input powers used in the experiment as the frequency of
the seed beam is varied by the AOM (as described in table 4.2).

see how the output power varies with the current supplied to the tapered
amplifier. The results from this investigation can be seen in figure 4.9(a); as
for all laser diodes, the output power increases as more current is applied.
This figure also shows that there is a rapid increase in output power from
the case with no seed power (black squares) to even a small amount of seed
light, for example, the green pentagons in the figure are for an input seed
power of only 3.91 mW.

Figure 4.9(b) shows the output power as a function of the seed power. It
can be seen that the power does not increase appreciably with increased
seed power after the first jump from no seed beam, i.e., each set of points
has only a small gradient. This is ideal as the input power to the BoosTA
inevitably varies slightly as the frequency of AOM 1 changes during different
stages of the experiment (table 4.2). Each AOM is optimised for use at the
centre frequency it is expected to run at for the majority of the experiment,
but the efficiency changes as the RF frequency changes. Therefore, as the
frequency differs the double passed diffraction efficiency also changes, as can
be seen in figure 4.10. The efficiency of light coupling into the BoosTA fibre
is also shown in red; the dashed lines show the frequency range used and no
appreciable change in efficiency is seen.

Access to higher output powers from the BoosTA mainly comes from the
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Figure 4.10: The double passed diffraction efficiency of AOM 1 (black) along
with the associated fibre efficiency (red). The AOM is optimised at the
frequency most often used in the experiment (case AB in table 4.2) and the
frequency shift from that condition is plotted. The dashed lines indicate the
total range of frequency required in the experiment and no significant change
in efficiency (and so overall power) is seen.

choice of current supplied to it. With respect to this, as with any laser device,
the lifetime of the semiconductor chip will be increased if it is not routinely
run at full power, therefore, it was necessary to consider the power budget
after the BoosTA and so consequently choose a sensible operating current.
The BoosTA is normally run at 1450 mA, the maximum being 2150 mA.

Once the operating current has been chosen the injection into the BoosTA
should be fine tuned as it has been observed that each current has a slightly
different optimum injection to give the best power output. This also affects
coupling into subsequent fibres as differing beam profiles have been observed
out of the BoosTA when the injection of the input beam is not optimised for
each current. This effect has not been extensively studied, but may possibly
be due to the temperature of the chip changing between currents.

4.3.4 Matching polarisation into fibres

The light for the MOT and Zeeman slower beams is delivered to the main
table using four 8 m long optical fibres (Oz Optics, LPC-02-850-5/125-P-1.3-
6.2AS-40-3A-8). These are polarisation maintaining fibres where the polar-
isation going into the fibre has been matched to the fast axis of the fibre
using the method described in [135]. Specifically this involves rotating the
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Figure 4.11: (a) The oscillations in power after the polarising beam splitter
after the imaging fibre for a misaligned fibre (black), a fibre whose input cou-
pler has been rotated to match the polarisation angle of the linearly polarised
input light (red) and an aligned fibre with a quarter waveplate compensat-
ing for stresses within the fibre (purple). (b) Plotting the amplitude of the
oscillations against the input coupler angle helps to locate the angle where
the polarisation is matched into the fibre. The inset in (b) shows the optical
set up for this process.

input of the fibre by small angle increments and heating a small section of
fibre with a gentle source of heat such as a hair dryer for approximately 30s
at a time. The power after a polarising beam splitter cube at the output of
the fibre is recorded for each angle (as can be seen diagrammatically in the
inset of figure 4.11(b)).

If the polarisation is not well matched into the fibre then when the heat
is applied the internal birefringence changes, giving a change in the output
polarisation state. This causes oscillations in the transmitted power through
a polarising beam splitter cube at the output of the fibre, as can be seen in
figure 4.11(a). Therefore, minimising the oscillations in the polarisation after
the fibre indicates that the fast axis of the fibre is well matched to the polar-
isation of the light at the input. An example of this process is demonstrated
in figure 4.11(a) where the black line is the power oscillations before optimi-
sation and the red line shows the reduction in the amplitude of oscillations
after the fibre input has been turned to match the polarisation angle of the
input light. Figure 4.11(b) shows an example of the data generated when
optimising the fibre input where the amplitude of the oscillations (Pax-Pumin)
are plotted against the angle of the fibre in order to find the value where the
oscillations will be minimised.

An additional level of polarisation stabilisation can be achieved by putting
a quarter waveplate before the fibre to eliminate polarisation changes due to
stresses within the fibre. If a fibre is under stress it can induce phase changes
in the beam and so the polarisation at the output of the fibre becomes slightly
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elliptical. Therefore, if the input light is made to have elliptical polarisation
of the other handedness then the output light will have linear polarisation
again. Therefore, optimising the angle of the waveplate can eliminate the
oscillations in the polarisation completely as can be seen in the purple line
in figure 4.11(a). Typically only very small amounts of ellipticity need to be
compensated for.

4.3.5 MOT, Zeeman slower and imaging optics

The MOT beams are expanded and collimated to a 1/e* diameter of (18.0 &
0.1) mm using Thorlabs cage systems (figure 4.12) and have (29.9+0.1) mW
per MOT beam. The repump light is combined with the cooling light be-
fore the fibres and so delivered to the science chamber simultaneously. The
repump light therefore travels down the slow axis of the fibre, which means
that the polarisation isn’t as well maintained, however, we have seen that
any polarisation drifts in the repump light are not critical. The MOT has
(13.5£0.1) mW repump light in total, most of which goes down a single fibre.

Light for absorption imaging is also delivered to the table using a fibre and
is combined with one of the horizontal MOT beams using a polarising beam
splitter cube (Thorlabs, PBS252 620-1000 nm) and so co-propagates through
the chamber before being split off again with another cube (see figure 4.12).
This MOT beam does not include any repump light to avoid unwanted light
incident on the CCD camera during the absorption imaging sequence.

The Zeeman slower has (6.0 & 0.1) mW of light on the cooling transition
and (2.76 £ 0.01) mW of repump power. The Zeeman slower beam is passed
through a series of lenses (seen in figure 4.13) in order to expand the beam
and focus it down the Zeeman slower. The first of these lenses has a focal
length f = -25mm (Thorlabs, LD2297-B) which expands the beam from the
fibre output coupler (Thorlabs, CFC-8X-B) and the second lens has a focal
length of f = 300 mm (Thorlabs, LA1256-B), which slowly focusses the light
to a waist of (89 £+ 1) um, (2.09 £0.01) m from the Zeeman slower viewport.
The reason for focussing the light is discussed in more detail in Section 5.3.2.

The light is aligned down the Zeeman slower using a dichroic mirror (Thor-
labs, DMSP805L) which reflects 852 nm light but transmits 399 nm light, thus
allowing the two Zeeman slowing beams for Cs and Yb to be overlapped.

4.4 Laser system for ytterbium

The laser system for Yb consists of two parts; the 399 nm lasers that form
the Zeeman slowing and imaging beams and the 556 nm laser which gives the
MOT beams. The optical lay out for these lasers can be seen in figure 4.14.
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‘\ photodiode

Yb imaging

Cs imaging

Figure 4.12: The optical set up for both the Yb and Cs MO'Ts relative to the
science chamber. The MOT light is delivered through fibres and is collimated
in cage systems. Another two cages systems launch the vertical MOT beams
from beneath the chamber, where the 852nm and 556 nm beams are com-
bined on a dichroic mirror. A further dichroic mirror splits the beams above
the chamber again so separate quarter waveplates for each wavelength can
be used. Along the dashed line, the red circle after the North-West viewport
indicates where Cs MOT light is sent downwards before retro-reflection to
separate it from the imaging light. This is shown in detail in the dashed box.
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Figure 4.13: The optical set up for both the Yb and Cs Zeeman slower beams.
The two wavelengths are combined on a dichroic mirror (grey rectangle). The
purple circle indicates where the 399 nm beam comes down from an upper
breadboard.

4.4.1 556 nm laser

The 556 nm laser is a MenloSystems ‘orange one’; a doubled fibre laser
at 1111.6nm. During typical running conditions, this gives an output of
268 mW. Two single passed AOMs (Gooch and Housego, 46200-0.3-LTD)
are used to get the required detuning of approximately 8 MHz for the MOT
beams. As the detuning is small for Yb, it does not matter that the AOMs
are only single passed as changing the detuning for the MOT will not result
in any appreciable beam pointing changes and so the transmission efficiency
of light down the MOT fibres will not be affected. We have found that a
frequency shift of +5MHz from the centre frequency of the AOM causes a
decrease in fibre coupling efficiency of approximately 2.5%.

The MOT light is delivered to the science chamber through three separate 8 m
long optical fibres (Oz Optics, LPC-02-556-3.5/125-P-1.3-6.2AS-40-3A-3-8).
As for Cs, the fibres are polarisation maintaining and the polarisation of the
light going into the fibre has therefore been matched to the fast axis. At the
output of the fibre Thorlabs cage systems are used to expand and collimate
the beam, giving MOT beams with a 1/e* diameter of (24.4 +0.2) mm and a
power per beam of (20.0 £0.1) mW. As the 'Sy — 3P, transition is a perfect
two level system, no repump light is required.

4.4.2 399 nm lasers

The 399 nm Zeeman slower laser system was initially developed at Imperial
College London and comprises two Nichia diodes (NDV4314) in a master-
slave arrangement. The master laser is an ECDL in a Littrow configuration
with a Thorlabs GH13-36U (3600 lines/mm) grating providing the feedback
to the diode. It has a maximum output of 52mW but is typically run at
30mW and is frequency stabilised by locking to a transfer cavity, which has
itself been locked to the atomic signal for the 556 nm transition (discussed
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@) (b)

Figure 4.15: The 399 nm Zeeman slower beam (a) before and (b) after spatial
filtering. The lines are markings on the beam dump used as a background.
The interference in the beam before spatial filtering is thought to occur either
due to imperfections in the optics or as a by-product of the type of diode.

later in Section 4.4.3). Approximately 1-2mW from this laser is used to
seed the second Nichia diode, which will then lase at the same frequency
as the master laser. This slave laser gives up to 45mW for the Zeeman
slowing beam. As can be seen in figure 4.14, light from both lasers are sent
into a cavity (Thorlabs, SM1D12) so that the injection of the slave can be
monitored.

Unfortunately, possibly due to the nature of the laser diodes used, the beam
from the slave laser is not a smooth Gaussian in appearance, but has many
interference fringes across it (figure 4.15(a)). If expanded and sent down
the Zeeman slower this may mean that there would be areas of the beam
where the atoms would feel too much slowing or none at all, thus potentially
reducing the number of atoms captured and slowed. To prevent this problem
spatial filtering was performed on the Zeeman slowing beam by focussing the
light onto a 50 um pinhole (Thorlabs P50S); the resulting beam can be seen
in figure 4.15(b). Spatially filtering the beam gives a power loss of 28%.

Spatial filtering uses the principle of Fourier optics to remove unwanted
higher frequency modes from a laser beam. When light is focussed to a
point it forms a diffraction pattern of concentric rings, where each ring is at
a higher frequency than the one before. Therefore, to clean up a beam it
is simply necessary to block all of the rings and let only the central portion
of the beam through. The resulting beam will have a Gaussian distribution
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Figure 4.16: The free-running wavelength of the Mitsubishi ML320G2-11
401 nm diode as its temperature is changed. The wavelength was measured
with a wavemeter. The desired wavelength of 398.9 nm is reached at a tem-
perature of approximately 5°C.

across it. In reality, there is often a trade-off between power loss and complete
removal of the high frequency noise on the beam. Empirically, the pinhole
used should be approximately 30% of the diffraction limited spot size, D =
fA/r, where f is the focal length of the lens and r the 1/e* radius of the
input beam.

After the pinhole the Zeeman slower beam is expanded and subsequently fo-
cussed in a similar way to Cs (see figure 4.13). In this case, the beam passes
through two divergent lenses with f = -25mm and f = -100mm (Thorlabs,
LD2297-A and LD1613-A respectively) before being focussed down the Zee-
man slower by a f = 250 mm lens (Thorlabs, LA1301-A). This gives a waist
of (307 £ 8) um at (1.93 +0.01) m from the viewport.

A separate 399 nm laser has been developed at Durham and will be used for
absorption imaging of the atoms. This laser housing was initially designed
for use with a Mitsubishi ML320G2-11 401 nm diode, which required cooling
to around 5°C in order to lase at the correct wavelength, as can be seen in
figure 4.16.

Therefore, as shown in figure 4.17, the compartment for the diode is capable
of being hermetically sealed, with the collimating lens forming an air-tight
window so desiccant packs can be placed around the diode to prevent con-
densation or ice build up. The diode itself is mounted in a small copper
block which can be cooled using a thermo-electric cooler (TEC). The grat-
ing (Thorlabs, GH13-36U, 3600 lines/mm) is mounted in a separate housing,
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Grating fine adjustment screws  Copper diode housing

Air-tightlens  Diode TEC  O-ring groove Air-tight connector TEC

Figure 4.17: A diode housing capable of hermetically sealing the laser diode
so cooling to below 0°C can occur without ice build-up. The diode is placed
within a copper block which can be cooled separately and the compartment is
sealed with an air-tight electrical connector with the collimating lens forming
another seal. The lid forms the last seal with the use of an o-ring. The grating
housing is separate but both halves are temperature stabilised using the same
TEC.

but the whole assembly is thermally stabilised using a further TEC. How-
ever, the Mitsubishi diodes were found to not be very stable so the housing
was then used for another Nichia NDV4314 diode, which does not require
cooling. Technical drawings for the diode and grating housing can be seen
in Appendix D.

With the Nichia diode, the laser typically outputs 9 mW when running single
mode, however, due to the same interference-type patterns on the beam as
seen in the slave laser, only ~3.5mW of this is usable. This is still enough,
however, for use in absorption imaging where only 500 uW [136] is typically
required.

4.4.3 Laser frequency stabilisation

The two laser systems for Yb are locked relative to each other using a transfer
cavity (Thorlabs SM1D12). The 556 nm laser is locked to an atomic signal,
the cavity is then locked to this laser and the 399 nm master laser is locked
to the cavity. This is shown schematically in figure 4.18.
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Figure 4.18: A simple schematic of the locking scheme for the 556 nm and
399 nm laser systems. The 556 nm laser is independently locked to an atomic
signal before the cavity is stabilised to the cavity peak of the 556 nm light,

Ve. The locked cavity then stabilises the frequency of the 399 nm master

laser by keeping the offset voltage, AV = V;, — V;, between the cavity peaks

constant.
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Figure 4.19: The current beam machine design with a similar oven to the
main vacuum system where the Yb beam is collimated with an array of 55
capillary tubes. Both a differential pumping tube and an aperture before
the viewports act to further collimate the beam. Two 6-way crosses pro-
vide access for spectroscopy on both the 556 nm and 399nm lines. In the
photographic inset; a black spot of Yb quickly develops on the end viewport.

556 nm laser frequency stabilisation

In order to lock the 556 nm laser an atomic signal is required and this is
supplied by a beam machine; a simplified version of the oven used in the
main vacuum system.

The beam machine is simply a nipple with the same arrangement of collimat-
ing capillaries as in the main oven, giving rise to an atomic beam. There is
an 8 mm aperture drilled into a copper gasket at (171 + 2) mm from the cap-
illaries that acts to further collimate the beam. A 551s™! ion pump (Varian
(Agilent), Vaclon Plus 55) maintains the vacuum inside; no NEG pump is
used as a lower vacuum than the main chamber is acceptable and the beam
machine will have to be brought up to atmosphere more often, which would
eventually degrade a NEG pump. To avoid stray magnetic fields from the
ion pump causing a Zeeman shift in the atoms a mu-metal shield is clamped
around the ion pump magnets. Optical access to the atomic beam is through
a six-way cross at the end of the beam machine, see figure 4.19.

Due to the narrow linewidth for the 556 nm transition of 27 x182.2 kHz [137],
to get a large enough spectroscopy signal the atomic flux needs to be higher
than that used in the main vacuum system and so the beam machine oven
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is run at a higher temperature of 480 °C. This means that the transmission
of Yb atoms through the capillaries is no longer molecular and the mean
free path is shorter than the capillary length. Yb is then not very well
collimated coming out of the capillaries and a coating of the metal is found
over a large angle within the beam machine, resulting in the Yb having to
be replaced on a more regular basis. This was especially true in an earlier
iteration of the beam machine where temperatures of 560 °C were regularly
run. The uncollimated atomic beam accounts for the Doppler broadening of
the fluorescence signal in figure 4.22(b).

Light from the laser is expanded to match the approximate diameter of the
atomic beam and sent through the beam machine to interact with the atoms.
As the fluorescence signals from the 556 nm transition are typically quite
small, a fluorescence detection scheme has been designed that maximises the
signal collected; this scheme can be seen in figure 4.20. The fluorescence
emitted vertically upwards (green lines) is collected by a large diameter lens
and focussed onto a photodiode (Centronics, OSD50-E). The fluorescence
emitted downwards would normally be lost, however, in our scheme a concave
mirror reflects it back upwards (purple lines), giving an increase in signal of
approximately 2.8x.

Two shielded BNCs take the signal from the photodiode to the locking elec-
tronics. This limits the noise picked up through the wires. To further limit
noise on the signal, the photodiode is battery powered (to avoid 50 Hz noise
from the mains electricity supply) and housed in a metal can, which acts
as a Faraday cage. With this set up we get typical fluorescence signals of
the order of 10 V. This allowed the temperature of the beam machine to be
lowered from the 560 °C we initially used to 480°C.

To form the locking signal, the frequency of the light is dithered by applying
a varying voltage to the spectroscopy AOM resulting in modulation appear-
ing on the fluorescence signal. This is then detected by a lock-in amplifier
(Stanford Research Systems, SR830DSP) and subsequently turned into an
error signal to lock to. The dither frequency sent to the AOM is supplied by
the lock-in amplifier itself.

Lock-in amplifiers have three main stages, illustrated in figure 4.21. The
input signal (in this case fluorescence) and the reference (dither) signal are
multiplied together in a frequency mixer, before the output of this is passed
through a low-pass filter. The remaining DC terms are subsequently ampli-
fied and form the final output signal. This gives several variables that can
be controlled, including the sensitivity, time constant and filter frequency.

As can be seen in figure 4.22(b), adding a dither frequency to the AOM means
that when the laser is scanned a modulation is added on top of the atomic
fluorescence which is larger on the flanks and zero off resonance. Modulation
with twice the dither frequency but lower amplitude is created near the peak
of the resonance as for one dither cycle the resonance is crossed over twice.
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Figure 4.20: The fluorescence detection scheme. (a) The metal can the pho-
todiode and lens are housed in is designed to fit snugly over the top viewport
on the beam machine with the concave mirror fixed to the bottom viewport.
Metal caps for the horizontal viewports have also been designed that only
allow the laser beam through in order to minimise background light incident
on the photodiode (not shown on the diagram). (b) The principle behind the
fluorescence detection; the largest possible solid angle of fluorescence emit-
ted vertically is collected onto the photodiode (green lines), although due to
reflections within the beam machine there will always be some fluorescence
which will miss the photodiode (red line). The concave mirror reflects light
emitted downwards back up to the photodiode to increase the signal (purple
lines).
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Figure 4.21: A schematic of a lock-in amplifier; the input and reference signals
are phase-corrected before being mixed together. The mixed signal then goes
through a low-pass filter before the remaining DC terms are amplified.
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Figure 4.22: (a) As the laser scans over the atomic resonance the dither
frequency adds modulation with frequency wqy on the flanks and 2wq at the
peak. (b) An example of the modulation as it appears on the fluorescence
peak of the 556 nm transition in Yb. Here wq = 100 Hz in order to make the
modulation easier to see. Uneven modulation can be seen on the flanks of the
peak, although the reason behind this is unclear. Even with this apparently
uneven modulation, a good error signal (c) is derived by the lock-in amplifier
(the signal in (c) is not the matching dispersion signal for (b) but derived
using the modulation frequency described in the text). The frequency scale
on both (b) and (c) were calibrated by passing two beams through the beam
machine with a known frequency offset (supplied by the AOMs).
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This modulated fluorescence signal can be used to produce an error signal
with the lock-in amplifier. In order to understand how the lock-in amplifier
works it is necessary to consider only a small section of the modulated fluo-
rescence signal at a time. In doing this the input signal can be approximated
as a sine wave, Vi, = Asin (wt) where A is the amplitude of the signal. The
reference dither signal is also a sine function, Vg = Bsin (wqt), where B is
the amplitude. The frequency mixer in the lock-in amplifier then multiplies
these signals together to get

Vinix = AB sin (wt) sin (wqt) = A2B (cos (wt — wqt) — cos (wt + wat)) . (4.10)

There are then three regions to consider in forming the error signal: off
resonance, on the flanks of the resonance peak and exactly on resonance.

Off resonance there is no modulation on the input signal, i.e., Vi, = A, so
the mixed signal is merely Vi,ix = ABsin(wqt). This signal is removed by the
low-pass filter in the lock-in amplifier.

On the flanks of the resonance the modulation is at the dither frequency so

AB
Vinix = - (1 — cos (2wqt)) ; (4.11)
the output from the mixer has both a DC and AC component. Again, the AC
component is removed by the low-pass filter but this time the DC component

remains.

The final case to consider is when the laser is exactly on resonance. Here
Vin = Asin(2wqt) so the output from the mixer is

Vinix = AzB (cos (wqt) — cos (3wqt)) . (4.12)

Both of these components are subsequently removed by the filter so the
output signal is zero.

In this way the error signal can be constructed as the laser scans over the
atomic resonance; the output signal will initially be zero before increasing as
the modulation starts to affect the fluorescence signal, only to become zero
once again on resonance. On the other side of the resonance the phase of the
modulation will have flipped relative to the reference signal so the sign of the
DC output will also have changed. This is illustrated in figure 4.22(a).

The correct phase between the reference dither signal and the modulated
fluorescence signal must be chosen in order to see this dispersion signal as if
the phase is wrong then the mixer will not output a DC term. The phase of
the reference signal can be changed to match that of the input signal before
the two are mixed together (see figure 4.21).
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Figure 4.23: The peak to peak amplitude of the dispersion signal only satu-
rates at large dither amplitudes (black axis), however, the dispersion gradient
peaks at around 15 MHz amplitude before being washed out at larger dither
amplitudes. Therefore, a compromise of 19.2 MHz was chosen giving both a
large amplitude and gradient.

To lock the 556 nm laser (1.28 + 0.02) mW of laser light was used with a
dither frequency of 3kHz; the final error signal can be seen in figure 4.22(c).
This was optimised by varying the amplitude of the dither signal going to the
AOM and recording the effects on both the gradient of the dispersion signal
and its peak to peak amplitude. These results can be seen in figure 4.23. A
final dither amplitude of 19.2 MHz was chosen as a good compromise between
the two parameters. The gradient in the locking signal used in figure 4.22(c)
is (0.1333+0.0003) V/MHz, which gives of the order of tens of kHz stability.

Transfer cavity lock

Once the 556 nm laser is locked the transfer cavity can be locked to it, and
the 399nm laser to the cavity. A computer program, originally written by
Sean Tokunaga at Imperial College London [138, 139], is used to lock lasers
in this way and a screen shot of the control panel is shown in figure 4.24. The
lasers are locked in this fashion in order to allow complete control over the
frequency of the 399 nm laser when switching between isotopes; the 556 nm
laser must simply be locked to a different atomic resonance and the frequency
of the 399 nm laser can easily be shifted by the appropriate amount.

It is necessary to lock the cavity as its length can drift with temperature
which will translate into frequency drifts in the blue laser as can be seen
diagrammatically in figure 4.18. If V, drifts but AV remains the same then



Chapter 4. FExperimental apparatus: Laser systems 96

Cavity Scan Voltage Analog Inputs
Number of points: |550 > |

Stop reading

Used FSR
Measured FSR

™ Use Measured
™ Fitting
Master Threshold: [0.15
Master Noise: 0.1

I Indesc

Set Point (V)|0 ™ Lock | PeskFit: |6.5088 Stay

Gain: n V to Ramp Offset.
I~ Log laser parameters
Slave
Slave laser Lock Parameters
07 " Gain ’T— W Lock 4
. '_ Set Point (V): -0.571833 Pezk Move (MHz): |500

Pezk Move (V) -0.963333 MHz Increment Size: |10

V Increment Size: |0.01 . =
- nver

JJ Threshhold [0.6
Scan: |500 ¥ MNoise |0.2 Piezo (V): [01949

Figure 4.24: A screen shot of the transfer cavity locking program. The top
plot is the cavity ramp, whilst the middle and bottom plots show the cavity
peaks of the green and blue lasers respectively. The control inputs to lock
the cavity and blue laser are to the right.

Vi, will also drift. In the ideal case the cavity would always scan so that
the length goes from L + Lg to L + L, where Ly and L. are determined by
the start and end piezo voltages. However, in reality the cavity will drift
with temperature, giving a length of L + dL, so to make sure that the piezo
is scanning over the right range the cavity length now needs to go from
L+ Li—dLto L+ L,—dL.

These lengths can be expressed as voltages using V' = al, where « is a
constant conversion factor. So Vi +dV = a(Ls. —dL) and dV = adL. It
is then this dV that needs to be corrected for. This is achieved by using a
cavity peak for the green laser, located at some voltage V, (see figure 4.18).
If the cavity drifts with temperature this cavity peak will then occur at
Vg +dV so by monitoring the position of the peak the temperature drifts can
be compensated for by adding an offset of —dV to the cavity piezo.

With the cavity stabilised, the cavity length at each transmission peak for
the blue 399 nm (b) and green 556 nm lasers (g) are:

A
L+ AL, = m?b (4.13)
)‘g

Subtracting equation (4.14) from equation (4.13) and converting both to
voltages gives
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AV =V —V, = % (mAy — Ay, (4.15)

with V, = a(L + ALy,) and V, = a(L + AL,). By periodically scanning the
voltage supplied to the piezo these voltages can be recorded.

In equation (4.15), A, is fixed as the green laser has been independently
locked. A particular cavity peak has been chosen to reference the cavity to
and so n is also a constant. That leaves m and Ay, to stabilise.

A wavemeter is used to bring the 399 nm laser frequency within 1.5 GHz (a
free spectral range of the cavity) of the required frequency to ensure that the
right m is selected by the program. This means that any drift in the blue laser
frequency (in other words, A,) causes a change in (AV = V;, —Vj). Therefore
the following voltage feedback loop can be used to control the voltage, Voyt,
going to the piezo in the 399 nm master laser to bring the wavelength back
to the correct value:

‘/outn = ‘/outn_l + G (‘/set - (Vb - Vg)) ’ (416)

where G is the gain and Vi is the initial (V4 - V) plus any voltage offset
added later in the program to move the blue laser to the correct detuning.
The gain has empirically been set to a value of -0.1 to give good stabilisation
of the 399 nm laser.

4.4.4 Adding sidebands to the MOT beams

Sidebands were added onto the light going through the MOT AOM in order
to broaden the linewidth of the light that the atoms interact with. This
allowed atoms with a larger velocity to be captured from the Zeeman slower
and so a greater efficiency achieved. The compromise to this situation is that
the atoms will have a higher Doppler temperature in the MOT than if no
sidebands were used, however, once captured the temperature of the atoms
can be lowered by slowly ramping down the sidebands.

The sidebands were added by applying frequency modulation at 25kHz to
the usual RF signal driving the Yb MOT AOM (AOM 12). This was done
using an Agilent E4421B ESG series signal generator set to a peak-peak
amplitude of 50mV. The amplitude determines how many sidebands were
added to the light. This gave an overall linewidth of approximately 1.5 MHz.
The detuning used was (8.0 & 0.5) MHz from the atomic transition.

The sideband parameters mentioned here are merely a starting point for
further optimisation with absorption imaging where both atom number and
temperature will be measured to find an optimum.
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Figure 4.25: The frequency of the MOT beams is artificially broadened by
the addition of many sidebands. The sideband separation is 25 kHz, which
is supplied by with approximately 60 sidebands forming the broadened line.

4.5 Fluorescence detection

The number of atoms in a MOT can be inferred using fluorescence detection
(figure 4.26). This is where light spontaneously emitted by the atoms trapped
in the MOT is collected by a lens and focussed onto a photodiode. The lens
should be as close to the atoms as possible so that a larger solid angle of
emitted light can be collected.

In the experiment a lens with a focal length of 75mm is used to focus the
light onto a Thorlabs DET110 photodiode. An iris is placed before the
lens to get a better measure of the solid angle of light collected- a factor
that is needed when using fluorescence to calculate the number of atoms in
the MOT. The iris helps to ensure all of the fluorescence from the MOT is
collected whilst eliminating as much background light as possible. Figure 4.27
shows how the fluorescence signal from the MOT (the total signal recorded
on the photodiode minus the level recorded when the MOT magnetic field
is switched off) increases with iris diameter up to a certain point. After this
diameter value the fluorescence signal from the MOT plateaus, therefore the
iris should be set to this diameter as it allows the largest signal from the
MOT to be collected whilst limiting the background signal.

To do this it is first necessary to consider the power, P, scattered by N atoms
in a MOT [140],
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Figure 4.26: Light scattered by the atoms is collected onto a photodiode by
a large diameter lens. The solid angle of light collected is calculated using
an iris immediately before the lens. The fluorescence detection is currently
set up in the position shown in figure 4.12.
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Figure 4.27: An iris is placed just before the fluorescence lens and its diameter
varied. The fluorescence voltage recorded on the photodiode plateaus at
a certain diameter when all of the possible light from the MOT has been
collected. The iris is set at the diameter where the signal starts to plateau
as this is where the best signal to noise ratio will be achieved.
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~ Nhel 1/1,
N 2144(8/T)+ 1)1

(4.17)

where T is the decay rate of the excited state (in rads™!), § is 27 times the
detuning in MHz and the saturation intensity is [108],

mhel’
33

I, = (4.18)
This power is emitted symmetrically, so it is necessary to consider only the
light emitted in the solid angle focussed onto the photodiode, = d*r/4L?,
where d is the diameter of the iris and L is the atom-lens distance (illustrated
in figure 4.26). Therefore the total power on the photodiode, Ppp, is

0 d?
Pep = P = 1612

P. (4.19)

The photodiode is connected to an oscilloscope with a 1 M(2 termination, so
the corresponding voltage measured will be

Vop = IppR = R (A\) PrpRR, (4.20)

where Ipp is the photocurrent, R is the load resistance and R (A) is the
responsivity of the photodiode at the laser wavelength. The responsivity for
the Thorlabs DET110 photodiode at 852nm and 556 nm is 0.55 A W~! and
0.34 AW~ respectively.

Substituting in equations (4.17) and (4.19) and considering that I >> I
gives the number of atoms in the MOT for Cs:

~ Vep 16L* X 2
T RAR d hel”

(4.21)

However, this treatment does not take into account the various transitions be-
tween the Zeeman sub-levels in the ground and excited states. To take these
into account the following correction needs to be made to equation (4.17):

~ Nhel C2I/ I,
XN 2144(8/T) + 2L

(4.22)

where C] and C5 are average Clebsch-Gordan co-efficients. These have ex-
perimentally been found to be €y = Cy = 0.73 £ 0.1 for Cs [140].
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4.6 Experimental control

Experimental control is realised by using the National Instruments LabVIEW
software in combination with a Field Programmable Gate Array (FPGA)
board (National Instruments R-series PCI FPGA card, NI PCI-7833R) to
generate both analogue and digital inputs and outputs [141].

There are 56 ‘fast’ digital outputs which can give pulses as short as 0.9 us
and 16 ‘slow’ digital outputs (8.2 us). Likewise, there are 16 ‘slow’ analogue
outputs, with a response time of 44 us and 8 ‘fast’” analogue outputs (1.7 us).
The 16 digital inputs can act as triggers for the program to wait for an action
in the experiment to occur before moving on to the next step, for example,
waiting for a camera to fire. There are also 8 analogue inputs. The program
is also capable of controlling devices using a GPIB connection.

4.7 Outlook: Polarisability and the optical
dipole trap

Once the atoms have been captured in a MOT the next step will be to transfer
them into an optical dipole trap. When an electric field, F, is incident on an
atom it induces a dipole moment, d = a(w)E, where a(w) is the wavelength
dependent complex polarisability of the atom. The interaction potential
between the incident electric field and the dipole moment is then

1
Udip = —focRe(a)](r), (4.23)
where I(r) is the intensity of the electric field and Re(«) is the real part of
the atomic polarisability.

In an optical dipole trap the applied electric field comes from a far off res-
onance laser beam. As the laser intensity varies across the diameter of the
Gaussian beam, the atoms feel a force equal to the gradient of the interaction
potential, which traps them within the most intense part of the beam. The
depth of the trap for the atoms can be calculated from equation (4.23) by
inputting the maximum intensity, Iy, of the laser,

2P

]O - PR
Wy

(4.24)

where P is the laser power and wy is the waist.

Therefore, in order to prepare for the next step in the experiment of trap-
ping the atoms optically and to ensure that the correct lasers were bought,
the polarisabilities of Cs and Yb were calculated and used to calculate the
respective optical trap depths.
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Figure 4.28: The polarisability of Cs (red) and Yb (purple). The wavelengths
of the possible dipole trap lasers (532 nm and 1064 nm) are shown as dashed
lines. The polarisability of Cs is negative at 532nm indicating that a bar-
rier rather than a potential well would be created by a laser beam of this
wavelength. This may help to balance the trap depths for Cs and Yb if both
wavelengths were used.

4.7.1 Polarisability

The polarisability of an atom can be thought of as the amount by which
the electronic charge distribution is distorted by an applied electromagnetic
field. Tt can be calculated using the following formula [142]:

/ 2 / 2
e = L [ FBwma (212 [Dlns) 0B (s WPlIms)
345 0B, . —uwi OE%, ——wi '
n np1/2 n'p3/2

where <n’p1/2 | D|| ns> and <n'p3/2 | D|| ns> are the matrix elements for the
transition from an s state to a p state, wy is the frequency of this transition
and F,,, its energy. In practice, a good approximation for the real part of the
polarisability can be calculated by summing over the light shifts for several
atomic levels,

Re(a)zz3”€3003< A A ) (4.26)

T Wi Woi —w  Wwo1tw

where w is the laser frequency and A; is the Einstein A-coefficient for transi-
tion, i. When summing over energy levels that have fine structure splitting
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Transition Avac (nm)  A-coefficient (s71)
6s ?Sij2 — 6p *Prjs 894.5929600 2.862 x 10°
6s 2S1/2 — 6p 2Psjp  852.3472759 3.279 x 107
6s 25y )y — Tp 2Prjp  459.44880  7.93 x 10°
6s 251y — Tp 2Pyjy  455.65844 1.84 x 10
6s 2512 — 8p 2P1jp  388.9710415  8.99 x 10*
X
X

Gs 2S1jo — 8p 2Pyjn  387.72473  3.86 x 107
6s 2S1/o — 9p 2Pijp  361.83400  2.23 x 10°
6s 2513 — 9p 2Pyjp 36125014 143 x 10°

6s 2512 — 10p 2Py jp  348.1057 6.33 x 10°
6s 2512 — 10p 2Pspn  347.7805 6.27 x 10*
6s 2512 — 11p 2P1jp  340.0955 2.36 x 10°
6s 2512 — 11p 2Py;»  339.8941 3.61 x 10

Table 4.3: The transitions from the ground state in Cs used to calculate the
polarisability. All values are taken from [143]. The wavelengths above have
been calculated from the wavenumbers stated in the paper as the wavelengths
given are in air.

Transition Avae (nm)  A-coefficient (s™1)
4f16s? 1S, — 4f'%6s6p P, 555.80236 1.15 x 10°
44652 15, — 4f4656p 1Py 308.91142 1.92 x 108
49652 15, —s 4f135d6s2 (7/2, 5/2)1 34653620 6.83 x 107
414652 1S, — 4f'35d%6s 267.2754  1.43 x 107
44652 15, — 4f46sTp 1Py 246.5242  1.00 x 108

Table 4.4: The transitions from the ground state in Yb used to calculate the
polarisability. All values and state assignments have been taken from [65],
although the wavelengths are calculated from the wavenumber as the stated
wavelengths in this reference are for air.

the A-coefficients should be weighted according to their angular momentum.

The polarisability for Yb and Cs can be seen in figure 4.28. The atomic levels
used for these calculations are summarised in tables 4.3 and 4.4.

4.7.2 Optical dipole trap depth

Once the wavelength dependent polarisability is known, the maximum po-
tential created by a laser beam can be calculated from equation (4.23). The
two wavelengths that are routinely used to create an optical dipole trap for
Yb are 532nm and 1064 nm. However, as this is a dual-species experiment
the same laser needs to be able to trap both species. As can be seen in
figure 4.28, at 532nm the polarisability for Yb is positive, giving a negative
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Wavelength (nm) Polarisability (aj)

Cs Yb
532 -223.9 261.2
1064 1139.1 158.2

Table 4.5: The polarisabilities for Cs and Yb at the two possible dipole trap
wavelengths.

Uaip and so a potential well (in other words the Yb atoms would be trapped).
However, the polarisability of Cs at this wavelength is negative, producing a
potential barrier. Therefore, a 532 nm laser alone would not be able to trap
both species.

On the other hand, the polarisabilities for both Yb and Cs are positive at
1064 nm, meaning that both can be trapped with a laser at this wavelength.
However, as can be seen in table 4.5, the polarisability for Cs at this wave-
length is much larger than that for Yb. This would give a trap depth ap-
proximately 7 times deeper for Cs. Therefore, to give the ability to modify
the trap depths for Cs and Yb relative to each other a combination of 532 nm
and 1064 nm light could be used; the 532 nm light would decrease the trap
depth for Cs but increase it for Yb.

A similar method is used at the University of Diisseldorf in the RbYb ex-
periment [136], although in this scheme the Rb is in a purely magnetic trap
whereas Yb is trapped optically. This would not be an option for the Yb-Cs
experiment as Cs cannot be condensed in a purely magnetic trap (although
reaching BEC is not a pre-requisite for forming ultracold molecules).



Chapter 5

Experimental apparatus:
Zeeman slower

This chapter gives a summary of the theory behind Zeeman slowing and then
details how the dual species Zeeman slower for Cs and Yb was designed, con-
structed and simulated. More in-depth explanations of Zeeman slowing can
be found in many atomic physics textbooks and review articles, for example,
[69, 108, 144].

5.1 Basic principles

Zeeman slowers use the same basic principle of laser cooling described in
Chapter 4. Atoms exiting the oven travel at velocities hundreds of times
greater than the capture velocity of a MOT and so need to be slowed before
they can be trapped. This cannot just be done with laser cooling as any
appreciable change in their velocity will Doppler shift the atoms off resonance
with the cooling light, therefore some way needs to be found to keep the atoms
on resonance with the laser as the atoms are decelerated to rest.

Historically two methods have been used to achieve this; frequency chirping
[145] and Zeeman slowing [144]. Chirp cooling sweeps the laser frequency to
keep pace with the changing Doppler shift of the slowing atoms, whereas in
a Zeeman slower a varying magnetic field is applied to perturb the energy
levels of the atoms and so keep them on transition for the length of the slower.
Chirp cooling is relatively simple, however it will only cool a small subset of
atoms within a certain velocity range from the oven, giving a pulse of cooled
atoms. Zeeman slowing will give a constant stream of cooled atoms and a
larger velocity class of atoms can be slowed.

If an atom with initial velocity, vy, is under a constant deceleration, a, then
its velocity, v, at any point, z, along the Zeeman slower will follow

105
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v2 = 0% + 2az. 5.1
0

The deceleration is provided by the radiation force discussed in Section 4.1
and the maximum deceleration is amax = hkI'/2m from equation (4.2). In
general, the deceleration provided by the Zeeman slower will be a = namax
where 7 is a design parameter such that 0 < n < 1. The stopping length for
an atom to come to rest under this deceleration is Ly = US /@max- Combining
these gives the velocity profile under constant deceleration by the radiation
force of

v =g <1 - 21717Z) (5.2)

To keep the atoms on resonance the frequency shift produced by the Zeeman
effect needs to obey

pB(z)
h
where wy is the atomic resonance frequency, w the laser frequency and p =

(geme — ggmyg) s is the effective magnetic moment of the atom. Substituting
in equation (5.2) and re-arranging gives the magnetic field profile required,

hAw  khug 2nz
B(z) = — &+ \1——
=) H K Lo

z

= By+AB/1-2, (5.4)

=w+ kv, (5.3)

where Aw = w — wy = 0 is the laser detuning from resonance. The + sign
is due to being able to drive either o~ or o" transitions depending on how
the energy levels are shifted by the magnetic field (see Section 5.1.1). The
effective length of the Zeeman slower can be defined as

_ Lo _ vym (5.5)
2n  nhkD’ '

Typically Zeeman slowers are designed so 1/3 < n < 2/3. The upper limit
on 7 gives headroom for fluctuations in magnetic field, detuning and laser
intensity without causing atoms to be lost from the Zeeman slower. If n > 1
then an non-physical deceleration a > @,y is needed. The lower limit is
merely to ensure that the Zeeman slower is not too long - a lower design
parameter means that the length of the slower needs to increase to get the
same level of slowing. Conversely, if there is limited laser power available
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then the design parameter can be decreased in order to decelerate the atoms
over a greater distance.

All atoms with initial velocities in the range vy to v¢ (the final velocity at
the end of the slower) will come into resonance with the laser somewhere
along the length of the slower and so the capture efficiency is high compared
to the chirp cooling method. The final exit velocity should be equal to or
slower than the capture velocity of the MOT (calculated for Yb and Cs in
Section 4.2.2).

5.1.1 Magnitude of the magnetic field

As can be seen in equation (5.4), there are two basic choices of magnetic field
profile for a Zeeman slower; one with an increasing magnetic field magnitude
and the other with a decreasing field following from the minus or plus sign
in the equation respectively. These two profiles are shown in figure 5.1(a).
An offset could be added to each of these field profiles which would affect
the detuning of light required to slow the atoms and, if the field changed
sign part way along the slower, would mean that the magnetic field would be
decreasing in magnitude in one part and increasing in the other, for example,
the field shown in figure 5.1(b). Different atomic transitions are driven (by
the same handedness of circularly polarised light) in these two regimes.

Considering a simple example of an atom with /' = 0 and F’ = 1, the Zeeman
effect causes a shift in energy of

for each magnetic sublevel, mpg, where the effective magnetic moment p =
mpgr. As illustrated in figure 5.1(d), when an atom slows, the laser fre-
quency, w, required to keep the atoms on resonance decreases until it matches
the resonance frequency for atoms at rest, wy. At the end of the slower when
the velocity of the atoms is close to zero, the Doppler shift (kv) is also zero
so hAw = By as in equation (5.4). Therefore, to keep track of the reducing
Doppler shift, the energy of the sublevel must also decrease.

In an example where the magnitude of the magnetic field decreases, a state
must be found whose energy decreases with decreasing field and that state
is mp = +1, see figure 5.1(c). This means that the energy of the sublevel is
decreasing along the length of the slower to keep track of the slowing velocity.
The same can be done for an increasing field Zeeman slower, where a state
must be found whose energy decreases as the field increases, in other words
mprp = —1. More generally, decreasing field Zeeman slowers use Amp =
+1 transitions (o) whilst increasing field Zeeman slowers use Amp = —1
transitions (o).
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Figure 5.1: (a) The magnetic field magnitude of a Zeeman slower can either
increase or decrease, depending on the choice of sign in equation (5.4). The
two fields here are plotted such that the sign of the field does not change along
the slower. However, if, as in (b), the magnetic field does change direction
along the slower, the first part will be a decreasing field Zeeman slower whilst
in the second half the magnitude will increase again. This means that o+
transitions will be driven at first and then o~ for the same handedness of
light. (c) A state is needed whose energy decreases as the magnitude of the
field either decreases (mp = +1) or increases (mp = —1). (d) Whether the
field increases or decreases, the velocity always decreases along the slower
meaning that the required laser frequency also decreases and therefore the
energy of the state must decrease to keep track of the changing Doppler shift.
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5.2 Zeeman slowing multiple atomic species

Bearing in mind that for an efficient Zeeman slower n should be somewhere
in the range 1/3 < n < 2/3 this puts limits on which atomic species can be
slowed simultaneously in the same magnetic field profile. For two species,
a and b, to be slowed by the same magnetic field profile then By,/Lo. =
Boy/Loy. Using equation (5.5), the following ratio can then be derived,

Na _ Mamakply

. 0.7
o ﬂ%mb kg Fa ( )

For both species to be efficiently slowed, this ratio should be in the range
1/2 < na/my < 2 so that the individual 7 can still be in the normal range of
1/3 < n < 2/3. For the relevant transitions for 133Cs and '™Yb, ucs = piyp, =
pp and so this ratio equals 0.015, which is outside of the range. Therefore Cs
and Yb cannot be simultaneously and efficiently slowed in the same Zeeman
slower. However, the same set of coils can be run at different currents to
produce distinct magnetic field profiles for sequential loading.

na/Mp values for various combinations of atomic species are listed in [146].

5.3 Design of the Yb-Cs Zeeman slower

When designing a Zeeman slower many considerations can come into play,
such as available space in the lab dictating the total length of the slower,
ensuring the Zeeman slower light has a sufficient detuning from resonance so
that atoms in the MOT are not affected by it and making certain that the
magnetic field at the end of the slower is properly nulled before the MOT
region. An added complication is that the same Zeeman slower coils must be
able to give a suitable magnetic field profile for both Cs and Yb, so a certain
degree of flexibility must be built into them.

There are three main areas that were considered in the design of the Yb-
Cs Zeeman slower; the magnetic field profile, the laser beam properties and
whether repumping transitions were needed.

5.3.1 Magnetic field profile

For clarity in the following discussion equation (5.4) is repeated again:

hAw | khug 2nz

B(z) = — &+ 1——

=) H K Lo
— By+AB1-2,
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Figure 5.2: (a) If the magnitude of the magnetic field is increasing at the end
of the Zeeman slower the atoms have a well defined final velocity, v¢, as their
Zeeman sublevels are no longer being shifted by the field to be on resonance
with the laser beam and so they are released from the slower cleanly. (b)
On the other hand, if the magnetic field is decreasing then the desired final
velocity is unlikely to be achieved as the atoms are on resonance with the laser
beam with very little or no magnetic field and so they continue to interact
with the light and are potentially slowed too much.

The relevant parameters to consider here are the total change in magnitude
of the magnetic field, AB, the ideal field at the end of the slower, By, the
actual field at the end of the slower, By, and the length of the slower L.

Detuning, 6 — B

The first decision to make when designing a Zeeman slower is how the atoms
should be de-coupled from the magnetic field at the end of the slower. If the
magnitude of the field is increasing at the end then the atoms rapidly come
out of resonance with the laser and so there is greater control of the release
velocity, ve. However, if the magnitude of the field is decreasing to zero at the
end the atoms will remain on resonance with the laser beam (whose detuning
d = 0) and so there is a greater risk of the atoms being slowed too much and
turned back down the slower. This is demonstrated in figure 5.2. Therefore,
it was chosen to have an increasing field at the end of the Zeeman slower,
such that o~ transitions are driven, to give a clean release velocity.

Broadly speaking, a Zeeman slower can be designed for any possible detuning;
it is merely a matter of shifting the entire magnetic field profile up or down
in magnitude, in other words changing the By value in the equation above.
However, the Zeeman slower cannot just be considered in isolation; there is
a dynamic interplay between the slower and the MOT, not just in terms of
the magnetic fields of the two but also in terms of laser cooling.
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The MOT is formed of three pairs of counter-propagating laser beams, as can
be seen in figure 4.12. In the Yb-Cs system, the Zeeman slower beam passes
through the centre of the MOT region at 30° to one of the horizontal MOT
beams for both Cs and Yb and as such, it will contribute to the radiation
force felt by the atoms in the MOT. Therefore, the Zeeman slowing beam
should be detuned far enough away from resonance that it has a negligible
effect on the MOT. However, at least in the case of Cs, if the detuning is
too great the Zeeman slower light could start pumping significant numbers of
atoms into the F’ = 4 state as there is only 251 MHz separation between the
F' =5 and F' = 4 states (figure 2.1). Whilst this would not be disastrous
due to the repumping beam already in place, it would at least mean that a
larger power in the MOT repumping beam would be required.

In other experiments [147, 148] it has been found that the range of detuning
for a Zeeman slower for Cs should be approximately 50 to 60 MHz. There-
fore, we chose to use approximately 60 MHz (see table 5.1). The detuning
required for a 399nm Yb Zeeman slower feeding a 556 nm MOT has been
experimentally found to be best from 500 MHz to 660 MHz [120, 136, 149].
This is quite a large detuning and comes about as the 399 nm light interferes
with the 556 nm MOT [120].

Capture velocity, vg - AB

Whilst the theory behind equation (5.4) uses a single capture velocity to
inform the shape of the magnetic field, in reality the oven will produce atoms
with a range of velocities according to the Maxwell-Boltzmann distribution
(as discussed in Section 3.2.1). A Zeeman slower can be designed to capture
a large proportion of the atoms from the oven if the capture velocity is
near the peak of the distribution. Figure 3.4 shows the Maxwell-Boltzmann
distributions for both Cs and Yb atoms from the dual species oven running
at temperatures of 100°C and Yb at 400 °C respectively. From this figure it
can be seen that the capture velocities of 200ms~! and 300ms~! for Cs and
Yb cover close to half of the individual distributions.

However, if the capture velocity is too high then the Zeeman slower has to
become longer in order to be able to slow the atoms if the same efficiency
parameter is kept (see equation (5.5)).

Atoms with velocities below the design capture velocity will come into res-
onance with the magnetic field of the Zeeman slower at some point further
along the length and so will start to be slowed from that point. On the other
hand, atoms with velocities above the capture velocity will not be slowed at
all and will travel down the vacuum system unhindered.
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Design parameter, n — L

As explained in Section 5.2, it is not possible to use the same magnetic field
profile to slow Cs and Yb simultaneously. Therefore the same set of coils must
be able to be run at different currents to sequentially load the atoms. This
impacts the desired design parameters for the two species as compromises
must be made to use the same coil set for both.

The maximum deceleration is smaller for Cs owing to its smaller scattering
rate and smaller photon energy (am.x values for both Cs and Yb can be
found in table 4.1). Thus it is Cs that dictates the minimum length of the
Zeeman slower, being 0.70 m for a higher end efficiency of 0.5. Yb can easily
be slowed in such a long Zeeman slower with a correspondingly low design
parameter of 0.128. If Yb alone was being slowed by a Zeeman slower with
the same design parameter as for Cs above (i.e., 0.5) the slower would have
to be just 0.18 m.

The chosen value of 1 cannot be too high as if local magnetic field or laser
intensity fluctuations require it to go above 1 then atoms will be lost as an
non-physical deceleration greater than a., would be required. Therefore
the logical step to take when designing the Zeeman slower was to lower nyy,
but keep ncs at a sensible value. Therefore, the design efficiency parameters
for Cs and Yb are 0.5 and 0.128 respectively.

Final velocity, vy — Bax

The idealised final velocity for a Zeeman slower is zero, however, in reality
this is impractical as the end of the Zeeman slower cannot coincide exactly
with the MOT position. Therefore, the atom has to have a non-zero final
velocity in order to be captured in the MOT. However, the final velocity
should not exceed the capture velocity of the MOT.

The MOT capture velocity for Yb is relatively small at 10ms™" (see Sec-

tion 4.2.2), so the atoms need to be released from the Zeeman slower at
a correspondingly low velocity. This impacts on the design of the Zeeman
slower in two ways; firstly, the end of the magnetic field profile must be able
to be precisely tailored to release the atoms at exactly the right velocity and
secondly the distance between the release point of the Zeeman slower and
the MOT location must be as short as possible. If the atoms are released too
soon they will be too fast to capture in the MOT and if they are released too
late they might be slowed too much and be turned back down the slower or
else will have too little residual velocity to reach the MOT location before
dropping under gravity. This is why the MOT must be as close as possible
to the end of the Zeeman slower. The latter consideration had an impact
on the choice of science chamber whereas the first point was a concern when
designing the Zeeman slower coils.
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In the ideal case shown in figure 5.2(a) (dashed line) the magnetic field makes
a sudden drop off at z = L which would theoretically slow the atoms to
rest. This is neither desirable, in that the atoms would not make it to the
MOT location, nor practical, in that so sharp a drop in magnetic field is not
achievable. On a practical level, the release velocity of the Zeeman slower
is adjusted by rounding off the field profile at the end of the slower. The
smaller the magnitude of the magnetic field at the end of the slower, By,
the higher the release velocity as the atoms are decoupled from the slowing
beam earlier.

However, as the capture velocity of the Yb MOT is so small, the Zeeman
slower must have a relatively sharp drop off that is able to be precisely
controlled to optimise the loading into the MOT. The field for Cs is much
more flexible in that the MOT capture velocity is higher at 48ms™!. To
create the sudden drop in field a pair of high current, thin coils are used at
the end of the slower, producing large, opposing magnetic fields. The first
coil has a positive current to produce the fast upturn in field seen in figure 5.1
whilst the second coil has a current applied in the opposing direction, giving
a large field orientated opposite to the first coil, producing the sharp drop
off in field. The currents going to each coil can be varied to modify the exact
release point.

Careful tailoring of the Zeeman slower magnetic field profile can limit the
impact on the magnetic field magnitude and gradient at the MO position.
Fine tuning of the residual magnetic fields at the MOT location can be
achieved with shim and compensation coils.

Producing the magnetic field

Once the magnetic field profile has been designed there are a number of
methods for producing the required magnetic field; a single helical coil with
varying pitch [150], permanent magnet arrangements [151], individual coils
with varying numbers of turns able to be moved horizontally and coils wound
the length of the slower. The most versatile of these is the last as it allows the
whole field profile to be shifted up and down to match different detunings. If
a solenoid is wound along the length of the slower this allows multiple atomic
species to be slowed with the same coil set. Therefore, it was this method
that was chosen for the Yb-Cs Zeeman slower.

5.3.2 Laser properties
Beam profile

The upper limit imposed on the efficiency parameter (typically n < 2/3) gives
room for local fluctuations in magnetic field strength and random photon
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scattering events that might cause atoms to be lost from the slower. This is
the most critical at the end of the Zeeman slower where the atoms should be
released at a specific velocity.

The Zeeman slower beam will have a Gaussian profile where the intensity
varies across the cross-sectional area of the beam. It was found in simulations
(see Section 5.5) that the best results were obtained when the beam was
focussed towards the oven as this ensures that the beam intensities are larger
than the nominal on-axis design intensity everywhere except at the very end
of the slower. Thus the bulk of the atoms that are travelling on trajectories
transversely displaced from the main slower axis are efficiently slowed.

Conversely, increasing the power can compensate for other parameters being
sub-optimal in the Zeeman slower. Efficient slowing of atoms in a Zeeman
slower depends on having the correct scattering rate which depends both on
detuning and beam intensity, so each can compensate for the other.

Deceleration, a

The deceleration in the Zeeman slower is assumed to be constant in equa-
tion (5.4), however, in reality it is quantised as each photon absorbed gives
the atom a distinct momentum kick. The random nature of the momentum
changes could also cause some atoms to be lost from the Zeeman slower,
however, the probability of this occurring is limited by setting n to an ap-
propriately low value (i.e., no higher than 2/3).

5.3.3 Repumping transitions
Caesium

Just as for the MOT, Cs requires a repumping beam to close loss routes
arising from off-resonant pumping into unwanted states. The Zeeman slower
designed for Yb-Cs uses left handed circularly polarised light which primarily
drives the |[4,4+4) — |5, +5) transition for the majority of the Zeeman slower
(where the states have been labelled |F, mg)). At the end of the slower the
same light drives the |4, —4) — |5, —5) transition as the magnetic field starts
to increase rather than decrease. This is illustrated in figure 5.3 by the dashed
arrows. The following discussion will concentrate on the o' transitions,
however, the same treatment could also be applied to the ¢~ transitions.

The same polarisation of light that drives the [4,4+4) — |5,+5) transition
could also drive the |4, +3) — |5, +4) transition, although the detuning for
this line will be slightly different as the Zeeman shifts between the two states
are different (gr takes a different value in equation (5.6)). This may just
increase the number of atoms that can be slowed by the Zeeman slower and
is not a problem.
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Figure 5.3: The Briet Rabi diagram for the ?Ps/o state of Cs. The dashed
arrows indicate the states used in the Zeeman slower; |5, 4-5) for the majority
of the slower where the magnitude of the Zeeman slower field is decreasing
and |5, —5) for the end section where the field increases.

In practice the Zeeman slowing laser beam will never have pure circular polar-
isation, a small percentage will have linear polarisation, which could drive the
14, 4+4) — |5, +4) transition. However, there is also a finite probability that
some atoms will be pumped from the ground |4, +4) to the excited |4, +4)
state by this linearly polarised light, in the same way that some atoms in a
MOT will also be lost into the F' = 3 state via the F" = 4 state. Therefore,
repumping light on the |3,43) to |4, +4) transition is required as otherwise
atoms would eventually be lost into the F' = 3 state. Furthermore, reflec-
tions and scattering within the vacuum tube can also lead to a small but
significant percentage of ill-defined polarisation.

Another reason for using a repumping beam is that the Cs atoms effusing
from the oven will be uniformly distributed over 16 possible mp states (9 in
F =4 and 7 in F = 3). Although we have not yet carried out a detailed
numerical simulation of the effect of this, we have identified many possible
routes whereby atoms in non-target mg states can come into resonance with
the repumping and slowing beams at different positions along the slower and
be optically pumped into the target state. This could account for the signif-
icant enhancement in number seen when the repumping beam is unblocked
when loading a MOT (see Section 6.1.1).
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Parameter Cs Yb
vo (ms™) 200 300
0 (MHz) 58.7  609.2
n 0.500 0.128

L (m) 0.70  0.70
By (G) 41.8 435
AB (G) 166.8 537
Buax (G)  13.1 378

Table 5.1: The design parameters for the Yb-Cs Zeeman slower.

Ytterbium

The Zeeman slowing beam for Yb uses the 1Sy — P, transition at 399 nm.
As the branching ratio from the ! P; state into the triplet 3D, and 3D, states is
fairly small there is no need to use repumping light for the Yb Zeeman slower
beam. The branching ratio would be a problem in a MOT where atoms would
undergo many more scattering events when trapped for an appreciable time,
whereas atom losses to the dark states in a Zeeman slower are negligible.
Any repumping scheme for this transition would also be fairly involved for
little net gain.

5.3.4 Design conclusions

From the above discussion of each of the factors that need to be considered to
design a Zeeman slower it can be seen that each parameter is intimately linked
to the others and making a change to one impacts on all of them. Therefore,
designing and optimising a Zeeman slower is quite a ‘soft’ process in that
several combinations of parameters could be found that would produce the
same effect. The most important parameters for a Zeeman slower for Cs and
Yb are summarised in table 5.1.

The designed coil set

Bearing in mind the need for precise control of the magnetic field profile,
the Yb-Cs Zeeman slower was designed to have five coils, as can be seen in
figure 5.4; a solenoid running the whole length of the slower, the field-profile
coils (in two parts) and two small, high current coils at the end of the slower.

The majority of the field profile is created by the two coils wound directly on
top of the solenoid (coils 1 and 2 in figure 5.4(b)). These coils were wound
in two sections so that the current direction could be switched between the
two halves. This meant that the total number of turns required could be
reduced and lower currents used as the magnetic field profile is kept as small
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Figure 5.4: (a) The completed Zeeman slower; the connectors on the right
allow water to flow through the coils, although in this photograph they have
not been bent into their final positions yet. (b) A cut-away of the Zeeman
slower; the red coil is the solenoid, the purple coils (1 and 2) produce the
majority of the field profile and the green coils (3 and 4) give a sharp drop
in field.

as possible by including a zero-crossing half way down the slower. The whole
profile can then be shifted up or down with the solenoid to change the laser
detuning required.

The purpose of the final two coils (3 and 4) was to create the large field with
a sharp drop off at the end of the slower. As mentioned before, this method
gives the flexibility to change the release velocity of the atoms, however, it
does create some problems. Because the magnitudes of the magnetic fields
associated with each coil are large, residual fields will radiate out from the
coils and potentially affect the magnetic field magnitude and gradient at the
MOT position. Trying to minimise this using the currents in the coils will
change the release velocity at the same time. Therefore, a method needs
to be implemented to have separate control of the magnetic field at the
MOT position. This can be achieved with a combination of shim coils and
a compensation coil mounted on the science chamber flange opposite the
Zeeman slower. The shim coil pairs can increase or decrease the bias field at
the MOT, whereas the compensation coil could reduce some of the gradient.

The designed coil windings are summarised in figure 5.5 including the number
of turns per layer for each coil. The tapered profile of coils 1 and 2 generate
the shape of the magnetic field but the addition of the solenoid means that
fewer layers are needed overall.

The contributions of each of the five coils can be seen in figures 5.6 and 5.7
for Yb and Cs respectively. In the idealised theory, the magnetic field would
have two discontinuities at the start and end of the slower and would be zero
for z > L and z < 0. Obviously this in non-physical and the magnetic field
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Figure 5.6: The individual contributions from each coil to the total magnetic
field profile (black) for Yb. The solenoid is shown in red, coils 1 and 2 in
purple, coil 3 in blue and coil 4 in green. The location of the MOT is -0.075 m
on this scale.

profile instead has a gentle rise and fall and has some small corrugations
along its length due to the discrete coil windings.

Any small imperfections in the magnetic field profile can largely be compen-
sated for by the power in the Zeeman slower beam and the atoms are tolerant
of some variations from the ideal field due to the choice of n. If n was closer
to 1 then atoms would start to be lost from the slower if the magnetic field
varied from the ideal case.

The gradual rise and fall at the ends of the Zeeman slower magnetic field
profile mean that atoms can be on resonance with the laser beam for longer
and so experience additional slowing. As discussed earlier, this can be com-
pensated for by the choice of an increasing field at the end of the Zeeman
slower as the atoms are only on resonance with the laser at high fields and
so once the field has dropped by a certain amount, the atoms will no longer
be slowed.

5.4 Construction of the Zeeman slower

The Zeeman slower was designed to work for both Yb and Cs but with
different magnetic field profiles for each for sequential loading.

The solenoid effectively allows the field profile to be matched to the detuning
of the light. It was wound with 4.3 x 4.3mm hollow square copper wire
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Figure 5.7: The individual contributions from each coil to the total magnetic
field profile (black) for Cs. The solenoid is shown in red, coils 1 and 2 in
purple, coil 3 in blue and coil 4 in green. The location of the MOT is -0.075 m
on this scale.

wrapped in kapton tape. A central bore of 2.75 mm diameter allows cooling
water to run through the coil, which avoids overheating when large currents
are applied.

Most of the magnetic field profile is created by the coils wound directly on
top of the solenoid. As the Zeeman slower has been designed such that the
bulk of the magnetic field magnitude is provided by the solenoid, very little
current need be supplied to the profile coils and so there is no need for direct
water cooling. Therefore, these coils were wound with 3 x 1 mm rectangular
wire (from Hi-Wire) with no central bore.

Coils 3 and 4 are run at high currents so also require water cooling in the
same way as the solenoid. They were wound with 3.4 X 3.4 mm copper wire
with a central bore of diameter 2 mm for water cooling.

Once wound, to test the coils were working as expected and had no shorts,
the field profile was measured with the design currents running through them
before the vacuum system was completed, the results of which can be seen in
figure 5.8. The residuals from the ideal field are also shown and it can be seen
that the field profile is consistently slightly lower than ideal for Yb (purple
in the graph) but this can be corrected for by applying a higher solenoid
current.

Figure 5.8 also shows the measured design parameter,
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Figure 5.8: The measured magnetic field profiles for Yb (purple) and Cs
(red). Residuals from the ideal field profile are also shown. Om is the end
of the former tube which means that the MOT location is at -0.075m. The
measured efficiency parameter n is also shown in the bottom plot. This
matches the design values of 0.128 and 0.5 well for Yb and Cs respectively.

(5.8)

2mp dB (pB )
n = )

T REBT dz \ R

with 6 = pBy/h and where dB/dz has been numerically estimated from
the measurements. This is a locally defined n which assumes constant laser
intensity and that all of the atoms are on the axis of the Zeeman slower.
Clearly this is not true, however, it does give a valuable insight into whether
the fluctuations in the magnetic field are too high. Therefore, these measure-
ments should match the design parameters for Cs and Yb of 0.5 and 0.128
respectively and this is shown to be true for most of the length of the slower;
n only deviates from these values at the very end of the Zeeman slower when
the atoms have already dropped out of resonance with the laser beam.

Both the design and actual currents used for slowing Cs and Yb are given in
table 5.2; the actual currents differ slightly from the design currents but have
been optimised to give the highest MOT load for each species. The process
used to find the optimum currents is detailed in Section 6.1 and the relevant
results can be found in Chapters 6 and 7.

Before the Zeeman slower coils were installed over the Zeeman slower vacuum
tube, the tube itself had a heater tape wrapped around it for use when the
vacuum system was baked. This obviously remains in place in case vacuum
ever needs to be broken and the tube baked again.
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Coil Cs currents (A) YD currents (A)
Design Optimised Design Optimised
Solenoid  -18.85 -19.65 38.1 36.0
1 -1.25 -1.235 -4 -3.98
2 1.25 1.235 4 3.98
3 33.6 27.98 149 147.0
4 -26.9 -23.02 -116.5 -106.0

Table 5.2: The design and optimised Zeeman slower currents for Cs and Yb.

Parameter Theory Reality
o One value Maxwell-Boltzmann
Vg Zero MOT capture velocity
B(z) Smooth profile Discrete coil windings
Discontinuity at ends Smooth drop off
a Continuous Discrete kicks
Laser beam profile  Plane wave Gaussian
MOT-ZS interaction B-fields separate B-fields merge

Laser light separate ~ Beam affects MOT

Table 5.3: The differences between some parameters used in the idealised
Zeeman slower design and in reality.

5.5 Numerical simulations

The real world differs from idealised theory in many subtle ways and each
has to be taken into account when finalising the design of a Zeeman slower.
Table 5.3 summarises the ways in which the idealised model differs in the
real world as described above.

Therefore, before the Zeeman slower was wound numerical simulations were
carried out to test whether the coils designed with the chosen parameters in
table 5.1 would slow the Yb and Cs atoms to the required MOT capture ve-
locities, taking into account the real world differences mentioned in table 5.3.
These simulations were done by taking a sample of atoms with a given ini-
tial velocity distribution and stepping their positions forward in small time
steps. The following differential equation gives the average velocity change
of an atom taking into account some real-world effects:

dv(r) AmaxK(T) Ig

= 35
At L0y L (5 - K(r).v(r) — kb))

(5.9)

where k is the local wavevector for the Zeeman slower beam, which takes
into account any focussing of the beam.
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In the simulation, for each time step the number of absorption and spon-
taneous emission events is given by two Poisson distributions, which takes
care of the random nature of the atom-photon interactions. The spontaneous
emission events may not give a momentum kick in the same direction as the
Zeeman slower beam and this is also accounted for in the simulations.

Once these factors have been taken into account, the simulation outputs
a series of atom trajectories which can aid the design process by allowing
various parameters to be adjusted. For example, typical trajectories for 10
Cs and 10 Yb atoms using the ideal design field (e.g., that seen in figure 5.7
for Cs and 5.6 for Yb) can be seen in figures 5.9 and 5.10. In this particular
series of simulations the Zeeman slower beam power was varied between each
run.

Figure 5.9(a) demonstrates the importance already mentioned of having the
correct laser beam intensity at the end of the Zeeman slower where the atoms
are released. In this figure for 10 Cs atoms the power in the beam was too low
and so atoms are de-coupled from the Zeeman slower before the desired re-
lease point and so, as can be seen in figure 5.9(b), they have release velocities
towards the higher end of the MOT capture velocity for Cs (48 ms™!). This
occurs because there are too few atom-photon absorption events to keep the
atoms following the ideal slowing curve. If the intensity (or in other words,
the power) is increased as in figure 5.9(c) then the atoms are slowed to ap-
proximately the design release velocity of 10ms™! or less. Figure 5.9(e) then
shows how atoms can be turned back down the Zeeman slower if the intensity
is too high.

Figure 5.10 show similar plots for Yb. Given the lower capture velocity for
the 556 nm MOT the importance of simulating the Zeeman slower becomes
apparent as being able to tailor the Zeeman slower magnetic field and beam
properties to produce a beam of atoms with this release velocity before build-
ing the Zeeman slower is crucial. Again, going through figures 5.10(a), (c)
and (e), the power in the Zeeman beam is increased to change the release
velocity of the atoms.

Figure 5.10(e) is another good example of when the power in the Zeeman
slower beam is not optimal. In this case the intensity at this critical point
of the Zeeman slower is too high so the atoms absorb too many photons and
so start to be accelerated in the opposite direction to their initial motion.

Figure 5.10(c) shows the optimum simulated power for the Yb Zeeman slower
of 44 mW. This gives the highest number of atoms in the desired release ve-
locity range of less than 5ms™! and all below 10ms~!. However, some atoms
are lost as they are turned back down the slower but these are acceptable
losses for the advantage of having low positive release velocities for the ma-
jority of atoms.

The magnetic field profiles used in the simulations for both figures 5.9 and
5.10 are based on the contributions from the individual coils therefore they
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Figure 5.9: Examples of the output from the Zeeman slower simulator for
Cs atoms. For each graph (a), (c) and (e) the trajectories of 10 atoms with
various initial velocities are stepped through the Zeeman slower in discrete
steps with a certain probability of absorbing a photon and being slowed each
time. The three different examples are for Zeeman slower beam powers of
(a) 4mW, (b) 9.5mW and (c¢) 18 mW. Graphs (b), (d) and (f) show the
corresponding grouping of release velocities at the end of the Zeeman slower
for each case. Atoms aren’t slowed enough in (b) and are released from the
Zeeman slower at a velocity greater than the capture velocity of the MOT.
As the Zeeman slower beam power increases more atoms are pushed back
along the tube, shown by some lines in (e) curving round and the negative
release velocities in (f). (¢) and (d) show the ideal case.
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Figure 5.10: Examples of the output from the Zeeman slower simulator for
Yb atoms. Again, the trajectories of 10 atoms with various initial velocities
are stepped through the slowing process. Different Zeeman slower beam
powers are shown; 35 mW for (a) and (b), 44 mW for (c¢) and (d) and 55 mW
for (e) and (f). 35mW is too low and does not slow the atoms sufficiently,
whilst 55 mW turns most of the atoms around again and pushes them back
down the Zeeman slower tube. 44 mW slows most atoms to below 5ms™*,
which is slow enough for the 556 nm MOT to capture them.
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don’t have the discontinuity of dropping to zero field at the start and end of
the slower but are rounded instead. This throws up an interesting result that
can be seen in the figures; some atoms are brought onto resonance with the
Zeeman slower beam before the ideal start of the Zeeman slower at -0.1m
as the magnetic field magnitude starts to increase. This can particularly be
seen in figures 5.9(a), (c¢) and (e) in the small kinks in the trajectories just
before 0m and in the red line of figures 5.10(a), (c) and (e).

Some more dramatic slowing occurs at earlier times (pink and cyan lines in
figures 5.9(a), (c) and (e) and purple and green lines in figures 5.10(a), (c)
and (e)). This is not due to the magnetic field profile at these points but
is because the Doppler shift of these atoms is close to the detuning of the
Zeeman slowing beam without the presence of a magnetic field. The Cs (Yb)
detuning in the simulation is 58.7 MHz (609.2 MHz) which would match a
velocity of 50ms™! (243ms™1). In reality the atoms will have a Maxwell-
Boltzmann distribution coming out of the oven rather than the artificial
spacing of the atoms in this simulation. Therefore, this extra slowing will
have more of an effect on Yb as very few of the Cs atoms effusing from the
oven will have a velocity as low as 50ms™! but the most likely velocity for
Yb, vy, is 254m s

Most simulations were carried out with more atoms with initial velocities
given by the Maxwell-Boltzmann distribution for more accurate results. The
evenly-spaced velocity distribution used here was chosen for clarity in ex-
plaining the figures.



Chapter 6

Results: Cs MOT

This chapter details the initial characterisation and experiments performed
in the new vacuum chamber focussing on the realisation of a Cs MOT.

The Cs MOT was initially optimised using the Alvatec dispensers described
in Section 3.2.2, however, these were then replaced with dispensers from
SAES Getters. During this process the temperature gradients across the
oven were re-assessed and we found that the coldest part of the oven had
been running at roughly 20 °C colder than originally thought. This accounts
for the fairly low atom numbers of high 10® to low 107 in some graphs.

After the dispensers had been changed, some parameters that had been pre-
viously optimised with the lower atom numbers were re-checked to make sure
the optimum had not changed with an order of magnitude more atoms in the
MOT. Therefore, some results presented in this chapter are from the first set
of dispensers and some from the second, however, it will be made clear in
the text which dispenser set was used.

Full control of atom number in the MOT can be achieved by varying the
current across the dispensers (for either set) and atom numbers up to 4 x 10°
have been observed, although the MOT is unstable at this value.

6.1 MOT in the new vacuum system

With the atomic beams characterised and the laser system tested, a Cs MOT
was easily achieved in the new vacuum chamber. A process of optimisation
was then carried out in order to get the largest number of trapped atoms.

6.1.1 Zeeman slower optimisation

It was immediately noticed that Cs atoms could be trapped with radically
different Zeeman slower currents than those the slower was designed for,
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and so finding the optimum Zeeman slower profile was expected to be fairly
flexible and indeed this was what was seen - Cs atoms from the oven can be
trapped in a MOT with only a small amount of slowing. This is not surprising
as a Cs MOT can be loaded from background vapour, if inefficiently.

Polarisation of the Zeeman slower beam

The first parameter to be optimised was the angle of the quarter waveplate
before the Zeeman slower. Changing this angle changes the handedness and
ellipticity of the Zeeman slower beam and the maximum MOT load was ex-
pected to occur when the most atoms were slowed, corresponding to when
the Zeeman slower beam is left hand circularly polarised. However, when
initial measurements were taken the MOT was very unstable and an appre-
ciable number of atoms could be trapped using what appeared to be linearly
polarised light, figure 6.1(a). This suggested that the polarisation in the
Zeeman slower fibre was not stable and was becoming elliptical at times.
Therefore, before further optimisation took place it was necessary to sta-
bilise the polarisation in the fibre. This was done using the method in [135]
and as described in Section 4.3.4.

After this was complete, the quarter waveplate was again rotated and the
atom number recorded as can be seen in figure 6.1(b). This time the results
were more stable, with the largest MOT number occurring when the light
was circularly polarised. The number of atoms in the MOT was calculated
with equation (4.21). The waveplate was subsequently set to an angle of
235°.

These measurements were taken with the first set of dispensers and not re-
peated as the handedness of light required to slow the atoms would not
change with atom flux.

Zeeman slower magnetic field profile

Figure 6.2 shows the process used to optimise the Zeeman slower profile.
Each change made to a coil current impacts on all of the other coils and the
overall shape of the Zeeman slower profile. It was decided that coil 3 (see the
inset in figure 6.2 for coil designations) would be the ‘control’ coil and the
other coils would be scanned for each change in this coil. Coil 3 was chosen
as it mainly determines the maximum magnetic field amplitude the Zeeman
slower reaches and so the release velocity of the Cs atoms. For each change in
coil 3 current, the magnetic field profile was plotted in a LabVIEW program
from the measurements taken in Section 5.4 to make sure that the field profile
was still close to the ideal field. In reality, as expected, the currents to the
solenoid and coils 1 and 2 did not change much for each iteration.

The results of the optimisation process for Cs (carried out with the first set
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Figure 6.2: The iterative process used to optimise the Zeeman slower. Each
change to a coil current has the ability to affect the optimal value for each of
the others, so for each change in coil 3 the other coils had to be re-optimsed.
The insets show the coil designations and the how the individual magnetic
fields add to make the Zeeman slower magnetic field for Cs.
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Figure 6.3: (a) There is no defined peak in atom number in the MOT as the
current to coil 3 is varied. (b) The current in coil 4 increases as the current
in coil 3 increases to keep the release velocity of the Zeeman slower at the
optimum value.

of dispensers) can be seen in figure 6.3. As expected, there is no real peak
in the data - the Zeeman slower works well over a range of coil currents.
After changing to the second set of dispensers we wanted to check that the
Zeeman slower currents were still at the optimum and the results can be
seen in figure 6.4. Here we simply scanned the currents going to each coil in
turn and recorded the current at which the MOT number was the largest.
The final currents settled on are recorded in table 5.2, however all but the
solenoid had not changed. It is thought that the solenoid needed to be
slightly changed as the AOM frequency for the Zeeman slowing beam had
slowly drifted over time so the solenoid was no longer exactly matched to the
detuning of the light.

Changing the solenoid current, as in figure 6.4(d), is equivalent to changing
the detuning of the Zeeman slower beam, but is experimentally easier to do
as it does not require changing multiple AOM frequencies. Both the MOT
and Zeeman slower beams are derived from the tapered amplifier and their
frequencies changed by varying the frequency to the double-passed AOM 1
(going to the BoosTA) rather than either of the single-passed AOMs (AOMs
4 and 6) as this risks misaligning the fibres and so changing beam powers as
well as detuning. Independent tuning of the Zeeman slower detuning is then
best achieved by varying the solenoid current to match a set light frequency.

Zeeman slower beam powers

The Zeeman slower cooling and repump powers were optimised with both
sets of dispensers, however, the same power was found to be needed for both,
regardless of the increased atomic flux. Figure 6.5 shows the atom number in
the MOT as the Zeeman slower powers are changed (using the data obtained
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These plots were taken with the new set of dispensers in place.

with the second set of dispensers as an example). A clear optimum of (6.0 £
0.5) mW is seen in figure 6.5(a) for the cooling light (detuned from the F' =
4 — F’ =5 transition). This Zeeman slower beam power matches the design
power found through the Zeeman slower simulations well. The optimum
power of the three cases presented in Section 5.5 was 9.5 mW, however, the
range over which the Zeeman slower was expected to work best by slowing the
majority of atoms to under 10ms~! but without turning them back down the
Zeeman slower was 4 < Pzg < 10mW. The experimentally found optimum
of (6.0 £ 0.5) mW fit into this range well.

For the repump light (detuned from the F' = 3 — F’ = 4 transition) the
atom number plateaus in figure 6.5(b) for increased repump power. The
repump power was set to (3.12 & 0.01) mW.

It was observed during the optimisation process that the MOT could not be
loaded without some repump light in the Zeeman slower beam, as evidenced
by the sharp increase from zero atoms in figure 6.5(b). This is not surprising
as there are multiple loss routes due to imperfect polarisation along the length
of the Zeeman slower (as explained in Section 5.3.3). If no repump light were
present, atoms would eventually all be lost into the dark F' = 3 state.

It was also observed that if the MOT repump was blocked, but the Zee-
man slower repump left on, a small MOT would still form even though

the detuning for the Zeeman slower repump light is -50 MHz detuned from
F =3 — F’" = 4 rather than of the order of -5 MHz for the MOT repump.

6.1.2 MOT optimisation

After the Zeeman slower parameters were fixed, the MOT itself could be
optimised. This included simple checks such as ensuring the quarter wave-
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Figure 6.6: (a) The detuning of the MOT beams were varied for dif-
ferent magnetic field gradients of 4.27Gem™! (black), 6.10Gcecm™ (red),
8.53Gem™! (purple) and 10.0 G em™! (green). The dispensers currents were
not exactly the same for each data run and so no conclusion can be drawn
from the peak atom number for each gradient. (b) However, the optimum
detuning becomes more red detuned as the magnetic field gradient increases.
(c) The detuning of the repump beam does not have as defined a peak.

plates in the MOT beams were at the correct angle, as well as more involved
measurements such as optimising beam powers and detuning.

Detuning and magnetic field gradient

The detuning of the MOT was varied for different magnetic field gradients
using the new dispensers. Plots of the atom number versus detuning from
the F' =4 — F’ =5 transition can be seen in figure 6.6(a). There is a fairly
sharp peak in the detuning, however, towards the red side there is a long tail
where a smaller MOT is still loaded. As can be seen in figure 6.6(b), the
detuning becomes more red detuned as the magnetic field gradient increases.

The results presented in figure 6.6(a) are a proof of principle that the Cs
MOT is capable of being operated at a low magnetic field gradient, which
may be necessary as a compromise when loading the dual species MOT with
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Yb. The data runs in the figure were taken with slightly different dispenser
currents, which accounts for the varying peak atom number, therefore no
conclusion can be reached about the global optimum magnetic field gradient
for loading Cs. However, the MOT at lower magnetic field gradients weren’t
as stable, with some flickering and motion of the cloud seen, therefore higher
magnetic field gradients with larger detunings are where the Cs MOT will
be operated in single species experiments.

All of the other optimisation processes detailed in this chapter were done with
a MOT magnetic field gradient of 8.53 G cm™! and from figure 6.6(a) it can
be concluded that the optimum detuning for this gradient is -(5.6 £0.1) MHz
from F’ = 5. The detunings and their associated errors were found by fitting
the peaks seen in figure 6.6(a) with Gaussian fits.

Figure 6.6(c) shows that the repump detuning does not have as defined
a peak. The data shown in the plot is for a magnetic field gradient of

8.53Gcm™!. The repump detuning has been set to -(5.0 & 0.5) MHz from
F’ = 4. The data for this plot was done with the original set of dispensers.

Full characterisation with regard to the magnetic field gradient was not done
at this time as when the system is run as a dual species MOT a compro-
mise situation will have to be found. This is because the two species re-
quire slightly different magnetic field gradients for the MOT; approximately
8-10Gcm™! for Cs and 2-13Gem™ for Yb [120, 149, 152]. However, fig-
ure 6.6(a) does show that the Cs MOT is capable of being run at lower
gradients that are more suitable for Yb.

Beam powers

The final set of parameters that were varied were the beam powers for both
the cooling and repump light in the MOT beams. According to the process
outlined in figure 6.2 the Zeeman slower cooling power was optimised at the
same time as the Zeeman slower profile as they each have an effect on the
other, with the final power curve plotted in figure 6.5(a).

Figure 6.7(a) shows the atom number as a function of the power in one MOT
beam (therefore the total power the atoms see is 6 times this value). Past a
certain value the number of atoms trapped reaches a rough plateau with no
very significant increase in number. However, in general it is best to have
as much power available in the MOT beams as possible so they were set to
(29.9 £ 0.1) mW per beam.

Similarly the amount of MOT repump light was varied (figure 6.7(d)) and set
to (13.5 £ 0.1) mW. This was a compromise to allow more repumping light
in the Zeeman slowing beam. These plots were taken with the first set of
dispensers; it was expected that the same behaviour would be seen with the
higher atomic flux, therefore, the MOT beams are still set to (29.9+0.1) mW
per beam.
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Figure 6.7: The optimised power (a) per MOT beam and (b) in total for the
MOT repump.

6.2 Testing the Cs dispensers

During the first tests of the MOT with the original set of dispensers it was
noticed that the MOT number, whilst steady over the course of a day, did
decline over a period of several days. This was not surprising as the dispensers
had only been run at 4 A for 6 hours at the start of the experiments on the
MOT before the Cs oven was left to deplete over a week. This was done in
order to get a feel for what combination of oven temperature and dispenser
current would give a stable MOT number. The second set of dispensers
contain less Cs and are not expected to last for a considerable length of time,
however, similar control over the atom number is obtained.

To aid these investigations into control over the atom number the current to
dispenser 1 was gradually increased and the MOT number monitored. The
results for this study can be seen in figure 6.8 where the main figure is the
MOT load over time and the inset shows how the atom number increases with
dispenser current. Steps in the atom number can be seen as the dispenser
current is turned up to 4 A and again when it goes to 4.5 A. Larger MOT
loads could be obtained by using larger dispenser currents, however, this
would result in the dispensers depleting faster.

It is interesting to note that the MOT load decreases almost immediately
after the dispenser is turned off. This indicates that there is not a very large
reservoir of Cs coating the walls of the oven under these conditions. This
is not entirely surprising as the oven had been run for a number of weeks
without the dispensers activated. Running in this way might be a good way
to control the MOT load and not waste too much Cs at the same time as
most of the Cs is instantly used in the atomic beam.
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Figure 6.8: The atom number in the MOT increases with dispenser current
almost immediately and decreases once the dispenser has been switched off.
Inset: the atom number increases as the dispenser current is increased.

6.3 Loading rate

An important factor to measure with regard to the MOT is how fast it can
be loaded from the Zeeman slower as this effects the repetition rate of the ex-
periment. Therefore, once the MOT and Zeeman slower had been optimised
with the second dispenser set a loading curve was recorded, figure 6.9.

The number of atoms in a continuously loaded MOT, N, is dependent on the
capture rate from the Zeeman slower, R, and the loss rate from the MOT.
This can be expressed as a differential equation,

AN N BN?
— —R-—— 6.1
dt vV (6.1)

where v is a single body loss coefficient (for example, from atom-light inter-
actions) and 3 is a two-body loss coefficient from inelastic collisions between
atoms in the MOT which depends on the density within the MOT (where V'
is the volume of trapped atoms). For low density samples, the two body loss
can usually be ignored. Therefore, an exponential of the form,

N(t) = f (1 - exp (=), (6.2)

was fitted to the data. This gave a loading rate of R = (4.046+0.009) x 107 s!
and a loss rate of v = (0.5544 + 0.0013) s~ .
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Figure 6.9: A typical MOT loading curve for Cs; the exponential fit (red
line) gives a loading rate of R = (4.046 + 0.009) x 107 s~

6.4 Lifetime

If the MOT is no longer in an equilibrium, balancing a loading rate and a
loss rate, then the atom number will drop according to a modified version of
equation (6.1) where R is set to zero:

AN N BN?
E —_— _; - 7. (6-3)

Now (3 becomes significant as it is no longer balanced by continuous loading
into the MOT, therefore a solution of the form

No (1~ tanh (2))

N = +tanh (%) [2202 4+ 1)

(6.4)

can be fit to the lifetime curves seen in figure 6.10. Here the volume, V', has
been arbitrarily set to 1 as we currently have no way of measuring the density
of atoms within the MOT as absorption imaging has yet to be implemented.

Lifetime curves were taken under different conditions; with both the atomic
beam and Zeeman slower beam blocked (figure 6.10(a)), just the atomic
beam blocked (figure 6.10(b)) or just the Zeeman slower beam blocked (fig-
ure 6.10(c)). Each data set has also been plotted on a log scale, which can
be seen in the figure insets. The log scale more clearly shows two regions
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v (s7h) B (s
Atoms and beam blocked 0.01700 4 0.00009 (2.71 +0.02) x 10~1°
Atoms blocked 0.01685 £ 0.00012  (4.81 4+ 0.04) x 10710
Beam blocked 0.02346 £ 0.00011  (2.59 4 0.03) x 10710

Table 6.1: The ‘fast’ and ‘slow’ loss rates within the Cs MOT for the three dif-
ferent conditions with combinations of the atomic and Zeeman slower beams

blocked.

of decay where either the ‘fast’ decay due to two-body collisions occur (gov-
erned by /3) or a ‘slow’ decay, primarily due to collisions between atoms in the
MOT and background atoms within the vacuum chamber (governed by 7).
These regions manifest in the data as straight lines with different gradients
in the log plot.

Table 6.1 summarises the loss rates found from the fits for the three different
cases. It can be seen that blocking the atoms decreases ~y, which is expected
as there will be fewer collisions from hot atoms bombarding the MOT. The
lifetimes (1/) for each of the three cases are (58.94+0.3)s, (59.3+£0.4) s and
(42.6 + 0.2) s respectively.

If the Zeeman slower beam is blocked then 5 decreases as the atom-light
interactions will decrease. The best regime to work in is obviously the case
where both the atoms and the Zeeman slower beam are blocked. However,
depending on the loading sequence for a dual species MOT this may not be
possible as the atomic beam will have to remain unblocked to load Yb.
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Figure 6.10: The Cs MOT lifetime with (a) both the atomic and Zeeman
slower beams blocked, (b) just the atomic beam blocked and (c) just the
Zeeman slower beam blocked. Each curve is fitted with equation (6.4) (see
text). The insets show the data on a log plot where the two separate gradients
of the ‘fast’ and ‘slow’ decay can be seen.



Chapter 7

Results: Yb MOT

This chapter details some initial characterisation and optimisation of the Yb
MOT and Zeeman slower, starting with the process used to search for an Yb
MOT on the narrow 556 nm transition.

7.1 The search for an Yb MOT

When a MOT is not immediately apparent on running a system for the first
time there are many factors which can determine whether a MOT can form
and each has to be considered carefully when the first attempt for a MOT is
made. Some are obvious sanity checks, such as confirming that there are Yb
atoms within the system, which is simply done by observing the fluorescence
from the Zeeman slower beam (see figure 7.3(a)). Others require checking
factors such as the MOT beam powers have sensible values and are well
balanced between the six MOT beams, the Zeeman slower and MOT beams
should have the right polarisations and detunings, the Zeeman slower should
have the correct profile and the magnetic field centre should correspond with
the centre of the laser beams. Therefore, if, as was the case, a MOT is not
achieved straight away, each of these parameters have to be carefully set up
and checked to trace the problem.

7.1.1 Nulling magnetic fields

All of the parameters above are easily checked apart from one; the most
difficult parameter to quantify is the location of the magnetic field centre,
as there are quite large residual fields and gradients due to the sharp drop
off of the Zeeman slower magnetic field. This poses less of a problem for Cs
than for Yb as the magnitude of the magnetic field at the end of the Zeeman
slower is smaller and the MOT gradients typically used to trap Cs are larger
than those used for Yb. As the MOT gradient is lower for Yb, any residual

140
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West

Compensation

Figure 7.1: The shim coils around the science chamber. The square pair of
coils are the North-South shims, with the North being in the foreground of
the photograph. The circular coils perpendicular to these are the East-West
shims. The Up-Down shim coil pair can be seen wound around the science
chamber stand itself.

fields can easily push the magnetic field centre out of the overlap region of
the MOT beams, resulting in no MOT formation.

The MOT magnetic field centre can be positioned using three pairs of shim
coils wound around the outside of the science chamber. These are labelled
North-South, East-West and Up-Down and it is the East-West (EW) shims
that lie along the axis of the Zeeman slower. Therefore varying the current
going to this pair of coils gives a varying bias field that can move the magnetic
field centre further from or closer to the Zeeman slower. The current going
to each shim pair is controlled using LabVIEW via an analogue output (as
described in Section 4.6). A compensation coil is also wound on the science
chamber flange directly opposite to the Zeeman slower which can cancel some
of the gradients caused by the slower if necessary.

Initially no Yb atoms were captured in the MOT as there was no way of
knowing exactly what magnetic field was at the centre of the science chamber.
However, as we had already achieved a Cs MOT we could use its position
to give information on the magnetic fields within the chamber when the
Zeeman slower was switched to the currents required to slow Yb. This was
done by loading a Cs MOT in the usual way with shim coil currents suitable
for the Cs Zeeman slower magnetic field before switching the profile to the
corresponding one for loading Yb. At first this resulted in the complete
loss of the Cs atoms from the trap, indicating that the magnetic field from
the slower was indeed not being correctly nulled. However, by looking at
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Figure 7.2: Position of the Cs MOT at various EW shim settings with (a)
a 5Gem™! axial field gradient and the Zeeman slower set at the currents
used to slow Cs and (b) a 10Gem™! axial field gradient and the Zeeman
slower set at the currents used to slow Yb. The two colours are for different
MOT magnetic field polarities. (c) Position of the Cs MOT at an axial field
gradient of 5G cm™! when the compensation coil current was changed.

the direction in which the Cs atoms were being pushed when the magnetic
field was switched, the shim coil currents could be gradually changed so that
eventually the Cs atoms no longer changed position when switching between
the two sets of Zeeman slower currents.

The results from this process can be seen in figure 7.2. In these plots the
zero position corresponds to the position of the Cs MOT without the Zeeman
slower magnetic field on and with the shim settings optimised to give a good
molasses once the MOT magnetic field is turned off. A ‘good’ molasses is
where the atoms are seen to expand fairly isotropically and are seen to linger
in the MOT beams for a few seconds.

Figure 7.2(a) shows the position of the Cs MOT with a 5 G cm™! axial field
gradient with the Zeeman slower running at the Cs currents when the control
voltage to the EW shims was varied. This was done for both polarities of the
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MOT coils as it was uncertain at this point which polarity was required for
the waveplate angle (and so polarisation handedness) that was set up for Yb
(due to the positions of the waveplates it was easier to switch the polarity of
the magnetic field than switch the waveplate angle per iteration of trying to
trap Yb atoms in a MOT).

The same was done for the Zeeman slower running at the higher Yb currents
but with an axial MOT field gradient of 10 Gem™! (figure 7.2(b)). A higher
MOT gradient was used to localise the Cs atoms more, so finding the cloud
centre was easier.

Figure 7.2(c) shows the effect of the compensation coil on the position of the
Cs MOT with an axial MOT gradient of 5Gcm™. The compensation coil
is not needed for a Cs MOT which is shown by the Cs MOT being at ‘0m’
for a compensation coil control voltage of 0V. In fact, it is seen that the
compensation coil is even unnecessary for an Yb MOT.

Using figure 7.2(b) and finding the crossing point of the two fitted lines
gives the EW shim control voltage that corresponds to the MOT magnetic
field being centred. This crossing also gives information about the residual
field from the Zeeman slower at the MOT location; for figure 7.2(a) with the
Zeeman slower currents for Cs the residual field is (0.13+0.02) G. Conversely
the residual field for the Yb Zeeman slower currents in figure 7.2(b) is (1.23+
0.02) G.

With this shim setting in place to cancel the residual field from the Zee-
man slower Yb atoms were almost immediately captured in the MOT, see
figure 7.3(b). The Zeeman slower currents were then optimised to give the
maximum MOT load, however, for each current set the EW shim coils had
to be used to bring the MOT back into the centre. The centre was marked
as a set pixel position on a CCD camera centred on the MOT.

7.2 Optimising the Zeeman slower

Once the residual magnetic fields due to the Zeeman slower had been nulled
in the MOT chamber, the number of atoms could be optimised. Initial opti-
misation was carried out using "#Yb, although both '™Yb and "Yb have
also been trapped. Both fluorescence detection on a photodiode (Thorlabs,
DET110) and fluorescence imaging on a CCD camera (Andor, Luca DL-
658M-TIL) were set up. Fluorescence detection allowed the MOT loading
rate and lifetimes to be measured directly on an oscilloscope, whereas the
larger detection area of the CCD was useful for bringing the MOT back
to the centre region when the Zeeman slower magnetic fields were changed.
Both methods allow an approximate atom number to be calculated, although
the absolute number cannot be known until absorption imaging is set up.

The following data presented in this chapter are given in terms of atom
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Figure 7.3: (a) Fluorescence from the Zeeman slower beam through the rotary
shutter. (b) The Yb MOT on the 556 nm transition, loaded from the Zeeman
slower working on the 399 nm transition.

number, however, this should be taken solely as a guide to the order of
magnitude of the atoms present rather than the precise number. Accordingly,
the CCD count data was converted into an approximate atom number using
the following equation [53]:

v 8TN(1+4(2)* + £)
N [texpn§2 ’

(7.1)

where V. is the integrated number of counts from the MOT on the CCD,
texp i the exposure time (10 ms for all of the data presented here), €2 is the
solid angle collected onto the CCD chip and 7 is the quantum efficiency of
the detector (0.49 for the Andor Luca camera being used).

The photodiode voltage was used in a slight modification of equation (4.21)
to find the approximate atom number:

N —

Vop 1612 A 21+4(2)24+ L
L L (7.2)

R(ANR & heT L
where Vpp is the photovoltage, R is the load resistance, R () is the respon-
sivity of the photodiode at the laser wavelength (0.34 A W~! for 556 nm), L
is the atom-lens distance and d is the lens diameter.

For both of these methods one of the approximations used was that the de-
tuning was -8.1 MHz, which cannot be accurately measured until beat mea-
surements are taken, but this factor does not affect the order of magnitude of
the atom number calculated as above. The other approximation was that the
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Figure 7.4: Fewer atoms are loaded into the MOT when the polarisation of
the Zeeman slower beam is not perfectly circularly polarised. The dashed
line indicates where the light should be circularly polarised according to the
axis marked on the waveplate itself.

natural linewidth of I' = 27 x 182.2 kHz could be used. This is a more critical
approximation, but this value gives an upper bound on the atom numbers
presented here.

The first part of the slowing process to be optimised was the polarisation of
the Zeeman slower beam and then the magnetic field profile.

7.2.1 DPolarisation of the Zeeman slower beam

The Yb-Cs Zeeman slower was designed to work with left handed circularly
polarised light. Figure 7.4 shows how the fluorescence (proportional to atom
number) in the MOT starts to drop when the waveplate in the Zeeman
slower beam (figure 4.13) is rotated and so the polarisation of the light moved
away from pure circular polarisation. This is simply because, if the beam is
thought of as a decomposition of both left handed and right handed circularly
polarised light, there will be less light with the correct polarisation. The
quarter waveplate was set to an angle of (202 &+ 1)°.

The atom number drops to zero at approximately 45° from the peak in fig-
ure 7.4, which would be when the light is linearly polarised. Therefore there
will be half the power in the correct handedness of circularly polarised light
which will result in most atoms being released from the Zeeman slower at
higher velocities and so they will be unable to be captured by the MOT.
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Figure 7.5: (a) An example loading curve for Yb. (b) The loading rate peaks
at a waveplate angle of approximately 205°, which is also where the atom
number in the MOT is at its largest.

Figure 7.7 corroborates this theory in that the atom number in the MOT
falls to zero at half the maximum power.

Loading rate and polarisation

The loading rate for each waveplate angle was determined by fitting the
individual loading curves with the same equation as for Cs in Section 6.3,

N(t) = f (1 - exp (1)),

where R is the loading rate and ~ the decay rate.

An example of a typical loading curve can be seen in figure 7.5(a). The
variation in the loading rate with quarter waveplate angle can be seen in
figure 7.5(b). The loading rate does vary with polarisation of the Zeeman
slowing beam, with a similar peak in the data at approximately the same
waveplate angle of (202 £ 1)° as the atom number curve (figure 7.4).

7.2.2 Zeeman slower magnetic field profile

Once the polarisation of the Zeeman slowing beam was correct, the magnetic
field profile of the Zeeman slower could be optimised. The method for opti-
mising the Zeeman slower coil currents for Yb was to initially set the coils
to their design currents and to scan each coil in turn about that value. This
is a simpler process than that used for Cs as a global optimum might have
existed for Cs depending on the number of atoms slowed to the MOT capture
velocity, therefore necessitating the iterative process outlined in figure 6.2.
On the other hand, the exit velocity of the Yb atoms from the Zeeman slower



Chapter 7. Results: Yb MOT 147

8 8 T T T T T T
. 6 i ~ 6
mo [] mC)
3 4 3 4
£ £
3 =}
c c
£ 27 1 £ 27
L i)
< . <

0 1 0

34 36 38 40 42 44 135 140 145 150 155 160 165

(@) Coils 1 and 2 current (A) (b) Coil 3 current (A)

8 . . . ; .
~ 6- 1
° 3 I\
3 4 1
£
=}
< -
£ 2 1 Y N2 Solenoid
<

04 J

140 130 -120 -110 -100 -90 -80
(© Coil 4 current (A)

Figure 7.6: Counts from the MOT fluorescence on the CCD camera as the
currents to (a) coils 1 and 2, (b) coil 3 and (c) coil 4 were varied. Clear peaks
can be seen for all the coils. The inset is a reminder of the coil designations.

has a much smaller allowable range so the optimum settings must be close
to the designed field profile, to give atoms with the correct velocities.

Increasing or decreasing the magnetic fields produced by each of the coils has
an affect on the residual field within the science chamber. The position of
the MOT at the start of the optimisation process was marked on the CCD
image and the East-West shims used to bring the MOT back to that point
each time. This would compensate for any bias created by the Zeeman slower
fields. Throughout the optimisation process the axial field gradient for the
MOT was kept at 3.66 G cm™?.

Figure 7.6 shows how the number of 1"Yb atoms in the MOT changed when
the current to (and therefore magnetic fields produced by) coils 1 and 2, 3
and 4 were varied. Coils 1 and 2 give the main field profile along the length of
the Zeeman slower. The field profile is given by the number of turns wound at
each point along the slower, so increasing the current gives a steeper gradient
along the slower. Looking at equation (5.4),
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this equates to increasing AB or, specifically, increasing the initial velocity,
vp, that an atom can have before being slowed. Naively it might be expected
that this would increase the number of atoms that can be loaded into the
MOT, however, these faster atoms cannot be slowed to the capture velocity
of the MOT within the length of the Zeeman slower, as this was designed for
a certain initial velocity. Equation (5.5),

Ly vim

2n  nhkD’

shows that as the length of the Zeeman slower cannot be changed, as vy
increases the efficiency n must decrease. This accounts for the fact that
in figure 7.6(a) fewer atoms are loaded into the MOT when the current to
coils 1 and 2 is increased above a certain point. If the current to these coils
is decreased, this means that the velocity that an atom can have and still
be captured by the Zeeman slower also decreases and so fewer atoms from
the oven are slowed. A clear optimum current of (3.98 + 0.02) A is shown,
matching the design current of 4 A well.

Figure 7.6(b) shows how the atom number varies when the current to coil 3
is changed. As can be seen in figure 5.6, coil 3 provides the large field at the
end of the Zeeman slower which directly affects the release velocity of the
atoms (as discussed in Section 5.3.1). Therefore it is easy to see that changes
to this coil will determine how many atoms are within the range that can
be captured by the MOT. If the field is too high then atoms may be slowed
too much and pushed back down the slower, or drop too far under gravity
in the distance to the centre of the science chamber and therefore will not
be captured by the MOT beams. If the field is too low then fewer atoms
will be slowed to the required velocity and so the number in the MOT will
decrease. Another clear optimum of (147.0£0.2) A can be seen in the figure.
The design current for this coil was 149 A.

Similarly, figure 7.6(c) shows how changing the field produced by coil 4 affects
the MOT number. Coil 4 is used to give a sharp drop off in the magnetic
field at the end of the Zeeman slower, however, increasing the current to this
coil not only gives a sharper drop but also reduces the magnitude of the field
at the end of the slower, in the same way as reducing the field produced by
coil 3 would do. Therefore, as for coil 3, there is a well-defined optimum
setting for coil 4 of -(106.0 £ 0.4) A. The design current was -116.5 A.
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Figure 7.7: MOT counts as the power in the Zeeman slower beam is increased.
A threshold power of approximately 20 mW is required to see enough atoms
slowed to the correct velocity range to be captured in the MOT.

7.2.3 Power in the Zeeman slower beam

The power in the Zeeman slower beam was varied after the coil currents had
been optimised to see if there was a defined peak as for Cs (figure 6.7(a)).
The results for this can be seen in figure 7.7. From this figure it is unclear
whether the atom number (or counts on the CCD camera) saturates at high
powers or whether a peak might exist but there was not enough available
power in the Zeeman slower beam to see the decrease in atom number.

From the Zeeman slower simulations in Section 5.5 the optimum power was
expected to be approximately 44 mW with most atoms pushed back down
the slower near 55 mW. There is not enough power available in the Zeeman
slowing beam to see this downturn in atom number due to the power losses
sustained through performing spatial filtering on the beam.

Figure 7.7 shows that a threshold of ~20 mW is required to see any atoms
captured in the MOT. Below this threshold it is likely that the atoms were
released too soon from the Zeeman slower and so all had velocities too high to
be captured by the MOT even with sidebands frequency broadening the MOT
beams. This is corroborated by the Zeeman slower simulations (figure 5.10)
where atoms start to enter the 0 < vy < 10ms™! region required at 35 mW.
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Figure 7.8: A typical lifetime curve for the Yb MOT. The inset shows the
same data on a log scale showing the two regions of decay which give different
gradients. The fluorescence signal from the MOT is quite small and so the
signal to noise ratio is not ideal.

7.3 MOT lifetime

Lifetime measurements on the individual MOTs for Cs and Yb will influence
the order in which the dual species MOT is loaded in future experiments, for
example, if one species has a particularly long lifetime then it is more likely
that we will load that species first, in order to still have a significant number
of that atom left. A typical lifetime curve for Yb is shown in figure 7.8, where
both the atomic and Zeeman slower beams have been blocked, to compare
to figure 6.10(a) for Cs.

As for Cs, the Yb data was fitted with the following solution to equation (6.3),

B Ny (1 — tanh (%))
MO = (%) [22e2 +1)

The loss rates obtained from the fit are v = (0.0215 + 0.0005)s™! and 3 =
(1.02 £ 0.02) x 1071%s71.  Alternatively, the lifetime can be expressed as
1/v = (46.5+0.2)s. The errors on these values are from the fit to the data
(the red line in figure 7.8), however, as the data is quite noisy, the lifetimes
obviously cannot be known to such precision, however, the lifetime appears
to be similar to those obtained from the Cs data.

Again, as for Cs, a ‘fast’ and ‘slow’ lifetime can be seen by the different
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gradients in the inset of figure 7.8, where the data has been plotted on a log
scale. Comparing qualitatively with the curve in figure 6.10(a), the lifetime
for Cs appears to be longer, however, this could be an artefact of the small
fluorescence signal from the Yb MOT as the signal to noise ratio is fairly
poor in this data (as shown most dramatically in the inset of the figure).



Chapter 8

Conclusions and Outlook

This thesis has described the design and construction of an apparatus to
laser cool and trap Cs and Yb atoms. The later chapters have presented the
optimisation and characterisation of the apparatus culminating in the obser-
vation of a dual species magneto-optical trap. In the following, a summary
of the design and testing of the apparatus is given and an outlook to the
future of the experiment is presented.

8.1 Realisation of the dual species MOT

A dual species MOT (figure 8.1(a)) was obtained by first loading the Cs and
then the Yb. This is the first time both Yb and Cs have been trapped in the
same chamber. The photograph shown is a composite image from a webcam
as this was the only camera that could pick up the infra-red Cs MOT in a
photograph as it has no IR filter on the detector.

The loading sequence from the LabVIEW control program used for this dual
species MOT is shown in figure 8.1(b). For this proof of principle test the Cs
was loaded first with an East-West shim coil control voltage of 1V, before
both the EW shim and Zeeman slower currents were switched to those opti-
mised for Yb. Throughout the experiment, the MOT magnetic field gradient
was kept at 3.66 G cm ™!, which gave a smaller MOT for Cs but allowed Yb
to be easily loaded.

Eventually it may be better to load the Yb first before loading the Cs, as this
may allow the Cs to be loaded with a higher MOT magnetic field gradient;
once the Yb MOT has been loaded it could be compressed to favour the Cs
loading. However, this advantage would have to be balanced with the MOT
lifetimes and whether a significant number of Yb atoms are still trapped in
the MOT at the end of the Cs loading.

As can be seen in figure 8.1(a), the two MOTs are not yet spatially over-
lapped. This is because the radiation forces on the two MOTs are not quite
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Figure 8.1: (a) The Yb and Cs MOTs in the same chamber. The slight
offset of the Yb MOT is due to unequal radiation pressure from the MOT
beams. This image is a composite of two images as the Cs MOT was washed
out by the brighter Yb MOT. (b) The simple experimental sequence used
to sequentially load the dual species MOT showing the East-West shim and
Zeeman slower settings and the constant MOT gradient.
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balanced due to the positions of the MOT fibres. As can be seen in fig-
ure 4.12, the two Cs fibres currently come in from the south side, whereas
the Yb fibres come in either side of the Zeeman slower. Although each set
of MOT beams are power balanced, losses through the viewports mean that
the retro-reflected beams will have slightly less power. Therefore, to overlap
the two MO'Ts one of the Cs MOT fibres will be moved to the north side of
the table next to the combined MOT and imaging Yb fibre.

8.2 Summary

We have discussed the motivation for producing molecules with both an
electric and magnetic dipole moment and how such molecules may be asso-
ciated from ultracold mixtures of alkali metal atoms and alkaline earth-type
atoms. In this regard, a mixture of Cs and Yb looks particularly promis-
ing for magnetoassociation on a Feshbach resonance, a potentially important
step towards the creation of molecules in the ro-vibrational ground state.

In this work we have highlighted the design process behind creating an ap-
paratus capable of laser cooling these two atomic species, specifically, the
design, construction and testing of a dual species oven, Zeeman slower and
magneto-optical trap. The oven was tested before the final connection was
made to the rest of the vacuum system and it produces well collimated atomic
beams of Cs and Yb. The Zeeman slower magnetic field profile was also mea-
sured before installation in the system and the measured field matched the
ideal design field to within 1% (1.5 %) for Yb (Cs). The new vacuum system
was then constructed and baked out, a timelapse of which can be seen in
[114].

The laser system for cooling Cs was planned and implemented, giving sep-
arately controlled Zeeman slower and MOT beams whose detuning can be
individually controlled. The option for Degenerate Raman Sideband Cooling
was also included if needed at a later date.

Two laser systems have been developed for cooling Yb in collaboration with
Imperial College London; one at 556 nm for the MOT and the other at 399 nm
for Zeeman slowing. At Durham a whole atomic beam machine was developed
based upon the oven design used in the main apparatus to allow a dispersion
signal to be created from a small fluorescence signal.

Finally, a fully optimised Cs MOT was achieved with ~1 x 10® atoms (the
atom number can be controlled with dispenser current) and an Yb MOT
with the order of 10% atoms for several isotopes (*™?Yb, '™Yb and '"5Yb)
loaded directly on the 556 nm transition was demonstrated - the first such in
the UK. It was also shown that the two species could be loaded sequentially
into their MOTs using the same magnetic field gradient. This paves the way
for many further experiments exploring this novel mixture.
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8.3 Outlook

The ultimate aim of this experiment is to create CsYb molecules in the ro-
vibrational ground state. However, there are several essential steps that need
to be completed before this can be achieved.

8.3.1 Characterisation of the dual species MOT

Now that both Cs and Yb have been loaded into a MOT the mixture can start
to be characterised to enhance our knowledge of this system. The first step
towards this goal is to implement absorption imaging so that temperature and
atom number measurements can be made simultaneously in the MOT. This
will allow us to fully characterise the Yb MOT with respect to the parameters
of the sidebands applied to the cooling light. It is expected that the Yb can
reach a Doppler temperature of the order of 4 uK in the 556 nm MO, which
should be of a similar order of magnitude to the expected temperature for a
Cs MOT, which can access sub-Doppler cooling and has a theoretical recoil
temperature of 0.2 uK.

As mentioned in Section 8.1, the two MOTs need to be overlapped spatially
by adjusting the beam balancing of the individual MOT beams. Once this
has been done complete characterisation of the dual species MOT can be
carried out, specifically looking for interspecies losses (e.g., [153-155]).

8.3.2 Photoassociation in the dual species Yb-Cs MOT

Once the MOTs have been overlapped, photoassociation spectroscopy can
be performed on the mixture to find the interspecies background scattering
length. This factor is required to enable more accurate predictions of the
locations and widths of the Feshbach resonances in this system. The mea-
surement need only be done for one isotope of Yb as mass scaling can be
used to calculate the scattering lengths for the other isotopes.

The photoassociation spectroscopy will be done below the 6 2P /2 limit of
Cs, requiring a laser wavelength red-detuned from the 894.6 nm D; transi-
tion [53]. The photoassociation spectrum for Cs at this wavelength is already
known [156] so the method can be tested against known lines and eventually
any features due to Cs; can be ruled out, leaving only peaks from Cs*Yb. Ref-
erence [156] discusses how those measurements were carried out by reducing
the laser intensity as the laser frequency scan moved closer to the atomic res-
onance. The laser power used in their experiment was 450-900 mW, therefore
a high power DBR laser has been purchased in order for the measurements
on the Yb-Cs mixture to be carried out.

Distributed Bragg Reflector (DBR) lasers contain a gain medium surrounded
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at each end by a distributed Bragg reflector as the end mirrors [157]. They
allow single frequency operation at high power with the frequency tunable
over a large range by a combination of temperature and current. This laser,
in conjunction with an optical cavity, will be used to obtain the 1-photon
photoassociation spectrum for Yb-Cs. This will be done by overlapping the
895 nm light with the dual species MOT and looking for atom loss at specific
frequencies. The atom loss will occur for both species at a CsYb resonance.
Therefore, if only the Yb atom number is monitored this automatically dif-
ferentiates between Cs; and Cs*Yb features.

A fibre coupled EOM can then be added to the set up to stabilise the fre-
quency of the first laser to a molecular resonance by locking a sideband to
a stable optical cavity. A second laser (either another DBR or potentially
an ECDL and a tapered amplifier) will form the second laser beam that
will scan in frequency over the 2-photon photoassociation spectrum. The
frequency difference will be measured using a beat frequency between the
two lasers. This can be done as the wavelengths of the two photons will be
approximately the same as the bound states being measured are very close
to threshold.

The tell-tale sign of 2-photon photoassociation is a ‘loss of loss’ in the atom
number in the MOT when the carrier frequency of the laser is set at a known
resonance feature. The 1-photon photoassociation will be disrupted when
the frequency of the second laser is such that it drives the transition between
the electronically excited molecular state and a bound state in the ground
molecular potential. The binding energies are then directly known from the
frequency difference of the two laser beams. The last bound state can simply
be found as the last frequency at which the ‘loss of loss’ occurs before the
atomic D; transition in Cs.

8.3.3 Ultracold Yb and Cs in a dual species trap

Once the photoassociation measurements within the MOT are complete, the
two species will be loaded into an optical dipole trap, either using a single
wavelength of 1064 nm or with a bichromatic dipole trap using both 532 nm
and 1064 nm. The bichromatic dipole trap would allow the trap depths to be
equalised, as 1064 nm alone would create trap depths for Cs approximately
10x greater than that for Yb. There is a possibility that sympathetic cooling
could occur between Yb and Cs so once in an optical dipole trap this can
be investigated and used to verify the scattering lengths measured by the
photoassociation spectroscopy.

The initial mixture that will be investigated is 1™*Yb-Cs as this is the most
abundant isotope of Yb. A logical first objective will be to condense both
Cs and '™Yb and investigate the miscibility of the BECs potentially whilst
tuning the Cs intraspecies scattering length. Subsequently we should be
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Figure 8.2: The coil set currently under development to produce large mag-
netic fields for searching for Feshbach resonances. The bulk of the bias field
will be produced by the large coil pairs, Bias 1 and Bias 2, whilst finessing of
the field will be achieved with the Fast bias pair. The gradient coils produce
the magnetic field gradient required by the MOT. However, they could be
controlled in such a way as to be able to switch to creating a bias field as well
if required. Each coil is wound from hollow square wire to allow for water
cooling.

able to replicate the condensation of all of the bosonic isotopes that are
able to be condensed ('®Yb, "YDh, ™Yb and "Yb [57, 59-61]) and to
create degenerate Fermi gases with the fermionic isotopes (1™'Yb and ™®Yb
[60, 63]). Although, degenerate gases are not a necessary step towards ground
state molecules of CsYb, they would just demonstrate a high level of control
over the system.

8.3.4 Magnetoassociation of CsYb molecules

Once we have completed the interspecies background scattering length mea-
surements, they can fed back into the scattering theory calculations to accu-
rately predict the positions and widths of the Feshbach resonances. It will
then be time to search for the presence of the resonances. This would be
done by measuring atom loss from the optical dipole trap as a function of
the applied magnetic field. However, this in itself is likely to throw up some
technical challenges as the predicted Feshbach resonances for CsYb occur at
very high magnetic fields and are relatively narrow [86]. Fields in excess of
1000 G will definitely be required and even up to 4000 G is a possibility. The
lower part of this range will be accessible fairly easily, with similar magnetic
fields of greater than 1000 G are routinely used in another lab in the research
group [158]. However, as discussed in Section 2.2, the wider resonances will
occur at larger fields as the resonance widths scale as B? meaning that access
to higher fields is desirable.
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Coil Magnetic field (G A1)

Fast bias 0.697
Bias 1 1.54
Bias 2 2.33

Gradient 1.087

Table 8.1: The magnetic fields produced by the coil pairs in bias configuration
per amp of current applied.

The coil set currently under development consists of four pairs of coils which
will sit in the re-entrant flanges on the main chamber, as can be seen in
figure 8.2. Bias coils 1 and 2 provide the large magnitude bias fields, whereas
the fast bias coil provides a very uniform bias field which can be used for fine
tuning of the magnetic field and can be switched over faster time periods.
The final coil pair provide the gradient field for the MOT. It is expected that
we will be able to reach 2000 G with this coil set. Table 8.1 lists the magnetic
field produced by each coil pair per amp of current applied to them. The
large coils that will produce the bulk of the field (Biases 1 and 2) would need
649 A or 429 A respectively to get to 1000 G each, meaning that to obtain
sub-mG stability for the Feshbach resonances the current will need to be
stable to 6.49 x 107! mA or 4.29 x 10~! mA. Accessing Feshbach resonances
with smaller widths will therefore be very technically challenging.

If no resonances are found at lower magnetic fields due to the very small
predicted widths other methods of creating higher magnetic fields may have
to be investigated. These could include bitter electromagnets [159] or coils
wound onto a more efficient heat-sink for operation at higher currents [160].

8.3.5 Other methods for creating molecules

However, if Feshbach resonances are still not found at reasonable magnetic
fields, then magnetoassociation may not be a viable method to create CsYb
molecules. Instead, there may be scope to use other methods for making
molecules. These might include STIRAP directly on pairs on atoms in an
optical lattice [161], using Yb Feshbach resonances in the triplet state [162]
or direct photoassociation to create the loosely bound molecules before using
STIRAP to transfer these molecules to the ro-vibrational ground state.

It is once in the ro-vibrational ground state that new areas of physics can
start to be explored fully.



Appendix A

Rb-Cs mixture

During 2010-2011 I worked on the Rb-Cs mixture experiment in Durham.
This is a similar, although more established, experiment to Yb-Cs. The
experiment aims to combine Rb and Cs atoms to form ground state RbCs
molecules. During my time working on the experiment we implemented a
new laser locking scheme to enable work to start with 8°Rb, as previous to
this results had only been obtained with 8"Rb. Initial results stemming from
this work can be found in [85].

A.1 (General outline of the RbCs experiment

A short outline of the RbCs experiment will be given here, but more detailed
descriptions can be found in the five Ph.D. theses from this lab: [130, 163—
166].

Rb and Cs are loaded from background pressure in a pyramid MOT chamber
before being pushed through into a glass cell and reloaded into a second
MOT stage. From here they are transferred to a magnetic trap where RF
evaporation is carried out and the Rb sympathetically cools the Cs. They are
then loaded into a crossed optical dipole trap at 1550 nm. Once at ultracold
temperatures, experiments can be carried out; namely Feshbach spectroscopy
leading to the formation of Feshbach molecules.

The laser frequencies needed for the various cooling and imaging stages are
provided by AOMs in the same way as in the Yb-Cs experiment. The AOM
frequencies are summarised in table A.1.

The Rb-Cs experiment has done extensive work with the 8"Rb-Cs mixture
[130, 165, 166], but this mixture has a large interspecies scattering length
which means that the collisional loss rate is quite high. This impacts on the
number of Feshbach molecules that can be created [166]. Using **Rb-Cs is
then desirable as the interspecies scattering length for this mixture is close
to zero, which may allow a larger molecule production efficiency.
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AOM Destination Frequency (MHz) A (MHz) Transition

1 Spectroscopy 2 x 125.58 0 F=3—=>F =4
P Tmaging 2 x 124.68 46 F=3-F =4
3 Cooling 2 x 120.36 -10.8 F=3—F =4
4 Optical pumping -1 x 72.50 5.8 F=2—F =
5 Slave laser 2 x 117.57 -16.0 F=3—->F =4
6 Repump 1 x 79.99 -1.5 F=2—F =

Table A.1: The AOM frequencies for Rb. The slave laser provides the cooling
light for the pyramid MOT.

A.2 Changing the laser locking scheme

The locking scheme for 3 Rb uses a combination of modulation transfer (MT)
and frequency modulation (FM) locking for the cooling and repump light
respectively [130], however, this is incompatible with 85Rb due to the smaller
excited state hyperfine splitting in 8Rb. The locking for the cooling laser
is unaffected by this change as in this scheme the laser frequency is set
to an arbitrary detuning (2 x 125.58 MHz) from the F' = 3 — F' = 4
(F =2 — F’ = 3) transition for ®*Rb (]"Rb) (see figures A.1(a) and (b) or
(c)) and the imaging and cooling light is brought onto resonance with AOMs
2,3 and 5.

However, the repump locking scheme is different in that the laser frequency
is locked to the o crossover feature in 8"Rb and the optical pumping and
repump AOMs shift the frequency from there to the F =1 — F' =1 and
F =1 — F’ = 2 transitions respectively. If the same locking scheme was
used for ®Rb the laser would be locked to the ya3 crossover but, because
the F/ = 2 and I’ = 3 lines are split by 63 MHz (instead of the 157 MHz
between the corresponding I/ = 1 and F” = 2 lines in 8"Rb), the same AOMs
would not then bring the optical pumping and repump light onto the correct
frequencies.

Therefore, some other way of locking the repump laser needed to be found
that would allow the laser to be locked to two separate places during the dif-
ferent stages of the experiment where repump or optical pumping is required.

A.2.1 DAVLL

Neither MT nor FM spectroscopy allow for the laser lock point to be changed
by the frequencies required to swap between repump and optical pumping for
85Rb as both of these methods produce error signals localised to the atomic
transitions. Therefore a different method was required that gives a broader
error signal covering the whole frequency range, in other words, an error
signal produced from the Doppler background rather than the sub-Doppler
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Figure A.1: (a) The energy level diagram with relevant cooling, repump
and optical pumping transitions for 8Rb. The cooling laser is locked to an
arbitrary frequency away from the F' = 2 — F’ = 3 transition, whilst the
repump laser is locked to the x12 crossover with two AOMs at approximately
80 MHz to bring repump and optical pumping onto resonance. Conversely,
(b) and (c) show the energy level diagram for ®*Rb where it can be seen
that due to the energy between the relevant levels differing from 87Rb this is
no longer an option. Instead the lock point is changed between stages with
(b) showing the locking scheme for the repump experimental stage and (c)
for the optical pumping stage. The beat frequency (green) for each case is
checked by locking the master laser to the F' = 2 — F’ = 1 transition. All
frequencies are in MHz and the atomic properties were taken from [167].
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Figure A.2: Top panel: Depending on the handedness of the circularly po-
larised light relative to the applied magnetic field, the absorption peak is
shifted higher or lower in frequency (green and purple traces) relative to the
unperturbed peak (black). Bottom panel: A differencing photodiode can
then be used to generate the locking signal (red). The optics required are
shown in the inset.

peaks.

The method settled on was the Dichroic Atomic Vapour Laser Lock, or
DAVLL [123-125]. In this method a Rb vapour cell is surrounded by perma-
nent magnets (see inset in figure A.2) that act to split the Zeeman sublevels of
the atoms. This means that when circularly polarised light is passed through
the atomic vapour the centre frequency of the Doppler broadened absorption
peak shifts up or down in frequency depending on the handedness of the
polarisation, as illustrated by the green and purple absorption peaks in fig-
ure A.2. Therefore, if a linearly polarised beam (equivalent to equal amounts
of right handed and left handed circularly polarised light) is passed through
the cell before being decomposed by a polarising beam splitter on the other
side, a differencing photodiode can be used to subtract the two absorption
peaks giving an error signal to lock to, seen in the bottom plot of figure A.2.
The gradient of the error signal can be increased by tuning the magnitude
of the magnetic field.

The lock point can be changed by changing the set point voltage (achieved
remotely from the LabVIEW program controlling the experiment) allowing
the experiment to run smoothly whilst changing from repump to optical
pumping light. The lock point can be monitored each morning before the
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experiment is run by locking the master laser (normally used to produce the
cooling light) to the F' = 2 — F’ = 1 transition and beating the light from
this with the repump light. For the repump (optical pumping) beam to be
at the correct detuning the beat frequency should be 103.3 MHz (192.4 MHz)
as illustrated in figures A.1(b) and (c). Light going to the MOT fibre can
be used for this purpose as the repump and cooling light is already spatially
overlapped at this point.

A.2.2 Laser frequency stability

There is one problem with using a method such as DAVLL and it comes from
the very fact that the frequency range over which the laser can be locked is
large - the error signal has a lower gradient to be able to span the whole
Doppler broadened feature and this means that the locked laser frequency
will not be as stable as other methods (such as MT or FM). DAVLL also
depends heavily on the temperature of the atomic vapour as the depth of
the Doppler feature changes with temperature. To investigate whether the
required stability could be achieved some comparative studies were carried
out comparing lasers locked with MT and DAVLL prior to installing DAVLL
in the Rb-Cs experiment.

These investigations involved beating two lasers together that were locked by
different methods (in this case the lasers were two 852 nm lasers instead of the
780 nm lasers that would be used for Rb, but the principle remains the same).
The results of the investigation can be seen in figure A.3. In figure A.3(a) the
two lasers were both locked with DAVLL, whilst in figure A.3(c) one laser
was locked to an MT spectroscopy signal. Figures A.3(b) and (d) show the
Allan deviation for the two beat measurements and from these it can be seen
that the MT signal is much more stable as the Allan deviation approximately
halves. (For a full explanation of Allan deviation, see Section 4.3.2 in the
main body of this thesis).

However, it is only when compared to figure 4.8 in Chapter 4 which shows
a later set of beat measurements with two lasers locked using FM and MT
spectroscopy that it becomes apparent how unstable DAVLL is. The Allan
deviation (figure 4.8(b)) for these beat measurements is an order of magni-
tude smaller than those shown in figure A.3.

Nevertheless, with DAVLL the laser frequency will drift by approximately
10 MHz over 6.5 hours, which is sufficient to carry out experiments with **Rb.

A.3 Sympathetic cooling of Cs by ¥Rb

Sympathetic cooling occurs when elastic collisions between atoms act to bring
an atomic cloud into thermal equilibrium. The equilibrium temperature will
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Figure A.3: The beat frequency (a) and Allan deviation (b) for two lasers
both locked with DAVLL compared to the beat frequency (c) and Allan
deviation (d) for one laser locked with MT spectroscopy and the other with
DAVLL. It is immediately apparent from the beat data that locking just one
of the lasers with MT reduces both the frequency drift and shot to shot noise.

be near that of the lower temperature species, the ‘coolant’.

Once ®Rb had been successfully trapped in the pyramid MOT and trans-
ferred to the second MOT, the RF evaporation was optimised for 8°Rb with-
out Cs in the trap. After this the sympathetic cooling of Cs by 8°Rb could
be investigated. This is done by plotting the phase space density [108],

h 3
=n\p = —_— Al
p=nily n( %MkBT), (A1)

where n is the number density and A\gp is the de Broglie wavelength, against
the atom number. The phase space density allows both the number and
temperature to be taken into account.

Figure A.4 shows the phase space density as a function of atom number in the
magnetic trap for both Rb (with Cs (red triangles) and without Cs (black
squares) in the trap) and Cs when cooled by 8’Rb (purple circles) and **Rb
(green pentagons). The decrease in phase space density of ¥ Rb when Cs is
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Figure A.4: The sympathetic cooling of Cs by 8Rb; the phase space density
of ®Rb alone (black squares) is higher than when Cs is also present in the
trap (red triangles). Cs is cooled more by 8"Rb (purple circles) than by **Rb
(green pentagons). The ®Rb was in the |2, —2) state whilst the Cs was in
the |3, —3) state.

included shows that the 8°Rb has a higher temperature due to the additional
heat load from the Cs.

It can also be seen that Cs is cooled to lower temperatures (higher phase
space density for the same atom number) when 8"Rb is used as the coolant
compared to ®*Rb. This is not unexpected as the 8"Rb-Cs interspecies scat-
tering length is larger than that for 8®Rb-Cs, which is close to zero for s-wave
collisions. Sympathetic cooling still occurs for ® Rb-Cs as at the typical tem-
peratures in the magnetic trap p-wave collisions can still occur.

For further results from the ®Rb-Cs system, see [165, 166].
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Dipole moment code

This is the code written in MATLAB for calculating the electric dipole mo-
ment according to equation (2.22) in Chapter 2. The code makes use of the
already existing w3j code for calculating the Wigner 3-j coefficients developed
by Jonathan Pritchard.

% %% Calculating the dipole moment matrix

d = 1/1e29; % Permanent dipole moment [Cm]
(% 1.26/2.9979e29 for RbCs, d = 0.24/2.9979e29 for CsYb)
B = 1le-25; % Rotational constant [J]

(% 3.3813e-25 for RbCs, B = 1.37241e-23 for CsYb)
delta = 0.01%(B/d);
Emax = 10%x(B/d);

E = 0%(B/d) :delta:Emax; %Electric field [V/m]
1ng2 = size(E);
1ng2 = 1ng2(2);

% %% Constants

h = 6.626069e-34;
hbar = h/(2*pi);

c = 2.9979e8;

e = 1.60218e-19;
a0 = 0.529177e-10;

%% % J and mJ values to be evaluated

166
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3

)

1;5 0;4 4;4 3;4 2;4 1;4 0;3 3;3 2;3 1;3

Jall = [5 5
1 0];

4;5 3;
0;2 2;2 111

5;5 52
;2 0; ;1 050
%% % Work out size of output matriz
lng = size(Jall);

1ng = 1ng(1);

% %% Create and populate output matriz
HH2 = zeros(lng);
result = zeros(lng, (Emax-95%(B/d))/delta);
for i = 1:1ng2
for row=1:1ng
for col=1:1ng
J = Jall(row,1);
mj = Jall(row,2);
Jprime = Jall(col,1);
mjprime = Jall(col,2);
KroneckerDelta = 0;
if( (J == Jprime) && (mj == mjprime) )
KroneckerDelta = 1;
end

% Selection rules: DJ =0, +/-1, Dmj = 0,+/-1, also puts 0 if J,
Jprime, mj, mjprime all O

if( ¢ (J-Jprime)==0 || (J-Jprime)==1 || (J-Jprime)==-1
) && ( (mj-mjprime)==0 || (mj-mjprime)==1 || (mj-mjprime)==-1 ) &&
(J =0 1| Jprime =0 |l mj =0 || mjprime = 0) )

HH2 (row,col) = BxJ*(J + 1)*KroneckerDelta -
E(i)*d*sqrt ((2+%J + 1)*(2+Jprime + 1))*(-1)"/*
w3j(J,-mj,1,0,Jprime,mjprime)*w3j(J,0,1,0,Jprime,0);
else
HH2 (row,col) = 0;
end
end

end
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i;
result(:,i) = sort(eig(HH2)); % result is in joules
end

plot(E, (result/h)*1e-9)

% %% Calculate the electric dipole moment from the Stark energies calculated
JO = result(l,:);

dip = abs(gradient(JO,delta));

J10 = result(2,:);

J11 = result(3,:
J20 = result(4,:
J21 = result(5,:
J22 = result(6,:

);
);
);
)

b

% %% Getting the dipole moment in dimensionless units (i.e., divide by per-
manent dipole moment. Want E in units of B/d and d in units of dperm

Eplot = E/(B/d);

dplot = dip/d;

Evar = rot90(Eplot);

dvar = rot90(dplot);

plot (Eplot,dplot)

Jivar = [J10/(B); J11/(B)];

J2var = [J20/(B); J21/(B); J22/(B)];



Appendix C

Vacuum parts

For future reference, the following components were used to construct the
main vacuum system for the Yb-Cs experiment. Viewports are not included
in this list as details about them can be found in table 3.2. Some detailed
engineering drawings for the custom parts can be found in Appendix B.

169



170

Appendixz C. Vacuum parts

"90UDINJOI DININJ
10J stoquunu jred pue Aueduod YHm ‘WOYSAS WNNORA ST} JO UOIPONIISU0D 9} Ul pasn syred oy jo 3s1 93o[dwiod y 170 9[qel

wo)sn,)
wo)sn,)

X-GL0

}SU9] WO)SN))
91-0¥VZdD
wo)sn,)
TT-INOOST-AD-H
0F uooRA

GG UOJORA

MSA g-00¥0 L1030eder
MI-HV-SS
L-0GT-AVIN
0vLAd

wo9sn)
wOo)s))
€0-GLC-INHd
07-9X0

0,Ld40

veddd
9EXTNITLTAIN
99X-CNIILTIIN ‘9SX-INVZLTIIN

vVav

BIUDIOG DA
wnnoep DN
wnnoepA AN
wnnoeA AN
wnnoep DN
wnnoep DN
(uerrep ) oISy
YIS Y
SI9PRY) SHVS
Joesemg
wnnoep DN
wnnoep DN
BIUSIOG DA
AJISIOATU[) WIRYIN(]
wnnoep DN
wnnoep DN
wnnoep DN
wnnoep DN
MOTYeAN
MOTYRAN

S3I0dMBTA JURIJUD-0Y
IOQUIRTY 9OUDIG
sMofPEq 9INA

oquy 9INd

agureq wonpel 9gINJ-0PNA
aqny Surdwmd [erjusiegi(y
OATRA 9983 TN (T
dumd wor ;_s10¥
dumd uor ;_s16g
dumd ©HHN

QATeA IrRe-01-d)

OATRA RJOW [V

991 YN

uorye)s surdwn g
I239NYS DIWO)Y
[SNOIYIPad] PISLIOJOTN
ssoxd Lem-9 0N
uerq orNd

Huelq 9INA

Ioyeay] 9[zzou A\ 009
19189 ozZoU A\ 0GF

AN AN = — NN = = ANMMmNHANAN A ==~ — Q]

dO Www g ‘(I WS ‘SS € SY10M9[PIDN s1odoop) S sorreiden)
wo)sn)  UOPUOrT 989[[0)) [erredurf 1 Ioproy Arerpide))

wo)sn)  Uopuor| a89[[0)) [ruaduif I UoA0 sa1dads Ten(]

NOD~TIE-NDHI-dHA JBAMOT] 4 I0309UU0Y [1IBE]

DS-00€19¢ [PUP[Y-RWSIS € sy03uT X

S-02-SD-€-SV D9YeATY ¢ TosuadsIp S0

07LSO wmnnoeA AN I orddin opNQ

0VO-7-D0E-SAH wnnovA HAN I U3noay3pasy 0FNd

Joquinu jreJ Auwedwo))  Toquiny jred wmnoep




Appendix D

Technical drawings

Activation: 3A for 5 minutes
Evaporation range: 4 — 8A

Figure D.1: The wiring diagram for the Cs dispensers with each dispenser
labelled. This view is looking at the back of the flange.
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Appendix D. Technical drawings
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Appendix D. Technical drawings
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Appendix D. Technical drawings
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Appendix D. Technical drawings

"$110dMOTA ) opeW oYM YVHY M) U2 Aq porddns Surmerp SULIOQUISUS O], :/ (] 2INSIq

0ST

ov1

ovl

09

66.5

)

GET

v'e0e




178

Appendix D. Technical drawings

‘poress A[resrjouLioy Sureq Jo oqeded ‘Iose] WU G6E oY) 10§ juotulredurod opoIp I9se] o) 10J SUIMRIP SULIOOUISUS o [, :Q (] 9INSI

ov'8s
ov'vS
00'TS
05"+
00'/T
09'vT
I
0p> 09'0T
NQ ) I I I 1/
@t—o | |||®
/=
e ~
I@ e ~
(8/y 122us) yed sy | o Soxg—{| o |5 |2
doj pi oy Aq pauplew aq |5 TH—ex ° qlg |88 |5
0} Bup-Q 104 doj up ar00I9 e o - i G ,%| W|. 3 e
‘paijddns ped ‘1o0ysuuod o - \.‘Mm? d d S N
palddns 3ied "oy Ho - L0 oW\ W IR o
(221303} Ue 1y 01 Hed au Jo yoeq 3y} ul 3joH ] S J J\\ _ S =l o
e A ===y NS
3 punose 1 —— \_mﬂj - L 3 as e
[eas BULI-O UB YUM SUS| B 3 0} PERIL) UM 310H et & 05 240 %
! ! 1 . ! 0 6 :
o 0S's
00'ze
01’91 J
80°¢CE
S— 00"t
0T'¢ct 05'c9
1 r A = 1
LN O 4L S0 4l
N I | B
| 1] | _ | &
=L I hgr] P e Yo
Rk B | N | B -l
_ _T_L 141 N | m%m &
e i - ] S - =l | - b=
.__3_“__.._._+ T W L L N ©
o
09'C
9LY 89°¢CE
00°/8
06'8




179

“I9SR] WU GGE oY) 10§ juotnjreduion Surjels o) 10§ SUIMRIP SULIDDUISUD O, 6 (] 9INSI

05'%9
0s'19

9> 00'vC
Ge

NS 05’2

Q&N‘ <o A

0s'y
%y 7

0y~

7

—

—7
=)
&

7

NN

OM ARLTT

00'cl
000:9#
N

2

00'0%
00’8t
00'ss

G

00'St

Appendix D. Technical drawings

\ 00’6
0s’0s
0069
e
os’s
T T T
1MH||||||%+| ] ._ﬁlﬂlwﬂlllﬂl g __ _
Qaam|| | 1000 I ¢ )
B T ko) i =
1 i 7] o
4 0D |id wT k13D V/Ef
M | o T - | 11 Ll —
Y
00'zk 89te

0069



Appendix E

Vacuum cleaning procedure

It is important to clean vacuum components thoroughly before use to remove
any contaminants. This can be achieved by completing the following process:

10.

. Place items to be cleaned in a container. Fill to just above the items

with diluted Decon 90 (dilution details given on the bottle).

Place the container in a sonic bath filled with at least 1inch of tap
water for 1 hour (in 2 half hour sessions).

Cover a clear work bench with doubled over aluminium foil, making
sure to touch the foil as little as possible (wear latex gloves).

Wearing latex gloves remove the items from the container once the
sonic bath has finished. Place them on the foil.

Empty the container of Decon and rinse thoroughly with tap water.

Wearing a new pair of latex gloves replace the items in the container
and fill to the same level with tap water.

Run the sonic bath for a further half hour.

As before, covering the worktop with a clean doubled over sheet of foil,
remove the items from the container with a fresh pair of gloves.

Repeat steps 3-8 three times in total to make sure all of the Decon 90
has been removed.

After the third time, rinse the container thoroughly again and fill with
methanol (wear goggles whilst handling the methanol). Make sure the
level of methanol is higher than the items as some will evaporate during
the sonic bath. With a fresh pair of gloves put the items into the
container.
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11.

12.

13.

14.

15.

16.

Run the sonic bath for another hour (again, broken into 2 half hour
sessions so the level of methanol can be checked). Make sure the sonic
bath is in a fume cupboard for this step.

As before, remove the items with a fresh pair of gloves and lay them
on a clean sheet of foil.

Rinse and then fill the container with distilled water- enough to cover
the items again.

Put the items back into the sonic bath for a further hour (again, two
half hour sessions).

With a fresh pair of gloves lay the items on a clean sheet of foil and
heat with an hot air gun to dry them thoroughly. Make sure every
surface and notch is completely dry and hot to the touch.

Once cool, wrap the items in clean doubled over foil until they are
needed.

It is important to make sure that fresh gloves are worn between each step so
that no contaminants make their way back onto the components. Vacuum
components should be handled as little as possible and never without powder-
free latex gloves on.

If components have to be left whilst in the process of being cleaned, make
sure that they are fully covered by the liquid at whatever stage they are at
and that there are no air bubbles on any of the components; this is to ensure
that the components do not go rusty. The container should then be covered
with a sheet of foil so nothing can fall into the liquid.
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