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Abstract

In this thesis, an experiment capable of producing 10° %Li, molecules at tempera-
tures between 0.1-1 pK will be presented. By firstly loading 10® °Li atoms into a
Magneto-Optical Trap (MOT) and transferring them to a far-red detuned optical
dipole trap, 10° atoms are loaded at a temperature of 400 K. Evaporative cooling
techniques are used to further cool the cloud to the region of quantum degeneracy.
Feshbach coils capable of producing fields up to 1200G are also implemented to
exploit the broad Feshbach resonance between the |F' = 1/2, mp = £1/2) states
of SLi.

Through this Feshbach resonance the scattering length of the atoms can be
tuned to allow atoms to associate, forming so called “Feshbach Molecules”. In
the case of %Li, this allows for Fermionic atoms to form bound Bosonic states.
In experiments that utilize Feshbach molecules, adiabacity in their production is
assumed, but is not always the case. By performing linear magnetic field sweeps
from the BCS to the BEC side of the broad Feshbach resonance in %Li, the conver-
sion efficiency of atoms to bound molecules will be presented as a function of both
the sweep rate and cloud temperature. Statistical tests comparing Landau-Zener
and power law models of the BCS-BEC transition will be presented and compar-
ison to experimental results discussed. The effect of the cut-off field of the sweep
on molecule conversion efficiency will be presented and compared to numerical

simulations.
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Chapter 1

Introduction

The field of ultracold atoms has developed into a mature and versatile tool for
the study of a variety of physical phenomena. Since 1911, when the resistance
of Mercury was found to drop to zero below a critical temperature [1], there has
been a fascination with low-temperature physics. In 1985, the principle of laser
cooling was demonstrated in Sodium atoms [2] and the experimental realisation
of the Doppler cooling limit of Th = 240 uK in Sodium was achieved, opening up
an entirely new field of research. Rapid developments were then made in the field,
with the first implementation of a magneto-optical trap in 1987 confining Sodium
atoms for up to 2 minutes [3], the principle of which allowed for the studying of

ultra-cold atom systems.

The ultra-cold atom field blossomed with the implementation of cooling tech-
niques that reached temperatures below the Doppler limit, for example evaporative
cooling of bosonic gases [4], allowing a wide variety of physical phenomena to be
probed. Alkali atoms in particular have been widely used in such experiments due
to large vapour pressures at easily reachable temperatures in a lab, and have re-
ceived interest due to their large and easily tunable scattering lengths, for example
about a Feshbach Resonance [5]. These cooling techniques led to the experimental
realization of BEC phenomena in bosonic 8’Rb [6], *Na [7] and "Li [8] in 1995.
The first realization of a molecular BEC comprised of ultra-cold bosonic %Li, was
not until 2003, when a group from MIT trapped °Li and used high magnetic fields
to tune the scattering length of the atoms to a bound state region to achieve con-

densation of °Li, molecules [9)].
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Recently, utilizing the phenomena of the Feshbach resonance has gained interest in
creating a quantum heat engine by modulating the scattering length of a BEC to
form an Otto cycle [10] as well as molecular BEC’s (mBEC) being used to detect
gravitational waves by measuring phonon excitations caused by space-time distor-
tions [11]. However, the optimal production of so called “Feshbach Molecules”, the
kind used to produce a BEC comprised of fermionic atoms, is a matter which is not
fully understood. Through this thesis, the basics of the Feshbach Resonance will
be covered, as well as magneto-association of fermionic atoms. Competing models
will be presented of molecule conversion efficiency as a function of magnetic field
sweep rate through linear BCS-BEC crossings of the Feshbach Resonance with
fixed start and end points. The models will be compared to experimental results,
at different initial cloud temperatures, in a non-equilibrium °Li system. The ef-
fect of the temperature of an atomic cloud on the optimum conversion efficiency
will also be presented and compared to a simple statistical model. Following this,
experimental results considering molecule formation in linear BCS-BEC magnetic
field ramps with varying final fields will be probed at different sweep rates and
contextualized with similar studies on narrow resonances. Finally, initial work
in the group on providing a simulation of fermion association in the BCS-BEC
crossover will be presented and used to interpret the results in the previous sec-

tion.

For the contents of this thesis, the work presented will be surrounding °Li.
Previously, the experiment had been running as part of a dual-species setup with
133Cs, but when I had joined it had been converted to two separate setups [12].
Work from previous students has been done on investigating different models of
the density distribution of a BEC of %Liy [13]. Through optimization of experi-
mental parameters, as well as fine tuning of optical components, efficient loading
of a Magneto Optical Trap (MOT) and Optical Dipole Trap (ODT) will be pre-
sented. The experiment routinely loads up to 10° atoms at magnetic fields up to
1200G as well as using evaporative techniques to cool as many as 3x10° atoms to
temperatures of around 500nK. The magnetic field and consequently the scatter-
ing length of the atoms in the ultra-cold cloud can then be manipulated freely in

order to probe the Feshbach resonance of the lowest energy states of Li.
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An outline of the structure of the thesis is as follows:
Chapter 2 - Atomic Structure in °Li

In this chapter I will discuss the fundamentals of atomic theory and their ap-
plication to %Li. This will include interaction with electric and magnetic fields,
scattering theory, as well as a description of the Feshbach Resonance phenomena.

These topics will form the basis of future chapters.
Chapter 3 - Laser Cooling and Trapping

In this chapter, a description of the theory behind the technical apparatus used in
this experiment will be given. It is intended to lead directly to Chapter 4, where
a description of how these are implemented and optimized in the experimental set

up will be laid out.
Chapter 4 - Experimental Sequence

This chapter will contain the details of the sequence that has been used starting
with ejection from an atomic source. Focus will be placed on how optimization and
calibration of the apparatus is done in order to produce high numbers of trapped

ultra-cold Feshbach molecules of L.
Chapter 5 - Feshbach Molecule Formation

Here the main results of this thesis will be presented. Factors effecting molecule
conversion efficiency such as temperature, sweep rate and final magnetic field in
BCS-BEC magnetic field sweeps will be presented and compared to experimental
data. This will be contextualized with similar studies carried out on narrow reso-
nances. Lastly, I will discuss the initial work on simulating the molecule dynamics

and its outlook.



Chapter 2

Atomic Theory

In order to perform and understand the results of this experiment, it is important
to have an understanding of the fundamentals of atomic theory, as well as their
application to °Li. I will begin by discussing atomic structure in alkali atoms, as
well as their interaction with Magnetic and Electric fields. The physics of Fesh-
bach Resonances will be shown, as well as how this relates to so called ‘Feshbach
Molecules’ and how their properties can be described. I will also present param-
eters specific to the broad Feshbach resonance of the lowest energy states of Li.

This will be the foundation of later chapters.

2.1 Atomic Structure in Li

Alkali atoms such as %Li have a single valence electron in their outer shell. Laser
cooling techniques for such atoms were developed in 1982 with Na atoms [14]. The
rest of the electrons form closed shells, which have a net angular momentum of
zero in a spherically symmetric distribution. This results in large excitation en-
ergies in comparison to the valence electron, so only the valence electron’s energy

levels are considered in the treatment of atomic structure.

For this reason, to resolve the gross structure of the energy levels of the atom,
a hydrogen-like model, known as the Central Field Approximation, can be

applied. The Hamiltonian for such a system is given by: [15]

~ 2
A P
H, = — 2.1
0= g = Vers (1) 21)
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The first term in the Hamiltonian represents the kinetic energy of the electron
where m, is the mass of the electron and P is the momentum operator. The
second term, the effective potential, arises due to coulomb interaction of the va-
lence electron and the effective nuclear charge. The effective charge arises due to
shielding of the total charge of the protons in the nucleus from the closed shell
electrons. The solution is similar to that of the hydrogen atom, with the probabil-
ity distribution of the electron being the product of radial and spherical harmonic

functions. The solution is expressed in the basis [16]:
|n, 1, my)

Here n is the principle quantum number, [ the azimuthal quantum number and
m; the magnetic quantum number. The energy levels of this gross structure will
differ from Hydrogen, being dependent on the principle and azimuthal quantum
numbers, due to the fact that this is not a true central coulomb potential. At
lower [ this effect is more significant, and at large values of n the solution tends
towards the Hydrogen solution. This treatment however is insufficient to resolve
the full structure of alkali metals, as we must take into account magnetic effects

from the electron’s and nuclear spin, as well as relativistic effects.

The corrections to this model are very small, of the order of the square of the fine
structure constant o, so we can treat them as a perturbation. To do this, the
Dirac equation can be solved for an electron inside a potential created by a proton
in the weakly relativistic limit, the details of which are outside the scope of this

thesis. The resulting Hamiltonian takes the form [15]:

~ 4 9
P 1 ldVeff(r)L. S—|— h

8mic?  2m2ctr  dr 8m2c?

H = H, + m.* AV p(r) + ... (2.2)

Second order terms in the power expansion of the perturbation here have been
neglected. Here, L and S refer to the operators for orbital and spin angular mo-
mentum respectively. The term L - S, known as the spin-orbit coupling term, is
responsible for the effects of fine structure. We can write the operator for the
electron’s total angular momentum as J = L + S, which has eigenstates in the
basis |n,l, s, j,m;) and can take values |L — S| < |L 4 S| [16]. The fine structure

operator is written with the spin-orbit term as [16]:
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Ay ‘ Ags ‘
27;2L -Sn,l, s, j,m;) = 2;_:2 (J2+L2 —I—SZ) In, 1, s, j,m;) 03
Afs .. . '
= A GG+ 1) — 4 1) — s(s 4+ 1) s

From this, it is shown that the energy shift caused by the spin orbit coupling is
proportional to (j(j + 1) —I(l 4+ 1) — s(s +1)). It will later be shown in Fig. 2.1
that this produces two sub-levels in the [ = 0 state of °Li as s can take values j:%,
to which the transitions from the 25, /2 state are known as the D; and D, lines

respectively.

This however does not address the interaction between the magnetic moments of
the nucleus and the electron. This leads to what is known as hyperfine structure,
which is an effect &~ 2000 times smaller than fine structure splitting [16]. By defin-

ing the nuclear spin as I, the Hamiltonian for the hyperfine structure is given by:

Ahfs

Hyps = 572

1] (2.4)

By defining the total angular momentum of the atom as F = I+ J, the eigenstates
of this Hamiltonian can be written in the basis |n,l,s,j, f,my), and the energy

splitting due to the hyperfine structure can be expressed as:

Ahfs

ABpps = M (F(F+1) = I(I +1) — J(J + 1)) (2.5)

This splitting will depend on all indices with the exception of m;. A magnetic
field is required to break the degeneracy in m;. For °Li, the effects of hyperfine
structure cause a doublet in the 2S; /2 ground state (Fig 2.1). Another important
point for %Li is that the natural linewidth of the Dy transition is larger than the
hyperfine splitting of the excited state, meaning that the hyperfine structure of
the Dy line is unresolved. A consequence of this is that sub-Doppler cooling is
impossible on the Dy line, and the minimum achievable temperature in a MOT is

doppler-limited (See Section 3.2).

10
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FINE HYPERFINE
STRUCTURE STRUCTURE
J F
F=172
2P, - F=32 I 4.4 MHz
F=52

D, =670.977 nm

/_ F=312
2Py . 26.1 MHz
i: ¥ F=112

D, =670.992 nm

/_— F=3/2
28, < 228.2 MHz
i: 0 F=1/12

Figure 2.1: Energy level diagram for the Dy and Dy lines of ®Li. The levels are
denoted with their spectroscopic notation. The energy levels and their splitting are
not to scale. Data taken from [17]

11
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2.2 Interaction With Magnetic Fields

The phenomena of the Feshbach Resonance require holding the ultracold atomic
cloud in large magnetic fields. For this reason, it is important to understand how
neutral atoms interact with static magnetic fields. One consequence of the inter-
action is that the m sub-levels will be split with increasing magnetic field, known
as Zeeman Splitting. This has experimental consequences, for example it will need

to be addressed when probing an atomic transition for imaging.

We can treat the interaction between an external magnetic field B and the nu-
clear, orbital and magnetic moments as an addition to the Hyperfine structure

Hamiltonian. The Zeeman Hamiltonian, along the z-axis, is written as [18]:

~

Hzy=—-B-(pp +pg+py)

(2.6)
= upBz (9LLz + 9sSz + 95J2)

Where g1, gs and g; are the respective gyromagnetic ratios of the atom. pp is
simply the Bohr magneton. With the addition of the Hyperfine structure Hamil-
tonian (Equation 2.4), the full Hamiltonian for the Hyperfine structure of an atom

in an external magnetic field becomes [18]:

Hyps = Angsl -3 — upBz (9uLz + 958z + 917 %) (2.7)

From this we can define three regions. Firstly, the region where upB > Ay,
the high field or Paschen-Back regime. Secondly, the low field regime where
pupB < Apps. Finally, the intermediate regime where the energy splitting has
no analytical solution, but can be numerically solved. Diagrams of the full nu-
merical solutions across all three regimes can be found in the Breit-Rabi diagrams
Figure 2.2 and Figure 2.3 for the ?S; /5 and ?P3/, states in °Li. The details of this

can be found in [19].
In the low field regime, F' and mp remain good quantum numbers. We can treat
the Zeeman terms as a perturbation to the Hyperfine structure Hamiltonian, and

the energy shift with respect to the magnetic field is given by [18]:

12
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Where gr is the Landé g-factor for a given transition, given by:

FIF+1)+JJ+1)+I(I+1)
2F(F+1)

gr = 9gJ (2.9)

In this low-field regime, the energy splitting varies linearly with magnetic field.
For the high-field regime, ' and mp are no longer good quantum numbers. The
electron’s total angular momentum and the nuclear angular momentum couple to
the external field directly and the Hyperfine structure Hamiltonian is treated as

the perturbation. The energy splitting for this regime is given by [16]:

AFE = gJuBmJB + AhfsmImJ (210)

This is important as the results that will be presented in this thesis concern a Fes-
hbach Resonance at 832G. From the Breit-Rabi diagrams below, it is clear that

this magnetic field is in the high-field regime for both the 2S;/» and ?Pj/, states
of SLi.

1500 1
1000 4

500 -

— F=1/2

— F=3/2
—500 4

Frequency (MHz)

—1000 A

—1500 4

0 200 400 600 800 1000

Magnetic field (G)

Figure 2.2: Breit Rabi diagram of the %Sy o state in Li. The levels are grouped
according to F in the low field and my in the high field regime.

13
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—1000 A

Frequency (MHz)

—2000 A

—3000 T T T T
0 200 400 600 800 1000

Magnetic field (G)

Figure 2.3: Breit Rabi diagram of the 2P3/2 state in S Li. The levels are grouped
according my in the high field regime. It should be noted that the high field regime
is reached after a few G.

15
10 A
ﬁ /
I
= 57
LC>)‘ 0l —— F=3/2
5 — F=5/2
—
2 5l — F=1/2
()
—
L
—-10 4
-15

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Magnetic field (G)

Figure 2.4:  Zoomed Breit Rabi diagram of the >Py )y state in ®Li in the low-field
regime. The enerqy levels are grouped by F in the low field regime. This is used to
illustrate that the high field regime is already reached after a few G.
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2.3 Interaction with Light

In ultra-cold atom experiments such as the one described in this thesis, the inter-
action of atoms and light is an important concept. In this section, the atom will
be modelled as a two level system in the presence of a classical oscillating electric
field in order to derive expressions for the photon scattering force Fi.,; and the

dipole force Fy;p,.

We model the interaction as a perturbation H = ﬂﬁ—ﬂl due to an oscillating field
E = E,cos(wt) that induces a dipole moment p = o«E where « is the complex

polarizability. The interaction Hamiltonian is given by [16]:

~

H' = —aF, cos(wt) (2.11)

The solutions to the Schrodinger equation for this Hamiltonian will be of the
form [U(t)) = Cy(t) [1) e F1t/h 4 Cy(t) |2) e7F2/h wwhere C)(t) and Cy(t)are the
respective probability amplitudes of the eigenstates |1) and |2). The values F;
and Fy correspond to the eigenvalues of the Hamiltonian. The wavefunction is
normalized such that |C}|* + |Cy|? = 1. The density matrix p can be introduced,
given by [16]:

P21 P22

p =) (U] = (”“ ””) (2.12)

Where p;; = |C;|? is the population in the ground state and py = |Cs|? is the
population in the excited state. These terms can be found using steady state so-
lutions to the optical Bloch equations, and the excited state population is given

by [16]:

92/4
P22 =
02 4+Q02/24+12/4

(2.13)

Where €2 is the Rabi frequency of the transition, § is the laser detuning from

resonance and I' is the line-width of the transition. The Rabi frequency is related
to the laser intensity I as Q? = F—QI, where the saturation intensity I, is defined as

leat
L = % where A is the wavelength of the transition. The saturation parameter

is defined as s, = /I, such that the excited state population is given by:

So/2
P22 = 2 72
1+ s, +40%/T

(2.14)

15
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It can be seen that for an on resonance beam with I > I ., the excited state
population will tend to a maximum value of 1/2. Upon absorption of a photon,
the atom will experience a momentum change based on the momentum of the pho-
ton p = hk. The following spontaneous emission of the photon is equally likely
to happen in every direction, and thus the net force of the emission process will

average to zero. The average force due to the scattering of photons is given by [16]:

<Fscat> = hszcat (215)

Where I'y.; is the photon scattering rate, given by:

Fscat = Fp22 (216)

If the laser propagates in the opposite direction of the atom, this will cause a dis-
sipative effect, slowing the atom down. This is exploited for example in an optical
molasses, with 3 pairs of counter propagating beams, in a magneto optical trap
(see Section 3.2). Diagrams of how the scattering rate varies as a function of the
saturation parameter and the detuning are displayed in Figures 2.5 and 2.6. The

maximum possible deceleration rate will be given by [16]:

Aoy = = (2.17)

The dipole force, which is a conservative force and allows for trapping of atoms,
arises from the real component of the complex polarizability interacting with the
electric field. The dipole force can be expressed as Fy;;, = —V Uy, and is given by

[16]:
hé Q

Fip = ——
v 2 62+ Q2/2+12/4

vQ (2.18)

For zero detuning, it can be seen that the dipole force vanishes. If far detuned
light is incident on an atom, the dipole potential varies as Uy, o 1/J, compared
to the scattering rate in Equation 2.16 that varies as [y ox 1 /(52. This shows
that heating of the cloud due to scattering of photons can be suppressed by using

a far-detuned laser.

16
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0.4 4

0.3 4

Scattering rate lNscat(IN)

. — 6=2r
—— 6=1T
0.0
0 10 20 30 40 50 60 70

Saturation Parameter s,

Figure 2.5:  Scattering rate as a function of the saturation parameter for constant
values of the laser detuning.

0.5 4

0.4 4

0.3 A

0.1

Scattering rate Nscat(IN)

0.0+

—1I0.O —7|.5 —EI).O —2l.5 O.IO 2f5 5.|0 7.5 10l.0
Laser detuning 6(IN)

Figure 2.6:  Scattering rate as a function of the laser detuning for different values
of the saturation parameter. As the saturation parameter increases, the distribu-
tion s broadened.
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2.4 Scattering Theory

Inter-particle scattering plays an important role in ultracold gases. For example,
one factor that contributes to the trap lifetime is inelastic collisions, where the
energy of colliding atoms is transferred between internal and external degrees of
freedom, leading to heating and therefore ejection from the trap. Elastic colli-
sions, where the total energy of the particles is the same after the collision, are a
requirement for evaporative cooling to occur. This will be seen in later chapters.
In this chapter I will discuss elastic collisions in quantum mechanics, and how this

relates to s-wave scattering in fermions and bosons [20].

Consider the scattering event between two particles of mass m; and ms with mo-
mentum p; and p, in a centrally symmetric potential V(r), with r the relative
distance between the two particles r; — ry, such that the Hamiltonian in a centre

of mass frame is given by:

. P2 p2
H=-¢4+ = 1V 2.1
o+ S, + V(r) (2.19)

Where M is the sum of the two masses, m, is the reduced mass of the system
m, = mims/(my +ms), p=p; — Py and Pg = p; + p,. By doing this, we have a
Hamiltonian that describes a free particle and a scattered particle under a central
potential V(r). The goal is to not describe the specific dynamics, but to describe
the probability distribution of scattering angles #. By considering the particles at
a distance far away from the scattering centre, the wavefunction of the system can
be described by a superposition of a plane wave describing the free particle and a
spherical wave describing the scattered particle. Thus, the approximate solution

at large distances from the scattering centre is given by [20]:

ezkr

(r) = e®* 4+ f(0) - (2.20)
Here f(0) is the scattering amplitude and k is the wave-vector of the scattered
wave. The z-axis is defined as the axis in which the plane wave propagates. The
ratio of the number of particles per unit time incident on an infinitesimal area
do scattered into an infinitesimal solid angle df2 is given by the differential cross

section. This is related to the scattering amplitude as [20]:

do

=l (221)
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Chapter 2 — Atomic Theory

Any solution of the Schrodinger equation in a central field can be written as a
sum of Spherical Harmonic, Y;"(¢, ¢) and Radial Functions R;(r), where the Ra-
dial Functions satisfy the radial form of the Schrodinger equation given by [20]:

S (Poro) 4 (- Bevi R =0 )

r2dr dr

The form of the equation R;(r) in the asymptotic limit » — oo is given by [20]:

sin(kr — 7l /2 + d;)
r

Ri(r) = (2.23)

Where q; is the partial wave amplitude and d; is the phase of the Radial Function.
It will be shown how this relates to the total cross section o. The full solution to
the Schrodinger equation, obtained by combining the Radial and Spherical Har-

monic terms, is [20]:

sin(kr — 7wl /2 + d;)

U~
kr

(20 4+ 1) A} P, cos(0)

WE

~

(2.24)

[
WE

(20 +1) AP, COS(Q)QL]{;T(GXP [—i(kr —Im/2 + d))]

N
Il
=)

—exp [i(kr — 7 /24 d))]

Here P, are Legendre Polynomials of order [. We can compare this to Equation
2.20 to find the exact form of the coefficients A;. This can be done by expanding
the plane wave solution in terms of a combination of spherical waves. This leads
to defining the coefficient A; = i’ explid;] such that an approximate solution to the
Schrodinger equation is given by:

o

~ i I _—ikr 2idy ikr
U~ o Z(Zl + 1) P cos(8) [(—1)'e ™" — e* et (2.25)

=0

In this form, a direct comparison can be made to Equation 2.20 and the scattering
amplitude can be read off as:
1« 2id
f(6) = %iE ;(2[ + 1)[e*™ — 1] P, cos(0) (2.26)
To find the total cross section o we integrate over all solid angles, using the form of

the differential cross section given in Equation 2.21, noting that d€) = 27 sin(0)d6:

19



Chapter 2 — Atomic Theory

o=2r /07r sin(0)|£(0)|>do (2.27)

By noting that all Legendre Polynomials of different order are orthogonal, the

total effective cross-section can be evaluated as [20]:

o

— % Z(Ql +1) sin2(dl) (2.28)

=0

g

We must now consider the fact that Bosons and Fermions have different symmetry
relations. The previous derivation considers only purely distinguishable particles.
For Bosons, ¥ must be symmetric, ie ¥(ry,72) = W(ry,71) and for Fermions it
must be anti-symmetric, ie W(ry, re) = —W(re,r1). This gives rise to the following

two expressions for either case [21]:

81 )
oposons(k) = 2 Z (20 + 1) sin®(d;) (2.29)
evenl
8 9
UFERMIONS(k) = ﬁ <2l + 1) S11 (dl) (230)
oddl

We can note from the radial form of the Schrédinger equation (Equation 2.22)
that there is a centrifugal barrier term for [ > 1. For Lithium, the height of this
is 8mK [22]. At low energies, this has the consequence that p-wave scattering is
suppressed for ultracold bosons; only the [ = 0 term contributes to the scattering

cross section. By defining the scattering length a as:

tan(d;)

=—1li 2.31
“ ka0 k (231)

The scattering cross section in the limit of low energy is given by:
o — 8ma® (2.32)

So far this has given the details of elastic scattering identical particles. For a com-
posite of identical fermions, s-wave scattering cannot exist, therefore evaporative
cooling is much less efficient. However, in a cloud of distinguishable fermions such
as the two hyperfine states of °Li used in this experiment elastic collisions can
occur as there is no constraint of antisymmetry under particle exchange, allowing

for evaporative cooling to take place.
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Chapter 2 — Atomic Theory

2.5 Feshbach Resonances

Feshbach Resonances provide a useful tool in ultracold atom experiments for the
manipulation of the scattering length of atomic species. The results in this thesis
are based on phenomena associated with the Feshbach Resonance, so a simple

description using a two-channel box potential model will be laid out here.

In this description, the resonance is modelled as a system of two identical atoms
of mass m undergoing a scattering event described by a spherical box potential
0. The system supports an open channel |o), corresponding to the scattering
continuum and a closed channel |c) corresponding to a bound molecular state of
two atoms. The wave function of such a system can be expressed as a function of

the atomic separation r [23]:

(W) = wo(r) [0) + e(r) ) (2.33)
E 3
Closed Channel
Potential V.
0 >
Atomic Separation (r)

Figure 2.7:  Visualization of “spherical box” model of channels. The energy of the
open and closed channels differs based on their relative magnetic moment. When
the energy of the closed channel approaches the energy of the open channel, a
Feshbach Resonance occurs.

The interaction is presented as a “spherical box” potential (Figure 2.7) with in-

teraction range r,. For r > r,, the potential energy of the closed channel will be
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oo and the open channel 0. For r < r, the potential between the open and closed
channels will be attractive in nature. Introducing the potential v and a coupling

2 between the channels, the Schrodinger equation for this system is [23]:

hQ

E¥) = —o— (V2 —10) |¥) (2.34)
.
Vv, Q
r<rT,
Q Vi(B)
b= (2.35)
0 0
T>T,
| 0 oo

Here V, and V, are the respective minima of the box potentials of the open and
closed channels. We can tune V, through varying the magnetic field applied to the
atoms. It should be noted that a coupling §2 > 0 is required for the model to exhibit
a Feshbach Resonance. The solution to this is determined by imposing boundary
conditions ¥.(r,) = 0 and % = 1,(* — 1), where a is the scattering length
between the two channels. For ultracold atoms, where Feshbach resonances are
typically induced by spin-spin interactions, we can also take the limit 2 << V,, V,,

such that the solution to the scattering length as a function of magnetic field is

a(B) = a, (1 - BA_BBO) (2.36)

given by [23]:

Here AB is the width and B, the position of the Feshbach Resonance. a4 is the
background scattering length of the open channel. In this thesis, the resonance
considered is between the |F = 1/2,mpr = +1/2) states of °Li, which exhibit a
broad resonance. This allows for precise tuning of the scattering length. Values

for the parameters of this resonance are given below:

H Parameter  Value H

g -1582a,,
AB -262.3G
B, 832.18G

Table 2.1: Feshbach Resonance parameters of ®Li for the broad resonance between
the |F = 1/2,mp = +£1/2) states. Data taken from [24].
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In the region where a > 0, also known as the BEC region, the two atoms can
form a weakly bound state, known as so called “Feshbach Molecules”. For °Li,
this allows for two fermionic components to form a bosonic molecule. The binding

energy of the molecules is given by [23]:

h2

By = —
b 2m,a?

(2.37)

Where m, is the reduced mass of the formed molecule. In ultracold atom experi-
ments there are two methods of producing Feshbach Molecules, either by holding
the atomic cloud in a constant magnetic field for some time to allow association
to happen via low energy collisions, or by adiabatic magnetic field sweeps of the
negative scattering BCS side of the resonance to the BEC side. In this thesis I will
investigate molecule formation when the resonance is crossed in a non-adiabatic
manner. A diagram of the scattering length and binding energy as a function of

magnetic field is given in Figure 2.8:

8000
—— Binding Energy N
~ 6000 - I

o —— Scattering Length

© 9-end =
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c L
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() >
—l 0 +—— 00 D
g )
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EB -—0.5 oy
+ —4000 A cC
S 5
V) 6000 - 10 S
H-1.0 5

—8000
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Figure 2.8:  Scattering length and binding energy versus magnetic field for SLi
across the broad resonance between the |F = 1/2, mp = +1/2) states.
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Laser Cooling and Trapping

Throughout this chapter, I will use the tools developed in the Chapter 2 to describe
the principles of the techniques applied in this experiment to trap, cool and image
ultra-cold clouds of ®Li. I will start with the Zeeman Slower, used to slow atoms
before the MOT. I will also describe the principle of the optical dipole trap used
in the experiment as well as the physics behind using the thermal expansion of an

atomic cloud to measure its temperature.

3.1 Zeeman Slower

In this experiment, the 5Li atoms are produced from an oven that operates at
temperatures of 400°C. The most probable velocity of the atoms at a temper-
ature T is defined as v, = \/m and for this experiment will be roughly
1390 m/s. This is too large in order to be trapped by the Magneto-Optical Trap
described in Section 3.2 and therefore a Zeeman slower is used to slow the atoms
before entering the MOT. It has been described in the previous chapter how the
scattering force of an opposing laser beam can decrease the atoms velocity, and
is maximized when the detuning § = 0. This can be utilized to slow the atomic
beam before entering the MOT.

The treatment of light-matter interactions in the previous chapter neglects the
fact that the doppler shift relative to the transition will change over time as the
atomic beam decelerates. This will increase the total detuning from the atomic
transition, therefore decreasing the force on the atom, as the atom will “see” a
different frequency. In general there are two methods to combat this. Firstly, the

actual frequency of the laser can be modulated as the atom decelerates to stay on
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resonance. This is known as “chirp cooling” and was first carried out in 1985 by
W. Ertmer et al [25]. The other method is to utilize the Zeeman effect to “match”
the doppler shift with the Zeeman shift such that the laser is always resonant with
the atom and does not require modulating. This was first implemented in 1982
by W. Phillips and H. Metcalf for Sodium atoms [26] and is the method utilized

in this experiment.

The total detuning ¢ is given by summing the laser detuning from resonance 9,
the Doppler shift of velocity v and the Zeeman shift:
uB

5:(504—]61)4—7 (31)

Where p is the magnetic moment of the atom. For an atom that is uniformly
decelerating, the velocity profile as a function of its position in one dimension
is given by v(z) = y/vZ — 2az where a is its deceleration [16]. Substitution into
Equation 3.1, setting the total detuning ¢ = 0 and re-arranging for B leads to:

B(z) = ’5 (50 + k\/m) (3.2)

The deceleration of the beam is simply the maximum acceleration of the scattering
force given in Equation 2.17. A diagram of the magnetic field profile is shown in

Figure 3.1:

Magnetic Field (arb. Units)

Position (arb. Units)

Figure 3.1:  Visual schematic of the profile of the Magnetic Field of a Zeeman
slower. This serves as a visual guide and the units are not representative of the
experiment. The details of the Zeeman slower implemented in this experiment can

be found in [27].
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3.2 Magneto-Optical Trap

A Magneto-Optical Trap (MOT) is used after the Zeeman slower to trap, cool and
compress the atomic cloud to prepare it for evaporative cooling. In a MOT a cloud
of atoms is placed in a set of 3 orthogonal counter-propagating red-detuned, near
resonant laser beams. An atom moving in one direction will have an increased
rate of absorption from the opposing beam, which slows the atom down, due to
the dissipative nature of the force (see Section 2.3). The total force on an atom

moving with velocity v is expressed as [16]:
FMOL = FSCAT(W — Wy — ]CU) — FSCAT(w — Wo + kJ’U) (33)

Which, for velocities |kv| < T', approximates to:

oF OF
Fuyor = Fscar(w — w,) — fep—2AT Fscar(w — w,) + foy—SCAT
Ow Oow
(3.4)
OFscar
~ —2kv—m—
Oow

Extrapolating this to three orthogonal beams, it is evident that in such a setup,
the atom would be slowed in all directions. This is known as an “Optical Mo-
lasses” due to the dissipative nature of the force. However, this does not confine

the atoms as it is possible for them to diffuse from the beams.

The MOT combines an optical molasses with the Zeeman effect to confine and
cool atoms. This is most simply illustrated by a J = 0 to J' = 1 transition as
shown in Figure 3.2. The atoms are loaded using a set of coils in anti-Helmholtz
configuration, creating a quadrupole field that has a zero-field point in the centre
of the trap. Close to this zero-field point, there is a linear gradient field that
perturbs the energy levels of the atoms through the Zeeman effect (see Section
2.2). The molasses beams will have opposite circular polarization and will be red
detuned from the transition. Referring to Figure 3.2, for an atom lying in the
z < 0 region, the m; = —1 transition will lie closer to resonance, and selection
rules favour the absorption of the o_ beam, which will provide a force towards z
= 0. The opposite will be true for an atom in the z > 0 region. This confines the

atom in this region as the molasses cools it. A modification of Equation 3.4 to
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include the Zeeman effect is required [16]:

Fyor = Fscar(w —w, — kv — B2) — Fscar(w — w, + kv + 2)

OFscar OFscar
V—]—— +

~ —2k % 252—&% (3.5)

—QU — —Z2

Q

Where a = Qk‘wfl%. Here Bz accounts for the frequency shift for the m; = +1
transitions. This is the same as the optical molasses, with a term that mirrors
a restoring force with spring constant af/z. Practically, the MOT uses 3 pairs
of counter-propagating laser beams to confine atoms in all spatial directions. A

diagram of this is given in Figure 3.2 below:

S

O

Figure 3.2:  Left: Diagram of an example J = 0 to J' = 1 transition in a MOT.
The Zeeman effect of the MOT coils shifts the energy of the my sublevels closer to
resonance with the circularly polarized beams. Right: Diagram of the arrangement
of MOT coils and molasses beams.

3.2.1 Temperature Limit

In an absorption-emission cycle, atoms that absorb photons will experience an
input of momentum Ak and have a recoil energy E, = 22—5 As mentioned in
Section 2.3, the average force due to spontaneous emission of the photon will be
zero. What is not considered is the fluctuations of the two processes, as an atom
will not absorb the same amount of photons at any given time. This leads to

heating effects, and the kinetic energy input can be related to the temperature
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by the equipartition theorem. The result of this gives an equation for the cloud

temperature 7" as a function of the laser detuning [16]:

AL 1+ (26/T)?

T— _ .
ks 4 25T (3:6)
Where kp is the Boltzmann constant. This equation is minimized when 6 = —I"/2,
and leads to the Doppler temperature Thp:
Al
Tp = — 3.7
P 2kp (3.7)

The Doppler Temperature represents the minimum temperature achievable via
laser cooling in a two level system. For cooling on the D, line of 5Li, the Doppler
Temperature is Tp = 140 pK. In reality, most alkali atoms have well resolved
hyperfine energy levels that allow for sub-doppler cooling, but for °Li the 2P;
excited states are unresolved and therefore sub-doppler cooling in a MOT is im-
possible. The excited state overlap also creates a broader effective linewidth of
the excited state which further increases the temperatures achievable in the MOT
to ~ 600 pk.
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3.3 Optical Dipole Trap

In order to cool the atomic cloud beyond the Doppler temperature an optical
dipole trap, which utilizes the effect of the dipole force between atoms and inci-
dent radiation, is implemented along with evaporative cooling techniques. With
this, temperatures of T' < 1 uK can be reached. Referring to Equation 2.18, the
dipole force on an atom with incident radiation was defined as a conservative force
Fyip = —VUygip. For a two level atom with large detuning from resonance and ig-

noring saturation effects, the dipole potential and scattering rate become [28]:

3rc’T 1 1
L= I .
Ui 2w3 (wo —w * Wo + w) (x) (38)
3rcT2? [ w\? 1 1 2
g = — I }
5 2hw3 <w0> <wo —w * We + w) (r) (3.9)

Here, I(r) denotes the intensity profile of the incident laser. These expressions
show two resonant conditions, both the usual resonance at w = w, and the counter-
rotating resonance at w = —w,. If the magnitude of the detuning is much smaller
than the resonant frequency, then the counter rotating term can be neglected.

This is known as the rotating wave approximation and leads to the following ex-

pressions:
3nc’T (1
Udip = "o (5) I(r) (3.10)
372 (1\2
Ise = - I A1
¢ 2hw3 (5) (r) (3.11)

Here, the expressions have been simplified by labelling the detuning 6 = w — w,
as in Section 2.3. It should also be noted that by combining Equations 3.10 and

3.11 there is a simple relation between the two quantities:

h(SFSC
r

Ugip = (3.12)

From this it is clear that for ‘red” detunings 6 < 0, the dipole potential will be
negative and the light-matter interaction will attract atoms to the field. Conse-
quently, potential minima are found at positions where I(r) is maximized. Also, as

mentioned in Section 2.3, the scattering rate in a dipole field increases with I(r)/d
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whereas the magnitude of the potential increases as I(r)/d%. For this reason, an
ideal optical dipole trap uses a large laser detuning with high intensities to mini-
mize the scattering rate for a given potential depth. Whilst this is an appropriate
treatment for a two-level atom, in the case of °Li the contribution of the D; line
(see Section 2.1) must be included in the expression for the dipole potential, such
that Equation 3.10 becomes [28]:

3mc? r 2r
Udip:_ i |: . 2

I 3.13

2 36&)%51 + 3w§’52} (r) ( )
Where I'y /Ty, wy /ws and 7 /5 correspond to the line-widths, transition frequencies
and detuning of the D; and Ds lines of 6Li. For this experiment, the dipole trap is

created at the centre of a focused, red-detuned beam that will now be described.

3.3.1 Focused Beam Trap

The dipole trap in this experiment uses a far-red detuned focused beam to trap the
atomic cloud after the MOT stage. In practice a variant known as a crossed beam
trap, where the incident beam is reflected back towards the cloud and intersects
at the centre of the MOT is used. A diagram of a collimated Gaussian beam that

is focused and then re-collimated via a pair of lenses is given below in Figure 3.3:

NY

Figure 3.3:  Left: Diagram of the focused beam trap. A collimated beam is focused
at one lens and re-collimated at the other. The Rayleigh length is denoted by Zg,
the beam waist by w, and the 1/e* radius by w(z). Right: Dipole trap potential
Uprp vs position. U, is denoted as the point of minimum potential at the centre
of the trap.

For a far-red detuned focused beam of power P, its intensity distribution I(r, z)

along the z axis is given by [28]:

30



Chapter 3 — Laser Cooling and Trapping

;e e (3.14)

Where w(z) denotes the 1/e? intensity radius of the collimated beam as a function

of position, given by:
2 \?
w(z) = weq |1+ (—> (3.15)
ZR

Here w, corresponds to the beam radius at the focus of the trap and Zg the
Rayleigh length is defined as Zr = 7w?/\. Given that Zp >> w,, the potential in
the radial direction is steeper than than in the axial direction. This also ensures
that the gravitational force does not exceed the trapping force, providing the trap

is aligned along the horizontal axis.

If the thermal energy kgT of a trapped atomic cloud is smaller than the potential

depth, the potential in the dipole trap can be well approximated by a symmetric

r\ 2 2\ 2

1-21— ) — | =
() - (z)

Where U, is defined as the potential at the centre of the trap | U(0,0) |= U,. This

can be derived explicitly by substitution of Equation 3.14 into Equation 3.10, such
that U, can be read off as:

harmonic oscillator potential [28]:

Udip(r, 2) = =U, (3.16)

_ 3¢2PT
C wlw?d

(3.17)
The oscillation frequencies of a trapped atom in the radial and axial direction are
given by [28]:

4U, 20,
W, = 4| —
muw? mZ?

(3.18)

As mentioned previously, the Rayleigh length is significantly larger than the beam

waist Zr >> w,, therefore the trapping frequency in the axial direction would be
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much smaller than in the radial direction. This has the consequence of reducing
the collision rate between the atoms and hence reducing the evaporation rate (see
Section 4.5.1). Therefore, in this experiment a crossed beam trap is used in which
the focal point of two red-detuned focused beams intersect at an angle ¢ to the
z-axis to trap the atoms. A schematic of this can be found in Figure 3.4. In this

case, the trapping frequencies in the x,y and z directions are given by [28]:

w2 Z2,
4U, (2sin*(¢)  cos?(¢)
8U,
W, =
mw?

The angle between the beams for this experiment is ¢ = 6.8 degrees. The measure-
ment of these quantities for the setup in this experiment will be discussed later.
These quantities can also be used to define a temperature scale for measurements,

the Fermi temperature Tp.

------------ 000833800 00000

Dipole Beam

Figure 3.4: Schematic diagram of a crossed beam optical dipole trap. The angle ¢
denotes the intersection angle of the beams to the z-axis.

3.3.2 Fermi Energy and Temperature

The purpose of this thesis is to explore phenomena in the BCS-BEC crossover at
varying initial cloud temperatures. Therefore, it is useful to define an energy and

temperature scale to contextualize the temperatures reported.

The single particle Hamiltonian for a system of N spin polarized fermions of mass

m in an azimuthally symmetric harmonic trap is given by [29]:
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]:I(r L, 2 oy, WL 2 32,2 3.90
p) = 5 (Pa Ty p:) + (@ YT AT (3.20)

Here w, is the trapping frequency described in the previous section. The factor A
relates the ratio of the trapping frequencies as w,/w,. The single particle energy

levels E(ng,n,,n,) of this Hamiltonian are given by:

E(ng, ny,n,) = hy(ng +ny + An,) (3.21)

Where n; are non-negative integers describing the energy level in each direction.
For thermal energies kg7 that are significantly larger than the level spacing, which
is a good approximation for this experiment, it is a reasonable approximation to
replace this discrete energy spacing with a continuum of energy states described

by a density of states given by [29]:

(3.22)

The number of atoms in the cloud is given by N = [ g(E)f(E)dE where f(E)
is the Fermi distribution. For a gas of Fermions with density of states given by

Equation 3.22, this can be written explicitly as:

No 1 B g 3.23
= ) | dFRAT (3.23)

The Fermi Energy Er is defined as the energy difference between the lowest energy
state and the highest occupied energy state at zero temperature. At T' = 0, this

integral can be evaluated to give the result:

Ep = hw,(6AN)'/3 (3.24)

The Fermi temperature T is defined as Fr/kp and is therefore explicitly given as:

hww,

T —
F kB

(6AN)Y/3 (3.25)
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3.4 Imaging and Temperature Measurements

Probing an ultra-cold atomic cloud is complicated, as it is impossible to take
direct measurements with a physical probe. In this experiment, state-selective
absorption imaging is utilized to image the density profile of the cloud in order
to determine its atom number and temperature. This however will destroy the
atomic cloud. Fluorescence imaging, based on detecting the scattering of light off

the atoms from the trapping beams is also used for diagnostic purposes.

To produce an absorption image, resonant light is incident on an atomic cloud and
the resultant shadow in measured on a CCD camera. The measured intensity [ af-

ter passing through the cloud as a function of position z is given by Beers Law [31]:

dl
o= —no(I)I (3.26)
Where n is the atomic density of the cloud and ¢ (1) is the absorption cross section,

given by:

Oo

B 1+4(2)2+ L

Isar

o(I) (3.27)

Here, 0 is the laser detuning from resonance, I' is the natural linewidth of the
transition and o, is the on-resonance cross section given by o, = hw,I'/2Igar.

Equation 3.26 can be solved to give:

= (3.28)

Where n, is the column density of the cloud given by n.(z,y) = [ n(z,y, z)dz and

I, is the intensity of the light incident on the cloud. We can re-write Equation

1 I
— n|( = 2
n, Uln (Io) (3.29)

In the limit that the incident beam is on resonance 6 = 0 and I, < Igar, the

3.28 for the column density as:

absorption cross section ¢ — o0,. The total atom number in the cloud can be

found by integrating over the column density:
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N = /nz(x,y)dxdy (3.30)

Hence, 3 images are taken to produce an absorption image. A first image is taken of
the transmitted light through the cloud, followed by an image of the incident light
with no atoms present. The ratio of these two images is simply the quantity /1.
Finally, a background image with no light is taken and the intensity subtracted

from the resulting value of /1, to eliminate any artefacts caused by stray light.

3.4.1 Measuring the Temperature of an Atomic Cloud

The results presented in this thesis will be based substantially on thermal effects
of the atomic cloud on Feshbach association, therefore precise determination of
the temperature of the atomic cloud is important. Upon release from a trap, a
thermal cloud of atoms will expand in all directions, the rate of which can be used
to determine the temperature of the cloud at the point of release, under the as-
sumption of negligible interactions. To gain an accurate measurement this can be
repeated for the same initial conditions. This is known as Time-Of-Flight (TOF)

imaging.

For a cloud of atoms of mass m in a harmonic trap, their energy can be expressed

as:

2
mw? P
E(r,p) = E 2] + = (3.31)

2m

Where wj is the frequency of the harmonic trap in the x, y and z directions, r; and
p; are the relative position and momentum of the atoms in the trap in the three
spatial directions. If the gas is assumed to be essentially classical, the probability
to find an atom at a position r,p at a time ¢ = 0 immediately after release from
a trap, can be described by a Boltzmann distribution function [32]:

_E(r,p)

fo(r,p) x e *5T (3.32)

Here, kp is the Boltzmann constant and 7' is the temperature of the gas. This
equation must be normalized such that fooo fo(r,p)dpdrdydz = 1. Using Equation

3.31, the normalization condition leads to the following expression:
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mw? 3/2 r2mw? 1 P2
— s -5
Jolrp) = (27rk?9T2) S (wﬁaT?) o (3:33)

In order to measure the temperature of the cloud, after releasing from the trap
the cloud is left to expand for a time t. In this time, it will have expanded a
distance pt/m, so defining a new position co-ordinate r' = r + pt/m, Equation

3.33 becomes:

2 3/2 7(r,—pt/m)2mw2 1 . p2
folr'sp) = (ZWZZUT2> e MR <—2 12 T2> e *5T (3.34)
TRp TRp

By integrating over all momentum dp, the expression f, has its momentum de-

pendence removed. This equation then becomes:

1\
fo(r'):( ) e 20 (3.35)

2w o?

Where 0% = kgTt*/m + kT /mw?. This corresponds to a normalized Gaussian
with standard deviation o. Given the initial size of the cloud o, = kT /mw?, we

can write the width of the cloud as a function of time ¢ as:

kT
o(t) = j; 2 + o2 (3.36)

In this experiment, to measure the temperature, a series of measurements on the
size of the cloud are taken for different expansion times. It should be noted that
the turning off of the trap must be done in a rapid, non-adiabatic fashion, or else
a cooling effect will influence the measurement. However, as absorption imaging is
a destructive process, the experiment must be run for the same initial conditions
many times. Cloud size is plotted against time and fitted to Equation 3.36 to give
a best fit of the temperature T'. Examples of this will be found in later chapters

when a description of the ODT optimizations is presented.
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Experimental Sequence

In this chapter the experimental sequence that allows for Feshbach molecules to
be produced will be outlined, with a focus on how the implementation of the
techniques in the previous chapter are calibrated and optimized to produce high
atom number ultra-cold °Li clouds. I will also present the details of the laser

systems that have been utilized.

4.1 Atom Source

At room temperature, the vapour pressure of %Li is too low to produce an atom flux
that would be required for good loading into a MOT. The vapour pressure P of a

gas of pure components at a temperature 7" is given by the Antoinne Equation [33]:

B
| P)=A— —— 4.1
Oglo( ) O+ T ( )

Here A, B and C are constants specific to the atomic component. In this ex-
periment, a solid %Li source is heated to 410°C. Using constants found in Yaw’s
handbook [34], this corresponds to a vapour pressure of 10~* mbar. The atomic

flux from the oven is given by [35]:

=" (4.2)

Where n is the atomic density in the oven, A is the area of the aperture of the
oven and v is the mean velocity of the atoms given by 2v, /7. For an oven aperture

of 3mm?, combining Equations 4.1 and 4.2 leads to an atomic flux of around 10°
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atoms/s.

4.2 Laser Systems

In this experiment, a total of four ECDL’s (External Cavity Diode Lasers) as well
as a 100W High Power Fibre laser produced by IPG are used. The ECDL’s can
be frequency shifted using piezo-electric crystals on the diode mounts and can be
modulated in-sequence via AOM (Acousto-Optic modulator) systems to provide
the detuning needed to cool and trap the atoms. The uses for these, as well as their
power output measured after passing through an optical isolator, are outlined in
Table 4.1.

H Laser Usage Power Output (mW) H

Home Built Reference | Use  Doppler-Free  Spec- 10
troscopy to offset lock other
lasers to the 2S;,—?P3)
transition.

Home Built Imaging | Used to image atomic cloud 10
at low and high field using
absorption imaging.

Toptica TA Pro Used for repumper light for 265
the MOT and Zeeman Slower
as well as providing seed
power for the home built TA.
Home Built TA Used for cooling light for 320
MOT and Zeeman Slower.

Table 4.1: Usage and Power Output as measured after passing through an optical
1solator for the lasers used in this experiment.

Referring to the level diagram of °Li (Fig. 2.1), the reference laser is locked to the
Dy line such that other lasers can be locked with respect to this transition. The
details of how the offset locks are implemented can be found in previous theses
[27][36].

In this experiment, a homebuilt Tapered Amplifier (TA) is used to provide the
cooling light for the atoms in the MOT. Referring to Section 2.1 where a descrip-
tion of atomic structure was outlined and Figure 2.1, denoting the excited states

of the 281/2—>2P3/2 transition as F/ = %, % and g and ground states as F = % and %,
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the cooling in the MOT is done via the F = % to F/ = % transition. As mentioned
in Section 2.1, the excited states in °Li are unresolved and therefore an emission
cycle from the excited state can transition into the F = % ground state, which is
a dark state to the laser locked to the cooling transition. For this reason the F =
% to F/ = % must be driven with similar power to keep cooling the cloud, which
is known as repumping, although in this context also provides a cooling element.
On average in this experiment, the cooling transition is driven with 1.5 times the

repumping transition power.

The Toptica TA Pro is locked to the Reference transition F = % to F/ = % and the
majority of the light from it is used as repumping light. A beam splitter is placed
on its output to provide seed light for the homebuilt TA, which is then used for
cooling light. Both TA’s pass through AOM’s that shift their frequencies by +
114 MHz to cover the width of the hyperfine splitting of the [ = 0 state, giving
the cooler and repumping beams the same detuning from the excited state. A
diagram of the laser transitions as well as the beam paths used in this experiment

can be found in Figures 4.1 and 4.2.

The homebuilt imaging laser needs to deliver much less power than the two TA’s.
Via a voltage controlled offset (VCO), this laser can have large detuning up to
-1200 MHz from the reference transition, which is needed for imaging in the high

field regime. The details of which are contained in Section 4.6.1.
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F=1/72
2P3;2 F=32 I
/=1 : y

D, =670.977 nm

F=312
114 MHz
281, -
/=0 F=172
Reference Laser Repumper
Cooler Slower
Figure 4.1:

Schematic of the lasers described in Table 4.1 with respect to atomic
transitions in SLi. Shown also is the final detuning for the cooler, repumper and

Zeeman slower lasers. The red arrow denotes the Dy line which the reference laser
15 locked to.
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Lithium Optics

Repumper overlapping mirrors

/ Mirror
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. s »

C Polarizing Beam
Splitter

Nonpolarising
Beam Splitter

X2 Wave Plate

M4 Wave Plate

Acousto-optic
Modulator

Imaging Fibre Coupler

Laser

m

Spectroscopy cell 700 K
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Photodiode

Laser Diode

Lens

Cylindrical Lens

Isolator

Spectroscopy Cell

Anamorphic Prism Pair

Reference Shutter
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Figure 4.2: Schematic diagram of the lasers and beam path of this experiment.
Original schematic was produced in [12] and has been modified for the current
setup.

4.3 Sequence Software

To produce a cloud of ultracold °Li, atoms ejected from the oven are passed
through a Zeeman slower into the MOT and are then placed in a Dipole trap to
begin evaporative cooling. A set of Feshbach coils that produce fields up to 1200
G (See Section 4.6) are then switched on to control the scattering length around

a Feshbach resonance.

The control of timings for VCO'’s, shutters and AOM’s are handled remotely via
software developed in the PyPlayer python framework. The details of the soft-
ware and how it is written is outside the scope of this thesis, but can be found
in a previous PhD thesis [37]. An image of the control sequence used to run this

experiment can be found in Figure 4.3.
Such a method of operating this experiment allows for easy tuning and optimiza-

tion of the apparatus utilized in this experiment, the details of which will be

presented in future sections within this chapter.
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AOM level override |-

Li Z mot shutter

Li h imaging shutter |-

Latch B

Latch AE

Green Laser AOM switch [

Li h imaging shutter__QuILMI up beam shutter |-
Zeeman slower switch |-

Li cooler AOM switch

Green Laser AOM level -

Li cooler level

Li Sthit SedUdas
P

, tripdsiyiig
P

ERRRAAA)

Dipole laser AOM switch |-
Camera trigger |

Li imaging freguency |-
Dipole laser AOM level -

Li repumper shutter

Dodgy bodge shutter__QuILMI down beam shutter |-

MOT coils switch

Li repumper AOM switch |-

Atomic beam [

MOT coils current |

Dipole laser current |-

Li cooler and repumper VCO level |
Li imaging AOM switch |-

Li v imaging shutter |-

Li slower AOM switch |-

i

Dipole aom secondary amplifier level

Picomotor direction |-
Zeeman slower mode |-
Feshbach coils current |-
IPG regulation switch |-
Pt i Switch |-

Li repumper level |-

Li cooler shutter

BSwl

0 5000

10000

P
15000

20000

25000

Figure 4.3: Image of the control sequence in PyPlayer software used to create

Feshbach molecules in this experiment.
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4.4 Magneto-Optical Trap

Light is coupled from the two TA’s described in Section 4.2 through polarization
maintaining optical fibres and collimated via outcouplers before the chamber with
10 mm lenses. The beams in the MOT have a typical 1/e? radius of 12 mm and
are aligned in the centre of the MOT chamber. A single beam is used for each of
the three spatial directions and they are retro-reflected on the other side of the
MOT chamber to make 6 beams in the molasses. A separate beam carries the
light for the Zeeman slower. A diagram of the MOT chamber is shown in Figure
4.6. The beam power going into the outcouplers in the z, y and z direction as well

as for the Zeeman slower can be found in Table 4.2.

The MOT is optimized for maximal atom number whilst maintaining the atomic
cloud at millikelvin temperatures, to ensure good loading into the dipole trap.
One way in which this is done is to optimize the time in which the MOT is loaded
from the output of the Zeeman slower. The MOT loading in a constant density

limit is given by [38]:

(1—e™) (4.3)

Here, R corresponds to the loading rate from the Zeeman slower and the lifetime
of the MOT is given by 7 = 1/L. Whilst this equation has no optimum value,
there will be a trade-off between atom number in the MOT and time taken for the
loading sequence. For the MOT in this experiment, the graph of atom number
in the MOT against loading time is displayed in Figure 4.4 and fitting equation
Equation 4.3 gives a lifetime of 2.6s and a loading rate of 4.5 x 10”s~!. From this,
a typical loading time was chosen as 15s and the MOT is loaded with around 10%

atoms.

4.4.1 MOT Compression

After the MOT loading period, the temperature in the MOT is typically on the
order of 1 mK. At this point the detuning of the MOT beams from the ?Pj/,
excited state is 40 MHz (6.8T") to allow for a large capture velocity. It should be
noted from Equation 3.7 that the Doppler Temperature, the minimum temperature
achievable in a MOT, is reached for a detuning § = —I"/2. Therefore, to cool the

atomic cloud further, the detuning is ramped to this optimal value within 10-15
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ms. As the final detuning is modulated by an externally controlled AOM, this
optimization is done in practice by measuring the atom number after dipole trap
loading an choosing the value that produces the largest atom number, explained
in Section 4.5. A graph of atom number in the dipole trap as a function of the

final compression detuning is given in Figure 4.5.

1e8
1.2 1 °

1.0 A

0.8

0.6

0.4 1

Atom Number

0.2 A

0.0 A

0 2 4 6 8 10 12 14 16

MOT Loading Time (s)

Figure 4.4: Atom number in the MOT against time for a loading sequence. The
atom number saturates between 12-15s. The error in the points represents the
standard error from 4 repetitions.
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Figure 4.5: Atom number in Dipole trap against Final Detuning in the MOT
compression stage. The peak value is chosen for the MOT compression stage. The
error in the points represents the standard error from three repetitions. The peak
value differs slightly from the optimal theoretical value of -I"/2.
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4.4.2 State Preparation

As mentioned in Section 2.4, low temperature collisions of fermions in the same
state are suppressed and therefore evaporative cooling cannot occur. However,
for an equal mixture of °Li atoms in the |F = 1/2, mp = 4:1/2) states, this is no
longer an issue. At the end of MOT compression, the atoms in the MOT will be
in a mixture of F = 1/2 and F = 3/2 states. To pump the atoms trapped in the
MOT into the F= 1/2 state, the repumper beam is shut off 500 ms before the
cooler beam before transfer into the dipole trap, known as the F pumping time. It
is also important to ensure the atoms in the cloud are in the F = 1/2 state as that
ensures only mp = +1/2 states are available, making it easy to tune interactions

through a Feshbach resonance. It is the broad Feshbach resonance between these

IMAGING
LIGHT

%
97//.// ° o o

two states that forms the basis of this thesis.

4
4
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ATOMIC SOURCEI

ry ZEEMAN SLOWER
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S
[
MOT LIGHT MOT LIGHT
]
Fibre From

Fibre From

Optics Bench Optics Bench

Figure 4.6: Top down diagram of MOT chamber, complete with x and y MOT
beams and imaging beam. The MOT z beam is not shown. The beam waists,
Zeeman coils and atomic oven are not to scale.

H Cooler Power (mW) ‘ Repumper Power (mW) H

X 35 28
y 31 22
Z 41 26
Zeeman Slower 21 12

Table 4.2: Cooler and Repumper MOT beam powers in each direction as measured
before the outcouplers.
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4.5 'Transfer to Dipole Trap

After the MOT compression stage, a cloud of atoms in an equal spin mixture
of |F =1/2,mp = =+1/2) is produced at a temperature of roughly 600 uK. The
cloud is then loaded into a focused beam dipole trap (See Section 3.3). The dipole
trap is created by a far-red detuned 1064nm Yb IPG fibre laser with a maximum
power output of 100W collimated to a beam radius of 5 mm. The beam is focused
to a waist size of 80 pum in the centre of the chamber and reflected back to create

a crossed-beam trap.

4.5.1 Evaporative Cooling Stage

The atom number after dipole trap loading drops from around 10® atoms to
roughly 10°. It is at this point that the evaporative cooling process begins. The
principle of evaporative cooling is to remove hot atoms from the trap and allow
the remaining atoms to re-thermalize via elastic collisions. Ideally, the rate at
which energy is removed from the trap should not lead to large atom loss from
the trap. Both a plain evaporative cooling stage, where the dipole trap depth
remains constant, and a forced evaporative cooling stage where the trap depth is
ramped to a progressively smaller values are utilized to cool the atomic cloud to

temperatures in the nano-kelvin range.

Referring to the dipole trap centre potential U, in Section 3.3, an atom must have
an energy = U, + f.kgT to be removed from the trap, where f, corresponds
to the fraction of thermal energy removed by the outgoing atom. This can be
thought of as atoms in the tail of the Boltzmann distribution with energies above
U, being preferentially removed from the trap. The truncation parameter can be

written as v = U, /kgT and the atom loss rate given by [39]:

dN
— = —Nn,ovve " 4.4
dt ? (4.4)
Where n, is the peak atomic density in the trap, o is the s-wave scattering cross
section (See Section 2.4) and v is the average relative velocity between atoms in
the trap. This equation can be combined with the energy lost per atom to give

an equation for the rate of energy loss in an evaporative process:
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dE dN
I (U, + frkBT)E (4.5)

It should be noted that if the scattering cross section is zero then the atom loss
rate, and consequently the energy loss rate in a plain evaporative process should
also be zero. Thus, there should be no temperature decrease in the atomic cloud.
As the atom loss rate dN/dt o< e™¥, with a decrease in temperature, the truncation
parameter will increase, leading to a reduction in the atom loss rate. Hence, the

temperature decrease due to a plain evaporative process will eventually stagnate.

The solution to this problem is a technique known as “Forced Evaporation”. In
this case, the dipole trap depth is modulated with decreasing cloud temperature to
keep the truncation parameter constant. A time dependant trap potential U (¢, z)

can be considered, and assumed to be a separable function [40]:

Ult,z) = -U(t)g(z) (4.6)

Where g(x) describes the positional dependence of the trap shape. In the case of
a time dependant potential, the previous equation for energy loss is incorrect due
to a change in trap depth causing a change in energy. Assuming that evaporation
is taking place at temperatures kg’ < U, the atoms oscillate at the potential

minima of the trap where the average potential energy can be expressed as [40]:

U) =2 (4.7)

A modification to Equation 4.5 to account for the change in potential energy is
required. If the relative change in the potential over time is U /U, the total energy
will evolve in time as [40]:

dE E dU(t)

dN
o (U(t) + frk‘BT)E + WT (4.8)

This equation can be solved in the limit of constant truncation parameter v to

give equations for the atom number N and phase space density p, defined as

p = N(hw/kgT)? where & is the mean frequency of the trap, as they evolve over
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time. These relationships are given by [40]:

N (U\NTD
N, \U,

s/ 1) o (4.9)
IO B UO 2(v'=3) B NO
Po B <U) a (N)
Here v/ = v + f,. Provided v/ > 4 during a forced evaporation period, as the

atom number in the trap decreases, the phase space density will increase and the

temperature of the atomic cloud will decrease.

In practice this experiment starts with a period of plain evaporation, where the
atomic cloud is held at a magnetic field in the high-field Paschen-Back regime
close to the Feshbach Resonance such that the scattering cross section is large.
The effect of plain evaporation on atom number and temperature can be measured
by holding the atomic cloud for different times and measuring the atom number
and temperature by time of flight absorption imaging. An example of this for the
magnetic field at the zero crossing of the Feshbach and a highly interacting region

is shown in Figure 4.7.

As was mentioned at the start of this section and as seen in Figure 4.7, at a scat-
tering length and consequently a scattering cross section of zero, atom loss during
plain evaporation does not lead to a temperature decrease. In the measurements
presented here there is a slight decrease in atom number and temperature due to
small inaccuracies in the magnetic field. In the measurement at 698G, the temper-
ature in the trap decreases rapidly from around 400 pK to 220 uK. To optimize
this stage, it is important to stop the plain evaporation when the temperature
decrease stagnates, so that there is no unnecessary atom loss from the trap before
the forced evaporation stage begins. We therefore stop the plain evaporation pe-
riod after 1000ms.

After this period of plain evaporation, a period of forced evaporation takes place.
The trap depth is lowered by decreasing the power in the dipole beams. This
will decrease the frequency of the trap, therefore reducing the collision rate of the
atoms, but this is counteracted by holding the cloud in the vicinity of the Feshbach
Resonance where the scattering cross section is large. The forced evaporation stage

is a two stage process. Firstly, the dipole beam power is reduced from the plain
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evaporation value of 100W to 30W in 2000ms. From this point, the dipole beam
is further reduced via an AOM feedback system to as low as 70mW, details of
the feedback system can be found in previous theses [37][12]. The power value as
well as ramp timings can be controlled externally to produce cloud temperatures
between 0.1-2 uK. An example of a measurement of the temperature of the dipole
trap, using the TOF method detailed in Section 3.4.1, can be found in Appendix
A.
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Figure 4.7: Top: Atom Number and Temperature for different values of Plain
FEvaporation time at 698G, corresponding to a scattering length of 1500a,. Bot-
tom: Atom Number and Temperature for different values of Plain Fvaporation
time at 528G, the zero crossing of the Feshbach Resonance. The error bars corre-
spond to the standard error of three measurements.

4.5.2 Lifetime of Dipole Trap

After the period of forced evaporation concludes, it is important to ensure that
the atoms in the trap are long-lived and do not diffuse from the trap quickly.
Specifically, it was important to ensure the lifetime in the dipole trap is much
longer than the ramp time of the BCS-BEC crossover that constitutes the results
of this thesis. To measure this, after forced evaporation at a trap depth of 25 uK,

the atomic cloud was held in the dipole trap for different times up to 20s at a
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field of 860G. The atom number for each hold time was measured via absorption
imaging. The graph of atom number versus hold time was fitted to an exponential
decay equation N = N, exp(—t/7) in order to determine the mean lifetime 7, the
time at which there is 1/e of the initial atom population left in the trap. The

results of this can be seen below in Figure 4.8:

275000 —— Exp. Decay Fit
250000 A
225000 A
200000 -
175000 A

150000 A

Atom Number

125000 +

100000 -

0 2500 5000 7500 10000 12500 15000 17500 20000
Hold Time after Forced Evaporation (ms)

Figure 4.8: Atom number versus hold time after a period of forced evaporation.
An exponential fit is given to determine the mean lifetime in the dipole trap. The
error bar refers to the standard error of three repetitions.

The fitting was done via the Scipy package in Python. The mean lifetime 7 was
fitted as 21s, which is much longer than the duration of any of the BCS-BEC field
ramps performed in this experiment (See Sections 5.1 and 5.3). This is important
as it means that when measuring the atom number after the ramp, the remnant

atomic fraction is not being over-counted due to atom loss from the trap.

4.5.3 Trapping Frequency Measurement

Characterization of the geometric parameters of the dipole trap is important as,
for example, the mean frequency of the trap is a parameter in defining the Fermi
temperature Tr (See Section 4.6). The trapping frequency v and trap depth U,
as a function of the beam power P are defined as v = AV/P and U, = cP.

In general there are two methods of measuring the frequency of a trap. First the
method known as parametric heating, where the atomic cloud is held at a given
beam power and the intensity of the dipole beam is modulated sinusoidally around

this point. Once the modulation reaches twice the trapping frequency, there will
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be enhanced atom loss from the trap due to parametric heating [41]. The second
method is to induce breathing modes of the atomic cloud. This is done by giving
the cloud a “kick” by suddenly increasing the trap power for a short duration.
After this kick, the cloud will oscillate at twice the trap frequency. Absorption
images can be taken of the cloud for different times after the initial kick and the
radius of the cloud measured as a function of time. A decaying oscillator function
can be fitted to a graph of cloud size versus time to determine the trap frequency
in the radial and longitudinal directions for a given beam power. The calibration
for the dipole trap in this experiment has been carried out previously [36][42], and
an example of the breathing mode method is presented below for a cloud held at

1W of laser power:
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Figure 4.9: Cloud Radius versus Time after a breathing Mode kick at 1W of dipole
power. Measurement taken from [36].

These measurements have been taken for many trap powers to calibrate the pro-
portionality constants for the trap depth and trap frequency. The proportionality
constants for the trap frequency are A = 525 HzZW~'/2 (Radial) and 62.7 HzW~'/2
(Longitudonal). For the trap depth, ¢ = 12.1 pK/W.
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4.6 Feshbach Coils

A set of Feshbach coils in a Helmholtz configuration is used to produce the fields
required to probe the broad Feshbach resonance of the two lowest hyperfine states
of SLi. At a supplied current of 400A, the coils are capable of producing fields
of up to 1200G. The coils are arranged such that there is a homogenous field in
the centre of the trap. In this section, I will describe how the large magnetic
fields produced by the Feshbach coils are accounted for when probing imaging

transitions as well as how the field is calibrated with respect to supplied current.

4.6.1 High-Field Imaging of Atomic Cloud

As mentioned in Section 4.5, the dipole trap is loaded with an equal atom mixture
in the |F'=1/2,mp = £1/2) states. For these two states, as can be seen in the
Breit-Rabi diagram in Section 2.2, the high-field Paschen-Back region is reached
at around 200G, which is a much lower field than the broad Feshbach resonance
position of these two hyperfine states. In this situation, the hyperfine states are
written as |my; = —1/2,m; = 0) and |m; = —1/2,m; = 1). The Zeeman splitting

of these states must be accounted for in probing the imaging transition.

For imaging purposes, a laser is locked to the F = 1/2 to F’ = 3/2 transition in
Li and for zero external field this is sufficient. When imaging in the high field
regime, the laser frequency is shifted via a high field voltage control offset (VCO)
to compensate for the additional effect of the Zeeman splitting. The VCO can tune
the frequency of the imaging laser between -600 and -1200 MHz from resonance,
such that magnetic fields between 450G and 950G can be imaged. Practically, the
voltage supplied to the VCO can be scanned via the PyPlayer software discussed
in Section 4.3, rather than the frequency directly, and absorption images taken
of the cloud at different voltage offsets to ensure that the exact offset is used.
This is done by choosing the control voltage that produces an absorption image
with the largest visible atom number, corresponding to the best absorption, in the
dipole trap before the plain evaporation stage. An example graph for this process

is displayed in Figure 4.10.
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Figure 4.10: Measured atom number via absorption imaging at different values of
the high field VCO at a magnetic field of 860G. The VCO wvalues correspond to
an imaging laser offset range of -1110 to -1125 MHz. The error displayed is the
standard error of four scan repetitions.

4.6.2 Magnetic Field Calibration

The measurements taken in this experiment require a precise characterization of
the magnetic field produced by the Feshbach coils, as it is important to know
exactly the starting and end field of the BCS-BEC sweep. It is impossible for a
physical probe to be placed inside the chamber to determine the magnetic field,
however physical properties of the atomic cloud can be used to determine the field

that it is placed in.

There are two methods employed in this experiment to determine the scaling re-
lationship between the current supplied to the Feshbach coils and the magnetic
field produced at the centre of the trap. The first method employed is based on
the fact that non-interacting atoms will not thermalise during plain evaporation
(see Section 2.5). The atomic cloud, prior to evaporation, is held at full power for
five seconds at different values of coil load current. The atom number is measured
at each current via absorption imaging. A peak in atom number occurs during

this measurement at the coil current corresponding to the zero crossing of the
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Feshbach Resonance at 528G. The Feshbach coils can be scaled assuming a linear
dependence on current and zero offset based off of this point. Using this method,
the calibration for the Feshbach coils in this experiment was measured in [27] and
the result presented in Figure 4.11. As this is not a rigorous method of calibration,

this was cross-checked with a secondary measurement using a separate method.

The second method for measuring the magnetic field is based on high field imag-
ing. For a given value of input current to the Feshbach coils, the voltage applied
to the imaging VCO is scanned as described in Section 4.6.1. The offset that the
VCO provides to the imaging beam can be measured using a frequency counter
and compared to the calculated frequency shift in the imaged state due to the
Zeeman effect at high magnetic fields (see Section 2.2) in order to determine the
magnetic field that the atomic cloud is held in. This was done for many values of
input current to produce a calibration graph to compare to the previous measure-
ment, and is presented in Figure 4.12. The two methods give good quantitative
agreement. The magnetic field in the centre of the trap varies linearly with input
current and a fit is given to the data in Figure 4.12. The proportionality constant
was fitted as 2.91 G/A.
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Figure 4.11: Primary measurement of Feshbach coil calibration. There is a peak
in atom number after 5s of plain evaporation at the zero crossing of the Feshbach
resonance. The x axis is scaled based off of this peak. Measurement taken by a

previous PhD student [27].
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Figure 4.12: Secondary measurement of Feshbach coil calibration. The offset pro-
vided for the imaging beam by the VCO was measured and compared to the cor-
responding magnetic field of the Zeeman splitting of the lowest hyperfine state of
6Li. This was done for many input currents. A linear fit is provided, with propor-

tionality constant 2.91 G/A.
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Chapter 5

Feshbach Molecule Formation

This chapter contains the primary results of this experiment, based on linear
magnetic field sweeps from the BCS to the BEC side of the broad 832G resonance
between the |F = 1/2,mp = +1/2) states in 5Li. T will start by presenting the
Landau-Zener and Power-Law approximations to molecular conversion as a func-
tion of the magnetic field sweep rate and compare them to experimental results.
From that, the effect of the initial temperature on maximum conversion will be
presented. Next the effect on molecular conversion of the final magnetic field of the
sweep, whilst keeping the ramp rate constant, will be shown and results discussed
in the context of similar studies on narrow resonances. Finally, initial theoretical
studies using a zero temperature single bosonic mode model will be presented and

used to interpret the results in the previous sub-section.

5.1 Models of Production Efficiency

After the evaporative cooling stages in the dipole trap are finished, around 10°
atoms remain in the trap at temperatures between 0.5-1.5 u K. For these measure-
ments, the atomic cloud was initially placed in a homogenous magnetic field of
860.6G, such that it lies on the BCS side of the Feshbach resonance. From there,
the magnetic field was ramped linearly to a value of 707.1G on the BEC side of
the resonance. This was done for different values of sweep rate, on the order of
magnitude of B =1 G /ms, in order to plot graphs of remnant atomic fraction I"4
against inverse sweep rate. A visual schematic of these measurements, overlayed
on the Feshbach resonance graph seen in Section 2.5, is presented in Figure 5.1.
The remnant atomic fraction was measured by taking the difference between the

atoms measured before and after the magnetic field ramp by absorption imaging.
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It should be noted that this is a reasonable method of molecule detection, as the
process is reversible such that the atom number is recovered after reversing the
ramp back to the BCS side of the resonance. Therefore, losses do not contribute to
over-estimating the remnant atomic fraction. How molecule formation in a BCS-
BEC sweep depends on sweep rate is a matter that has not been fully resolved, as
so far any experimental comparison to theory has only considered a single data set
[43]. In this section, the current models of molecule formation will be presented
and a y? statistical test (See Appendix. A) will be performed on fits to several
experimental data sets, taken at different initial cloud temperatures, in order to

provide insight into which model is the better approach.
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Figure 5.1: Visual schematic of the measurements taken for the molecule conver-
ston model comparison tests. The red lines correspond to the start and end ramp
points at 860.6G and 707.1G respectively.

5.1.1 Landau-Zener Approach

To derive the Landau-Zener formula for a two-level energy crossing, I will follow
the original approach of C. Zener [44] and describe how how it applies to magnetic

field tunable interactions via a Feshbach resonance [45].

The Landau-Zener formula considers the probability of transition between a lower
energy eigenstate to a higher energy eigenstate of a two-level quantum system.
For this experiment it corresponds to an unbound free energy state of two atoms

|¢f) and a bound molecular state of two atoms |1),) during a contact interaction.
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The wave-function for such a system can be expressed as a linear combination of

the two states:

(W) = [ho) + [tby) (5.1)

The Hamiltonian for a two-level quantum system can be accurately described by

the general form of a two-channel matrix of the relative kinetic energy of the atoms

: ~EV2+ W g Y
Hyp W)= ™ "l ’ (5.2)
g — Vo V) \vy

Here, g denotes the coupling between the bound molecular state and the unbound

given by [45]:

free atom state and V, and V; correspond to the potentials of the bound and
free states respectively. We can therefore write the coupled system of differential

equations for the two states:

Hop [w) = g [05) + By [y)

. (5.3)
Hop |vys) = glw) + By |[)

Where Ey and Ej, are the energy eigenvalues of the free and bound molecule states.
In order to derive the transition probability when crossing a Feshbach resonance,
some assumptions have to be made. Firstly, the inter-channel coupling ¢ is in-
dependent of time. Secondly, the energy separation between the eigenenergies

Ey, — E varies linearly in time. This can be represented as [44]:

dt (5.4)

With « a constant. C. Zener’s approach to solving this problem is to start from

the form of the wave equation given by [44]:

(=25 ) st (~ 50 [ i) posto

4A7%q

Fey(t) exp (— iyl Ebdt) ()] = 0

(5.5)

Where ¢,(t) and c¢(t) correspond to the probability amplitudes for the bound and
free states respectively. The coupled system in Equation 5.3 can be used to reduce

this equation to a system of two simultaneous equations for the free and bound
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amplitudes [44]:

?%;(w — gexp (‘j? [ = Enar) o) -
nttert) =g (431 (B Bt o)

These equations can be solved analytically, by reducing them to a single differen-

tial equation for the bound molecule amplitude ¢, () [44]:

d? 4% 1d d 47r2g2
ﬁcb(t) + {T(Eb — Ey) — 5@9} Ecb(t) + < - ) cp(t) =0 (5.7)

By substitution of the relationships given in the Landau-Zener approximations

(Equation 5.4), this equation reduces to a form of the Weber equation, given by
[44):
d2

. 2t2
ﬁm(ﬂ—%ﬂT)U:o (5.5)

Where the variable f and the function U are given by:

(5.9)

For an atom pair initially in the unbound state at ¢ = 0, this can be explicitly
solved to give the probability of the atoms to be in a bound state P, and remaining
in the free state Py at a time ¢t = oo as a function of the rate at which energy

difference between the two levels changes and is given by [44]:

Pb = ’Cb(t)‘Q = exp(—27r5LZ)

(5.10)
Pf =1- Pb =1- eXp(—27T5Lz)
Where 07,7 is known as the Landau-Zener parameter, given by [44]:
4 2
Spy = 9 (5.11)

h4(E, — Ey)

In cold atom experiments in which the atom’s cross a Feshbach resonance, this

energy difference varies in time due to the Zeeman splitting of the hyperfine states

29



Chapter 5 — Feshbach Molecule Formation

of the considered resonance changing with with respect to the modulation of the
external magnetic field (see Section 2.2). As such, the Landau-Zener Parameter

is given by [45]:

_ Amnhlay||AB|

)
LZ B

(5.12)

Where m is the mass of the atom in the pair, n is the peak atomic density and |ayg|
and |AB| have been defined in Section 2.5. Whilst this is only an exact solution
for a single two-level crossing, the assumption is made that the same behaviour
will be observed collectively for a group of atoms, replacing the transition proba-
bility with a remnant atomic fraction I'4 that has an an overall efficiency E); in
the limit B — 0. The remnant fraction as a function of inverse ramp rate in this

approximation is given by:

TA(B™Y) =1 — Eyexp(—271017) (5.13)

In practice, the fitting for the presented data considers the Landau-Zener parame-
ter as a free parameter. This is similar to the results presented by the group of K.
Strecker [46], who performed a similar study on the narrow Feshbach resonance
of Li® also keeping the Landau-Zener parameter and the infinitely slow-ramp

efficiency as free parameters.

5.1.2 Power-Law Approach

A competing model for molecular conversion proposed by E. Pazy et al [43] pro-
poses that instead of the single pair approximation in the Landau-Zener model,
the dynamics can be explained by a power law in the limit of large particle num-
bers N. The exact form of the power law depends on the initial conditions of the

atom /molecule mixture undergoing the magnetic field sweep.

The derivation of this result considers a collision-less, interaction based single bo-

son mode Hamiltonian, given by [43]:

H= Z €k, c,tﬁackp + E(t)bib, + g (Z CraC_p bl + CLTCT_k’ibo> (5.14)
k

k,o

Here, ¢, corresponds to the kinetic energy of an atom with wave number k, the
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ck/ CL operators correspond to creation and annihilation operators for atoms and
b,/b} for molecules. The subscript 1 / | corresponds to the atom operators in each
spin state. The atom-molecule coupling is given as g, and E(t) refers to the time
dependent molecular energy, which in the case of linear magnetic field sweeps is
given by E(t) = ATL‘L(B(t) - B,).

The assumption is made that a degenerative model can be used, as the exact

values of ¢, do not affect the conversion efficiency. The following operators are
defined [43]:

J = bl Zk CkAC—k,| pO Cik,ﬁlmbo B Ek,a Cl,ack,a - 2blbo (5.15)
ST T N2y N2 T N |

Where N corresponds to the total atom number. The J, and J, operators are also
defined as J, = Jy + J_ and J, = —i(Jy — J_). The Hamiltonian in Equation
5.14 in this basis is given as [43]:

H= g (A(t)JZ + g\/ng> (5.16)

The group used these operators in the Heisenberg picture —iA = [A, H | to pro-

7‘]+:

duce equations of motion for J;, J, and J,. These operators are then replaced by
their expectation values, corresponding to the mean field limit of the equations of
motion. In this limit, the set of Equations 5.15 are analogous to Bloch equations
on a two-dimensional surface. The details of how these are solved are beyond the
scope of this thesis, therefore the limit in the two extremities of initial conditions

of the gas before the magnetic field sweep will be presented.

If the initial molecular population is lower than the quantum noise level, fluctua-

tions dominate the conversion process and the remnant atomic fraction I' 4 is given
by [43]:
I'yx B (5.17)

If quantum fluctuations can be neglected, it is expected that the remnant atomic

fraction will follow a cubic in the field sweep rate. This can be written as [43]:

Iy o< BY3 (5.18)

61



Chapter 5 — Feshbach Molecule Formation

It is expected for the molecule formation to follow a power law beyond a critical
value of the sweep rate. For °Li this corresponds to values slower than B~! =
0.5 ms/G [43]. As a result of the effect of pre-formed pairs on the BCS side of a
Feshbach resonance in fermionic systems being an open question [47], the fitting

to the data presented keeps the exponent of the Power-Law as a free parameter.

5.1.3 Comparison to Experiment

As mentioned previously, to make a quantitative comparison of the two models
presented here, around 3 x 10° atoms are loaded into an optical dipole trap at
860.61G. The magnetic field is then ramped to 707.1G at different ramp rates.
The remnant atomic fraction is measured by comparing an absorption image of
the cloud before and after ramping. This has been done for five initial cloud tem-
peratures in the range 0.5—2 T'/TF, in order to produce graphs of remnant atomic
fraction versus inverse magnetic field sweep rate. The five data sets, as well as a
comparison to the data from the study on the narrow resonance of °Li from the
group of K. Strecker [46] is presented in Figure 5.2, with accompanying Landau-
Zener and power-law best fits. The data for the calculated exponents of the
Power-law best fits can be found in Table 5.1.3. The mean value of the exponents
of the separate data sets are consistent with the lower-bound of the Power-law
model predictions, but many were significantly lower, suggesting a breakdown of

the model for molecule formation in this experiment.

The best-fit curves in this plot are produced via a least-squared method. As
mentioned in Sections 5.1.1 and 5.1.2, both the overall efficiency and Landau-Zener
parameter as well as the exponent of the power law are taken as free parameters.
The significance of the derived values is discussed in later sections. Similar graphs
have been produced for five different initial temperatures. A reduced x? test was
performed on the two fittings in each case (See Appendix B) and the results of this
are presented in Figure 5.3. In general, the Landau-Zener model provided a better
or equally good fit to the Power-law model. Whilst this does not conclusively rule
out the Power-law model, it adds to the findings of K. Strecker that could not
differentiate between the two models, due to the consideration of only a single
data set [46][43]. It is also evident from observing the graphs that at the tail of
the fit, corresponding to the slow ramp regime, that the Power-law model looks
to break down as the molecule conversion appears to saturate. Future work could

include taking data for slower BCS-BEC ramps, with a view to more clearly resolve
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the saturation of molecule production and rule out the Power-Law conclusively.
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Figure 5.2: The five data sets of Remnant Atomic Fraction versus Inverse Ramp
rate for a linear BCS-BEC sweep in the broad 832G resonance in %Li used for
the molecule formation model comparison, including the relevant model fits. The
wnitial cloud temperature is noted at the bottom left inset of the graphs. The dotted
line in the Power-law model corresponds to extrapolating the model beyond 0.5
ms/G. The data set from the group of K. Strecker [46] from the narrow resonance
in SLi at 543G can be found in the bottom right figure.
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H T/Tr  Power-Law Exponent H

0.49 0.224
0.61 0.471
0.74 0.366
1.22 0.197
1.79 0.154
Average 0.282 + 0.053

Table 5.1: Calculated exponents for the Power-law fitting presented in Figure 5.2.
The average value between the data sets is consistent with the lower estimate of the
scaling relationship. The error in the average value corresponds to the standard
error between the five results.
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Figure 5.3: Reduced x?* wvalues for the Landau-Zener and Power-law models of
Molecule production in a Fermi gas for different initial cloud temperatures. In
each case, the Landau-Zener approximation returned a better or equally as good

fit.
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5.2 Temperature Dependence of Production

During molecule formation, thermal effects are expected to play a significant role.
To test this for the five data sets that were used for the molecule formation model
comparison, the molecular fraction in the quasi-adiabatic limit of the Landau-
Zener model was taken. This corresponds to large values of B~!, or the limit of
an infinitely slow magnetic field sweep. Referring to Equation 5.13, the value of
Ey was fit using origin software for all data sets in the region of 0.5 —2 T'/Tp. A
graph of the data sets with corresponding fits, as well as the corresponding values

of molecular fraction as a function of 7'/TF is shown in Figure 5.4.

The fitted values for molecular fraction have been compared to a semi-classical
model. It treats the ultra-cold mixture of atoms and molecules as a classical
canonical ensemble in chemical equilibrium at finite temperature 7', correspond-

ing to the quasi-adiabatic limit of a BCS-BEC sweep, with partition function [48]:

 Z2Ne ZNm exp(Npy By kpT)

z NG INGIN,,!

(5.19)

Where Z, corresponds to a single particle partition function, N, and N,, are the
respective atom and molecule numbers in the gas and Ej, is the binding energy of
the molecules in the ensemble. Whilst outside the scope of this thesis, by min-
imizing the Helmholtz free energy F' = kgT In(Z) an implicit expression can be

derived for the molecular fraction Mg, given by [48]:
(1 — Mp)? T\* 2
——— =0 = — 9.20
My 7w ) P\ kst (5.20)

Here Tr corresponds to the Fermi temperature in a harmonic trap (See Section
3.3.2). As the data sets correspond to different initial atom numbers prior to the
sweep, an exact curve fit cannot be applied to this data, but a point by point
comparison can be made. As can be seen in Figure 5.5, the trend of this classical
model has good agreement but quantitatively differs at colder temperatures due

to the assumption of a classical canonical ensemble breaking down.
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Figure 5.4: Collated graph of Remnant atomic fraction versus Inverse Ramp Rate
for BCS-BEC magnetic field sweeps for different values of initial cloud tempera-
ture. A fit of the Landau-Zener model has been applied to each data set.
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Figure 5.5: Extrapolated value of Molecule Conversion percentage of the quasi-
adiabatic limit of the Landau-Zener model versus T /Tg. For each point, the value
for the classical model presented in Section 5.2 has been plotted.
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5.3 Effect of Final Field on Molecule Formation

In this section, the effect of the final field of a linear BCS-BEC sweep on molecule
formation will be explored. This goes beyond Landau-Zener like predictions, as
such a model detailed in Section 5.1.1 does not depend on the initial or final
magnetic field, rather just the rate of change of energy between the two chan-
nels. Various attempts have been proposed to address this issue, both classical
and fully quantum models [49][50][51]. These approaches have been fitted to data
for narrow resonances in Fermi gases, including the narrow resonance between
the two hyperfine states of °Li that are presented in this thesis [46]. Comparisons

of such models to BCS-BEC sweeps in broad resonances have so far not been done.

Similar to the previous section, an atomic cloud of °Li in an equal mixture of the
two hyperfine states |F' = 1/2,mp = £1/2) was produced at an initial magnetic
field of 860.6G. For these measurements, the initial temperature of the gas was
kept constant at 1.5 uK. The magnetic field was swept to different values on the
BEC side of the broad Feshbach resonance at 832G, for a constant ramp rate, and
the molecular fraction was measured by taking absorption images of the gas before
and after the magnetic field sweep. A graphic illustrating these measurements can

be found in Figure 5.6.
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Figure 5.6: Visual schematic of the “Final Field” measurements of molecule con-
version in BCS-BEC sweeps. The imaging points displayed do not represent the
imaging points used in the measurements displayed in Figure 5.7. Here, B, refers
to the Feshbach resonance position of the broad resonance utilized in this experi-
ment.

I will initially focus on the thermodynamical approach proposed by J. E. Williams
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et al [49], as this is the most commonly used analytical approach to fitting such
measurements [46][52][53][54]. In contrast to Landau-Zener like models where the
association dynamics are assumed to be governed by a single collision between
nearest-neighbour atoms, an assumption in their model is that on average an
atom will collide with other atoms multiple times during a BCS-BEC sweep. The
average time between collisions 7., can be approximated by 7-;)11 ~ nov,, Where
Vpel = 4\/m is the average relative velocity between atoms in the gas. In
the unitary limit the collisional cross section o = 4ma®/(1 + k?a?), which at the
Feshbach resonance position where a diverges, can be approximated by o = 47 /k%.
Approximating the atomic density as n = (2mkgTr/h?)3/2 /672, the average colli-
sion time becomes 7., = h/kpTr. For these measurements, with a typical Fermi
temperature of T = 1.5 K, the average collisional time will be on the order of
microseconds, which is significantly lower than the typical time of the field sweep
over the broad resonance. It is therefore a good approximation that an individual

atom will have multiple collisions during molecule formation.

A simple model for the rate of molecule formation is chosen, based on a formation

rate vy and a dissociation rate vg:

ANy
dt

Here, Nj; and N4 are the molecule and atom populations respectively. The for-

— Yy Na(t) = 7N (1) (5.21)

mation and dissociation rates follow from collisional Boltzmann equations for an

atom-molecule mixture and are given by [49]:

47T2g2
Va = W dpy | dpa | dpsd(pr + p2 — p3) (5.22)
X 0(Ea(p1) + Ea(p2) — Eni(p3)) far(ps)
471'2 2
V= h7—7i/dp1/dpz/dp35(p1 + p2 — p3) (5.23)

X 0(Ea(p1) + Ea(p2) — En(ps)) fa(pr) fa(p2)

Here, £4 and Ep are the relative energies of the atom and molecule states, given
by Ex = p*/2m+U and Ey; = p?/4m +2U + E,e where F, is the closed channel
energy of the Feshbach resonance and U is the external trapping potential. The
nys and n 4 terms correspond to the molecular and atomic densities respectively. In
general, these equations cannot be solved without knowing the specific form of the

distribution functions. In the case of the mixture being in chemical equilibrium,
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where the distribution functions are defined as f; = exp(—(E; — u;)/kgT), the

equations can be solved explicitly, and are given as [49]:

2m1/2
Yd = TGbgAH’AB V Eres@(Eres)
93/2, 1,3 (5.24)

= GrambpT) exp(—Eres/kBT )4

Where Ay is the difference in magnetic moment between the unbound and bound
states. The © term corresponds to a unit step function and ensures that when
FE. is tuned below zero, the molecules become stable and cannot dissociate. The
form of E,.s depends on how far from the resonance position the atomic cloud is
held. Far from the resonance, F is given as Fi(B) = %H(B — B,) and close to
the resonance this can be approximated as Fie &~ i2/ma?. Other parameters are
defined in Section 2.5. The dissociation rate is analogous to the form of molecule

decay derived via Fermi’s golden rule (See Appendix C).

How the molecular fraction of the gas evolves over time can be solved analytically,
starting with a purely atomic sample, but is well approximated by an error function
[49]. Data that have been taken have been fitted to the equation:

Mp(B) = My(1 — erf[v2(B — Been) /6B]) + v, (5.25)

Which has also been fitted well to previous studies [52][53]. An offset y, was added
to account for any non-equilibrium effects at the resonance position. It should be
noted that the centre of the error function B, in this model does not coincide

with the resonance position B,, rather is given by [49]:

Bcen = BO + ABabg\/ mk:BTF/h (526)

As mentioned previously, starting with a °Li cloud in an equal mixture of

|F'=1/2,mp = £1/2) states at a temperature of 1.5 pK, the magnetic field was
ramped from 860G on the BCS side of the broad Feshbach resonance to different
values on the BEC side of the resonance. The molecule conversion percentage was
measured by taking an absorption image before and after the ramp. It is assumed
that due to the bound molecules binding energy, the imaging beam described in
Section 4.2 no longer is able to excite the imaging transition, therefore the atoms
imaged are simply the ones that did not form molecules. This has been verified by

reversing the sweep to the BCS side, where the original atom number is recovered
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therefore no losses occur. This measurement was carried out for three different
ramp rates corresponding to B~' = 0.6, 1 and 4 ms/G respectively. The results

of this measurement are displayed in Figure 5.7.
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Figure 5.7: Molecular Fraction versus Final Magnetic Field of a BOS-BEC sweep
starting from 860G. The data is fitted with the error function in Equation 5.25.
For all data points the temperature was kept constant at 1.5 pK. The error in the
data corresponds to the standard error of ten repetitions.

As expected, due to the initial cloud temperature remaining constant, the three
data sets converge at a similar maximum molecular fraction. This is slightly larger
than the molecular fractions reported at similar temperatures in the previous sec-
tion, due to the fact that Landau-Zener like models do not consider the end points
of the magnetic field ramp. It is observed that for even the quasi-adiabatic case
(B~' = 4 ms/Q) that the converted molecular fraction saturated at lower fields

than was considered in Section 5.1.3.

A key result of this measurement is that the magnetic field at the central point
of the fitted error function appears to decrease with increased ramp rate. From
Equation 5.26, variations in Fermi temperature between the three measurements
can only account for a 7G difference in B,e,, far less than the observed difference.
This is in contrast to studies on narrow Feshbach resonances in Lithium and Potas-
sium that have been fit with the same model, where both the width and central
position of the error function coincides with the values for the Feshbach resonance
[46][52][53][54]. However, it could be that the dynamics presented here are un-
resolvable on the order of fractions of gauss, corresponding to the width of such
narrow resonances, and the shifting of the central position of the curve required a

measurement over a broad resonance allowing for longer sweep durations.
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5.4 Initial Theory Work for Molecule Formation

In the previous section, some anomalous results on molecule formation that cannot
be explained with current semi-classical approaches was presented. In this section,
I will show the initial work on providing a simulation of the atom-molecule dy-
namics in a BCS-BEC sweep and, when using dummy variables, what insight can
be had on how the rate at which the magnetic field is swept affects molecule for-
mation. Starting from a formalism of the collision-less, single boson mode BCS

Hamiltonian, given by:

Hpos = S(t)bTh + Z ej(a;.’iajv¢ + a;r.’Taj,T) +g Z bTaj7¢aj7T + baha;T (5.27)
- ,

J

Where §(t) is the atom-molecule energy difference given by 0(t) = Au(B(t) —
B,)/h. The €; term corresponds to the energy of an oscillator of level j, ie
€j = (j +1/2)w where @ is the mean geometric frequency of the dipole trap.
The atom-molecule coupling is given by g and assumed to not vary in time. The
creation and annihilation operators for molecules and atoms are given by b/b" and
a/a’ respectively. For the atom operators, the 1 / | terms correspond to the op-
erators for the mp = +1/2 states in °Li. To simplify the problem, the Anderson

Pseudo Spin operators are defined as [55]:

+ 7
Sj = a;,a5,
S]_ :aj7¢aj7T (528)

St = 1/2(a;r-,¢aj,¢ + a;Tam —1)

Which have commutation relations [S}, S}] = 257, [Sf,57] = -S; and [S}", S7]

g%
= S} . Substitution of Equations 5.28 into Equation 5.27 leads to:

Hpes = 6(t)b'b+2) S +g > bSf +blS; (5.29)
j J

J

In this formalism, the total particle number is conserved as N = 2b'h+ Zj S7+1.
The pseudo spin operators in Equation 5.28 can be substituted into the Heisenberg
relation ZSJ" =[S, H | to give a set of coupled differential equations for the time

evolution of the spin and molecule creation operators:
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ib=0(t)b+g>» Sy
J

iS; = 2¢;S; —2gbS; (5.30)
iST = —2€;57 + 2gb'S;
iS; = g(bS; —b'Sy)

To solve these equations for a system of BCS pairs, each pair is placed initially
in the same state, St =5~ = 0,5% = 1/2, corresponding to one atom in each of
the two hyperfine states. The atomic ensemble is treated as a zero temperature
gas, such that the atoms fill the Fermi sea with two atoms in each oscillator state
up to the Fermi energy. The differential equations are then solved via a fourth
order runge-kutta method for each BCS pair. These simulations are numerically
intensive and as such will only be presented for a few atoms. A way to interpret
this time evolution is that when the energy difference §(t) passes the energy of a
filled oscillator state, the atoms have an increased probability of forming a Fesh-
bach molecule. This can be seen in the limiting case of small coupling ¢ and slow
magnetic field sweep rates, as there will be a ‘stepping’ in molecule formation. A
simulation of the differential equations in Equation 5.30 with unphysical variables

in this limit for 5 atom pairs is presented in Figure 5.8:
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Figure 5.8: Molecular fraction versus time for a simulation of Equations 5.50.
Here g = 0.2, © = 2, v = 0.01 and 6(0) = -1. A stepping in molecule formation
when the atom-molecule energy difference passes a filled oscillator state is observed.

Here, the atom molecule energy difference is represented as a linear sweep §(t) =
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d(0)4~t. The molecule fraction stepping happens at regular intervals, correspond-

ing to the linear sweep of filled oscillator states.

As a result of the limitations of this model, the fermionic ensemble being at zero
temperature and the difficulty in running a simulation for large numbers of atoms,
an exact simulation of the molecule formation dynamics presented in Section 5.3
is impossible. However, by performing simulations on small atom numbers N, the
hypothesis of sweep rate being a determining factor in the centre of the formation

curve can be tested for unphysical parameters.

The simulation was ran for varied sweep rates in a parameter regime where the
stepping in molecule formation does not occur, the results of which can be seen in
Figure 5.9. It is evident from these simulations that even a small change in sweep
rate causes a shift in the molecule production as function of time. Whilst this
formalism cannot replicate an exact fit of Figure 5.7, these simulations provide
motivation for future work to extend this to finite temperature, for example in
the spirit of J. Javanainen et al, where finite temperature enters via the fermi
distribution of the atoms [50].
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Figure 5.9: Molecular Fraction versus time for a simulation of Equations 5.30,
with varied sweep rate. The other parameters were kept constant as N = 12, g =
0.5, w = 0.5, 6(0) = 1. A shift in the molecule formation is observed for small
variations in sweep rate.
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Conclusions and Outlook

The BCS-BEC crossover in fermionic atoms, and the production of Feshbach
molecules, provides an interesting and useful resource in ultracold experiments.
In this thesis, it has been shown how the production of Feshbach molecules in
an ultracold fermionic °Li system during a linear BCS-BEC magnetic field ramp
is affected by factors such as sweep rate, final magnetic field and temperature.
An extensive test, on data sets at varying initial cloud temperatures, of the com-
peting models of the molecule production efficiency dependence on field sweep
rate has been presented and the quasi-adiabatic limit of the Landau-Zener model
investigated as a function of initial cloud temperature. The effect of the final
magnetic field of linear sweeps has been probed as a function of different constant
sweep rates and the anomalous result that the rate of the BCS-BEC magnetic
field sweep affects the position of formation have been presented in comparison
to similar studies on narrow resonances. Finally, the initial work in the group on
providing a simulation of the atom-molecule dynamics, in an attempt to explain

the previous measurement, has been presented.

The experimental sequence of the Lithium experiment at Nottingham has also
been presented. The experiment is now routinely capable of loading 10® atoms
into a Magneto-Optical trap and transferring 10° atoms into a far-red detuned
Optical Dipole trap. Through evaporative cooling techniques, the atomic cloud
can be reduced to temperatures of hundreds of nano-kelvin whilst retaining 10°
atoms in the trap. Whilst not shown in this thesis, as the interest was in a regime
where thermal effects dominate, in principle this experiment has been shown in
previous work to be capable of achieving Bose-Einstein condensation of the pro-

duced Feshbach molecules.

4



Chapter 6 — Conclusions and Outlook

For the next steps of this experiment, it would be useful to implement a direct
detection scheme for the molecules as for now none such exists. This has been
implemented in other groups in a variety of ways, for example via Stern-Gerlach
methods of separating the atomic and molecular clouds or by transferring the un-
paired atoms to an excited state before taking an absorption image of the molecular
cloud. Another future implementation to the experimental setup will be to replace
the current AV Manta G-235B camera with an EMCCD camera from ANDOR,

which will allow for more sensitive imaging of the atomic cloud.

Prospects for future study with this system include realization of the so called
“Feshbach Engine”, a quantum engine wherein the modulation of the interaction
strength of a BEC, controlled by a Feshbach resonance, is used to form an Otto
cycle [10]. Another possibility is to measure the Dynamical Casimir Effect (DCE)
in a BEC, as it has been hypothesized that modulation of trapping potential
of a uniform BEC will induce phononic excitations, also having implications for
possibility of measuring gravitational waves [56][11]. Both of which require the
experiment to operate in the temperature region of mBEC formation. In the
short term, an extension of the initial theory work presented in Section 5.4 to

finite temperature will be the final step before publication of the results.
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Appendices

Appendix A - Temperature Measurement of Dipole

Trap after Forced Evaporation
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Figure 1: Cloud radius versus Time after release from the Dipole trap after forced
evaporation. The TOF method of fitting has been used to determine the best fit
of the cloud temperature T = 928 nK. The error bars correspond to the standard
error of three repetitions. Below are the absorption images of the cloud for the
three repetitions.
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Appendix B - Reduced y? Test

To test models of molecule production efficiency Mg, the models have been fitted
to experimental data using Origin software that utilizes Least-Squares methods to
minimize the goodness of fit parameter x?. This has been done for multiple data
sets for each model to determine which provides more accurate predictions. The

x? value for a given fit to a data set is given by [57]:

XQIZW (1)

2
i yerr,i

Here the y; values correspond to the experimental data points, y(x;) values cor-
respond to the value for the experimental point that the model predicts and the
Yerri Values correspond to the associated experimental error for the data points.
The least-squares method uses algorithms to minimize this value for a given test
model. This value alone does not give a good estimate on how accurate a model
is, as it is dependent on the error in the experimental data, but can be used to
compare how well a model fits experimental data when compared to another. For
models that fit data with different numbers of fitting parameters, as well as that
fit different numbers of data points, similar to in this experiment, it is more useful

to define the reduced chi-squared x?, given by:

Where v corresponds to the degrees of freedom of a model, the difference between
the number of observations and the amount of fitted parameters. This value
can be used to test the goodness of fit of the models to experimental data, with
values closer to one corresponding to lower variance in the regression. Values less
than one suggest over-estimation of the error variance and values above one show

under-estimation of the error variance of the data.
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Appendix C - Derivation of Molecule Dissociation

rate via Fermi’s Golden Rule

As an extension to the derivation of molecule dissociation rate proposed by J. E.
Williams et al presented in Chapter 5.3, I will present a more intuitive derivation
of the molecule decay rate based on Fermi’s golden rule. The decay rate for a

bound system of two atoms is given by the general form of Fermi’s golden rule:

7ya = 27| X (Eres) P D(Eres) (3)

Where 74 is the molecule decay rate defined in Chapter 5.3. The |x(FE,es)| term
corresponds to the matrix element between the unbound atomic and bound molec-
ular states and D(FE,.s) corresponds to the density of states of the system. For a

three-dimensional gas, the density of energy states is given by:

V. om3/? 1/2
(271'2) B re/s (4)

D(Eres) =

Here, V is the volume element for free atomic states. The atom-molecule matrix
element is found by computing the energy shift of the atomic states due to coupling
to a bound state in the vicinity of a Feshbach resonance. To first order, this is

given by [58]:

’X(Er68>|2

O(Fpes) = ————— 5
(Eres) = { (B — B, (5)

Where Ay and B, are defined in Chapter 2.5. This can also be expressed in terms

of the mean field energy of an atomic cloud held near a Feshbach resonance. in

this form, the energy shift is given by [58]:

Amh?
mV

(Eres) = apg ApAB (6)

Comparing Equations 5 and 6 yields an expression for the matrix element:

4Amh?
’X<Er68>’2 = my apyApAB (7)

Substitution of Equations 4 and 7 into Fermi’s Golden rule gives the expression
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for the molecule decay rate:

2ap, AUABm!/?
ta= =Bl (8)

Which is directly analogous to the form of molecule decay derived via coupled

Boltzmann equations shown in Section 5.3.
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