University of Nottingham

Doctoral Thesis

Dynamics of non-equilibrium °Li
Feshbach molecules via magnetic field
ramp

by Vineetha Naniyil

w University of
Nottingham

Ve
UK | CHINA | MALAYSIA

A thesis presented in the fulfilment of the requirements for the
degree of Doctor of Philosophy

Cold Atom Research Group
Department of Physics and Astronomy

University of Nottingham
2021



Head of School
Prof. Mark Fromhold

Supervisors
Dr. Lucia Hackermueller

Dr. Weibin Li

Examiners

Dr. Stephen Powell

Dr. Marzena Szymanska



To my father



This thesis is the result of the author’s original research. It has been composed
by the author and has not been previously submitted for examination which has
led to the award of a degree.

Signed: Vineetha Naniyil

Date: 30-06-2021

il



Abstract

In this thesis, the dynamics of Feshbach molecule formation via magnetic field
ramp is investigated. The work presented in this thesis dealt with production
and study of bosonic Feshbach molecule from fermionic ®Li atoms by quenching
the magnetic field across the broad Feshbach resonance at 834.1 G. The fraction
of atoms converted to Feshbach molecules is measured experimentally and the
dependence of temperature and the rate at which the magnetic field is ramped
during the process has been presented. The formation of Feshbach molecule via
magnetoassociation of ultracold °Li atoms close to quantum degeneracy is also
explored in this thesis.

A new development in theoretical simulation of the dynamics of Feshbach molecules
creation and extraction of the atom-molecule coupling coefficient is also detailed
in this work. The first experimental measurement of the atom-molecule coupling
coefficient at different temperatures of atomic cloud varies from 3.2 K to 130 nK
has been presented here. An enhancement of the atom-molecule coupling strength
is observed as the atoms close to degeneracy and we find that a qualitative agree-
ment between the experimental result and theoretically calculated value. The
Landau-Zener transition describes the dynamics of Feshbach molecule formation
at higher temperature. The enhancement of the atom-molecule coupling coeffi-
cient at lower temperature reveals the many-body coherence in the system, which
is not captured by the conventional Landau-Zener model.

The dependence of molecule conversion as a function of mean density and the
final magnetic field are also studied in this thesis. The dependence of magnetic
field on the creation of Feshbach molecule shows a shift in the centroid of the
error function, which is used to fit with the experimental data. The theoretical
explanation of the shift from the Feshbach resonance has yet to be studied.
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Chapter 1

Introduction

I was really fascinated about the technique of laser cooling and trapping of atoms
during my postgraduate study. It inspired me to learn more about the cooling
and trapping of atomic systems. Atoms can be divided into two categories, which
are Bosons and Fermions. Particles which do not obey the Pauli exclusion prin-
ciple are called Bosons and those ones which obey the Pauli exclusion principle
are known as Fermions. The Pauli exclusion principle states that no two particles
can have the same quantum numbers. For bosons, many particles can have the
same quantum numbers. At temperature T = 0, bosons quickly condense into
the ground state and form a Bose-Einstein Condensate (BEC), while fermions
slowly start filling up the lowest lying energy state with unity occupation and
form a Fermi sea. The study of Fermi gases is one of the leading edge of quantum
matter research field. The enormous growth in the study of fermionic system
gives a platform for understanding and accessing fundamental physical phenom-
ena. Recently, the Fermi gases are used as central to many advanced research
field like new fundamental physics [1], controlled chemistry [2] and the quantum

simulation of complex many-body systems [3].

The introduction of laser and laser cooling techniques has led to a breakthrough
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in cooling and trapping of atoms, which allows a reduction in the temperature
of the atomic systems to microkelvin. The research field of laser cooling and
trapping has been developed at a high pace in the last ten years. There are
many elegant techniques that have been implemented in ultracold atoms studies
[4,5]. The study of ultracold atoms has numerous applications in spectroscopy,
ultracold chemistry, simulation of condensed matter systems, nuclear physics and
metrology. Laser cooling has paved the way to observe Bose-Einstein condensa-
tion (BEC), which started a completely new interesting research field and it took

60 years from the theoretical prediction to the final experimental implementation.

A Feshbach resonance gives a platform to study conversion of fermionic atoms to
bosonic molecules in cold and ultracold atomic systems. The molecules produced
from fermionic atoms are remarkably stable against inelastic decay. Tunability of
the atomic interactions given by Feshbach resonance allow us to experimentally
produce and to study Feshbach molecules [6], mBEC [7], equation of state of
strongly interacting Fermi gases [8], fermionic polaron behaviour [9], spin-orbit
coupling effect [10] and anisotropic character of p-wave or higher partial wave
interactions [11]. Cold and ultracold molecules have the potential to dramati-
cally influence precision tests of fundamental physics [1, 12-15], physical chem-
istry [16-20] and few body physics [21-24]. Experiments with ultracold Fermi
gases can explore the crossover from a BEC type system to a fermionic superfluid

with Bardeen-Cooper-Shrieffer (BCS) type pairing [25-27].

In a gaseous medium, Bose-Einstein Condensation (BEC) can be achieved via
evaporative cooling methods together with thermalisation of the ensemble. The
scattering length can be tuned through resonance by applying a magnetic field
and ultimately tuning the energy of the channel potential carried by the atoms

through their magnetic moment. A Feshbach resonance can also be used to asso-
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ciate atoms into ultracold molecules. B. DeMarco and D. Jin at JILA have created
the first degenerate Fermi gas of atoms in *°K. In 2005, Feshbach molecules via

magnetic field ramp were created [28].

The physics of creation of cold molecules from ultracold atoms is an interest-
ing area since it has been an important challenge in the experimental and the-
oretical ultracold physics. Feshbach molecules have numerous applications in
precision measurements [29], high resolution spectroscopy [30], ultracold chem-
istry [31] and quantum information processing [32]. Feshbach molecules can be
created by photo-association [33-35], three-body recombination near Feshbach
resonance and magneto-association [36,37]. Molecules can be produced by an
external adiabatic magnetic field sweep across a Feshbach resonance in ultra-
cold systems. The magnetic field ramp method was proposed by Van Abeelen
and Verhaar in 1999 [38], Timmermans in 1999 [36] and Mies in 2000 [37]. By
sweeping the magnetic field adiabatically, molecules are created on the repul-
sive side of the resonance. Molecule creation is a reversible process therefore
one can convert molecules back to atoms by reversing the magnetic field ramp.
Feshbach molecules creation via magnetoassociation can also be used to study
unitary dynamics [39], collective dynamics [40] and many-body effects [41].
The experimental and theoretical study on magnetoassociation of fermionic (°Li)

atoms to bosonic molecules have been explored in this thesis.

Here we are investigating a non-equilibrium phenomena of molecular creation in
strongly interacting fermionic gases. A broad Feshbach resonance in a fermionic
mixture of Lithium-6 allows tuning the interaction strength in the lowest energy
states through s-wave scattering. This setting allows the study of strongly in-
teracting degenerate Fermi gases, molecular BEC, superfluidity, and pairing in

fermionic many-body systems. Creation of ultracold [1,42] and condensed [7]
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molecules via magnetoassociation have been studied in Fermi gases of atoms and
these systems have created a lot of interest in the research field. This thesis
presents the creation of bosonic molecules from a two components Fermi gas of
atoms via magnetic field ramp across the broad Feshbach resonance in %Li. The-
oretical studies on the dynamics of Fermi gases of atoms into molecules are also
presented in this thesis. The dynamics of molecules creation via magnetoassoci-
ation can be controlled by the ramp time and initial atomic cloud temperature.
The dynamics of Feshbach molecules can be explained by Landau-Zener transi-
tion and many-body process. The atom-molecule coupling coefficient, which is
the key parameter of the creation of Feshbach molecules is obtained from the ex-
perimental data and it is compared with the theoretically calculated value. The
quest to develop new and efficient experimental scheme to produce large molecules
with highly stable is therefore still a crucial challenge. The experimental results
achieved during my PhD period is presented in a research paper under review,

which is given in Appendix H.

This thesis is structured in the following way.

Chapter 2 : Theoretical background
Summarises the basic concept /theory behind laser cooling and trapping, scatter-

ing process involved in quantum gases and Feshbach resonance.

Chapter 3: Experimental setup
Describes the experimental system capable of cooling and trapping of °Li atoms
to ultracold temperatures. The presentation of technical aspects of the experi-

mental apparatus is given in this chapter.

Chapter 4 : Experimental methods
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Presents the experimental approach to produce cold atomic samples, optimisa-
tion of magneto optical trap and the methods to prepare ultracold atoms in the
lowest energy level. The Feshbach molecules creation via magnetic field ramp is

also described in this chapter.

Chapter 5 : The °Li, Feshbach molecules formation

Major achievement of my thesis work is presented in this chapter. This chapter
begins with some theoretical and experimental studies on Feshbach molecule cre-
ation. This is followed by discussion of comparison of Landau-Zener model and
Power law approach. This chapter will be devoted to the presentation and char-
acterisation of the dependence of ramp speed, atomic could temperature, mean
density and final magnetic field to the Feshbach molecule creation from fermionic

61,i atoms.

Chapter 6 : Theoretical model

The dynamics of Feshbach molecule creation is formulated and explained in this
chapter. The measurements of coupling constant from experiment and compari-
son with theoretical calculation is presented in this section. The dependence of

temperature on molecular conversion is described here.

Chapter 7 : Conclusion and Future work

I summarise major achievements of my experimental and theoretical studies on
Feshbach molecules creation in °Li atoms. Finally, I conclude with a brief dis-
cussion of future research directions and some exciting ideas to be realised in the

near future with the same experimental apparatus.
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1.1 Publications

During my PhD I have co-authored the following articles:

e Vineetha Naniyil, Yijia Zhou, Guy Simmonds, Nathan Cooper, Weibin
Li, and Lucia Hackermuller. “Observation of collectivity-enhanced mag-
netoassociation of 6Li in the quantum degenerate regime” (2021). Submit-
ted to Physical Review Research. Updated in arXiv (Reference number :
arXiv:2102.01805)

e N. Cooper, E. Da Ros, C. Briddon, V. Naniyil, M. T. Greenaway, and
L. Hackermiiller. “Prospects for strongly coupled atom-photon quantum

nodes”. Scientific Reports 9.1 (2019), p.7798 [43].



Chapter 2

Theoretical background

This thesis is based on the dynamics of Feshbach molecule creation from fermionic
Lithium atoms. This chapter presents the basic concepts of interaction of atoms
with light and magnetic field. The theoretical concept of laser cooling, atom
trapping and atom-atom scattering are also described in the following section.
An important property of alkali atoms, the so-called Feshbach resonance, is pre-
sented in order to understand the physics of Feshbach molecules, creation via a

magnetic field ramp.

2.1 Interaction of atoms with light

Absorption and emission of light are the result of atom light interaction in which
an atom gets excited from its ground state to an excited state and spontaneously
emits the light and reaches its stable ground state. The atom light interaction can
be simply explained by semi-classical theory, considering a classical electric field
interacting with atoms, which are treated quantum mechanically. Consider the
situation of a two-level atomic system, in which an atom having a ground state

‘g’ and excited state ‘e’ are coupled by monochromatic light. The interaction of
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an atom with a plane wave having an electric field E = éEycos(kr — wt) with an
amplitude Ey which is directed along the unit vector ¢ and a frequency w can be

expressed by a time-dependent Schrodinger equation given by,

Lov(rt)
th = HU(r,t). (2.1)

Here H = ]:[0 +V, where H, represents the unperturbed Hamiltonian and V=d-
E, where d is electric dipole moment and E is the electric field. From the solution
of time-dependent Schrodinger equation one can obtain the Rabi frequency 2 =
%(ekz- €|lg), which represents atom field coupling. The interaction of atoms
with monochromatic light causes the atoms to undergo Rabi-oscillation, in which
population oscillates between the two levels. Then the atom settle down to its
steady state followed by these oscillations, where the excitation rate equals the
decay rate. Since the atomic excited state decays by spontaneous emission, one
has to consider the time evolution of the density matrix governed by Liouville’s

equation, which allows us to include the effect of spontaneous emission,

dp 1 oD _Fpee EP e
priai 20 I Rl 2 (2.2)
§peg Fpee
N 0 Q
where H = g with detuning A and I' is the decay rate of the excited
Q —2A

state. The elements of the density matrix obey the constraints, which are pg, +
peec = 1 and pge = p;,. One can expand the equation 2.2 and obtain the optical
Bloch equations [44], from which we can obtain the steady-state solution of the
equations by setting the time derivative to zero. For strong field, {2 — oo tends

to equalize the population so that the excited level population can be expressed

as,
N 1 s
[ E— (2.3)
ee 9 1 st 41%2
where s is the on-resonant saturation parameter, s = Iit = 21%2 The saturation

intensity represents the strength of the transition, which can be written as,

8



Chapter 2 — Theoretical background

2m2hIlc
I = ——— 24
e (24
where % is the atomic excited state lifetime and A is the wavelength. We can

obtain the scattering rate Ry, by multiplying the steady state population of the

excited state with decay rate I,

Re(I,A) = Tj,. (2.5)

Since the maximum population of the excited state is pe. = %, we can also express
the scattering rate as, Ry = g The scattering rate has a Lorentzian lineshape
and at low intensity the width of the lineshape is the natural linewidth I', whereas

at high intensity the width increases and it becomes power broadened.

2.2 Interaction of atoms with magnetic field

The separation between atomic energy levels can be tuned by an external mag-
netic field, which is known as the Zeeman effect. The interaction of atoms with
an external magnetic field B, can be considered as a perturbation to the atomic

system, so that Hamiltonian is given by,

I—:,ZE = —M'B (26)
where ¢ = —upL — gspupS is the magnetic moment of the atom, which is a

combination of orbital and spin magnetic moments. Here L. and S are the orbital
angular momentum and spin operators, respectively. So the Hamiltonian can also

be expressed as [44],

o (L J)+gi(S- )
Hze = J(J+1)

since we project the magnetic moment onto J in the vector model. Here J repre-

ppBlI., (2.7)

sents the total electronic angular momentum. When the atomic interaction with
an external magnetic field is stronger than the spin-orbit interaction, one has to
consider the magnetic moment of the nucleus, u; = g;unI. So the perturbation

to the atomic system (Hyperfine interaction) can be expressed as,

9
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A

ﬁHFS: —,LL['B :AIJ (28)

where A is the magnetic dipole hyperfine constant. When the magnetic energy
becomes significant compared to the hyperfine energy, F is not a good quantum
number anymore and J precesses about B. So that the Hamiltonian for the

interaction with an external magnetic field Bis given by,

Hp = _TMB(ng + gLi/ + gl—f)7 (2.9)

where g is the Landé g-factor for the corresponding quantum numbers. Therefore

the combined interaction Hamiltonian is,
Hii = Hp + Hyrs. (2.10)

Since we are interested in Dy line transition in Lithium (°Li), the magnetic field
dependence on its ground state and excited state are important in this context

and they are shown in the figures 2.1 and 2.2.

1500 A

1000 A

500 -

Frequency (MHz)

=500 -

—1000 4

—1500 4

0 260 460 660 860 1000

Magnetic field (G)

Figure 2.1: Breit-Rabi diagram for the 225, /2 ground state of OLi.

10
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Frequency (MHz)

~10

-15 T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0

Magnetic field (G)

Figure 2.2: Breit-Rabi diagram for the 22P; /2 excited state of 6Li.

When the atoms are in the high magnetic field regime, the nuclear spin essentially
decouples from the electron spin. This is known as the Paschen-Back effect of the
hyperfine structure. In the high field region the states depends on the orientation

of the electron spin.

2.3 Atomic structure of Li

The most prominent isotopes of Lithium (Li) found in nature are "Li and SLi.
The solid form of Li presents a silvery grey color. The abundance of "Li is 92.4%
and that of °Li is 7.6%. The existence of "Li is a composite boson while °Li is a
composite fermion. Like all alkali °Li has a single valence electron and electronic
configuration of the ground state is 1522S!. Lithium-6 has three electrons and
three neutrons with total nuclear spin of 1 and total electron spin % The inter-
action between orbital angular momentum and electron spin can be expressed by

total electronic angular momentum given by,
J=1L+S§, (2.11)

11
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and therefore the quantum number .J can take half-integer values between |L —
S| < J < (L+S). Two prominent spectroscopic features D1 and D2 result from
the interaction between the intrinsic angular momentum of the valence electron
and angular momentum of its orbit. Transitions between 228% — QQP% and
228 1= QQP% are called D1 transition and D2 transition respectively, shown in
figure 2.3. The D2 line has been widely used for cooling of atoms in ultracold
systems. The key feature of °Li is its wide range Feshbach resonance (~ 300 G)
and it also has large photon-recoil energy compared to other alkalis, since it has
a small mass. To explain the gross structure of atomic energy levels, one has to
incorporate the nuclear spin of the atom, since electrons create a magnetic field
that interacts with the nuclear spin I. Therefore the total angular momentum of

the system given by the operator F,

A

F=J+1, (2.12)
where [ is the total nuclear angular momentum operator. The values for quantum
number F ranges all half integer values between |J —I| < F < (J+1). Therefore

the F' values for QQS% and 22P% are % and %, while that for ZQP% are %,% and %

Other optical properties of °Li are given in the table 2.1.

Table 2.1: Optical properties of the D2 line of 5Li, data is taken from [45].

Property Value
Wavelength (vacuum), A 670.977338 nm
Wavenumber (vacuum), 4= 14903.633 cm ™!
Frequency,v 446.799677 THz
Lifetime, 7 27.102 ns
Natural Linewidth, I' 36.898 x10°s71(5.8724 MHz)
Atomic Recoil velocity,vy.. 9.886776 cm.sec™!
Recoil Temperature, T,.. 3.535811 uK
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F=1.2
) 2p3), E=3/2 ‘ 4.4 MHz
10.056 GHz D2 = 670.977 nm
F=3/2
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22p1y \ ‘ 26.1 MHz
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F=372
2
22581/ \ rein | 228.2 MHz

Figure 2.3: Energy level diagram of 6Li. Energy splittings are not to scale.
This figure is adapted from [45].

2.4 Theory of laser cooling and trapping

Laser cooling and trapping of atoms based on radiation pressure force was pro-
posed in the late 70s by Ashkin [46]. The radiation pressure force arises from
the momentum exchange of photons onto the atoms resulting in a cooling effect
on atoms when they interact with photons. Laser cooling allows the atoms to
cool down to the limit of the Doppler temperature [47], Tp = 27;—2, where I' is the
linewidth of the transition and kp is the Boltzmann constant. The interaction be-
tween magnetic moments and the light fields in an inhomogeneous magnetic field
confines the atoms in the centre of the vacuum chamber, where the magnetic
field is nearly zero, the so called Magneto-Optical Trap (MOT). Laser cooling

and trapping pave the way for ultracold atomic physics including Bose-Einstein

Condensates, Fermionic quantum degeneracy and precision measurements of fun-
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damental physics.

2.4.1 Doppler cooling

Interaction of light with atoms results in the absorption and emission of photons.
In this process the incident electric field will induce a dipole moment in the
atom. The transfer of momentum from a photon to the atom occurs such that
the atom experiences a kick opposite to the direction of motion of the atom. This
momentum transfer results in a force, which is referred to as radiation pressure
force. Scattering of many photons leads to an average force, which results in
slowing of atoms. The scattering force Fi., is the product of photon momentum,
hk and the rate at which the light scattered Ry [44], which is given by,
r o

Re= -2
S

(2.13)

where 6 = w — wp + kv. Here w and wy give the laser frequency and atomic res-
onance frequency respectively. The Doppler shift and Rabi frequency are repre-
sented by kv and € respectively. The rate of scattered intensity to the saturation
intensity can be expressed as,

I 202

— == 2.14
[sat PQ ( )
Therefore the scattering force can be written as [44],
r I
F,. = hk§¢. (2.15)

I 462
1 + Isat + ﬁ

Photon scattering is an essential feature of laser cooling and trapping of atoms.
For a moving atom in the presence of two or more counter-propagating laser
beams, the Doppler effect leads to an imbalance in the direction of force due to

the difference in Doppler shifts.
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Consider a two level atom in a pair of counter propagating beams from a laser
with frequency below the atomic resonance frequency. For atoms moving in the
opposite direction to the laser beam propagation, the Doppler shift will make
the frequency appear higher, thus red-detuning the laser will shift the frequency
back towards the resonance, counteracting the Doppler shift. Therefore high
levels of scattering would occur when the red-detuned light interacts with an
atom moving against the direction of light propagation, whereas less scattering
occurs when the light interacts with an atom moving in the same direction of
the beam. Atoms moving parallel to the beam will experience a considerably
smaller force. Although these atoms will be accelerated by this smaller force, a
comparatively larger damping force acting on the atoms moving opposite to the
direction of beam propagation will decrease their velocity, and consequently their
kinetic energy, thus resulting in an overall cooling effect. Cooling of atoms occurs
if the laser frequency is smaller than the resonance frequency of the atom. The

net force is therefore given by [44],

Fmolasses = Fsc(w — Wy — ]i"U) - Fsc(w — wp + kU), (216)
oF oF
= Fsc(w - w(]) - kva - [Fsc<w - wO) + kUE]? (217>
oF
= _2—k 2.1
sw (2.18)

for low velocity (kv < T') has been assumed. The molasses force can also be

expressed as,
Fmolasses = —av, (219)

where o = —22—5& is the damping coefficient.
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2.4.2 Doppler cooling limit

In the optical molasses stage, atoms undergo absorption and emission events
which leads to the heating effect from the photon recoil. For an atom interact-
ing with two counter propagating beams the radiation forces tend to cancel each
other, however the fluctuations from these are cumulative. It is due to the fact
that the root mean square velocity of the atoms are increased during the absorp-
tion and spontaneous emission processes. Due to both events the kinetic energy
of the atom increases by 2F, and the rate at which atom get heated up can be

expressed as,

dr heat
dt

= (2Rs)(2E,). (2.20)

The rate at which the kinetic energy changes as a result of an applied cooling

beam can be expressed as,

dECOO
o L= —a?. (2.21)

A steady state can be achieved when the heating and cooling compensate each

other, therefore one can determine the equilibrium velocity by the equation,

dEtotal o dEheat + dEcool

dt dt dt

=0,= v, = 4E,Ry./a. (2.22)

Then the temperature limit due to the fluctuation can be obtained from the

equation which relates the kinetic energy and temperature, which is given as,

1 5, 1
§mveq = EkBT (223)
By substituting o = 2hk? 52;21‘22 Ry, the expression for the temperature takes the
T
form [44,48],
R (14 26/T)?
kgl = ———F—=— 2.24
b 4 —25)T (224)
The minimum temperature can be obtained when § = w —wy = —I'/2, and

is called Doppler temperature. It is the minimum temperature achievable by

Doppler cooling method. The Doppler temperature Tp is given by,

16



Chapter 2 — Theoretical background

hI’

- 2.2
T (2.25)

D

The Doppler cooling limit for the ®Li is 140 K, however the minimum tempera-
ture obtained from the experiment is 500 uK, since lithium-6 has the unresolved

excited state hyperfine levels.

2.4.3 Magneto-Optical Trap

Laser cooled atoms can be trapped in a spatial confinement generated by an
inhomogeneous magnetic field along with the appropriate arrangement of circu-
larly polarised beams, called Magneto-Optical Trap (MOT). This is a standard
technique used in many cold atom experiments. In the Magneto-optical trap,
the imbalance in the scattering forces of the laser beams due to the quadrupole
magnetic field produced by the coils strongly confines the atoms in the centre of

the magnetic field gradient where the magnetic field is nearly zero.

Energy
A

¢ beam © 0 & beam
J=1

+1 -1

J=0

>
Figure 2.4: Trapping of atoms in the MOT. The figure illustrates the trapping
of atoms in the MOT using circularly polarised beams and the quadrupole

magnetic field. The splitting of energy level J=1 to the three sublevels is also
shown here.

The quadrupole magnetic field in the MOT set up produces a uniform magnetic
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field gradient close to the zero of the field and it perturbs the energy levels
due to the Zeeman effect. This splits the hyperfine level J = 1 level to three
sublevels with m;=0,+1 as can be seen in the figure 2.4. Consider two counter
propagating circularly polarised (c+) beams along the z-direction, which are red
detuned from the resonance frequency. When the atoms are in the region z > 0,
they experience a stronger scattering from the o— beam, since m;=-1 transition
moves closer to the resonance and it pushes the atoms back towards the centre of
the trap where the magnetic field is nearly zero. Similarly for atoms in the region
where z < 0, the m;=+1 transition moves closer to the resonance and atoms
experience a stronger scattering from o+ beam and atoms are pushed towards
the trap centre. The net force experienced by the atoms depends on the frequency

detuning § = w — wy and it can be expressed as [44],

Fuor = FZ (w— kv — (wo + B2)) — FZ~ (w+ kv — (wo — 82)) (2.26)

=—av — %2. (2.28)

where [z is the Zeeman shift at a displacement z. In the case of 3D MOT, the
atoms are trapped in the centre where three sets of orthogonally polarised beams

intersect each other.

2.4.4 Dipole trapping

Along with the scattering force an atom also experiences another force called the
dipole force when it interacts with light. This has been widely used in many
experiments with ultracold atoms. A conservative force that attracts the atoms
in the high intensity region when red-detuned light interacts with atoms. The

dipole force can be expressed as [44],

—ho Q @
2 52_1_%24-%252'

Faipole = (2.29)
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The dipole force vanishes when the light is on resonance, i.e.d = 0. This dipole
force can be used to manipulate or confine atoms at the focus of a laser beam,
this technique has been used widely in optical dipole trapping, optical tweezers
and in optical lattices. In this work, the evaporative cooling is performed in
the optical dipole trap created by 1070 nm laser which is red-detuned from the
lithium-6 transition. The optical dipole trap is created by focussing a Gaussian

laser beam in the MOT chamber.

2.5 Scattering theory

Elastic and inelastic collisions play an important role in achieving quantum de-
generacy of bosons and fermions. Elastic (coherent) scattering describes a process
during which particle energy is unchanged whereas particle energy changes dur-
ing inelastic (incoherent) scattering processes. Thermalisation in trapped atomic
samples occurs by collisions, which ensures evaporative cooling of atoms. We
consider here two particles of the same mass M, interacting through the potential
V(ry — rq), as can be seen in the figure 2.5. The Hamiltonian of the system can

be expressed as,

G P

In this case, the center of mass moves as a free particle with a mass 2M and the

relative mass of the system can be represented as, m, = % So the Schrodinger

equation of scattering of two particles with an energy, E) = %’f in a potential
V(r) is given by [44],
2
(;:n + V(r)) Uy(r) = ExUy(r), (2.31)

where we assume that V(r) goes to zero when |r| goes to infinity. For |r| > b
(where b is the range of action of the potential V(r)), the solution of equation

2.31 has the following form:
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ik.r

Uy(r) ~ ™" + f(k,n,n’)

(2.32)

k

K r
k .

where n = ¥ and n’ = 7. For the lower energy limit, scattering amplitude

is independent of the directions of n and n’. It depends only on the angle ©
between the two unit vectors n and n’. In the quantum mechanical description
of low energy scattering, the solution of the Schrodinger equation can be written
as the sum of the incident wave plus the wave scattered by the potential that
expands outward from r = 0, which is given in 1D by [44],

eik.r

Wy, (r) ~ e+ f (K, 0)

, 2.33
- (2.33)
where f(k,0) is the scattering amplitude from which we can obtain the total
scattering cross section by integration. The scattering cross section is given by

the equation,

o(k) :/|f(k, 0)|?d2. (2.34)

Q
One can expand the incident and scattered wave functions on a basis set of
eigenfunctions of L2 and L., where L is the relative angular momentum and z
denotes the direction of the incident wave function. Therefore the scattering

amplitude takes the form,

1 « :
flk,0) = 5 > (20 + 1) (e — 1) Pcost, (2.35)
1=0
and the scattering cross-section,
o(k)=>_ok), (2.36)
1=0

where 0;(k) = 75 (2l + 1)sin®4;(k). For identical particles we have to take into

account the symmetrisation principle, which states that,
U(ry,ra) = eV (ry, ), (2.37)

where € = +1 for polarised bosons and -1 for polarised fermions. So the partial
waves that contribute to the scattering cross-section for bosons correspond to even
values of [ only, whereas odd values of [ contribute for fermions. As a consequence

we can write as follows:
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o(k) = % > (204 1)sin®6y(k);  for bosons (2.38)
1 even
o(k) = 8—7; (20 + 1)sin?6;(k); for fermions (2.39)
1 odd
Atom /2

r."mpact U f 2

Atom

Figure 2.5: A pair of colliding atoms. Two colliding particles having equal
mass and velocity separated by a distance rimpact take part in a scattering
process. This figure is adapted from [44].

Consider the situation of a pair of colliding atoms that have relative angular
momentum Al >~ m,Urimpact , Where v is the relative velocity and 7impact is the
impact parameter. For a collision to happen rimpace must be less than the range
of interaction, i.e., Al < m,Ury = hring/Agp. This implies that [ < 277/ Aap-
When the energy is sufficiently low so that Agg/27 > 7y and [ = 0, the atoms
have no relative angular momentum. This regime in which the scattered wave
function is a spherical wave proportional to Y- -0, is known as s-wave scattering
regime. The total s-wave scattering cross section for distinguishable particles can
be expressed as [49],

do A1 a?

o= —dQ

= — 2.40
ds2 1+ a2k’ ( )

where a is the scattering length. The cross section for low energy s-wave elastic

scattering of non-identical particles is given by,
Ofermions — 471'&2 (241)

and
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Thosons = STa’. (2.42)

Note that the elastic scattering cross section of two identical fermions becomes
zero due to anti-symmetrisation of the wave function. For bosons, the elastic
scattering cross section is twice that of fermions due to symmetrisation of the

wave function.

2.6 Feshbach resonance

A Feshbach resonance is an extraordinary property of ultracold atoms through
which one can tune the interaction between atoms by an external magnetic field.
It occurs when the energy of the colliding atoms is nearly degenerate with the
energy of a bound molecular state. Thus it is an emergent tool to study both
strongly and weakly interacting gases through the BEC-BCS crossover. For a
collision process, atoms can be specified by two different quantum numbers sep-
arated by a small distance with an internal energy E,. The atoms are prepared
in a channel with relative kinetic energy hence the total energy of the system in

the channel can be referred as,
Etotal = Ea + EKE (243)

Any channel with an energy Euganne < FEiotal is called as an open channel where
atoms are still separate atoms after the collision. A channel with energy Fepannel >
FElotar is called a closed channel where it can support two or more atoms in a bound
molecular state. The open and closed channel potential of colliding particles is

shown in the figure 2.6.

The open and closed channel potentials of colliding particles move with respect
to each other under the influence of an altering external magnetic field. Therefore

the energy difference can be expressed as [50],
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Figure 2.6: Open and closed channel potential of colliding particles. This
figure illustrates the two channel model for a Feshbach resonance.

Ec— E =A u(B — By), (2.44)

where E¢ and E are the energy of closed and open channel respectively. Here B
is the external magnetic field and By is the magnetic field at resonance position
exists, where the scattering length goes to =00. The difference between the open
and closed channel magnetic moments is given by Au. When the energy of a
closed channel bound state is resonant with the energy of the colliding particle
(Ec — E = 0), the scattering length goes to infinity. This is called a Feshbach
resonance. The scattering length can be expressed as a function of magnetic field,

which is given by [51],

a(B) = agq (1 -5 _ABO> : (2.45)

where agg is known as the background scattering length and A is width of the
resonance with By indicates the magnetic field at which the centre of the Fesh-

bach resonance occurs.
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2.6.1 Feshbach resonance in Li

Spin mixtures of lower energy states in °Li exhibits two Feshbach resonances. For
the spin mixture used, a Fehsbach resonance occurs at By = 834 G with width
of AB = 262.3G and a far narrower AB = 0.23 G, resonance has been predicted
and observed at By = 543.8 G. By measuring the binding energy close to the
resonance, a precise measurement of the wider Feshbach resonance in Li is cal-

culated as By = 832.18G [52]. The Feshbach resonance in °Li is shown in the

figure 2.7.
15000
‘ BCS side
~ 10000 - ?
: ’
il
£ 5000 - ‘ ‘
> *
o
—_— U e ——E T o
=]
c
=
@ -5000
=
@©
O
U2 -10000 - “ “
BEC side
'1 5000 T T T T T T
500 600 700 800 900 1000 1100 1200

Magnetic field (G)
Figure 2.7: Feshbach resonance in 5Li. The figure shows the tunability of the
s-wave interactions in a spin mixture of °Li atoms in the two lowest spin states
(mp = £1/2). The vertical line indicates the Feshbach resonance position at

834 G. On the y-axis, the scattering length is shown in units of the Bohr radius,
ap = 5.27 x 10711 m.

There are three different regimes in a Feshbach resonance for fermionic mixtures.

e BCS-regime: a < 0, weakly attractive Fermi gas exists. At zero tempera-

ture, ground state of the system becomes a fermionic superfluid.

e BEC-regime: a > 0, repulsive potential. Atoms in the two spin states can
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form molecules and at zero temperature these molecules can condense into

BEC.

e BEC-BCS crossover: a — oo, Feshbach resonance. The effective range of

interaction is negligible.

The existence of a Feshbach resonance opens the possibility to study the change
from a repulsive gas to an attractive one and vice versa, and the association of

atomic pairs into molecules and vice versa, which is the main content of this thesis.

2.7 Fermi gas

The advent of ultracold Fermi gases with tunable interactions provides great
challenges for many-body quantum theories. The distribution function of average
number of fermions with energy e, is,

1

. — (2.46)
exp(+) +1

Ny, Fermi =

Non-identical particles are needed to exploit s-wave interactions at lower tem-
perature. The Fermi energy of a trapped, non-interacting two component gas is

given by,
Ep = lw (3N)'?, (2.47)

where W is the geometrically averaged oscillation frequency in the harmonic trap-
ping potential and N refers to the total number of atoms in both spin states. The
energy of the highest filled state refers to the Fermi energy. The corresponding
Fermi temperature can be obtained as,

Er

Tp = —
F kBJ

(2.48)
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21.2
and the Fermi number kg follows the relation, % = FEp. For non-interacting

3
particles, kg is related to the peak number density, ng = ;% in the trap centre
and k# refers to the interaction parameter. The BEC regime follows % > 1
Fa Fa

and BCS regime follows kFLa < -1.

2.8 Bose-Einstein Condensation

Bose-Einstein Condensation is a macroscopic quantum phenomena which occurs
at temperatures on the order of nanokelvin. Atoms achieve a new quantum state
called Bose-Einstein Condensate (BEC) when the de-Broglie wavelength becomes
comparable to the inter particle spacing. The Bose-Einstein Condensation was
first theoretically predicted by Sathyandra Nath Bose for photons in 1924 and
the theory was extended to include bosonic matter particles in 1924 by Albert
Einstein. The first gaseous condensate was produced by Eric Cornell, Carl Wie-
man and colleagues in 1995. BEC occurs when the phase space density becomes

nA35 > 1 which can be expressed as,

h2 3/2
N\ =n (%mk) > 1, (2.49)
where \jp = nszQT Therefore T' can be expressed as T < 5 :;krﬂ/ 3. The

molecular BEC can be described by a wave function, which obeys the Gross-

Pitaevskii equation [53] given by,

h*v? oV (r,t
[— Wi + Var(r) + g|¥(r, t)]Q} U(r,t) = ih% (2.50)
where g = % which describes the intermolecular interactions and Vy,(r) is

the trapping potential experienced by the molecules. The first BEC in fermions
was created in 2003 with 9K [7] and ®Li, [54].
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2.9 Feshbach molecules

Feshbach resonances open a wide range of possibilities to tune interactions, which
provides the experimental realisation of molecules creation from ultracold atoms.
A few different methods have been demonstrated to create molecules from ul-
tracold atoms. Those methods are photoassociation, three-body recombination
near Feshbach resonance, coherent two-body transfer near Feshbach resonance via
magnetic field sweep, RF association and magnetic field modulation. The most
commonly used method is three body recombination near a Feshbach resonance.
The molecules created by a three body recombination process are preferentially
in a weakly bound molecular state. In a three-body recombination process, three
atoms collide and two of the atoms form a bound state releasing enough energy
to eject a third atom from the trap. Lower temperature molecules created by this
method, can then evolve into a molecular Bose-Einstein condensates. This is one
of the most efficient methods and it produces molecules having twice the atomic

polarisability.

The dynamics of Feshbach molecule creation from ultracold °Li atoms by sweep-
ing the magnetic field across the Feshbach resonance are studied in this thesis.
Feshbach resonances provide the experimental key to couple pairs of colliding
atoms into molecules and vice versa. Atoms above the Feshbach resonance (BCS
side) can be converted adiabatically into molecules on the BEC side by applying
a time dependent magnetic field and a reverse magnetic field ramp can be used
to dissociate molecules into atoms again. Weakly bound, long lived molecules
can be produced via this method. For high temperatures this process can be de-
scribed by a Landau-Zener model, which predicts a conversion efficiency of 100%
if the ramp rate is sufficiently slow. The transition probability is proportional
to 1 — e8! [55, 56], where « is a constant which can be thought of as atom-

molecule coupling strength and ,6"_1 is the inverse ramp rate. This process can
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be approximated as an adiabatic passage through a two-level avoided crossing in
which a pair of free atoms and a bound vibrational level of the diatomic molecules
are considered the two states in the process. There are different theoretical ap-
proaches to describe the dynamics of molecule creation via this method, however
a complete, detailed understanding of the process has never been achieved since
the experimental parameters like temperature are difficult to include in the theo-
retical model. A new theoretical approach developed by theoretical group in the
University of Nottingham to explain the dynamics of °Li molecular conversion
via magnetic field ramp, which is given in the chapter 6. A comparison of our
experimental results of °Li molecular conversion rate with different theoretical

models is given in the chapter 5.
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Experimental setup

This chapter describes technical details of the experimental apparatus used to
prepare a fermionic °Li atom cloud for creating Feshbach molecules via a mag-
netic field ramp. The details of cooling lasers, the dipole beam laser, vacuum
system, Lithium oven, magnetic coils and control system are explained in this
chapter. Conventional laser cooling and trapping methods are used to prepare
a cold °Li atomic cloud. The experimental setup consists of lasers and optics to
guide and shape the laser beams for the cooling, trapping and imaging of atoms.
Other essential components are the atomic source, Zeeman slower, magnetic field
coils and vacuum chambers with ion and sublimation pumping system. The
schematic diagram of the experimental setup is shown in the figure 3.1 . Most
of this particular experimental apparatus have been described in previous PhD
theses [47,49], so this chapter will focus on the new parts of the apparatus and

the main points of experimental system.
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Titanium

sublimation pump Titanium

sublimation pump

Li oven

Z beam

Figure 3.1: Experimental apparatus for cooling and trapping °Li atoms.

3.1 Laser system

There are two home built external cavity diode lasers (ECDL) used in the exper-
imental setup. One of them is used as reference laser for saturation absorption
spectroscopy and other one as imaging laser for absorption imaging of atoms.
Home built diode lasers are easy to build by fixing a laser diode into a lens tube
and a grating on a translation mount. A maximum power of 15mW can be ob-
tained from the laser at room temperature, which is more than sufficient to setup
a saturated absorption spectroscopy system with offset locking and also for an
imaging system. The grating (GH 13-18 V) mounted in front of the laser diode
is used to tune the wavelength of the laser by changing the angle of the grating.
A temperature controller is connected to the peltier element (CP 85438) and a
thermocouple (TH 10 thermistor) is attached to the laser mount for maintaining
the temperature of the laser, which yields the stability of the laser. A photograph

of the home built external cavity diode laser is given in appendix A.

The main source of light for the experiment is derived from a tapered amplifier
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laser (Toptica DLC TA Pro 670), which also includes a master diode laser. The
master diode acts as a source of seed power to the TA chip, which amplifies the
signal to give an output power of ~ 300 mW. Most of the output light from TA
Pro is used as repumper light. Some of the remaining light is used to seed a
home built tapered amplifier, which consists of TA chip attached to a home built
mount. The home built TA consists of two lenses mounted before and after the
TA chip and two peltier elements attached to mount. The output from the home
built TA is used for cooling and slower light to produce a magneto-optical trap
in the main chamber. The distributed beam powers in X, Y, and Z direction to

produce a °Li MOT in our experimental system are given in the table 3.1.

Table 3.1: Beam power for °Li Magneto-optical trap

Beam Cooler(mW) Repumper(mW)

X 33 19
Y 29 16
7 40 18
Slower 22 12

3.2 Vacuum system

Ultracold atom experiments can be performed in ultrahigh vacuum environments
only. Our experimental setup is comprised of two vacuum chambers attached
via Zeeman slower. Both vacuum chambers are pumped by an Agilent ion get-
ter pump and an additional Titanium sublimation pump. The Lithium oven is
attached to one of the chambers where an atomic beam block has been imple-
mented to block the atoms moving from this chamber to the main chamber when
it is not needed. In addition to the valve for separating the two chambers, a
Zeeman slower is also attached between them, which helps to reduce the velocity

of atoms reaching to the main chamber, ultimately improving atom loading in
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the magneto-optical trap (MOT).

The cooling and trapping of °Li atoms are performed in the main chamber under
a background pressure of < 10~ mbar, whereas the background pressure in the
Lithium oven chamber is in the range of 107® mbar. The MOT coils attached
to the main chamber produce quadrupole fields for the spatial confinement of
atomic clouds inside the main chamber. In addition to the MOT coils, Feshbach
coils are attached to the same chamber for producing high magnetic fields, which
is a homogeneous field produced on one axis in the trap region. Cooling water is
passing through these coils to transport heat due to high current away from the

coils without affecting the optical bench.

3.3 Lithium oven

The lithium oven consists of a stainless steel tube into which a few grams of chunk
Li enriched to 95 %, were placed. Electric heating wire was wound around this
tube 15 times to uniformly heat the tube to a temperature of 400° C. This setup
can provide enough flux to load 2 x 10® Li atoms into the MOT in 12-15s. A
thermocouple is attached to the oven to monitor its temperature and an insulation
covering helps to maintain the temperature inside the oven. As can be seen in
the Figure 3.2a, the oven is attached to the vacuum chamber. A sublimation
pump and an ion pump are attached to the oven chamber to maintain the high
level of vacuum, as well as a valve for attaching a roughing pump to recover this
pressure if the chamber needs to be opened. We can estimate the pressure inside
the chamber by a pressure gauge or by the current drawn from the ion pump.
A motor controlled shutter is placed to block the atomic beam when it is not

needed. A valve is attached to separate the Lithium oven from the main chamber
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in case more lithium needs to be added to the oven. A strong fluorescence in

the presence of resonant light can be observed when the oven operates at 400° C,

shown in the Figure 3.2b.

(b)

Figure 3.2: Photographs of the lithium oven. (a) Li oven wrapped in alu-
minium foil (left) and a viewing window of the oven chamber (right), (b) fluo-
rescence in the oven chamber due to resonant light.

At this temperature, the oven provides 3.7 x 10'® atoms per second which is

calculated from [57, 58],
.
Toven = ZnAV. (3.1)

where [,en gives the number of atoms per unit time passing through the area of
the oven aperture (A) at a certain temperature (7). The atomic density inside
the oven is given by n, and the mean velocity of the atoms by 7. Atomic density
(n) and mean velocity (7) of the atoms can be determined from

P
— 3.2

|8kpT
D= 3.3
v M Y ( )

where P is the vapour pressure in Torr inside the oven and M represents the

n =

mass of lithium. The vapour pressure of a gas can be obtained by the Antoine

equation [59],
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B

10g1o(P) =A- T+—C’

(3.4)

where A, B, and C are the Antoine coefficients (constants). The atomic flux

provides an adequate loading of the MOT (2 x 10%atoms in 15s).

3.4 Zeeman Slower

The normal operating temperature of the Lithium oven is 400 — 420° C, which

1

produces %Li atoms with a most probable velocity of ~ 1370 — 1390 ms~!, calcu-

%. Zeeman slowers have been used in many

lated from the expression v, =
laser cooling and trapping experiments since they reduce the velocity of the atoms
using a spatially varying magnetic field. The atoms are captured and cooled in
the MOT when they are slowed down to the capture velocity of v, ~ 230 ms™!,
given by v, = (%)1/ 2, where D is the MOT laser beam diameter and F'p.x

is the maximum force that a beam of any intensity can impart upon an atom,

which is given by F.x = h/{;g

As described in the thesis by S.Warriar [47], the Zeeman slower is divided into
nine sections of coil windings (along the axis of the slower), over a variable number
of layers (radially outwards from the axis of the slower). The optimised parame-
ters of Zeeman slower result in a mean atomic velocity of ~ 158 ms™!, within the
capture velocity calculated. The atoms that are captured by the Zeeman slower
experience a counter propagating beam called slower beam that is red-detuned
from resonance. The optimum current for the Zeeman slower is 8.1 A, which was

characterised and studied in our experimental system [47].
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3.5 Magnetic field coils

Magnetic field gradients generated by current carrying coils cause a splitting in
the atomic energy levels which, when used in combination with Doppler cooling
lasers, provides spatial confinement for atoms in the MOT. Five pairs of magnetic
field coils are used in the experimental setup. One pair of magnetic field coils
in anti-Helmholtz configuration produces the magnetic field gradient in the main
chamber where laser cooled atoms are trapped. These MOT coils run a current of
40 A and produce a magnetic field gradient of 0.488 G ecm™'A~! [47]. Other three
pairs of magnetic field coils are called compensation coils, in which the current
runs though these coils in a parallel formation creating a homogeneous magnetic
field around the trap region so that one can change the position of the MOT in

three axes by independently adjusting the current passing through these coils.

Another pair of magnetic field coils in Helmholtz configuration is used to produce
an offset magnetic field to tune the interaction of atoms by changing the magnetic
field in proximity to a Feshbach resonance. These coils are known as Feshbach
coils, which create a field strength of 2.7 GA~! at the centre of the main chamber

with a magnetic field gradient of 2mGAtem™!.

The experiments on strongly
interacting Fermi gas need to be performed in a high magnetic fields, where the
nuclear spin essentially decouples from the electron spin. The Feshbach coils in
our system can be used to generate more than 1000 G, so that one can easily
cover the full range of interest for the creation of °Li, Feshbach molecules. The

current required for these magnetic fields quickly heats up the coils, so water is

circulated through them.
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3.6 Dipole laser setup

An equal mixture of spin half °Li atoms (F = 1/2,my = +1) are trapped using a
dipole potential created by a far red-detuned laser beam, which is passed through
the main chamber twice such that it crosses itself at an angle of 14°. This crossed
dipole trap is formed using a 100 W, 1070 nm beam produced by an IPG Photonics
YLP-100-LP-AC fibre laser, with each beam focused to a waist of 80 um. The
dipole trap setup consists of an acousto-optic modulator (AOM) for controlling
the power in the beam by allowing the first order beam to pass through the system.
The crossed beam trap depth is calculated for 100 W, is g—; = 0.96 mK [47].

Figure 3.3: Dipole trap created in the experimental setup. The figure shows
an absorption image of dipole trap on the vertical imaging screen taken by the
Manta camera. The image is taken using a high field imaging technique at
860 G.

The dipole beam path has different electronic and optical components to shape
and guide the beam into the main chamber. The output beam from the IPG laser
source passes through an AOM, where the power of the beam is being controlled
in the lower power regime (< 20 W) using a feedback circuit. The first order beam
is directed to the main chamber and focused down in the middle of the magnetic
trap position determined by a method explained in the chapter 4. Both ingoing
and return beam are focused down by using a f = 125mm gradient index lens

(LightPath Technologies, GRADIUM) and they cross each other at the centre
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of main chamber to form a much deeper dipole potential than one beam alone,

where atoms can be trapped and studied (as seen in figure 4.9).

M4

Half wave plate

D v
AOM driver
Main chamber
Beam dump
\ 4
IPG Laser
M1

N

alf wave plate

Figure 3.4: The schematic diagram of dipole trap setup.

The feedback mechanism is controlled by an electronic circuit which comprises of
a photodiode, comparator circuit and a PID card (Proportional Integration Dif-
ferential card) as seen in the schematic digram of the dipole trap setup in figure
3.4. A small part of the return beam is taken to a photodiode and the signal is
then compared with a set point in the comparator circuit which is connected to

a PID card. The output of the PID card is connected to the AOM driver box,
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where the power of the beam is controlled. The AOM driver box consists of two
AOM controllers which are called primary and secondary AOM controllers. The
output of the AOM is adjusted accordingly. Half wave plates are used in the
optics since orthogonally polarised light helps to prevent atom loss from the trap

due to Raman scattering processes.

The IPG laser can be controlled by its software interface as well as by the exper-
imental sequence in which the power of the beam can be controlled at different

stages of the experiment. The calibration of the beam power is shown in figures

3.5 and 3.6.

100~ 2

80 e~

60 1 &

40 A ,.'/

Output power (W)
)

0 2 4 6 8 10
Applied voltage to control
IPG laser current (V)

Figure 3.5: IPG output power calibration by changing the current passing
through it.
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Figure 3.6: IPG power calibration by AOM control voltage. IPG power cal-
ibration by AOM control voltage in the lower power regime (< 20W). The
primary AOM value is changed by fixing the secondary AOM value at 2.5V.
The error of each data point is calculated from three measurements and they
are too small.

3.7 Control system

The experiment is controlled by a computer interface program called Pyplayer,
which is programmed in C™* and Python. This program takes the control of the
National Instruments PXIe-8130 controller, which communicates to the hardware
through its add on digital and analogue output cards. This controls most of the
electronic and optical components which are needed for the smooth operation of
the experiment. The Pyplayer provides an output signal defined with a temporal
resolution of 1 us and a voltage regulation of 16 bits spanning from -10V to 10 V.
The controller and the program are easy to conceptualise and help to implement
adding and removing different stages in the experiment through digital and ana-

logue channels. The client program was developed by previous PhD students
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who worked on this project. Further details of the program are given in M. D.
Jones thesis [60]. A screen shot of experimental stages in Pyplayer is shown in

the figure 3.7.
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schematic of experimental steps in Pyplayer with desired outputs for each digital
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Chapter 4

Experimental methods

The aim of the experiment is to create bosonic Feshbach molecules from fermionic
6Li atoms. This chapter focuses on experimental techniques of laser cooling, load-
ing and trapping %Li atoms into the dipole trap, and details the further steps
carried out to improve phase space density of the atomic cloud by evaporative
cooling. Finally, the steps involved in the conversion of fermionic atoms into
molecules by sweeping the magnetic field across a Feshbach resonance are also

reviewed.

4.1 Laser cooling and trapping

Conventional laser cooling and trapping methods are used in our experimental
setup. These methods include Zeeman slowing, an optical molasses stage, MOT
compression, optical dipole trapping followed by evaporative cooling methods,
and absorption imaging. The first step in the experiment involves cooling atoms
down to temperatures ranging from milli kelvin to micro kelvin. Laser cooling
of atoms is based on the Doppler effect. The oscillating electric field of the laser

induces a dipole moment opposite to the direction of atoms, which results in de-
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creasing velocity of atoms and cooling them at a position where the magnetic field
gradient is nearly zero. The Spatial confinement of atoms introduced by the mag-
netic field and photon scattering via polarisation of the beams is used to create
an atomic cloud, so called magneto-optical trap (MOT). A Toptica TA Pro laser
is used to produce light that optically couples the cooling and re-pumper transi-
tion of %Li, as required for cooling and trapping of atoms in the MOT. The laser
beam passes through acousto-optic modulators (AOMs), which detunes the light
by -114 MHz and +114 MHz for the cooler and re-pumper beams respectively. An
additional laser frequency shift has to be provided for the Zeeman slower from
the cooler beam, which is then called the slower beam. This is done by applying

a further AOM which shift the frequency by -80 MHz from the cooling light.

4.1.1 Optical molasses

Initially, 5 grams of solid (chunk) °Li were placed in the oven which is operated in
the temperature range of 400-420°C, produces atoms with velocity of 1300 ms~!.
The atoms are then slowed by the Zeeman slower consisting of coils of wire with
a tapered density along the axis of the beam propagation (z-direction). This pro-
duces a B-field with a varying magnitude along the z-direction. The scattering
of photon along the slower results in a reduction of the atomic velocity. The
spatially varying Zeeman shift of the resonant frequency enables lower velocity
classes of atoms to be resonant with the slower beam even when the velocity of the
atoms changes. Cooling and trapping in the magneto-optical trap is performed
in the main chamber where cooler and re-pumper beams intersect and interact
with the atoms. Six counter propagating circularly polarised beams interact with

the atoms and form a cold atomic cloud in the centre of the main chamber, this

stage is called the optical molasses stage.
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4.1.2 Magneto-optical trap (MOT)

RA
"
o O
—— Do
T

Z beam

Y beam

Figure 4.1: Schematic diagram of laser cooling and trapping. The current,
which passes through the MOT coils provides a gradient in the magnetic field
at the centre of the main chamber, where laser cooled atoms can be trapped
and studied. Three counter propagating circularly polarised beams in three
directions also help to confine the atoms in the region, where the magnetic field
gradient is nearly zero.

The Magneto-optical trap (MOT) is a method to provide a spatial confinement
for the atoms by inhomogeneous magnetic field to produce trapped atoms. A
quadrupole magnetic field created by a pair of anti-Helmoltz coils can produce a
gradient in magnetic field inside the vaccum chamber. Along with three counter
propagating laser beams atoms will be trapped in the region of zero magnetic field.
The trapped, cold ensemble of atoms can be produced and atoms can have the
temperature below 1 milli kelvin to several hundred micro kelvin. The apparatus
uses the magnetic field gradient produced by the magnetic coils called MOT coils
in anti-Helmholtz configuration. The circularly polarised light provides a spatial
dependence of the spontaneous force, which confines the atoms into the region
where the gradient of magnetic field is nearly zero. The schematic diagram of

MOT apparatus is illustrated in the figure 4.1. The figure 4.2 is a photograph of

44



Chapter 4 — Experimental methods

the °Li MOT loading through one of the view ports of main chamber.

Figure 4.2: 5Li MOT through a view port into the main chamber. The bright
spot inside the chamber is the fluorescence of the atomic cloud during MOT
loading.

4.1.3 SLi MOT compression

A high density, lower temperature atomic cloud is needed for an efficient transfer
of atoms into the dipole trap. To increase the density of the atomic cloud, while
cooling it further to 500 uK, a MOT compression process is implemented. Differ-
ent methods can be used to reduce the atom cloud temperature. Since the excited
state (22P3 /2) of SLi atom is unresolved, sympathetic cooling is not possible in
the current experimental system. During the MOT loading stage the cooler and
re-pumper beams are set to be resonant with the transitions F' = 3/2 — F' = 5/2
and F' = 1/2 — F’ = 3/2 respectively. The MOT compression stage helps to re-
duce the cloud temperature from 2000u/K to 500K in the current experimental
setup. This stage involves simultaneously ramping down the cooler and re-pumper
beam powers using the AOMs and also ramping down the magnetic field gradi-
ent. During MOT compression process, the detuning of the MOT beam changes
from -32.2 MHz (-5.48T") to -4 MHz (-0.6I"), the density of the atoms increases

and the cloud temperature decreases as the detuning is ramped close to —g, such
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that it reaches the minimum temperature and also increases phase space density
of atoms. The minimum temperature limit is called Doppler temperature, which
is 140 uK for °Li. In the final stage of the MOT compression, the re-pumper
beam power is set to be ramping down slower than the cooler beam power in
order to make sure that most of the atoms are prepared in the lower hyperfine
manifold F' = %,mF = i%. Therefore both mp = :I:% are populated equally
at the end of MOT compression process. In order to exploit s-wave interactions
at ultralow temperature, non-identical particles need to be created. The dipole
beam is turned on one second before the final stage of the MOT compression
when the MOT beams turn off, providing an efficient transfer of atoms into the
dipole trap. The optimisation of MOT loading and compression parameters has
to be carefully performed in order to increase the density and lowering the tem-
perature, while retaining a large amount of atoms collected before the MOT. The
optimisation of the MOT loading time and the MOT loading detuning for the
current experimental setup is shown in the figure 4.3. The optimum loading time
for °Li MOT is chosen to be 15s and the MOT loading detuning value is chosen
where more number of atoms are loaded in the MOT. For the compression phase,
The final detuning value is chosen by scanning the detuning values and set to be
-4 MHz, where the maximum atom number is obtained in the MOT compression
stage as shown in the figure 4.4(a). The absorption image of a compressed °Li

MOT is shown in the figure 4.4.
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Figure 4.3: Optimisation of °Li MOT. The %Li MOT loading time (a) and %Li
MOT loading detuning (b). In both cases, the error bars are the standard error
of three measurements.
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Figure 4.4: The °Li MOT compression final detuning and an absorption im-
age of compressed Li MOT. The graph shows the optimisation of °Li MOT
compression final detuning (a). The error bars are the standard error of three
measurements. The second figure is an absorption image of a compressed MOT
containing 2 x 108 SLi atoms (b) on the horizontal imaging screen taken by
CCD camera.

4.2 Evaporative cooling methods

Evaporative cooling methods are used to increase the phase space density in a

conservative potential by further reducing the temperature of the cold atomic

sample. The first method is plain evaporation, in which the system allows high
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energy particles to escape by holding the atoms in the highly focused beam with-
out changing the trapping potential. The dipole beam provided by the IPG
laser, which is switched on at the end of the MOT compression stage and an
optical power of 100 W is held atoms for 1.2s to allow for plain evaporation to
occur, resulting in a temperature of 200 uK in the cloud. The atom number
and temperature of the cold sample by varying the duration of the plain evapora-

tive cooling phase at 100 W of optical dipole trap power is shown in the figure 4.5.

The second method is forced evaporation, by reducing the trap depth by decreas-
ing the power in the dipole beam. Forced evaporation has to be performed slow
enough such that the atomic cloud can rethermalise. This includes current evap-
oration followed by AOM (Acousto optic modulator) evaporation. The current
evaporation method involves lowering the dipole laser current directly whereas
during the AOM evaporation, we lower down the output power of the dipole
beams by reducing the diffracted power through the AOM. During the current
evaporation stage, the dipole beam power is ramped down from 100 W to 34 W
in 1000 ms by reducing the current of the IPG laser linearly. This process helps
to decrease the temperature of the cloud to 63 uK. The third method used in
the experiment is called AOM evaporative cooling. This involves exponentially
lowering the trap depth step by step and then holding the atoms in the final trap
depth (~ 12.1 uKW™!) for 200 ms. During the evaporative cooling process, the
temperature of the cloud can be varied from 200 K to 100 nK depending on the
final AOM value. Primary and secondary AOM controllers are used to control
the beam power in the lower power range (< 34 W). The feedback circuit used in
the dipole trap setup controls and improves the stability of the output beam in
the lower range of power. All three methods of evaporative cooling are shown in
the figure 4.6(a). After evaporation cooling, we prepare about ~ 2 x 10° atoms at

temperatures of 100 nK. The atom number and cloud temperature can be varied
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according to the desired final power in the dipole trap. The absorption image of

atomic cloud after evaporative cooling is shown in the figure 4.6(b).
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Figure 4.5: Atom number and temperature of atomic cloud at different plain
evaporation time. Atom number at different plain evaporation time (a) and
temperature of atom cloud for varying duration of plain evaporative cooling at
100 W of optical power (b).
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Figure 4.6: Dipole beam power during evaporative cooling methods (a) and
absorption image of atoms after AOM evaporative cooling (b). The figure (a)
shows the change in dipole beam power during evaporative cooling process cap-
tured by a photodiode. The absorption image of the cloud taken after a fall
time of 1.5ms and the temperature of the atomic cloud is determined to be
517 nK.
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4.3 Absorption imaging

Fluorescence imaging and absorption imaging techniques are suitable for MOT
imaging. The former method can be considered non-destructive since it uses light
scattered from the MOT, whereas the latter one is a destructive method, since it
destroys the cloud through absorption of photons by atoms. The implementation
of absorption imaging is relatively straight forward and it allows one to measure
atom number, size, density distribution and temperature of the cloud. One of the
home-built ECDL lasers is used for absorption imaging, detuned -110 MHz from
the transition where the the frequency of the imaging laser is set to be resonant
with a cyclic atomic transition, F' = % — F' = g The resonant laser beam is
impinged onto the atomic cloud and the transmitted light through the atomic
cloud is detected for the imaging process. There are two CCD (charge-coupled
device) based cameras to take images of the atomic cloud, one in horizontal and
another in the vertical direction. The camera Guppy F-038-B is used for the hor-
izontal imaging set up, which has a magnification of 0.48 whereas a magnification

of 3.333 is used by the vertical imaging system, in which a Manta-G235B is used
for taking images of the atomic cloud in high fields.

Three images are taken during the absorption imaging process, the first image
is with atoms, blasting them away, the second image is taken with just the light
after the atoms have dissipated, and the third one is the background image, with
no light and no atoms. Consider a situation with an on-resonance imaging beam
interacting with a cloud of atoms. The probability of a photon is absorbed within

an infinitesimal distance can be determined by the expression,

oI(x,y, 2)

= — 4.1
S5 —on(w,y,2) (1.1

where o and n(x,y, z) are the absorption cross section and the spatial density

of the atoms in three dimensions respectively. When the imaging beam passes
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through the cloud, the light intensity is damped exponentially, which can be

calculated by the equation given below,

I(z,y,2) = Ipexp (—a/ n(x/,y,z)dx/) = Jpe 9P, (4.2)
0

The optical density ODy,..) is given by,

/

ODyy..) = 0/ n(z',y, 2)dz . (4.3)
0

From these equations, one can determine the total number of atoms, which is

N = ///n(x,y,z)dxdydz = 1// ODy,dydz. (4.4)
o

Two methods have been used to calculate the last double integral in the equation.

given by,

One method is Gaussian fitting on the image profile and the second one uses
imaging from a sum of pixel values. Our CCD cameras are set to take three
images in consecutive intervals such that they take an image with atoms referred
to as I(y, z)(RAW), the image taken after all the atoms have dissipated is referred
to as Io(y, 2)(REF) and third one is a background image (BCKGRD). The figures
in 4.7 show examples of three consecutive images taken during absorption imaging
of Li MOT. The optical density obtained from these images is given by,

I(y,z) _lnRAW—BCKGRD
I(y,2) REF-BCKGRD

OD(y,z) = —In (4.5)

The absorption image of a compressed °Li MOT is shown in the figure 4.8.
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(a) (b) (c)

Figure 4.7: Three consecutive images taken by CCD camera during absorption
imaging of compressed MOT.
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Figure 4.8: Absorption image of 5Li MOT on the horizontal imaging screen.

4.3.1 High magnetic field imaging

The interaction of atoms with a magnetic field turns over into the high-field regime
even at quite moderate magnetic field. In this case the Zeeman energy becomes
larger than the hyperfine interaction energy and the nuclear spin essentially de-
couples from the electron spin. The imaging transitions will shift in frequency
when the energy of the atomic states is shifted due to an external magnetic field.

One of the imaging systems in our experimental set up is used to take images of
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atomic clouds at high magnetic field produced by Feshbach coils. In the low field
regime, re-pumper light is needed to keep the atoms in the desired cyclic transi-
tion. However the transition becomes closed above 200 G and absorption imaging
can be performed without the need of re-pumper light. An offset circuit consisting
of two voltage controlled oscillators (VCOs) allows the imaging system to per-
form both low-field and high-field imaging. The high-field VCO gives a detuning
ranging from -600 MHz to -1230 MHz, which covers the imaging of atoms inter-
acting with magnetic fields varying from 450 G to 950 G. The absorption images
of dipole trapped atoms in the low-field and high-field are shown in the figure 4.9.

500 1000 1500

(a) (b)

Figure 4.9: Absorption images of atoms held in the optical dipole trap after
plain evaporative cooling from (a) the horizontal camera in the low-field regime
and (b) the vertical camera in the high-field regime. The image shows 10° atoms
trapped in the dipole trap. The X and Y scales are in mm.

4.4 Temperature measurements

Time of flight (TOF) imaging is the standard technique to measure the temper-
ature of an atomic cloud. This method involves thermal expansion of the cloud
by releasing the atoms from the trap and imaging after different fall times. By
assuming the atomic cloud is spherically symmetric, the Gaussian radius of the

ballistically expanded cloud can be estimated by [61]
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oy = \/ 02 + 02t (4.6)

where o, stands for Gaussian radius of the velocity distribution associated with
the temperature. The initial cloud radius and the radius after a fall time of ¢ are
represented by oy and o; respectively. The plot of o2 versus t? will be a straight
line for sufficiently long time of flights and the slope of the straight line gives the
temperature of the atomic cloud which can be obtained from the equation,

M,

T=252
fep v

(4.7)

where M is the mass of the lithium atoms and kg is the Boltzmann constant.

The temperature measurement of °Li MOT is shown in figures 4.10 and 4.11.

Figure 4.10: Time of flight images of the 5Li MOT.
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Figure 4.11: A plot of size vs time graph to calculate the temperature of the
MOT by TOF method.
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4.5 Zero-crossing measurements
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Figure 4.12: Zero-crossing measurement in °Li. The fraction of atoms surviv-
ing after 5 seconds of hold duration is plotted against magnetic field.

In order to use a Feshbach resonance for our experiments, we need to calibrate
the coils that we are using to generate the Bfield. The magnetic field at which a
Feshbach resonance occurs is difficult to determine due to the infinite scattering
length, whereas the magnetic field at which the scattering length crosses zero
can be accurately determined. Scattering length zero-crossings can be used to
calibrate the high magnetic field generated by varying currents passing through
the Feshbach coils. A scattering length zero-crossing in °Li was determined at a
value close to 528 G [62]. For this measurements, plain evaporation takes place
when the atoms are transferred into the dipole trap and held over long time scale
~bHs. However, at zero scattering length thermalisation is suppressed leading to
a reduction in plain evaporation, and a large number of atoms remain in the
dipole trap. The magnetic field at which more atoms are trapped after long hold
durations in the dipole trap gives the value of zero scattering length, which corre-
sponds to 528 G in °Li. The figure 4.12 shows a plot of the fraction of atoms that
were present in the dipole trap after 1 second hold duration, that survived until 5

seconds of hold time, vs magnetic field maintained throughout the hold duration.
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An increase of the surviving fraction can be seen from the peak detected at 528 G.
The conversion factor from magnetic field to the current in the coil controlled by
sequence (which corresponds to the voltage value in the sequence) is found to be

226.31G/V.

4.6 Magnetic trap

Magnetic trap provides a force that moves the atomic cloud to where the mag-
netic field gradient is nearly zero. Determining the position of the magnetic trap
is an important step in this experiment. This can be measured by creating a
magnetic trap by connecting the Feshbach coils in anti-Helmholtz configuration.
Magnetic trap is used to confine low temperature atomic cloud produced by laser
cooling technique. The aim of the experiment is to study the dynamics of Fesh-
bach molecules creation from fermionic atoms via magnetic field ramp across the
Feshbach resonance. Generating homogeneous magnetic field in the same position
as that of magnetic trap centre is needed to create bosonic %Li molecules from
fermionic atoms via magnetic field ramp. The homogeneous magnetic field can be
produced by connecting Feshbach coils in Helmholtz configuration. Absorption
images of magnetic trap in both horizontal and vertical imaging give the position
of the magnetic trap. The dipole beams are then aligned such that they cross
each other at the centre of the magnetic trap. The absorption image of magnetic

trap on horizontal imaging screen is shown in the figure 4.13.
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Figure 4.13: Absorption image of a magnetic trap in the horizontal imaging
screen. The x and y scale are in millimetre. The loading time for magnetic trap
is chosen to be 100 ms for precise measurement of the magnetic trap centre.

4.7 Lifetime measurements of atoms in the dipole
trap

The lifetime of atoms in the dipole trap is limited by collisional losses. One-body
loss dominates for lower density and the lifetime of atoms in the trap relies on
collisions with background gases. In the case of higher atom densities, two-body
losses and three-body losses limit the lifetime of atoms in the trap. Two-body
losses involve radiative escape, fine structure and hyperfine structure changing
collisions, whereas three-body losses occur when the gas is close to degeneracy.
The life time of atoms in the dipole trap can be determined by the loss of atoms
after holding the atoms for long duration, then the life time can be measured
from the exponential decay of the number of trapped atoms. The exponential

decay can be expressed by the equation,

dN(t)
———= = —al. 4.8
o a (4.8)
The solution to the equation 4.8 is,
N(t) = Noe~*" + offset. (4.9)
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Here N(t) is the trapped atom number at a time ¢ and Nj is the initial number of
atoms in the trap. The lifetime of trapped atoms (7) relates to the decay rate «
which is given by the expression, 7 = é Then the equation 4.9 can be rewritten

as,
N(t) = Noe /™ + offset. (4.10)

The experimental data can be fitted with the exponential decay function and
one can determine the lifetime of trapped atoms by calculating % of initial atom
number in the trap. The lifetime of atoms after AOM evaporative cooling is
found to be 19.08245.158 s, which is determined by fitting the number of atoms
reduced after holding them in a dipole trap, which is plotted and shown in the
figure 4.14.
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Figure 4.14: Lifetime measurement of atoms in the dipole trap after AOM
evaporative cooling. The temperature of the cloud is 1.5 uK and the measure-
ment was taken at 773.5 G.

4.8 Trapping frequency measurement

Elastic and inelastic collisions play a major role in thermalisation of atoms in

the dipole trap. S-wave collisions are forbidden for fermions which decreases the
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scattering rate at lower temperature. But fermions in different internal states
interact with each other and the interactions reach their maximum at a unitary
limit. The collisional parameter ® can be defined as & = g, where I' is the
scattering rate, and w is the trapping frequency. The scattering rate I' can be
calculated from the equation I' = nov, where n, o and v are density of scatterers,
scattering cross-section and average velocity of atoms respectively. The harmonic
potential of an ideal Fermi gas is given by,

1 1 1
Vio = §mwxa72 + §mwyy2 + §mw222. (4.11)

Here, w,, w, and w, are the trapping frequencies in x, y, and z directions respec-
tively. The geometrical average of the three trapping frequencies can be expressed
as, Whe = (wxwywz)l/ 3. Two different methods have been used to measure trap-
ping frequencies in a cold ensemble. The breathing mode oscillations is used to
calculate the radial trap frequency whereas the longitudinal trap frequency mea-
surements are performed by centre of mass oscillations. In order to calculate the
radial frequency, the atomic cloud is disturbed by a sudden change in the trap-
ping potential, which provides breathing mode oscillation in the system. The size
of the cloud oscillates at twice the trapping frequency. The cloud size measure-
ments are taken at different hold times after the trapping potential change. This
method gives a size vs time graph with a damping sine function, the frequency of
this oscillation in the size of the atomic cloud gives twice the trapping frequency
at provided trap depth. In the centre of mass oscillation method, trap depth is
increased very briefly results in centre of mass oscillations and then position vs
time graph can be obtained by changing the hold time after the kick in the trap
depth. The graph is fitted with a sine function (as can be seen in the figure 4.16)
and the trapping frequency is calculated from it. The plots to describe the two

methods used for trapping frequency measurements are given in the figure 4.15.
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Figure 4.15: Breathing mode oscillation method (a) and Centre of mass os-
cillation method (b).
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Figure 4.16: Position vs time graph obtained from centre of mass oscillation
method.

4.9 In-situ Imaging and cloud size measurements

In-situ images have been used to obtain spatial density profiles of the atomic cloud
from which one can determine condensate fraction of a molecular BEC, tempera-
ture and chemical potential of the cloud. The 5Liy molecular BEC (mBEC) can be
produced in our experimental setup and images of the same are taken by in-situ

imaging technique in which images are taken without fall time. In-situ images of

60



Chapter 4 — Experimental methods

the mBEC are characterised by a bimodal spatial distribution that represents a
narrow condensed fraction and a broader thermal distribution, which have studied
in details in P. Jouve’s thesis [63]. In this experiment, in-situ imaging is performed
over time of flight imaging to determine the cloud size and mean density of the
atomic cloud in its initial state before performing magnetic field ramp for creation
of Feshbach molecules. The cloud size is determined by fitting the spatial profile
of the atomic cloud with a Gaussian function, f(z) = Aexp (—(z — u)?/20?) in
x direction. The fitting parameter o (standard deviation) can be obtained from
the curve fitting, which gives the RMS width of the cloud. The half width half
maximum (HWHM) can be calculated by multiplying o with a factor of 1.1775.
The spatial distribution obtained from an in-situ image of atomic cloud at 860 G

is shown in the figure 4.17.
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Figure 4.17: Spatial distribution obtained from an In-situ image of the atomic
cloud at 860 G. The temperature of the cloud is 600 nK and the calculated
HWHM is 9.49 x1075 mm.
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4.10 Creation of Feshbach molecule

There are different methods to produce Feshbach molecules from fermionic °Li
atoms. Two methods that are possible in our current experimental setup are the
creation of mBEC via three-body collisions in the BEC side of the Feshbach reso-
nance [64,65], and creation of °Li molecules via magnetoassociation [36-38]. The
first method involves loading the °Li mixture of two spin states in the elliptical
shaped dipole trap created by IPG laser and holding the atoms to the BEC limit
of the Feshabch resonance during the evaporative cooling process. The molecules
are formed by three-body recombination when the temperature of the cloud be-

12). More detailed

ma?

comes comparable to the molecular binding energy (Fj, =
studies on °Li, mBEC and in-situ imaging of mBEC are given in P. Jouve’s the-

sis [63].

This thesis work focuses on the creation of ultracold Liy molecules from fermionic
atoms by sweeping the magnetic field across a Feshbach resonance. The Feshbach
resonance can be used as a tool for controlling interactions in ultracold bosonic
and fermionic gases. The experiments are performed on mixture of two different
spin states. It is possible to transfer mixture of lower energy states |1/2,—1/2)
and |1/2,1/2) into weakly bound Lis molecules by scanning over a Feshbach res-
onance from the region of attractive interaction to a repulsive regime. Using our
current experimental setup we can prepare an equal mixture of [1/2, —1/2) and
|1/2,1/2) atoms in the dipole trap at 860.6 G, thus placing the atoms on the BCS
side of the Feshbach resonance. The magnetic field is then ramped linearly from
860.6 G to the BEC side of the Feshbach resonance (707 G). The linear magnetic
field ramp from 860.6 G to 707 G, which is represented by the current passes
through Feshbach coils collected through current transducer attached to the coils
is shown in the figure 4.18. During the magnetic field sweep, some fermionic

atoms associate into Feshbach molecules, which can be determined by the ab-
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sorption imaging of remaining atoms at 707 G. This gives the unassociated atoms
from which one can calculate fraction of atoms that are converted into Feshbach
molecules. Detailed experimental studies on the creation of 5Li, molecules from

fermionic atoms via magnetic field ramp method is given in chapter 5.
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Figure 4.18: Feshbach coil ramping. Oscilloscope signals represents the mag-
netic field ramping from 860.6 G to 707 G. The blue line represents the input
signal given to the Fshbach coil power supply whereas the red line is the output
signal from current transducer, which is attached to the Feshbach coils.
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Chapter 5

Feshbach molecule formation in

Lithium-6

This chapter provides the experimental realisation of Feshbach molecules creation
from fermionic %Li spin mixtures by sweeping the magnetic field through a Fes-
hbach resonance. The dependence of the creation of %Li Feshbach molecule as
a function of the initial cloud temperature, mean density, ramp rate and final
magnetic field are given in this chapter. The theoretical approaches to describe
the dynamics of the molecule formation from fermionic atoms via a magnetic field
ramp are also outlined here. The comparison of existing theoretical models to
the experimental data is studied and the experimental method to determine the

lifetime of Feshbach molecules is presented in the last section.

5.1 Feshbach molecule formation via magnetic
field ramp

Fermionic atoms can be transferred into bosonic molecules by a sweep of magnetic

field across a Feshbach resonance in cold and ultracold atomic systems [66]. Long
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lived, energetically stable and vibrationally excited molecules can be prepared by
this method. The process is based on magneto-association and is reversible,
therefore one can transform molecules back into atoms by reversing the magnetic
field ramp [67]. Theoretical and experimental studies on these systems provide
new insights due to their exotic properties such as unitary dynamics and strong

Interactions.

The detailed study on dynamics of molecular production via linear downward
sweep of magnetic field through a Feshbach resonance is interesting. The pro-
cesses are not yet fully understood theoretically, a detailed experimental study
is needed especially in the low-temperature regime where the existing overlap
of atomic and molecular wave functions have the potential to enable additional,
coherent coupling processes. The study on this topic is demanding since the
complexity to incorporate all experimental parameters in the theoretical stud-
ies. There are several theoretical approaches to predict the conversion efficiency
of molecules in cold and ultracold atomic systems [68-70]. The Landau-Zener
model gives an explanation for this process at high temperatures, where a pair
of atoms is converted into exactly one molecule [71]. The Landau-Zener model
can be applied to isolated pairs of atoms. In the research work [70], it is pre-
dicted that for a large particle number, the power law can be used to describe
the process. The existing experimental data is not precise enough to distinguish

between the two models.

5.1.1 Theoretical and experimental studies on Feshbach

molecules

Theoretical and experimental studies on Feshabch molecules created via magneto-

association have opened up an exciting regime of BEC-BCS crossover and strong
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interactions. The formation process is however not fully clear and there are differ-
ent theoretical models available. A theoretical study predicts that the molecule
formation is based on two-body interaction and the conversion efficiency is de-
pending on the phase space density [72]. On the other hand, a theoretical model
has been introduced [68], that treats the bosonic molecules as a classical field
and seeding the pairing amplitudes with random phases. It has been predicted
and observed that the atom-molecule conversion efficiency is limited by the ini-
tial temperature of the Fermi gas. Lifetime of ~ 1s has been reported in an
experimental system, which was studied on °Li narrow Feshbach resonance at
~ 543G [73]. A theoretical explanation for the molecular creation process is
given by considering multiple collisions per atom during the magnetic ramp [69].
One of the key points in this paper is, that the effective adiabatic rate constant is
proportional to the initial phase space density. It also states that, when the ramp
time (tyamp)>> average time between collisions (7.1), multiple collisions occur on
an atom during the magnetic field ramp, so the LZ model cannot be applicable in
this case. But in the case of t;amp << 7eol, an individual atom will undergo at most
a single collision with its nearest neighbour atom such that the LZ model can be
applied to the isolated pairs of atoms in ultracold mixtures. The expression for

Teol 18 Teol & ﬁ, the derivation is given in Appendix B.

5.2 Theoretical approach on Feshbach molecule

creation via magnetic field ramp

5.2.1 Landau-Zener model

A Landau-Zener model can be used to predict the efficiency of the association

of atoms into ultracold molecules when a linear magnetic field sweeps across a
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Feshbach resonance. During the ramping of the magnetic field strength B(t), the
energy of the resonance state changes linearly in time. According to a many-body
configuration interaction approach, the energy of a system that changes with time

can be expressed as [74],

B (B(0) = B+ |2 (5| [ ) - t) )

where %, refers to the time at which the energy of the resonance state reaches
the dissociation threshold energy of the open channel, i.e. when B(tes) = Bhes
and FEyes(Bres) = Eo. The final populations can be determined by the Landau-
Zener formula assuming a linear crossing of the Feshbach resonance with the
initial populations, |Co(#;)|> = 1 and |Cres(t;)|*> = 0. The final populations are
represented as |Co(t7)]? and |Cres(t4)[?, which are given by the equations,

Co(ty)|* = e >mr2 (5.2)
|Cres(t5)|? = 1 — e~ 27012 (5.3)

in the limits ¢; — —oo and t; — o0o. Here 17 represents the Landau-Zener pa-
rameter, which is the main parameter that controls the molecular efficiency. This
was determined by F.H. Mies.et al. in 2000 [37]. The Landau-Zener parameter

can be expressed as,

(N — 1)4mh|apg||AB|

(5.4)
Vin|E (feo)|

5LZ =

Here N refers to the number of atoms in sample volume V. The Landau-Zener
parameter depends on the background scattering length ay,g, the resonance width
AB and the ramp speed %(tresﬂ. In the adiabatic limit, the LZ model predicts

that the probability of finding the atom pair in a bound molecular state is unity.
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5.2.2 Power-law approach

A theoretical model was developed for the nonlinear adiabatic conversion of
fermionic atoms to bosonic molecules [70]. This model predicts a linear depen-
dence of the remaining atomic fraction I'4 on the sweep rate B during the molecule
conversion process via magnetic field ramp method explained in section 5.1. This
theoretical model is based on a collisionless, single bosonic mode Hamiltonian in
the interaction representation, given by [70]:

H= Z EkCL,UCk,a +£(t)bibo + g (Z ) H.c.) . (5.5)
k

k,o

Here the kinetic energy of an atom with mass m is given by e¢,=h?k?/2m. In
the case of °Li, the annihilation operators for atoms cj, obey fermionic anti-
commutation relations, and the annihilation operators for molecules by obey
bosonic commutation relations. The molecule energy varies with time during
the magnetic field sweep and it is represented by £(t), ¢g is the atom molecule
coupling strength. The Hamiltonian of the system can also be represented in

terms of the operators J,, J, and J,, which is given by,

H= g <A(t)JZ + g\/ng> | (5.6)

where A(t) = 2e — £(t), by the assumption made that a degenerative model can
be used, as the exact values of €, do not effect the molecule conversion efficiency,
i.e. € = € for all values of k. The operators are defined as J, = J, + J_, J, =
—i(Jy — J_) and [Jy, J_] is a quadratic polynomial in J,, which is represented

as,

Zk . CLUC]M, — 2bgb0

J, = N ) (5.7)

The total number of particles IV is conserved and it is given by,

N = 2b$b0 + ZkUCL»UC’W‘ The operators J, and J_ are defined as:
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The equations of motion for the association of fermionic atoms to bosonic molecules
in Heisenberg picture can be obtained and represented by the operators J,, Jy,
J,. In the mean field limit, these operators are replaced by their expectation
values and the equations of motion are analogues to the Bloch vector on a two
dimensional surface. The detailed of the derivation of these equations are given in
the research paper [70]. A linear dependence of the fraction of remnant atoms on
the sweep rate is explained by the mean-field calculation, which shows that the
power law dependence remnant fraction of atoms becomes linear for % > 1, that
means I'4 o< B. The theoretical calculations explain that the transformation of
the exponential Landau-Zener model for a single pair of particles to the power law
behaviour for large particle number results from taking into account many-body
effects. The results of the power law dependence of the atom-molecule conversion
process is given as, ['y oc B for the initial molecular population, which is smaller
than the 1/N quantum fluctuations, where as I' o« B'/3, when it is larger. The
power law model is studied by fitting the experimental data with the equation

given by,

ry=CB". (5.10)

where C' is a proportionality constant and b is the power law index. The fitted

curves with the experimental data are shown in 5.5.
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5.3 Creation and detection of °Li Feshbach
molecules

Atoms with unlike spins are prepared in the lowest energy state by using laser
cooling and trapping methods, which are explained in chapter 4. These include
Zeeman slowing, optical molasses stage, MOT compression and dipole trapping
of atoms. Our experimental system is capable of preparing 2x10% °Li atoms
at a temperature of ~500 uK in the MOT. An equal mixture of spin half atoms
(F =1/2,mp = £1/2) are trapped in a dipole trap potential created by a 100 W,
1070 nm IPG laser. The experimental system is capable of loading 2 x10® atoms
into the dipole trap and 3x10° atoms in each spin state at a temperature of
~1 uK with a peak density of ~6x10'? cm™ can be prepared. During the final
stage of the evaporative cooling process, the magnetic filed is ramped linearly
from above the Feshbach resonance (860.6 G) to below the Feshbach resonance
(707 G) in order to create Feshbach molecule via magneto-association. The mag-

netic field ramping points are shown in the figure 5.1.

A schematic diagram of the experimental methods for creation of 5Li molecules
via magnetic field ramp is illustrated in figure 5.2. The fraction of molecules
created via magnetic filed ramp is measured by absorption images of unassoci-
ated atoms remaining at 707 G. The fraction of atoms which are converted into
molecules is determined by measuring the decrease in atom number of the cloud
after the magnetic field sweep. An absorption image of the initial atomic cloud
and the atoms remaining after the magnetic field ramp taken after a fall time of
1.5ms are depicted in figure 5.3. The molecular conversion is studied by varying
the inverse ramp rate B~!. In accordance with the adiabaticity criterion, we
found that a higher number of atoms are converted into molecules during a slow
ramp (see figureb.4). The inverse ramp rate is calculated as follows, Bl = lramp

= Bi—Bj’
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where t,amp 1s the ramp time of the magnetic field from the initial magnetic field

B, to the final magnetic field By.
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Figure 5.1: Magnetic field ramping points. The green and red dotted lines rep-
resents the points where magnetic field ramp starts (860.6 G) and ends (707 G)
during the process.
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Figure 5.2: Schematic diagram of stages of creation of molecules via magnetic
field ramp. The red line represents the camera trigger for absorption imaging
and the blue line stands for magnetic field level during the process. The green
line represents the dipole beam power variation in each stage. All three line are
voltage levels corresponding to each variable.

The experiment was conducted at different magnetic field ramp times varying
from 50ms to 700ms. The association of atoms into molecules has also been
studied by sweeping the magnetic field across the broad Feshbach resonance with
different initial cloud temperatures varying from 3.2 uK to 130nK with radial
trapping frequencies ranging from 750 Hz to 622 Hz respectively. Correspond-
ingly the axial trapping frequencies varied from 90Hz to 74Hz. The fraction

of molecules is determined from the fraction of remnant atoms imaged at 707 G
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(a) (b)

Figure 5.3: Absorption images of atoms before and after the creation of Fes-
hbach molecules. Initial atoms at T=1.5 uK (a) and atoms remaining after the
magnetic field ramp (inverse ramp rate = 4ms/G)(b). Both images are taken
after a 1.5 ms fall time.

after 1.5ms fall time after the magnetic field ramp (see figure5.2). The remnant
fraction of atoms is calculated by taking the difference between the atoms mea-
sured before and after the magnetic field ramp. It was also verified that molecules
can be converted into atoms again by reversing the magnetic field ramp, which
confirms that most of the atoms are transformed into molecules and three body
losses are very small during the process. The resulting of ®Li molecules as a func-

tion of inverse ramp rate is presented and discussed in section 5.4.

5.4 Experimental results and Discussion

The experiment was performed with an equal mixture of spin half states of 5Li
atoms in the dipole trap. The two component atomic mixture is prepared in
the lowest energy states at a magnetic field of 860.6 G on the BCS side of the
Feshbach resonance, employing methods of laser cooling and trapping and subse-
quent evaporative cooling. Atoms with temperatures ranges from microkelvin to

nanokelvin can be produced by evaporative cooling methods described in section
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4.2. Depending on the final AOM value at the end of AOM evaporation stage,
the final laser power varies; hence the temperature of the atomic cloud can be
set in the experiment. During the whole evaporation process, the magnetic field
is kept at 860.6 G. In order to create 5Li diatomic molecules, the magnetic field
is linearly ramped from 860.6 G to 707 G at the end of AOM evaporative cooling
process. The experiment was conducted at different ramp times varying from
50 ms to 700 ms and the association of atoms into molecules has been studied by
sweeping the magnetic field across the Feshbach resonance with different initial
atomic cloud temperatures. The estimated Feshbach resonance position in °Li is
at 834 G, and the absorption images are taken far below the Feshbach resonance.
Since this process is reversible, molecules can be converted back into atoms by
reversing the linear field ramp, which is from 707 G to 860.6 G. During the reverse
linear magnetic field ramp, the loss of atoms is measured to be less than 10%.
The system can be consider as a standard Landau-Zener type and the conversion

efficiency as a function of the sweeping rate takes the form [55,56],

—271a?
nmzl—exp< Aﬂg ) (5.11)
e}

where Au = 2up is the difference of magnetic moment of the two states and
a is the sweep rate. The experimental result of fraction of remaining atoms by
varying ramp time with the initial cloud temperature 7'/Tr = 1.73 is shown in

the figure 5.4.

74



Chapter 5 — Feshbach molecule formation in Lithium-6

=
o
L

—— L7 fitting

o o
o ©o
) ;

Fraction remaining
(=]
9

0.6 1

1 2 3 1
Inverse ramp rate(ms/G)

Figure 5.4: Fraction remaining vs inverse ramp rate graph. This graph shows
the fraction of atoms remaining after the magnetic field ramp as function of
inverse ramp rate. The experiment was conducted with initial atomic cloud
temperature, T = 3.2 uK (T/Tr = 1.73) at 860.6 G. The maximum molecular
conversion efficiency calculated by fitting a LZ model is 35.5 + 0.5 %. The error
bars are the standard error of five measurements.

5.4.1 Landau-Zener model and Power law comparison

The molecular conversion as a function of the inverse ramp rate of the magnetic
field strength was measured in our experiment. The molecular conversion effi-
ciency is determined from the decrease in atom number after the magnetic field
ramp. In order to compare the different models, we plot the data in linear log
plot and fit a LZ model with equation 5.4 and power law with an equation 5.10
given in section 5.2. The comparison between LZ model and Power law approach
for the measurements taken at different temperature varies from % = 1.73 to

% = (.112 is shown in figure 5.5.
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Figure 5.5: Landau-Zener model and Power law fitting with experimental
data. Experimental data is taken at different initial cloud temperatures, T'/Tg
= 1.73, 1.22, 0.857, 0.61, 0.493, 0.433, 0.195, 0.112. The x-axis of each graph is

in logarithmic scale. The error bars are the standard error of 5 measurements.

The value of coupling coefficient g obtained from the LZ model fitting for different
initial cloud temperatures are given in the table below 5.1. The fitting parameters
from the power law equation are given in the table 5.2. The power law index values

obtained from the fitting curves for the temperatures 7'/Ty = 0.857, 0.195, 0.112

are approximately equal to 1/3, which shows that ' B/3 as given in [70]. For

temperatures T'/Tr = 0.433, 0.493 and 0.61 , the power law index values are close
to 1/2 and for T'/Tr = 1.22 and 1.73 (for higher atom numbers) the values are

close to 1/5 and 1/6 respectively.
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Table 5.1: The fitted coupling coefficients for different temperatures obtained
from LZ model fitting. The experimental data is fitted with the LZ model

. . . —2mg?
equation given by n,, =1 — exp TR

Temperature Fitted g
T/TF gLz (h X kHZ)
0.112 31.84
0.195 24.80
0.433 21.63
0.493 19.38
0.606 18.59
0.857 20.61
1.220 29.67
1.730 28.71

Table 5.2: The power law function fitting parameters. The experimental data
is fitted with the power law function, T4 = C'BY. The proportionality constant
C and power law index values b for atomic cloud with different temperatures
are given in the table.

Temperature, T/Tr | C b
0.112 0.37 | 0.326
0.195 0.41 | 0.367
0.433 0.506 | 0.423
0.493 0.59 | 0.458
0.606 0.64 | 0.414
0.857 0.67 | 0.366
1.220 0.66 | 0.21
1.730 0.78 | 0.17

For both models, a chi-squared (x?) statistical test is performed on Landau-Zener
model fitting and power law fitting. The chi-squared test provides an insight into
which model is the better approach to the behaviour of the data set, which is
shown in the figure 5.6. As it is also clear from the figure 5.5(g and h)that the
Landau-Zener model does not fit well with data with temperature T /T r=0.195,
0.112(i.e., temperature below Fermi temperature), even though x? values are

lower and comparable to each other in this case. The performed x? test values
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for these two models show that both models are comparable within the quality
of our data and neither model can be ruled out. The figure 5.6 summarises x>
values for the fits shown in figure5.5. The relatively large x? values show that
neither of the models describes the data particularly well. However the LZ model

has a slightly lower x? value than the linear model.
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Figure 5.6: A comparison test for LZ model and Power law approach. The
graph shows the chi-squared values of Landau-Zener model and power law fit-
ting. It is inferred from the graph that one cannot rule out the power law
approach for molecular formation via magnetic field ramp method.

A modified Landau-Zener model is used to fit with our experimental data and a
comparison of measured atom-molecule coupling coefficient with the calculated

coupling coefficient is given in the section 6.2 in chapter 6.

5.4.2 Temperature dependence of molecule conversion

The Feshbach molecule formation via a magnetic field ramp at different temper-

ature is studied and detailed in this section. As from the experimental studies
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conducted with varying ramp time, it is observed that fermionic 6Li atoms are
converted into bosonic Li, molecules and most of the atoms are converted into
molecules at higher inverse ramp rate as depicted in the figure 5.7. A modified
Landau-Zener model is used to fit the data and the saturation value at the plateau
region is used to calculate the maximum molecular conversion efficiency during

the process.
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Figure 5.7: Conversion of molecules from fermionic atoms with different initial
temperature. The graph shows the fraction of remnant atoms after molecular
conversion as a function of inverse ramp rate. The error bars are the standard
error of five measurements.

The modified equation for the the Landau-Zener model is given by,

—27mg?
ne = ng + (1 — ng)exp (%) (5.12)

where ng is the remaining atom fraction in the adiabatic limit. The effective
atom-molecule coupling coefficient is given by g.;r and the inverse ramp rate is
represented by 4. From the figure 5.7, the molecular conversion efficiencies are

found between 35% to 85 % for initial temperatures between 3.2 uK to 130nK,

80



Chapter 5 — Feshbach molecule formation in Lithium-6

which is shown in figure 5.8. The effective coupling coefficient g.¢; can be mea-
sured from the fit of each experimental curve. The dependence of the effective
coupling coefficient on temperature of the atomic sample is studied and discussed

in chapter 6.

90 A
H.

80 A S

70

60 SN

50 1 \*

40 1 S

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

T/Tr

Molecular conversion efficiency (%)
/

Figure 5.8: Temperature dependence of molecular conversion efficiency. The
molecular conversion efficiency is calculated by fitting the experimental data
with the LZ model, and the maximum efficiency was determined from the
plateau region at the end of the each plot in 5.7 where the inverse ramp rate is
high. The error bar corresponds to the error from the fit of the LZ model.

5.4.3 Ramp rate dependence of molecule conversion

In the experiment, the Feshbach molecules are created by sweeping the magnetic
field from 860.6 G to 707G by changing the duration of ramp from 50 ms to
700ms. As can be depicted in figure 5.9, higher number of atoms are converted
into molecules (around 80 %) during a slow ramp when T/Tp = 0.112. When the

ramp is fast, the molecular conversion efficiency is 60 % at T/Tr = 0.112.
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Figure 5.9: Ramp rate dependence of molecular conversion efficiency at dif-
ferent ramp rate. The efficiency of molecular conversion is measured from each
experimental data at inverse ramp rate 1 ms/G and 4ms/G.

The figure 5.9 compares the conversion efficiency for fast (1 ms/G) and slow ramp
(4ms/G) magnetic field ramp for all studied temperatures. It can be seen that
for all temperatures the slow rate leads to a 20-30 % higher conversion rate. In
both cases, the overall conversion efficiency is larger when the temperature of

atoms is lower than the Fermi temperature.

5.4.4 Trap depth dependence of molecule conversion

The initial temperature of the atomic cloud depends on the final value of the
AOM in the evaporative cooling process, which is corresponding to the power
of the trapping beam in the final stage of atom cloud preparation. This can be
represented by the trap depth (U), which is related to the power of the trapping
beam (P) by U = cP, where ¢ is a proportionality constant. The schematic of
the experimental method used to study the trap depth dependence of molecule
conversion is illustrated in figure 5.10. The dependence of trap depth on molecule

conversion is studied by varying the trap depth at the final stage of evaporative
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cooling. The experimental result is shown in figure 5.11, which depicts that the

molecular fraction decreases as the trap depth increases.
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Figure 5.10: The schematic of trap depth dependence of molecular conver-
sion. The plot illustrates the method or steps involve for the study on molecule
conversion as a function of trap depth. The x-axis represents the time in ms
whereas y-axis represents for the voltage levels applied to the analog or digital
channel for controlling experimental sequence.
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Figure 5.11: The dependence of molecular fraction with trap depth. The graph
shows the dependence of atom loss during the magnetic field ramp across Fesh-
bach resonance from 860 G to 697 G by varying the trap depth from 10.36 uK to
164 pK. The inverse ramp rate, (3.68 ms/G) is fixed during the measurements.
The error bars are the standard errors of three measurements.

All clouds are prepared at a temperature of 1.5 uK by ramping the dipole trap to
a trap depth of 10.36 uK. Then the trap depth is reincreased and the molecular
conversion rate is measured. The measurement is conducted at a fixed inverse
ramp rate of 3.68 ms/G. One can seen in figure 5.11 that for trap depth higher
than 100 K the molecular fraction is more or less constant, while for a trap depth

below 100 4K the conversion rate increases almost linearly with lower trap depth.

5.4.5 Mean density dependence of molecule conversion

The density dependence of the efficiency of molecular conversion when the mag-
netic field is swept across the Feshbach resonance in %Li fermionic atoms is investi-
gated in this section. The atomic system is studied by considering it as a two level

Landau-Zener model and it was shown that the molecular conversion efficiency
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is related to the initial phase space density of the atomic cloud for both bosonic
and fermionic systems [72]. The molecular conversion efficiency as a function of
magnetic field sweep rate can be fitted with a Landau-Zener equation, which is

given by [28],

Niol = Nigax (1 — e72) (5.13)

Here Np. represents the asymptotic number of molecules during the very slow
magnetic field ramp. The molecular fraction as a function of inverse ramp rate is
shown in figure 5.12. The relation between the Landau-Zener parameter dpz to

the mean density and ramp rate can be expressed as [72],
6LZ = omAabg/B, (514)
where « is a constant. The ratio of mean density to the 1/e of the ramp rate

(n/B Je) should be a constant for a true Landau-Zener behaviour, which was

investigated and shown in figure 5.13.
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Figure 5.12: Molecular conversion as a function of inverse ramp rate. The

measured value of maximum molecular conversion at 7/7% = 0.61 is 65.0+
1.1%. The error bars are the standard errors of five measurements.
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Figure 5.13: Initial mean density divided by 1/e of the ramp rate as a function
of initial mean density. The error bars are the combined error from the initial
mean density and the uncertainty in the By /e by fitting the data with equation
5.13. The atomic cloud experiences significant heating during magnetic field
ramping across Feshbach resonance at higher initial densities, hence the error
bars are large compared to the lower mean density data. A similar behaviour
of the graph was observed in [72] for $Rb.

One can clearly see that the ratio of mean density to the 1/e of the ramp rate
is not a constant in the case of higher mean density data. The measured value
of n/ B sefor the highest density is three times larger than the Landau- Zener
prediction. A similar behaviour was observed in [72], where a deviation of the

Landau-Zener parameter was observed.

5.4.6 The dependence of the molecular fraction on the

magnetic field

In addition to all above measurements, we want to investigate how the molecule
conversion efficiency changes with final magnetic field during the molecule con-

version process. In order to take the measurements we kept the magnetic field
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ramp rate constant while changing the magnetic field value at the end of magnetic
field ramp. The motivation to the specific measurement was to observe the coher-
ent oscillations between the molecular state and the unbound state. The study
of molecular conversion of atoms by differing final magnetic field at a constant
ramp rate is studied in this section. The schematic diagram of the experimental
method to study the magnetic field dependence of molecular conversion is shown
in figure 5.14. As can be seen in the figure, the magnetic field is ramped from
the same initial magnetic field (860 G) to different final magnetic field with a

constant ramp rate. The experimental results are shown in the figure 5.15.
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Figure 5.14: The schematic of magnetic field dependence of molecule conver-
sion. The magnetic field is ramped with a constant initial magnetic field to the
different final magnetic field.
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Figure 5.15: Dependence of molecular fraction on final magnetic field. The
magnetic field is swept down from 860 G to different final magnetic fields on the
BEC side of the Feshbach resonance during the molecule conversion process.
The solid circles represent the average of 10 measurements and the error bars
are the standard errors calculated from these measurements. The experiment
was conducted with an atomic cloud of temperature=1.5 uK.

A theoretical study on Feshbach molecules during the magnetic field ramp is
given by [69], which shows that molecular fraction during an adiabatic ramp of
magnetic field is given as, x = 2N;/Niot, which increases to a maximum value
x B, where Ny, and Ny represents the total and molecular population. Here Ny
depends on the temperature and peak atomic phase space density at €,,,=0,where
€res 18 the energy of the resonant closed-channel state. This behaviour is repre-

sented by an error function, which is represented by,

Xerg (B) = x {1 = &1 |V2(B = Been) 35 | /2. (5.15)

In the research paper [69], it is predicted that the dependence of the molecular
fraction on the magnetic field resembles this function whose width and centroid
are related to the temperature. Our experimental results are fitted with this error

function and it is observed that the centroid of the error function is also shifted
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from the resonance position as the ramp rate changes from 4 ms/G to 0.6 ms/G
as can be seen in figure 5.15. The dependence of molecular formation on the mag-
netic field by sweeping the magnetic field has been studied on narrow Feshbach
resonance region in °Li [73], and the centroid of the fitting curve coincides with
the Feshbach resonance since the shift is on the order of resonance width. Follow-
ing the research paper [69], the centroid of the error function should occur where
€res =~ kpTr and the shift from the resonance position can be calculated from
the expression, B.., — By ~ ABabg\/WBTF/h. From figure 5.15, we can read
off the difference between B, and By. The measured values of B,.,, — By for a
ramp rate 0.6 ms, 1 ms, 2ms, and 4 ms at a temperature of 1.5 uK are -164.244 G,
-151.2281 G, -134.006 G, -82.8538 G respectively. The magnetic field dependence
of molecular conversion at a fixed ramp rate with different initial temperature is
also studied in this section. The atoms are prepared at a finite temperature as
described in the section 4.2. Then the molecule formation is studied by changing
the final magnetic field during the magnetic field ramp at a constant ramp rate.
The experiment was conducted with an atomic cloud of temperature at 556 nK

and 1.5 uK. The experimental result is shown in figure 5.16.
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Figure 5.16: Conversion of molecules from fermionic atoms with different
initial temperature with a ramprate = 4ms. For these measurements, the mag-
netic field is swept from 860 G to different values of final magnetic field below
Feshbach resonance whilst keeping the ramp rate constant for all data points.
The measurements are taken for two initial atomic cloud temperatures, 556 nK
and 1.5 uK. The shift in the centroid of the error function from the Feshbach
resonance, Bee, — By for 556 nK and 1.5 uK at a ramp rate 4 ms are -141.6499 G
and -82.8538 G respectively. The data points represent the average of 10 mea-
surements and the error bars are the standard errors of these measurements.

As seen in figure 5.16, the red and green lines are the fitted curve with the error
function 5.4.6 for 556 nK and 1.5uK respectively. In both cases the centroid of
the error function has shifted from the Feshbach resonance. It is evident from
the plot that the shift and the width of the error function are larger when the

temperature of the atoms are low.

5.4.7 Lifetime measurement of °Li Feshbach molecules

The molecules produced from fermionic atoms are remarkably stable against in-
elastic decay. Long lived molecules can be created via magnetic field ramp across
Feshbach resonance. The long lifetime observed for these molecules is a conse-
quence of the Pauli principle, which suppresses three-body collisions and hence

vibrational quenching. The lifetime of %Li, molecules created from fermionic
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atoms via magnetic field sweep is determined at 707 G. The magnetic field is lin-
early ramped from 860 G to 707 G within 50 ms ramp time and then it is ramped
up again after holding the molecules in the dipole trap, such that molecules
are converted into atoms to the attractive side of the Feshbach resonance. The
method used to measure molecule lifetime is illustrated in the figure 5.17. The
decay of the 5Li, molecules at a magnetic field of 707 G is measured by plotting
the number of unassociated atoms imaged at 860 G to the hold time after the
magnetic field ramp from 860 G to 707 G. By imaging unassociated atoms on the
BCS side of the resonance, one can determine how many molecules were lost to
inelastic collisions during the hold time. The exponential fit to the measurements
gives the 1/e of the curve which yields the lifetime of the molecules 7,,. The
lifetime of the molecules at 707 G is found to be 1.965 4+0.354 s, as can be seen

in figure 5.18.
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Figure 5.17: Schematic of °Li molecule lifetime measurements. The plot shows
the method involved in the molecule lifetime measurements.
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Figure 5.18: Molecular Lifetime of ®Lis dimer. The graph shows the measure-
ment of the molecular lifetime calculated at 707 G. The magnetic field is ramped
from 860 G to 707 G through the Feshbach resonance and back to the starting
field. The hold time is the time interval between the traversing the magnetic
field on the downward sweep and again on the upward sweep. The error bars are
the standard error of three measurements. The lifetime of molecule calculated
at 707G is 1.965 £0.354s.
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Chapter 6

Dynamics of Feshbach molecule

formation

This chapter describes a new theoretical approach to explain the dynamics of
molecular formation via magnetic field ramp across a Feshbach resonance in ul-
tracold %Li atoms close to quantum degeneracy. This was developed by a theory
group (W.Li and Y.Zhou) at the University of Nottingham. This theoretical ap-
proach is based on a Landau-Zener model, where the coupling constant is not
a constant but is allowed to vary with density. A deviation from the theoreti-
cally calculated value of the coupling constant was observed in Rb, but a detailed
experimental study has not been carried out so far. The dynamics of magne-
toassociation is described by Landau-Zener approach for ultracold atoms above
Fermi temperature, whereas many-body coherence describes the enhancement of
atom-molecule coupling strength close to quantum degeneracy. The comparison

of experimental data with theoretical model is also presented in this chapter.
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6.1 Landau-Zener transition

The theoretical approaches for describing Feshbach molecule formation are based
on Landau-Zener transition. The Feshbach molecule formation from fermionic
atoms via magnetic field sweep can be considered as a two atom model [66],
which can be described by Landau-Zener transition in which two atoms form
a molecule. The dynamics of the molecule formation can be governed by the

Hamiltonian given by,

H= , (6.1)

where () slowly varies from —oo to 400 at a constant rate 4. This can be
described by a two state problem, where atom pair and molecule are considered
as two states in a system. The transition probability of converting atoms into
molecules by assuming the system initially in the atomic state can be expressed
as,

P =exp (—27Tg2/5> . (6.2)

Here g is the atom-molecule coupling strength and 6(¢) = Au(B(t) — B,), where
Ay is the difference of magnetic moment of two states, B, is the resonant magnetic
field strength. Near a Feshbach resonance §(t) = —at, where « is the sweeping
rate. The time dependent Schrédinger equation can be solved analytically and
the molecular conversion rate can be obtained as,

I, =1 —exp [—2m¢”/Apc] ;in the limitt — oco. (6.3)

The atom-molecule coupling strength ¢ can be expressed using a two-channel

model, which is given by, g = hiy/2map AgAp/mV for bosons. For fermions, the

atom-molecule coupling strength g [69,75-77] is equal to g = in/4mar, Ao Ap/mV,
where V represents the mode volume. For °Li at B, = 834.1 G, Ay = 2up, the
resonance width Ay = —300 G and background scattering length a,, = —1405 ay.

The calculation of mode volume is tricky for °Li atomic cloud, the mode volume
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for Fermi gas can be expressed as V = %RmRyRZ by considering three radii
of the cloud in harmonic trap under Thomas-Fermi approximation. For a non-

interacting gas, the radii of the atomic cloud on 7 axis is represented by,

Ry = ano 2 (24 N)1/S. (6.4)
o

1

In the case of total number of fermions (V) in a harmonic trap potential, the mean

harmonic frequency and mean harmonic length are referred by wy, = (wawyw, )/

and ap, = \/h/mwy, respectively. Then the mode volume for a non-interacting

gas can be represented by,

4
V= %aﬁO\/Q N. (6.5)

For an interacting gas, the shape and the density of the atoms in the trap changes,
such that the radii of the dipole trap can be expressed by the equation,
R, = €Y %ap, 202 (24N)1/S, (6.6)

1
The parameter £p is called Bertsch parameter, which is introduced by Papenbrock

and Bertsch [78]. This modifies the chemical potential scaled by the Fermi energy
of non-interacting gas, which is equal to u = {gE% and the trapping frequency is
scaled by v/€pw;. Then the mode volume can be calculated by the equation,
V= 4; 3/4 /30N, (6.7)
The parameter {g can be calculated with Monte-Carlo method [79] in the BCS
regime. Depending on the trapping profile and particle density, £ converges to

~ 0.37 in dilute limit, which is used in the calculation.

6.2 Comparison of experimental results to the
theoretical model

In the experiment, the conversion of molecules is studied by varying the ramp rate
at different temperatures varies from 3.2 uK to 130 nK. The molecular conversion

is studied by obtaining atom-molecule coupling strength. The atom-molecule
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coupling coefficient (g) is a parameter, which depends on the atomic properties
such as apy, Ap and the volume of the atomic cloud. To extract geg from the
experimental results, the fraction of remnant atoms are measured at different
magnetic field ramp rate and fit with an equation based on Landau-Zener model,
which is given by,
ng = no + (1 — ng) exp (—%) : (6.8)
The value of geg obtained from experimental data (see figure 5.7)is then compared
with the theoretically calculated value g., from the equation,
Jeal = ﬁ\/47rabgA0Au/m\7. (6.9)

where the volume is calculated from the equation 6.7 using the atom number N,

which is obtained from the experimental data. The fitting curve with different g
value with an experimental data is shown in figure 6.1, which depicts that higher

the atom-molecule coupling coefficient faster the conversion of molecules.
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Figure 6.1: LZ model fitting with different g values. The plot shows how the
trend of the curve changes with different g values.

The experimental results shows that molecule fraction increases as when the tem-

perature of the atomic cloud decreases. The figure 6.2 shows the ratio of g%;/¢2, as
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a function of T'/Tr. Here the g.q is obtained from the experimental data by vary-
ing the temperature of the gas. As can be seen in figure 6.2, the fitted coupling
coefficient g.g¢ depends on the temperature. The calculated coupling coefficient
geal 18 obtained from the equation 6.9. For T' > Tg, gefr/geal is around 1 and for
T < Tv the fitted atom-molecule coupling strength g.¢ increases gradually and the
value is twice that of ge, when T/Tr = 0.112 . We find that an enhancement of
the coupling coefficient when the temperature of the atomic cloud is less than the
Fermi temperature Ty, which is an indication of many-body coherence at ultra-
low temperature. Here the coupling coefficient is amplified to be gr = v/Nrg,
where Ny = pVg, which is the number of molecules in a thermal volume V; and
p is the density. The geometric ratio factor in the enhancement of coupling co-
efficient with temperature can be figured out by assuming molecules and atoms
have the same temperature. The de Broglie wavelength at temperature 7' is given
as, \p = h\/m. Here M is the mass of %Li molecule and the thermal
volume is equal to Vy = \3.. At Fermi temperature, the coupling coefficient is
given by gr = v/Nrg, where Np = pVp and Vp = 372h3\/(2mkpTr)—3, which is
the Fermi volume at Fermi temperature. So that the ratio of squares of coupling
coefficient at temperature T to the coupling coefficient at Fermi temperature is

given by a geometric ratio,
gh _Vr _ 22 (Tr\Y? (6.10)
2 Ve 3/m\T) - '

97



Chapter 6 — Dynamics of Feshbach molecule formation

304 Theory
¢ Experimental data
o 2.5
@
e
§ 2.0 + +
(0]
€ 1.5 +
- ¢
b '

0.5 T T T T T T T
0.00 0.25 050 0.75 1.00 1.25 1.50 1.75
T/Tr

Figure 6.2: The temperature dependence of the coupling coefficient. The plot
shows the enhancement factor as a function of 7'/Ty.

From equation 6.10, we can infer that the geometric ratio factor K is proportional
to T~3/2. The calculated and fitted values of coupling coefficients are given in the
table 6.1.

Table 6.1: The calculated and fitted coupling coefficients and the resulting
enhancement factor for the respective temperature.

Temperature | Calculated g Fitted g Enhancement
T/Tr | geat (hxkHz) | geg (h x kHz) | g23/92,
0.112 47.07 75.4 2.60
0.195 45.40 64.8 2.06
0.433 43.97 56.4 1.67
0.493 42.27 47.7 1.29
0.606 42.23 42.6 1.02
0.857 41.12 43.8 1.15
1.220 46.10 60.8 1.76
1.730 46.44 49.9 1.17

The temperature dependence of molecule formation can be explained as follows.
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For atoms with temperature higher than Fermi temperature (T > TFr), dynamics
of molecular formation is based on Landau-Zener transition. In this case, less
number of atoms are being converted into molecules and the thermal wavelength
of the molecule is comparable to their size. The atom-molecule coupling takes
place at the two-body level at higher temperature. Around Fermi temperature,
the thermal wavelength is larger than the molecule size and the molecular gas
is partially coherent. For temperature below the Fermi temperature (7' < TFr),
large number of atoms are being converted into molecules. A macroscopic co-
herence is established during the process and molecules form a Bose-Einstein
Condensate. This result indicates that thermal wavelength of the molecules are
significantly larger than the scattering length and it leads to collective coupling.

This description is depicted in figure 6.3.
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Figure 6.3: The temperature dependence of molecular conversion. The plot
shows an illustration of molecule formation at different temperature regions. At
T > Tr, less number of atoms are converted into molecules. At intermediate T
i.e, the temperature of the atomic cloud is around the Fermi temperature, the
molecules are partially coherent. At lower temperature i.e, T' < Tr a macro-
scopic coherence exists and molecules form a Bose-Einstein Condensate.
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Conclusion and Future work

7.1 Summary of the results

The dynamics of Feshbach molecule formation in fermionic SLi atoms is studied
during my PhD work. The experimental system is modified to capture 2x 108 5Li
atoms in the MOT and 2 x 10° atoms in the crossed dipole beam trap created
by 100 W IPG laser. At the end of evaporative cooling stage, on the order of
10° atoms with a lifetime of 19s can be held in the dipole trap. The Feshbach
molecules were created by sweeping the magnetic field from 806.6 G (BCS region)
to 707 G (BEC region) linearly through the Feshbach resonance at 834.1 G. The
fraction of molecules created was measured by imaging unassociated atoms after
the magnetic field ramp. The experiment was performed with 1-3 x10° atoms
in each spin state with temperature varies from 3.2 4K to 130 nK. Depending on
the trap depth at the final stage of evaporative cooling, the trapping frequencies
are varying from 622 - 750 Hz (radially) and 74 - 90 Hz (longitudinally).

The fraction of atoms converted into molecules was studied by varying the rate
at which the magnetic field is ramped across a Feshbach resonance in °Li. The

bosonic molecules created from fermionic ultracold ®Li atoms close to degeneracy
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were produced and studied by this method. The maximum molecular conver-
sion efficiency of 85 % was produced experimentally in this work. The lifetime of
molecules created via magnetic field ramp is measured and found to be 2s. The
study shows that the fraction of atoms that associate into molecules is depending
on the temperature of the atomic gas. The molecular conversion efficiency varies
from 35 % to 85 % as the initial atomic cloud temperature changes from 3.2 uK to
130 nK. The dependence of mean density and final magnetic field is also studied
in the same experimental system. The dependence of magnetic field at which the
ramp ends shows a shift in the centroid of the error function, which is used to fit
the experimental data. The shift in the centroid is also measured by varying the
magnetic field ramp rate at fixed initial atomic cloud temperature. The charac-
terisation of the final magnetic field dependence on molecule conversion is also

studied by changing the atomic cloud temperature at a constant ramp rate.

A theoretical model is developed by the theory group in the cold atom group,
University of Nottingham to study the dynamics of the Feshbach molecules cre-
ation in the fermionic atomic system. It is based on the original Landau-Zener
model from which one can determine the atom-molecule coupling constant. The
first experimental measurement of atom-molecule coupling constant in a degen-
erate system is reported by varying the atomic cloud temperature. The cou-
pling constant increases at lower temperature than the Fermi temperature, due
to the increased spatial coherence of the atomic gas. The many-body coherence
is noticeable by the enhancement of the coupling coefficient as the atom cloud
temperature close to degeneracy. The enhancement of coupling constant at tem-
perature below the Fermi temperature leads to the many-body coherence. The
atom-molecule coupling coefficient obtained from the experimental data is quali-

tatively agrees with the theoretically calculated atom-molecule coupling strength.
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7.2 Perspective

The Feshbach molecules of lithium-6 can be created in the experimental setup.
Since it has greater demand in quantum simulation, quantum information and
fundamental physics, higher efficiency molecular conversion is still challenging in
the research field. The ultracold diatomic molecules of °Li by sweeping the mag-
netic field is created and studied in this thesis. Here is a proposal for non-adiabatic
scheme for the formation of Feshbach molecules in ultracold systems which leads
to the higher and faster molecular conversion. Designing and developing high fi-
delity magnetic field generating and optimal timing sequences to enable efficient
molecular formation. Molecules of homo-nuclear and hetero-nuclear atoms for
e.g. Lip; and LiCs, near a magnetic Feshbach resonance can be prepared by using
the same experimental setup. This rapid and efficient scheme for the production
of ultracold diatomic molecules will explore non-equilibrium many-body dynam-
ics, ultracold chemistry, and enables to study fundamental physics. On the other
hand, a theoretical study on dependence of final magnetic field to the molecular
conversion and shift from the Feshbach resonance will be undertaking in the near

future.

The experimental system can be used to produce Bose-Einstein condensate and
it can be used to study acoustic analogues to the dynamical Casimir effect by
modulating the trap depth at the end of evaporative cooling stage. A sinusoidal
modulation can be applied to trap depth while holding the atoms in the dipole
beam. The experimental sequence is modified to do the sinusoidal modulation.

More background study is needed to perform these experimental measurements.
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Appendix A

D1 line cooling

In our experiment in addition to widely used D2 line cooling we are planning
to implement D1 line cooling to increase the initial phase space density and to
optimise the loading of atoms in the dipole trap. The °Li D1 gray molasses is
based on existence of bright and dark states which leads to the Sisyphus cooling.

The D1 line atomic hyperfine structure is given below A.1.

5, | v
{ A
- - L s
2P 2112 vy <_ 26.1 MHz
T p=1/2
Cooling Repumper

D, line=670.992 nm

/ ; F=3/2

252, \ * 228 MHz
F=1/2

Figure A.1: The atomic energy level diagram of Li. The 6Li D1 line transition
is shown in the figure.

The optical coupling between cooling and re-pumper can be consider as three
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level lambda system in which two ground states are optically coupled to the same

excited level.

A.1 Three Level Lambda (A) System

A three level Lambda (A) configuration in which two lower levels |b) and |c)
are coupled to a single upper level |a) . Consider a A scheme that consists of
the energy states |a),|b) and |c) coupled by two near resonance laser fields of
strength obtained in terms of the Rabi frequency €; (at frequency wp) and €2
(at frequency wo). The figure A.2 illustrates a three level lambda system. The
dipole interaction between the two lower energy levels is forbidden. Then the

Hamiltonian of the system is given by,
H=Hy+ Vi +V,. (A1)

Where, Hy = hw, |a) (a] + Awy, |b) (b] + Aw, |c) (]|
Vi = hQyexp=41 |b) (a| + hQexp™dt |a) (b|
Vo = ieap=22 |c) (a| + Aeap™}t |a) (]
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Figure A.2: Three level lambda system

Consider a situation, when the two fields are in resonance, i.e. w; = w, — wp and

Wy = W, — we. Then the three eigenstates of H are:

1 9] Qy
Cl) = —=[—|a) + b) + A2
INC) = ——2 ) = —— o). (A4)
3+ Q3 Q3+ Q3

The state |NC) contains no component of |a) and hence there is no coupling
between |[NC) and |a). Thus any population in [NC) is trapped in that state,
which is called as dark state. Over a period of time, dependent upon the rate of
spontaneous emission from the excited state, all of the population of the system
will build up in |[NC). Hence all of the population becomes coherently trapped

in a dark state. When Q; < ()5, the coupling and non coupling states become,
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1 1
C) = NG ’C?;— NG |C) (A.5)
C) = \/ﬁ |c) (A.6)
C) =~ |c) (A.7)
INC) = ——2 ) (A8)
SV |
INC) ~ |b). (A.9)

As per the equation A.9, ground state itself becomes the dark state. The popula-
tion is trapped in the lower states and there is no absorption even in the presence
of the field. This is because of the reason that after being pumped into the dark

state, the atoms cannot be excited by either laser field.

A.1.1 Laser design and Spectroscopy setup

External cavity diode lasers (ECDL) are widely used in many experiments since
it has simple design and all elements are easily available. ECDLs consist of
a laser diode, a collimation lens, a grating on a mirror mount, a piezoelectric
transducer, and electronics for current and temperature controller as shown in
the photograph of ECDL laser A.3. Since the experimental system is based on
6Li, laser needs to be locked at wavelength 670.992nm for D1 line cooling. There
is no high power laser available operating at the same wavelength so that we
designed and developed an External Cavity Diode Laser. A laser diode operating
at 660nm with a nominal output power of (60 mW) have been used and pull
the wavelength to the specified value by tuning the grating and increasing the
operating temperature to 70°C. The laser housing design consists of two metal
boxes called inner box and outer box which improve laser thermal stability by

minimizing air circulation.
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Figure A.3: Home built ECDL. The laser diode is inserted into a lens tube
and a grating is attached to a mirror mount, where one can adjust the grating
angle. A piezoelectric transducer is used for the fine tuning of the wavelength
of the laser.

The inner box is designed such that it can occupy the laser diode and the lens
tube for collimation and also has some space for positioning the grating on the
mirror mount. The diode (HL6545MG) is a H type which can be operated at
maximum temperature of 75°C. It is a cathode grounded laser diode without
a photodiode. It is mounted on a lens tube which needs to be rotated such
that collimated output beam should be obtained. Our laser design is based on
a Littrow type configuration in which the grating is aligned such that first order
diffracted beam is coupled to the zeroth order beam to achieve optical feedback
for the laser performance. Thus a precise wavelength can be obtained by changing
the Littrow angle. The grating (GH13—18V') is glued on a circular platform fixed
on a mirror mount. The holographic reflective grating has to be positioned such
that the first order diffracted beam goes back to the laser for optical feedback.

The angle for the grating can be calculated using the equation,

0= sm_li

2d’
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where, A (670.992 nm) is wavelength of the light and d is the distance between
grating teeth. Fine tuning of the laser wavelength is obtained by piezoelectric

transducer which is attached to one of the mirror knobs.

A new temperature controller was developed (standard controller allows only
50°C) in order to make the laser working at higher temperature. It consists
of electronic circuits which are controlled by an Arduino program and they are
connected to a thermoelectric cooler (peltier) element placed under the inner box.
The hot facet of the peltier element is glued using thermally conducting paste
to ensure proper contact with metal box. The temperature can be read out via
thermistor, which is attached to the lens tube in the mount and it is also fixed
using thermally contacting paste. The feedback circuit works in way that the
Arduino program compares the set value with the sensor output value. The main
components of circuit are Arduino Uno, low power quad operational amplifier
(LM324N), standard power MOSFET and resistors (R; =Rs = 33kQ), Ry =Rs=
10kQ2 and Ry = 20k(2). Calibration is done to find the optimum temperature to
operate the laser efficiently. A Circuit diagram for the temperature controller is

illustrated in figure A.4.
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Arduino Pin A, G
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"

Thermistom— T R, |-— Output

GND TEC power supply

=
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|
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w

Arduino
output pin 3

BNC cable to TEC

Figure A.4: Circuit diagram of temperature controller.
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A.1.2 Saturation absorption spectroscopy

Saturation absorption spectroscopy has been set up in order to lock the laser
at a specific transition. The laser has to be optimised by finding the minimum
threshold current to operate the laser efficiently and it has to start with lower
current. The laser output passes through the prism pairs to modify the beam
profile and it reaches the fiber incoupler after passing through the optical isolator
and mirrors. The isolator prevents the back reflection of light to the laser diode.
The laser beam is then taken to the other table, where the spectroscopy cell
(at 370°C) is placed, by polarisation maintaining fiber. We have introduced a
separate path for the new laser beam in the current spectroscopy setup apart from
the reference laser beam. A sketch for the saturation absorption spectroscopy set

up for the new laser beam is shown in figure A.5.

M6
[ |
Li oven
Laser . .
Prism pairs
' A2
A M5
Isolator PBS ’
M3
M2 PBS .
|’ .‘Incoupler
| M4

Outcoupler

Figure A.5: Saturation Absorption spectroscopy setup.

The laser has to be scanned to observe the Doppler valley and simultaneous tun-
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ing the current and piezoelectric transducer gives an absorption signal which is
collected by photodetector. This signal can be used as input signal for the locking

in amplifier followed by PID card to produce the corresponding error signal.

A.1.3 Design of laser box parts

The design of grating mount and inner box parts developed by a program called

SolidWork is shown below A.6, A.7.

Figure A.6: Design of grating mount. This mount is used to attach to the
mirror mount from Thorlab.
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0
i 0
1

Figure A.7: Design of inner box for laser parts.
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The expression for average time

between collisions 7.

This section gives the expression for the average time between collisions during
the magnetic field ramp on molecular conversion process. The collisional cross
section of the fermionic atoms with scattering length a in the unitary limit is
given by,

Amra?

The scattering cross section close to the Feshbach resonance can be expressed as,
o = 4 /k%, where kr is the Fermi wave vector. The average time between the
collisions can be expressed in terms of atom density n and collisional cross section

o, which is given by,

1
= NO Vel (B.2)
Teol
Here average relative velocity Oy = 41/kgTr/mm and density,
2mkpTr\ >/
n =~ (T) /672 (B.3)

Then the expression for 7., can be rewritten as 7., &~ o
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Appendix C

°Li optics scheme
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Observation of collectivity enhanced magnetoassociation of °Li in the quantum degenerate regime
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The association process of Feshbach molecules is well described by a Landau-Zener transition above the
Fermi temperature, such that two-body physics dominates the dynamics. However, using ®Li atoms and the
associated Feshbach resonance at B, = 834.1G, we observe an enhancement of the atom-molecule coupling as
the Fermionic atoms reach degeneracy, demonstrating the importance of many-body coherence not captured by
the conventional Landau-Zener model. For this we apply a linear association ramp ranging from adiabatic to
non-equilibrium molecule association for various temperatures. We develop a theoretical model that explains
the temperature dependence of the atom-molecule coupling. Furthermore, we characterize this dependence
experimentally and extract the atom-molecule coupling coefficient as a function of temperature, finding qualita-
tive agreement between our model and experimental results. Accurate measurement of this coupling coefficient
is important for both theoretical and experimental studies of molecule associations and many-body collective

dynamics.

Introduction.— In the past decades, Feshbach molecules
formed via magnetoassociation [1-5] have captured much at-
tention in the study of unitary dynamics [6], collective dynam-
ics [7, 8] and many-body effects [9]. Starting from BCS pairs,
deeply bound molecules are created when the magnetic field
is tuned across the Feshbach resonance. A simple model that
captures the atom-molecule dynamics is a spin-Boson coupled
model [10-12], where BCS pairs and molecules are mapped
to spin-half and Bosonic particles, respectively. At zero tem-
perature, the spin-Boson model exhibits rich collective, many-
body dynamics [13, 14]. Combined with established cooling
and trapping techniques [15, 16], this opens up opportuni-
ties to explore new fundamental physics [17-21], controlled
chemistry [22-26] and the quantum simulation of complex
many-body systems [27-30].

A key parameter by which the dynamics of the spin-Boson
model is characterized is the atom-molecule coupling coeffi-
cient. The coupling coefficient determines the time scale of
the Landau-Zener transition [31, 32], and many-body dynam-
ics [10, 11, 33-38] of the atom-molecule system. Many the-
oretical works have shown that the coupling coefficient de-
pends on the magnetic moment of the atom, background s-
wave scattering length and a volume parameter [1, 12]. Here
both the magnetic moment and the background s-wave scat-
tering length are constants near the resonance. On the other
hand, it has been shown theoretically that the atom-molecule
dynamics becomes collective and should depend on N (N to
be the number of total atoms in general), i.e. the association is
enhanced by many-body coherence [11, 36, 39—42]. This typ-
ically requires ultracold temperatures, where the de Broglie
wavelength is large, even comparable to the spatial extension
of the gas. These experimental and theoretical studies have
provided evidence that the atom-molecule dynamics depends
on the entire ensemble. An emerging question is to find out
how the coupling coefficient depends on the relevant length
scales, such as the de Broglie wavelength and the trap dimen-
sions. A systematic experimental investigation of this depen-
dence has yet to be conducted.

In this work, we investigate collectivity enhanced magne-
toassociation of °Li atoms below and above the Fermi tem-
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Figure 1. Temperature dependence of coherence of Feshbach
molecules.(a) Above the Fermi temperature (top), the thermal wave-
length of the molecules is comparable to or smaller than their size.
Around the Fermi temperature (middle), the thermal wavelength of
atoms is larger than the size of BCS pairs, such that the molecules are
partially coherent. At very low temperature (bottom), macroscopic
coherence in the atomic gas is established and the °Li molecules form
a Bose-Einstein condensate. (b) Broad Feshbach resonance of L at
magnetic field B, = 834.1G. By ramping down the magnetic field
from 860 G to 707 G, pairs of atoms with opposite spin form Lip
molecules. (c) Experimental timing. An ensemble of °Li atoms in
my = £1/2 are prepared with equal populations in a dipole trap. The
magnetic field is linearly decreased across the Feshbach resonance
to 707 G. We then detect the remaining (unassociated) atoms via ab-
sorption imaging.

perature [Fig. 1(a)]. The magnetic field is linearly ramped
across the broad Feshbach resonance at B, = 834.1 G, from
BCS pairs (B > B,) to Feshbach molecules (B < B,) [43],
as depicted in Fig. 1(b). The fraction of atoms converted to
molecules is measured experimentally, as a function of both
the temperature of the atomic gas and the sweep rate of the
magnetic field. The atom-molecule coupling coefficient is de-
rived from the experimental data through the Landau-Zener
model. We observe that the coupling coefficient increases



when the temperature of the atomic gas is lower than the
Fermi temperature, due to the increased spatial coherence of
the atoms, as illustrated in Fig. 1(a). With the coupling co-
efficient, we employ an accurate spin-Boson model that takes
into account of the effects of many-body coherence and allows
simulation of molecular formation dynamics in the regime of
quantum degeneracy. This provides insight into the magne-
toassociation process at ultracold temperatures and will be im-
portant for the development of quantum technologies based on
ultracold molecules.

Experiment.— In order to determine the molecular con-
version efficiency, we first prepare a cloud of cold °Li atoms
in a crossed optical dipole trap. A balanced spin mixture of
two hyperfine states is loaded from a magneto-optical trap
and evaporatively cooled under a static magnetic field of
B; = 860.6 G, thus placing the atoms on the Fermionic side
of the Feshbach resonance. With the atoms held in the dipole
trap, the magnetic field is then ramped linearly across to the
Bosonic side of the resonance according to B(¢) = B; — o,
where ¢ is the ramping rate. During this process a certain
fraction of the atoms associates into Feshbach molecules. An
absorption image of the resulting cloud is taken using light
resonant with the D2 line of unassociated atoms of one spin
species after a time-of-flight of 1.5 ms. Due to the molecular
binding energy, the imaging light is now detuned by many
linewidths (178 MHz binding energy vs. natural linewidth
of 6 MHz) from the corresponding transition in magneto-
associated atoms. As a result, the absorption imaging process
detects only the unassociated atoms. The molecular conver-
sion efficiency can then be determined by comparing the num-
ber of unassociated atoms remaining after the magnetic field
ramp to the number present before. For each experimental set-
ting a calibration procedure is applied by ramping back over
the resonance thus dissociating molecules back into atoms —
see Appendix B. A range of different ramping speeds are used,
such that the total magnetic field ramping time varies from 50
to 700 ms, and by fitting the resulting data to a theoretical pre-
diction [Eq. (3) given later], we obtain the coupling coefficient
corresponding to the experimental conditions that have been
set. This whole procedure is then repeated at a range of differ-
ent atom cloud temperatures (trapping frequencies) between
3.2 uK and 130 nK, i.e. both above and below 7r. This al-
lows us to explore the behavior of the coupling coefficient in
a broad range of initial temperatures of the system.

We first investigate non-equilibrium and equilibrium
molecule formation by varying the magnetic field ramp time
over a large range. The experimental results are shown in
Fig. 2(a). At a given temperature 7', the remnant atom frac-
tion (as determined via absorption imaging) depends on o'
nonlinearly. A general trend is that the remnant atom fraction
increases when the magnetic field is changed faster. The frac-
tion of the remnant atoms (molecules) is small (large) when
a is small. We find that the remnant atom fraction is non-
negligible even in the adiabatic regime. The molecule for-
mation efficiency, i.e. the ratio of the molecules formed to
initial atom pairs present, is limited due to, e.g. multiple col-
lisions [44], and many-body effects [45]. In the opposite, dia-
batic regime when « is large, we find the remnant atom frac-

tion increases significantly after sweeping the magnetic field.
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Figure 2. (Color online) Molecule formation at different temper-
atures and sweeping rates (a) Remnant fraction of non-associated
atoms after magnetic field ramp. When the inverse ramp rate is low
(i.e. fast ramp), the atom fraction is large. Decreasing the ramp
speed reduces the remnant atom fraction. In both situations, more
atoms are converted to Feshbach molecules when the temperature
is reduced. The solid lines are fitting results according to Eq. (3).
The error bars are the standard error of 5 measurements. We show
the temperature dependence of the molecule fraction for a fast ramp
with =! = 1 ms/G in (b) and a slow ramp with &¢~! =4 ms/G in (c).
In both cases, the molecule fraction increases when the temperature
is reduced. For the slow ramp, the molecule fractions is around 80 %
when T /Tr ~ 0.1. In the experiment, the initial and final magnetic
field are B; = 860.6 G and By = 707 G respectively. The ramping
rate is varied by changing the duration of the ramp.

We find that the molecule conversion rate changes dra-
matically at different temperatures. In Fig. 2(b) and (c), the
molecule conversion is shown as a function of temperature.
When the ramp is fast [Fig. 2(b)], the molecule fraction is
low at high temperature and high when the temperature is be-
low the Fermi temperature Ty = i /(2mkg)(372n)?/3, with
kp being the Boltzmann constant. The molecule fractions in-
creases monotonically as temperature decreases. Similar de-
pendence is found in the case of a slow ramp [Fig. 2(c)]. How-
ever one should note that the overall conversion efficiency is
higher in this case. For example, the final molecule fraction (at
T = 130 nK) increases from less than 60% for o' = 1 ms/G
to about > 80% for a~! = 4 ms/G.

Atom-molecule coupling coefficient.— A key parameter



to describe the molecule formation dynamics is the atom-
molecule coupling coefficient. Many theoretical works [1, 12,
36, 46] have shown that the coupling coefficient is given by,

47EabgAOAu

mV M

g =
where V, apg, and Ag are the mode volume, background scat-
tering length, and resonance width, respectively. The cou-
pling coefficient g is a composite parameter and considered
as a constant. It connects the microscopic (a,g and Apt) and
macroscopic (V and Ag) properties of the system. Although it
is an important parameter when modelling the atom-molecule
dynamics [10, 11, 33], the value of g has not been widely
discussed and a detailed, temperature dependent experimental
measurement has not been done so far.

Table I. Overview of the calculated and fitted coupling coefficients
and the resulting enhancement factor for the respective temperature.

Fermi Temp. | Temp. | Calculated g| Fitted g |Enhancement
Tr (uK) | T/Tr |gc (A xkHz) |gr (hxkHz)|  g7/gc
1.23(1) |0.11(1) 47.07 75.4(7) 2.60(50)
1.30(1)  ]0.20(1) 45.40 64.8(3) 2.06(20)
1.39(1) |0.43(2) 43.97 56.4(3) 1.67(19)
1.48(1)  ]0.50(2) 42.27 47.7(4) 1.29(19)
1.53(3) ]0.62(1) 42.23 42.6(4) 1.03(21)
1.61(3) ]0.86(2) 41.12 43.8(3) 1.15(16)
1.69(2) |1.23(7) 46.10 60.8(4) 1.76(24)
1.86(3) |1.73(4) 46.44 49.9(5) 1.17(24)

To obtain the coupling coefficient, we note that param-
eters ap, and Ag have been measured in a number of ex-
periments [47]. The mode volume of strongly interacting

Lo . . 4w 3 £3/4 /

Fermions in a harmonic trap is Vo = 5 a;, ,C5' V24N, where
the oscillator length is a;,, = (ii/m®)'/? with @ the geomet-
ric mean of the oscillation frequency. The parameter &g is
the Bertsch factor [48] accounting for the atomic interactions.
In the dilute limit, £g =~ 0.37 is obtained from Monte Carlo
simulations [49]. As some atoms do not participate in the for-
mation of molecules, the volume becomes V = +/0.687 x V),
where 0.687 is the mean molecule fraction. Using the exper-
imentally obtained atom number N (and hence V), we obtain
the coupling coefficient g.. The related parameters and the
coupling coefficient are summarized in Table I. The data ta-
ble shows that the coefficient g, varies only marginally as we
change temperature.

Next, we obtain the coupling coefficient by fitting the ex-
perimental data. To this end, the molecule formation is de-
scribed by a simple, two-level model [47], where two atoms
form a molecule through a Landau-Zener (LZ) transition. In
this two-state description, the dynamics is governed by the

Hamiltonian
_ (0 ¢
H = <g 5(t)> ) 2

where 6(1) = AuB(t), with AU = 2up being the difference of
magnetic moment of the two states. Based on this model, the
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Figure 3. (Color online) Temperature dependence of the coupling coeffi-
cient. We show the ratio R = g% /g2 obtained from the experimental data in
figure 2 (see Table I). The orange line represents the geometric ratio factor
K as defined in equation (4). The theory estimation is bounded by 1 (blue
horizontal line) in the thermal case, and the orange line is dashed where it
exceeds this bound.

time-dependent Schrodinger equation can be solved analyti-
cally. The molecule occupation probability P is given in the
limit 1 — o0 by P = exp [—27g?/(Apct)]. To take into ac-
count the remnant atom fraction even in the adiabatic limit,
we fit the atom fraction n, based on the LZ result with,

27tg§-
na:no—l—(l—no)exp —m s (3)

where gy is the fitted coupling coefficient and ng the remain-
ing atom fraction in the adiabatic limit (& — 0). With this
equation we accurately fit the experimental data, both at low
and high temperature regimes, as shown in Fig. 2(a).

By fitting the experimental data with Eq. (3), we obtained
the fitted coupling coefficient gz, also shown in Table 1. The
fitted coefficient g r, however, depends on the temperature. We
find that g ¢ is small at higher temperatures and for T > Ty, gy
is nearly identical to g.. Atlower temperatures g grows grad-
ually and is almost twice g. when T /Tp = 0.11. The change
in the fitted coefficient is seen clearly in Fig. 3, where the ra-
tio R = g}%/gg is shown. We note that at T/Tr = 1.23, g is
larger than its neighboring values. It is unclear what causes
this discrepancy.

Coherence enhanced molecule conversion.— We inter-
pret the enhancement of the coupling coefficient due to
many-body coherence at ultra-low temperatures, where many
molecules are condensed [50]. As a result, the coupling co-
efficient is amplified to be gr = +/Nrg, where N; = pVr is
the number of molecules in a thermal volume V7 at density
p. Assuming that the molecules have the same temperature
as the atoms, their de Broglie wavelength at temperature 7 is
given by Ay = fi/27/MkpT, with M being the mass of the
Lip molecule. Thermal volumes of molecules at temperature
T are hereafter Vi = l%. We then compare g7 with the cou-
pling coefficient at the Fermi temperature gr = \/Nrg, where



Np = pVp, with Vi = 37213 \/(2mkpTr) 3 to be a Fermi vol-
ume at the temperature 7r. We characterize the temperature
dependence with a geometric ratio factor,

gV _2V2 (1)
&2 Vrp 3/a\T)

3/2.

K “)

which is proportional to 7~

This temperature dependence of the geometric ratio factor
shows qualitative agreement with the experimentally fitted g ¢
when the temperature T < Tf, as shown in Fig. 3. We thus can
interpret the experimental result as follows. When the temper-
ature is high 7 > Tf, the thermal volume is smaller than the
Fermi volume, V7 < V. The atom-molecule coupling takes
place at the two-body level in this case, for high temperatures.
When T < Tr, however, the thermal volume is larger than the
Fermi volume, which leads to many-body enhanced collective
atom-molecule coupling. This means that the molecule con-
version efficiency will be high at lower temperatures, which is
consistent with the experimental result.

Quantum dynamics of finite systems.— With the cou-
pling coefficient at hand, we study the atom-molecule cou-
pling dynamics. We consider a low temperature regime,
T < Tr, using a typical value of the coupling coefficient. The
Hamiltonian [10, 11, 50] describing the dynamics of molecule
formation is given by H =}’ ; H;, where the j-th pair Hamil-
tonian H; reads

7~ AT A AT A 2TA A
H;= 5(l‘)bj-bj + & (C-;TCJT{_CLCN) +8 (bj ',/'ich—’_H'C') .

Here b ;i (lAﬁ-) is the Bosonic annihilation (creation) operator
of a molecule in the j-th energy level of the harmonic trap,
while ;¢ (éj-o) denotes the annihilation (creation) operator
of a Fermionic atom with spin ¢ (o =7, ]) . The parameter
6(t) = Au(ar + By) gives the molecular energy, where By is
the initial magnetic field, and €; is the kinetic and trap energy
of the atom pair. It is a good approximation to neglect this
term when the temperature is low [11]. The atom-molecule
coupling coefficient, g, is given by equation (1). At low tem-
peratures, molecules condense into the ground state, such that
we can neglect their index, i.e. IA)j —b (BT- — BT).

We have solved the Hamiltonian H for different numbers
of atoms numerically, as shown in Fig. 4. For this, we have
set the magnetic field B > B, (B < B,) whent < 0 (¢t > 0) to
mimic the Feshbach molecule formation dynamics. With only
one pair of atoms, the molecule fraction is negligible when the
magnetic field is larger than B, (i.e. t < 0). Close to the reso-
nance (t — 0) the molecule fraction increases rapidly. Above
the resonance (¢ > 0), the molecule fraction oscillates rapidly
around a saturation value, and the amplitude of the oscillation
decays gradually at later times.

Increasing the number of initial atom pairs, the dynamics
of the molecule fraction has a similar dependence on time.
However, the molecule fraction when ¢ > 0 is increased, due
to the quantum coherence (collectivity) enhanced coupling ~
V/Ng, see Fig. 4. We have carried out calculations for up to ten
pairs of atoms, where fast oscillations are seen in the molecule
fraction when ¢ > 0. We then take the average value of these
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Figure 4. (Color online) Quantum dynamics of Feshbach molecule for-
mation. When the total number of atom pairs is small, the molecule frac-
tion is low. For a fixed number of atom pairs, the molecule fraction oscil-
lates rapidly. Due to strong dephasing, the average molecule fraction quickly
reaches a steady value. In the simulation, we have used g = 50 kHz, which is
in the range of the experimental data. Other parameters are & = 1 G/ms and
B is tuned from B, —0.158 G to B, +0.316 G.

individual realizations, assuming they are equally weighted.
This procedure averages out the large amplitude oscillations,
where the molecule fraction quickly reaches a steady value
when ¢ > 0. We note that such dephasing can also be obtained
when a thermal average is performed [50]. The simulation
shows also that molecules form during a short period o< 1/g
where the magnetic field changes about g/Au in the vicinity
of the resonance. This time scale is different from what is
observed in the experiment and worth careful investigation in
the future.

Conclusion.—Our experiment shows that the fraction of
atoms associated into molecules increases when both the
temperature of the atomic gas and the sweeping rate of the
magnetic field are decreased. We have measured the atom-
molecule coupling coefficient, which increases at lower tem-
peratures and in the adiabatic regime, as a result of many-
body coherence. The qualitative trends predicted by our the-
ory agree with our experimental findings, and quantitative
agreement appears strong at temperatures only slightly below
the Fermi temperature. The quantitative differences at even
lower temperature indicates that a more sophisticated model is
therefore needed to fully describe the experiment. Our study
provides an accurate experimental measurement of the atom-
molecule coupling coefficient. Exploitation of these enhanced
coupling coefficient might lead to a path for more efficient
molecule creation.
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Appendix A: technical details of experimental procedure

Generation of the cold atom cloud prior to magnetoasso-
ciation begins with a magneto-optical trap (MOT) [51]. The
MOT is loaded via a Zeeman slower [52], which slows an
atomic beam that is transmitted through a differential pump-
ing stage from a source chamber. Over a 10 second load-
ing cycle, the MOT captures ~ 2 x 108 °Li atoms. An ad-
ditional cooling step, in which the trapping lasers are tuned to
half a natural linewidth below resonance (for optimal Doppler
cooling), brings the temperature of this atom cloud down to
~ 300 uK.

An optical dipole trap is loaded from this cold cloud. A
100 W fibre laser, operating at 1070 nm, is used to produce
a crossed-beam dipole trap, in which each beam is focused
to a waist of 80 um. The crossing angle is 14 degrees. This
captures up to 2 x 10° atoms.

These atoms are then evaporatively cooled to a regime close
to quantum degeneracy to temperatures between 0.1 — 2.0
T/Tr with total atom numbers between 100.000 - 200.000
atoms. After the loading, the dipole trap is first held at con-
stant power for 600 ms, following which the power in the op-
tical dipole trap is ramped down to the range of tens to hun-
dreds of mW. The end point depends on the final trap depth
desired and is reached in a series of linear ramps that col-
lectively approximate an exponential decay of the trapping
power. The power is lowered through a combination of re-
ducing the laser current and the use of an acousto-optic mod-
ulator. A photodiode is used to measure the optical power that
passes through the dipole trap, with servo-controlled feedback
to the acousto-optic modulator enabling active stabilization of
the dipole trap’s depth to its set value. This is necessary to
reduce unwanted heating effects arising from small variations
in trap depth.

At the end of this evaporative cooling cycle, which lasts
~ 105, on the order of 10° atoms typically remain, at tem-
peratures ranging from tens of nK to several uK. The cloud
is then held at constant trap depth corresponding to trapping
frequencies between 622 - 750 Hz (radially) and 74 - 90 Hz
(longitudinally).

The magnetic field is then ramped linearly from 860.6 G to
the BEC side of the Feshbach resonance (707 G). The linear
magnetic field ramp is applied through a change in the current
in the Feshbach coils as shown exemplary in the Fig.5.

Appendix B: determination of molecule fraction via absorption
imaging

To reduce the impact of technical noise sources on the ab-
sorption imaging, the atom cloud was released from the dipole
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Figure 5. (Color online) Magnetic field ramp. Current transducer signal
for a 50 ms ramp.

trap and allowed to expand for a period of 1 to 2 ms (depend-
ing on exact experimental parameters) prior to imaging. The
size of the atom cloud after this period was typically some
hundreds of micrometers, which greatly exceeds our imaging
resolution of 3 um. Each absorption image is background-
subtracted and then normalized to an equivalent image taken
50 ms after the atoms have been dispersed, which greatly re-
duces the influence of technical noise sources on our data.

We also carry out additional control experiments to account
for the effect of loss of unassociated atoms from the dipole
trap during the magnetic field ramp. If not properly accounted
for, this could cause overestimation of the molecular fraction
after the ramp, since we assume that atoms not seen in the
absorption image are associated into molecules. We therefore
conduct, for each set of experimental conditions under which
we take data, a control experiment in which the magnetic field
is ramped across the Feshbach resonance and then back again,
thus dissociating any molecules that were previously formed.
This process is time-symmetric, taking twice as long as the
unidirectional ramp, and we therefore assume that the frac-
tion of the atoms remaining after this process is equal to the
square of the total fraction remaining (in both associated and
unassociated forms) after a unidirectional ramp. This allows
us to estimate the reduction in apparent atom number that re-
sults from atom loss during the magnetic field ramp under
each set of experimental conditions employed. By dividing
the apparent unassociated atom fraction that we measure us-
ing absorption imaging by this value, we can thus eliminate
the systematic bias resulting from atom loss during the mag-
netic field ramp.

Appendix C: Landau-Zener Transition of a two-level system

The molecule formation via sweeping magnetic field
through the Feshbach resonance can be modeled to be a
Landau-Zener (LZ) transition. Using a two-state process pic-



true, LZ describes the transition under the Hamiltonian

(h) e

where () slowly increases from —eo to +oo at a constant
speed 6. Analytical solution reveals that the flip, or transition,
probability is

P =exp (—2ng2/5) . (€2)

Near Feshbach resonance, 0(t) = Au(B(t) — B,), where Ay
is the difference of magnetic moment, B, is the resonant mag-
netic field strength. g is the atom-molecule coupling strength.
For fermions, it is equal to g = 7, /47rabngAu/m/\/V [12].
For ®Li at B, = 834.1 G, AU =2ug, the resonance width Ag =
—300 G and background scattering length a;, = —1405 ag. V
is the mode volume. To obtain the volume, we note that typi-
cally two-body interactions will change the shape and density
of atoms in the trap. Papenbrock and Bertsch [48] introduced
a parameter &g such that the chemical potential is scaled by
the Fermi energy of the non-interacting case y = égEg. The
trapping frequency is then scaled by /&p@; accounting for
the change of effective trapping frequency. Then the radii of
the atomic cloud read

Wpo

Ri=&Y ap (241\7)1/6 (C3)

yielding the volume of a spherical gas,
47r
al, E3/*\/24N. (C4)

In the BCS regime, &g is calculated by the Monte Carlo
method [49]. Though depending on trapping profile and par-
ticle density, g converges to = 0.37 in dilute limit, which is
used in the calculation.

Appendix D: Many-body Model of the atom-molecule coupling

The formation of bosonic molecules from pairs of
fermionic atoms is modelled by a spin-boson coupled sys-
tem [10, 11, 50]. The Hamiltonian consists of different molec-
ular states, such that H = }; H;, where Hamiltonian H; reads

= 8()b1h, + & (¢he+ 8,65, ) +g (Blejcy+He)

Here 8(¢) = Au(ot + By) gives the molecular energy, where
« and By are the ramping rate and the initial value of the mag-
netic field. &; is the kinetic and trap energy of the atom pair.
Here g; denotes the energy of a pair of . Typically, it can be
the harmonic levels €; = im(j+1/2), or free space by replac-
ing j by k, & = k?/2m. &(t) is the molecular energy. If all
molecules are in the ground state, i.e., forming a molecular
BEC, then we can neglect the index j, as all molecules have
identical one.

When sweeping the magnetic field from 860 G to 707 G,
the molecule energy changes from 6(7y) /i = —457 MHz to
0(tf)/h=2232 MHz. The maximum value of &; (Fermi level)
is roughly &r = 12 /(2m)(3w%n)?/3 ~ 1 x 50.5 kHz for density
n=10'2 cm=3. If we take the full range of magnetic field, the
numerical cost in the simulation will be very expensive. To
simplify the calculation, we have chosen initial value of mag-
netic field relatively close to the resonance, which captures the
LZ transition dynamics.

Anderson Pseudospin representation

When the molecules are condensed to the ground, this al-
lows us to further simplify the model using the Anderson
pseudospin. The Andreson pseudospin connects the spin op-
erator via

G+ _ At Af
S =&\ Cin

S; =cudiy
S;=ehen+élen—1

which are spin operators for a spin-half particle with cor-
relations §; = (S;L +5;)/2 and S} = —i(SJr §;)/2. The
commutation relations are [Sf,S;] =253, [S;F,Sj] Sj+ and
[$;,8%] =S . The total number 2N of particles are conserved,
2Ny, +Z’f (25%+1) =2N, which can be seen from the commu-
tation relation [H,N] =

The Hamiltonian can be simplified to a Tavis-Cummings
model (or Dicke model without counter-rotating terms)

AL

H=08)b'b+Y eSi+gY (b'87 +87b). (D1)

A c-number part }; & is discarded, i.e. neglecting the kinetic
energy of atom pairs. This is a good approximation when the
temperature is low. The Heisenberg equation of the operator
can be obtained,

i%f? = 6(z)ia+g):§; (D2a)
e e e

i~ 8 =268, —g8ib (D2b)
i%ﬁf =—2¢8; +gh'S¢ (D2c)
i%ﬁf =2g(-b'S; +5b) (D2d)

As the total number of atoms is conserved, one can solve the
dynamics numerically when N in the order of a few hundred to
thousand with a normal desktop PC. For numbers close to the
experimental situations (hundreds of thousands of atoms), one
many use the mean field theory, i.e. decoupling mean value
of operator products as (AB) ~ (A)(B) to solve the coupled
equation.
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