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Abstract

The main objective of the research described in this thesis to probe the many-
body quantum e ects in a strongly interacting Fermi gas usig Bragg spectroscopy.
An enriched source of Lithium-6 atoms is used to probe thesegperties. The broad
Feshbach resonance of the two lowest hyper ne levels@fi at a magnetic eld of 834G

is exploited to precisely control the interactions betweethe atoms.

In our experiments, a beam of hofLi atoms produced by an oven is cooled using

a Zeeman slower in an ultra-high vacuum environment. From tkislowed atomic
beam, 4% of the atoms are cooled and trapped in a magneto-agati trap (MOT)

created by six perpendicularly intersecting near-resonttaser beams. This Doppler
cooled MOT consists of 19atoms at a temperature of 280 K. A small fraction (1%)

of atoms is then transferred from the MOT to a single optical ighole trap created by a
100 W bre laser. To obtain the temperatures of degeneracy (100 nK), the atomic
sample is further evaporatively cooled in the presence of drdach magnetic elds,
by reducing the intensity of the dipole trap laser with the hi of a commercial PID
controller. Once the degenerate gas is formed, the dipoleafris switched o and the
gas is allowed to expand for a certain time of ight before takg an absorption image

on a CCD camera for analysis.

At magnetic elds below the Feshbach resonance, the colligial interactions become
repulsive and a bound molecular state exists for fermionidans with opposite spins.

These bound fermions form a composite boson which followssbaic statistics to



form a molecular Bose-Einstein Condensate (BEC). At magnet elds above the
Feshbach resonance, the interactions become attractive camo stable bound state
exists. However at ultracold temperatures, a Bardeen-Coep Schrie er (BCS) state is
created through weak coupling between the fermions formireg "Cooper pair'. When
the eld is tuned to the Feshbach resonance (unitarity), thescattering length of the
atoms diverges and the interactions in the gas become unigat. Under such conditions,
correlated pairs are predicted to exist due to many-body quméum e ects. The size of
these pairs becomes comparable to the inter-particle distees, making this system an

ideal test bed for studying super uidity.

Bragg spectroscopy is designed and implemented to probe tkkemposition of
the particles at unitarity as well as their correlation progerties across the BEC-BCS
crossover. A comprehensive study of these properties acdke Feshbach resonance
is presented for the rst time via Bragg scattering of the stongly interacting Fermi
gas. The Bragg spectra are analysed in terms of the centrerolss displacement of
the cloud along the direction of the Bragg pulse. A smooth trssition from molecular
to atomic spectra is observed with a clear signature of pang at and above unitarity.
Furthermore, the two-body correlations are characterisednd their density dependence

is measured across the broad Feshbach resonance.
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Chapter 1

Introduction

1.1 Background

Ever since the rst experimental realisation of long-livedbosonic molecules comprised
of fermionic atoms [1, 2, 3, 4, 5] and the Bose-Einstein condation of these

molecules [6, 7, 8], the novel properties of these stronghteracting quantum many-

body systems have attracted world-wide attention. These talmark experiments were
made possible by the availability of so-called Feshbach mesances [9, 10, 11, 12]
which allow the interactions between fermions with oppogt spins to be tuned in a
very precisely controlled manner. In addition, the techniges of laser cooling and
trapping [13, 14, 15, 16] developed to achieve atomic BECs/[118, 19] have been
applied to create strongly interacting Fermi gases in the koratory [20, 21, 22, 23,
24, 25, 26]. The behaviour of such many-body interacting Fai systems have many
similarities to that of electrons in metals, superconducts [27], super uids [28], white-

dwarfs and neutron-stars. The fact that strongly interacthg Fermi systems can be
modelled and manipulated at will in an experimental laborairy makes the research of

such systems of great fundamental signi cance.

At ultracold temperatures, the collisional properties of wo-component Fermi gases

1
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Figure 1.1: Phase diagram of interacting Fermi mixtures in d&armonic trap as a
function of temperatureT =T¢ and interaction strength 1=k-a [29], whereTg is the Fermi
temperature. The dashed line represents the characteristtemperature T for pair
formation and the continuous line represents the criticaledmperature T, for super uid

formation. (The plot is re-constructed from Fig. 14 of refeence [30])

(spin-up and spin-down) are governed only by theis-wave scattering lengtha. With
the use of a Feshbach resonance, this length can be tuned frarpositive to a negative
value, creating either a repulsive or an attractive interaoon between the fermions.
The interaction strength is quanti ed in terms of the dimensonless quantity Fkra,
where ke is the Fermi wave vector. Figure 1.1 shows the phase spacegiamn across
this crossover in terms of 2kza. Fermions with opposite spins can form bosonic pairs
below the characteristic temperaturel' (dashed line) and can be further cooled below
the critical temperature T, (solid line) to form a super uid. Note that, except for
1=kra > 0, isolated correlated pairs cannot be formed as they are phaced purely
by many-body quantum e ects. Also, it has been shown experiemtally [23] that the

crossover across the Feshbach resonance is continuous ansible.

At the crossover Ek-a = 0, the scattering length diverges & ! 1 ) and
the properties of the system become universal [31, 32, 33,, 3b, 36]. Under

such conditions, strongly correlated fermionic pairs areofmed. The size of these

2



pairs is comparable to the inter-particle distances whichatilitates the formation
of super uidity at high temperatures. Thus, a system of stragly interacting
Fermi gas provides an ideal platform to probe and understantligh-temperature
superconductivity in various types of materials [37]. Thigegion ( 1< 1=kra < +1)

of the Feshbach resonance is referred to as unitarity.

When the interactions are attractive Ek-a < 0, weakly bound Cooper pairs are
formed. This is analogous to the formation of electron pairéh a superconductor,
rst explained by Bardeen, Cooper and Schrie er (BCS) usingmany-body mean-
eld theory [38]. These pairs are correlated in momentum sga at the surface of
the Fermi sea, whereas for momenturk < kg pair formation is suppressed by Pauli
blocking. In real space, these pairs are larger than the imt@article separation making
it experimentally di cult to detect them. Super uidity is a Iso possible in such systems,
though at extremely low temperatures. This side of the Feshich resonance is often

referred to as the BCS side.

When the interactions are repulsive 3k-a > 0, a weakly bound molecular state
becomes energetically stable in the presence of a Feshbagbonance. When a gas of
two-component fermions is evaporatively cooled at a xed Vae ofa in a harmonic trap,
molecules can be produced via three-body recombination [3%xperimentally [3, 4],
the lifetimes of these molecules are found to be of the ordeir tens of seconds, long
enough to perform evaporative cooling. Because these moiles are composite bosons
(consisting of two fermions), they can undergo a phase tratien to form a molecular

BEC which is a super uid. This side of the Feshbach resonanég called the BEC side.

1.2 Motivation

It is clear from the previous section, that with the help of Fehbach resonances, the
strength and type of interactions within a two-component Femi gas can be varied

very precisely. Due to the presence of interactions in a Fermas, correlated pairs are

3



formed [26, 40]. This eventually leads to the production ofuper uidity across the
BEC-BCS crossover [42, 43, 44]. The size of these pairs, hesve varies from small
to large compared to the inter-particle distances dependinon the strength of the
interaction [45]. One important step towards understandig the dynamic properties of
these many-body systems is to quantify these pair correlafis in a strongly interacting

Fermi gas across the BEC-BCS crossover.

Experiments performed across the BEC-BCS crossover usiragio-frequency (RF)
spectroscopy [46] have either measured pair sizes [45] oiripg gaps [47, 41], whereas
the experiment performed using photoemission spectrosgopas probed only single
particle excitations [48]. The rst pair correlation measwements between the pair of
atoms dissociated from a bound molecule is performed by aysihg the atom-shot
noise from the time of ight absorption images [49]. Howeverin order to probe
the pair correlations across the BEC-BCS crossover, Braggestroscopy has been
suggested by various theoretical studies [50, 51, 52] foretHiollowing reasons. Unlike
RF spectroscopy, during Bragg scattering the internal atom states are unchanged, as
a result there are no nal state interactions shifts. Also, he momentum imparted to
the gas in Bragg spectroscopy can be very large compared teethermi momentum
(} ke), giving more freedom to probe wide region of the excitatiogpectrum. Finally,
as shown in this work, the center-of-mass displacement ofetltloud along the direction
of the Bragg beams can be easily used to probe the pair cortedas, compared to

tedious numerical analysis of the atom-shot noise from thésorption images.

The experimentally measurable quantity that is related to he pair correlation
function, via a Fourier transform, is the dynamic structurefactor (DSF). In an inelastic
scattering experiment, when the probe particle is weakly apled to the many-body
system, the DSF provides information about the spectrum ofoflective excitations
at low momentum transfers [53, 54, 55]. At high momentum trasfer, the DSF
gives details about the momentum distribution of the systemwhere the response

is dominated by single-particle e ects. The DSF, for exampl in super uid liquid



He is measured through the di erential scattering cross-s8on in neutron scattering
experiments [56, 57, 58, 59]. Fortunately, in atom optics, rBgg spectroscopy has
proven to be an equivalent technique to probe the dynamic [p@nd static structure
factors [61] in atomic BECs. The static structure factor (SB) is the e ective line

strength of scattering at a particular momentum.

The main objective of this work is to implement Bragg spectiscopy to probe pair
correlations across the BEC-BCS crossover in terms of thetenaction strength. To
probe the single-particle behaviour, the momentum imparte to the system is kept
maximum with respect to the Fermi wave vectorkg. Since this is a mass-dependent
scattering process, it can also be used to probe the relatifction of the constituent
particles in a strongly interacting Fermi gas at unitarity. In fact, on the BCS side,
Bragg spectroscopy has been theoretically proposed to det€ooper pairs in a weakly
interacting Fermi gas [62]. In addition to this, on the BEC dile, the e ects of mean- eld
interactions on the momentum distribution of a molecular BEE can be probed using
Bragg spectroscopy. The rst Bragg scattering experiment grformed on ultracold
sodium dimers [63] has shown a surprisingly large shift inéfBragg resonant frequency,
which could not be explained using only mean- eld interactins. Further study is

anticipated in this direction.

1.3 Thesis outline

With the possibility of probing various dynamic propertiesof an interacting Fermi gas
using Bragg spectroscopy, this work started with setting ughe experimental apparatus
in several stages, in collaboration with two other postgracite students. At rst,

a molecular BEC was created in a low power optical dipole trapfollowed by the
production of a degenerate Fermi gas [64]. After this achiement, the experiment was
upgraded by including a tapered ampli er to create a six-bea magneto-optical trap

(MOT) and by setting up a high-power single optical dipole tap using a 100 W bre

5



laser. In order to study the strongly interacting properties of the fermions, all the
images presented in this thesis were obtained at high magitetelds. This is achieved
by implementing a laser o set-locking technique [65], all@ing one to take absorption

images at high magnetic elds.

The thesis is structured in the following way : Chapter-2 stds by highlighting the
e ect of external harmonic con nement on non-interacting ad interacting quantum
degenerate gases. In Chapter-3, the basic theory required tinderstand the BEC-
BCS crossover physics is described. The idea is to discusselyr collisions at
ultracold temperatures, Feshbach resonances and the atansiructure ofSLi. Chapter-
4 describes the experimental set-up involved in performinthe experiments. The
technical details of the apparatus are described, includinthe vacuum system, the
optical setup, the lasers and absorption imaging. The laséocking schemes and the
optical setups discussed here dier from those mentioned ireference [66], the rst
Ph.D thesis from this group. In Chapter- 5, the results obtaied from this new set-up
are presented. The experimental details about the producth and observation of a

molecular BEC and a degenerate Fermi gas are also given.

Chapter-6 outlines the importance of inelastic scatteringxperiments to probe the
internal properties of the many-body system. The principke of Bragg scattering are
explained. An expression to relate the density correlatiofunctions to the measured
Bragg signal (centre-of-mass displacement of the cloud) derived. Following this, a
new way to analyze the Bragg signal is described in Chapter-7This chapter also
includes the results obtained from Bragg scattering in theatlionless regime (without
interactions). In this regime, the single-particle propdres of atoms and molecules are
veri ed by observing two-photon Rabi oscillations. Chapte-8 presents the key results
of the thesis obtained through Bragg scattering in the strogly interacting regime. In
this regime, the static structure factor which is related tahe pair correlation function
is evaluated from Bragg spectra for the rst time. It is foundto vary smoothly from the

BEC side to BCS side in qualitative agreement with the theot&al prediction [51]. In



addition, the measured density dependence of correlatedifzais presented. At the end
of this chapter, thermometry of a strongly interacting Fernnh gas is brie y discussed.
Chapter-9 summarizes the main results from the thesis andsal gives an outlook for

future experiments that can be performed with the same experental set-up.






Chapter 2

Trapped quantum degenerate gases

2.1 Introduction

In this chapter, the behaviour of degenerate quantum gases wtracold temperatures
is rst discussed briey. This is followed by a discussion orthe properties of trapped
degenerate gases. Since the particles are trapped in an ogtidipole trap, which can
be approximated by a harmonic potential near the bottom of th trap, the properties
of the gas are discussed only in such a potential for both namteracting (sec. 2.3) and
interacting (sec. 2.4) gases. A number of textbooks [67, G8}d review articles [30] can
provide a detailed discussion on this topic, and hence onlyé important results are
presented here. Physically measurable quantities such aarficle number, temperature
and density distribution are described in each case. The tasection explains the scaling

factors required for application to the width of an hydrodymmically expanding cloud.



2.2 Quantum statistics

All fundamental particles are classi ed either as bosons dermions owing to their
intrinsic angular momentum called spin. Bosons have integk spin quantum number
whereas fermions have half-integral spin quantum number. Neén these particles
combine to form a complex structure (like an atom or a molece), the total spin
guantum number can be either an integer, making it a compositboson, or an odd
half-integer, making it a composite fermion. The basic di e2nce between bosons
and fermions arises as a consequence of the Pauli principl@ick states that the
total wavefunction for a system must be symmetric (anti-symmetric) with respect to
exchange of any pair of bosons (fermions). As a result, the Waprinciple forbids two
identical fermions from occupying the same quantum state. His quantum behaviour

of the particles comes into pcllay only at ultracold temperattes (< 1 mK), when their

de Broglie wavelength g = % becomes comparable to the spacing between the
particles, wherem is the mass of the particle at temperaturel. This is depicted for
particles in a harmonic trap in Fig. 2.1 where the phase-spadensityD = n 3; at a

particle density n is used to di erentiate various temperatures.

n3&l T=0

n3g 1 \ /' Bose-Einstein

Maxwell-Boltzmann Fermi-Dirac
Figure 2.1: Comparison of identical bosons (in blue) and f@ions (in red), respectively,
at di erent temperatures. The phase-space density is wrign asD = n 3;.

At su ciently high temperatures, the mean occupation numbe for all the energy
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states is much less than onen( 3; 1) and the particles' behaviour is well described
by Maxwell-Boltzmann statistics (p = 0 in eq. 2.2). As the temperature is lowered
to the point of degeneracy § 3; & 1) quantum statistics becomes crucial. A gas of
identical bosons (in blue) begins to occupy the ground stateacroscopically according
to Bose-Einstein statistics p = 1 in eq. 2.2), whereas fermions (in red) Il up the
low-lying energy states following the Pauli principle, with at most one identical atom
per state according to Fermi-Dirac statistics p = +1 in eq. 2.2). At T = 0 all the
bosons are condensed in the ground state while the fermiorisup all the states up to

the Fermi energyEr = kg Tg, where Tr is the Fermi temperature.

In our experiments, we use two spin states of fermionRLi atoms that can be
combined using a Feshbach resonance to make a diatomic basanolecule. Because
these molecules follow Bose-Einstein statistics, they cé@ cooled to form a molecular
BEC.

2.2.1 Distribution functions

As mentioned above, quantum statistics start to play a crual role once the gas is
cooled below a certain critical temperaturel.. To obtain an expression forT, rst
consider a gas withN particles trapped in a harmonic potential:
— 1 22 1 2\,2 1 2,2
V(r)= ém! X5+ ém! Jy + ém! oy (2.1)

where! ;! and !, are the trapping frequencies in each direction. Then the mea

occupation numberf (";) of a single-particlei" state with energy"; is given by

1
()= oy (2.2
ekeT + p
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where the chemical potential is obtained from the normalization condition

X
f("i)= N, (2.3)
i
and p = 1 for quantum gases or O for a classical gas. When the tempena is
su ciently large, the term with p becomes negligible and the gas is described by
classical Maxwell-Boltzmann statistics withp = 0. Below critical temperatures, the
gas is described by Bose-Einstein statistics for bosonstéger spin) withp= 1 and

by Fermi-Dirac statistics for fermions (odd half-integer gin) with p= +1.

The summation in eq. 2.3 can be approximated by an integratiowhen the system
occupies many levels to give an almost continuous distridon (kg T ~14). Using

the density of states in a harmonic trap

np

9(") = W; (2.4)

wheret = (!,!,!,)*= is the geometric mean of the three trapping frequencies, the
integration becomes 7
N=g(")f(")d" (2.5)

and the total energy of the systent can be obtained from the relation

Z
E= "g()f()d" 26)

All of the thermodynamic quantities like speci ¢ heat, entopy etc. can be obtained

once the total energy of the system is known.

2.3 Trapped non-interacting degenerate gases

Before discussing interacting degenerate gases, it is wavhile to summarise the

properties of trapped non-interacting degenerate gases.

12



2.3.1 Bosons

The Hamiltonian H for an ideal (non-interacting) Bose gas trapped in a harmoai
potential is

H = Z}_mr 2+ V(r): (2.7)

The wavefunction for a BEC is then given by the solution of th&Schmdinger equation
for the above Hamiltonian. This has the same wavefunction dbat of a single particle

in the ground state, except for the normalization constant

p_— 1 ¥ r2
ofr)="N pTho exp 22 (2.8)

where ap, = P }=m! is the harmonic oscillator length, which gives the size of ¢
cloud. The density distribution of the condensed cloud thebecomesg(r) = j o(r)j?
which increases linearly withN, the total number of particles. Writing N as the sum
of condensed atom$\N, and thermal atoms N+, the critical temperature T, and the

condensate fractionNo=N are evaluated using eq. 2.5 to be [68]

™ 1=3
T, = 0:94}T; (2.9)
N T 3
WO =1 = (2.10)
C

This relation gives a large condensate fraction of 90% evetrestemperature T=T, = 0:5.

The density distribution for the thermal cloud n+(r) is given by

1 . V(r
nr(r) = E'—' 3=2 eXp kB(T)

(2.11)

wherelLi represents the poly-logarithmic function. Since the widthiRt = an(kgT=}!)
associated with this thermal distribution is typically muc larger than a,,, a BEC in

a harmonic trap is revealed by the appearance of a sharp peakthe central region of

13



the density distribution. The mean energy per particle is diained from eq. 2.6 [69]

4

5 = 2:7ks T, (2.12)

T
T
2.3.2 Fermions

Consider a sample oN spin polarized fermions trapped in a harmonic potential. Fo
such a system, the chemical potential alf = O de nes the energy of the highest
occupied state, also called the Fermi enerdyg. It is obtained by integrating eq. 2.5
atT=0

Er = }1T(6N)¥™2 = kgTe (2.13)

The Fermi temperature T marks the crossover to a degenerate Fermi gas (similar to
T, for a BEC) where the mean occupation number approaches unitiNote that both
temperatures, T, and Tg, have the sameN *** dependence on the number of trapped

atoms.

The zero temperature density distribution at a positionr can be obtained by rst
evaluating the number of atoms that t into a momentum spherewith radius } ke(r)

as
1 4

n(r) = 2 933 (ke(r))®; (2.14)

where E(2 })3 is the density of states. In the Thomas-Fermi approximationwhere
the trapped gas can be described by a uniform gas, a local Fenvave vectorkg(r) is
de ned for each point in space by

} 2kE(r)
2m

EF = + V(r): (2.15)
Combining equations 2.14 and 2.15, the spatial pro le of a meinteracting Fermi gas
is obtained as

h | 3
n(r;T=0)= 6—12 %—T Er  V(r) ; (2.16)

14



which vanishes forV(r) > E¢. De ning the Thomas-Fermi radius RL as the width
at which the density goes to zero in direction = x;y;z, by setting V(RL) = Eg, the
maximum extent of the fermionic cloud is obtained as

S

R =

r

2k Tk Y T
i ? RL = F48N o (2.17)

The distribution function then becomes [30]

8N h X 2 y 2 Z 2i 3:2.

T=0= ——— 1 — — 2.18
IO R R R R &1
The mean energy per particle is obtained from eq. 2.6 as [70]

E 3

W = ZkBTF: (219)

2.4 Trapped interacting degenerate gases

Interactions play a very important role in determining the d/namical behaviour of the
gas. They also contribute to modifying the density distribtions of the clouds. In the
following sections, the main focus is on understanding theeets of interactions on the

shape of the clouds.

2.4.1 Bosons

Consider a gas withN interacting bosons trapped in a harmonic potentiaV (r) at
temperature T = 0. In a dilute gas, the interactions are dominated by low errgy
two-body s-wave collisions (see chapter. 3). The interactions can thdée treated as a
mean- eld contact potential whose strength is charactered by the coupling constant
g = 4 }2a=m, where a is the s-wave scattering length. This approximation allows

us to write the many-body Schredinger equation folN bosons in terms of a single
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macroscopic order parameter () (the condensate wavefunction) [68]. In equilibrium,
the density distribution is obtained from the time-indepenlent Gross-Pitaevskii (GP)
equation ,
Lizevorgi(nR (= (1) (2.20)
where is the chemical potential which characterises the ground ate energy of
the condensate. From the solution of this equation, the deitg distribution can be

calculated fromn(r) = j ( r)j>.

When the number of atoms is large and the interactions are rafsive, the ratio
of kinetic to potential (interaction) energy can become sni In this regime, the
rst (kinetic) term in the GP equation can be neglected. Thisassumption is often
referred to as the Thomas-Fermi approximation. Then the desity distribution is given
analytically by

n(r) = é( V(r)): (2.21)

R
The chemical potential is determined by the normalising condition dr n(r) = N

and the shape of the density distribution becomes an invedeparabola in 3D [30]

h [
R £\ X 2 y 2 z 2
"TE0 gprRe ! RC R RE (2.22)

where the Thomas-Fermi radiusR' is de ned by the width at which the density goes

to zero S _
. 2 I 15Na
I — —_ .
R'= m = ahoﬂ A : (2.23)
The mean energy per particle is obtained from eq. 2.6
E 5
N = - : (2.24)

At nite temperature T, because the density of the thermal cloud is much lower
than that of the condensed component, the coupling betweeimdém can be ignored.

Therefore, the density distribution is given by eq. 2.22 wit N replaced byNy. To a
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rst-order correction, the condensate fraction is the samas that of an ideal gas, while

the critical temperature is reduced according to the reladin [71]

IC ICO 1=6 a
= 132MN"™"—; 2.25
l(? ano ( )

where T? is the critical temperature of a non-interacting gas.

2.4.2 Fermions

In the case of ultracold spin polarized fermions, interacins are suppressed due to the
Pauli exclusion principle. However, if atoms in two di eret spins are considered then
they can interact via s-wave collisions at ultracold temperatures. These interéions
give rise to pairing e ects which can lead to super uid propeies. Consider a two-
component Fermi gas with equal numbers of atom¥=2 in each state, spin up ( =")
and spin down ( =#). Because the interaction strength varies across the clouds
the density varies, there exists no exact analytic solutiofor the many-body problem
of trapped fermions across the BEC-BCS crossover. The resugiven below use the
local density approximation, which assumes that locally th system can be treated like
a uniform gas. Also, the results given below are strictly foa trapped interacting two-
component Fermi gas at temperaturel = 0. For the case of an interactinguniform
Fermi gas, the reader is referred to the review article [70]n general, the interaction
strength across the BEC-BCS crossover can be quanti ed by @ndensionless parameter

1=(kra) which is the ratio of the interparticle spacing to the scatéring length.
Weak repulsive interactions :

In the limit of weak repulsive interactions, the scatteringength is small and positive
a> 0and I=(kra) ! +1 . For very small positive values of, a repulsive interacting
Fermi gas is formed [30]. However, in the presence of a Festtbaesonance, a positive
scattering length is linked to the presence of a molecular bod state in the interparticle

potential. Since these molecules are composite bosons fedtby two fermions, their
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behaviour can be described by standard BEC theory. This limiof the Feshbach

resonance is frequently referred to as the BEC-side or BE®it.

For a weakly interacting gas, the Thomas-Fermi limit, whichrequires the interaction
energy to dominate over the kinetic energy, can be easily gaed. This gives the

following parabolic density pro le

15Nh X 2 y 2 z2i

T fmrRe YRR R R (2.26)
S 1=5
; 2 M ! 15Ny ay -

R' = ——— = Qop— —— 2.27

M2~ ™10 e (2.27)

whereNy = N=2 is the number of molecules with madsl = 2m and ay = 0:6ais the
molecular scattering length [39]. The interaction betweethe molecules is characterized
by the mean- eld equation of state

}2awn

- (2.28)

(n) =

which depends linearly on the density of the system.
Weak attractive interactions :

In the limit of weak attractive interactions, the scattering length is small and
negativea < 0 and I=(kra) ! 1 . This limit of the Feshbach resonance is frequently
referred to as the BCS-side or BCS-limit. For this casek{jaj 1), the many-body
problem can be solved both aff = 0 and at nite temperature using BCS theory,
which describes superconductivity in metals [38]. The intactions are added as a
perturbation to the non-interacting Fermi gas to obtain a rst-order correction to the

Thomas-Fermi radius

22 Krjaj (2.29)

wherekg is the Fermi wave vector of a non-interacting gas. This reduthows that the
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width of the cloud is compressed due to attractive interaabins. If kejaj 1, then the
Thomas-Fermi radius becomes equal to that of a non-interdngy gas

S

RL= —1; (2.30)

and the density distribution is given by

AN h X 2 y 2 Z 2i 3:2.

T=0)= ———— 1 = = 2.31
WO R R ORL R &30
The equation of state is approximated by that of an ideal Feringas, that is
§ 2=3
= — = 2.32
(M= 5-(3n) (2.32)

Strong interactions :

In this limit, the scattering length divergesa! 1 and 1=(kra) ! O, leaving the
interparticle distance k- as the only relevant length scale. This limit of the Feshbach
resonance is frequently referred to as the unitarity limit At present an exact solution of
the many-body problem is not available fokgjaj 1. As the scattering length exceeds
the inter-particle separation, the properties of the gas lm®@me universal [36] and all the
thermodynamic quantities can be written as a function of thé=ermi energy EF and
the inter-particle spacing characterized by a universal ogtant . In this regime, the
density pro le becomes [30]

AN h X 2 y 2 z ol 3=2

nr;T=0= ——— 1 —

2 at 2.33
2RYRYRY R RY, RS (2:33)

with R, = (1 + )%R‘F. Although the universal constant has only a very weak
dependence on the radius, its value can be obtained by medsgrthe size of the cloud
at unitarity [23, 24, 31, 72]. In this limit, the chemical poential at T =0 is given by

}2

=(1+ JEe=0+ )5

(3n)* (2.34)
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which has the same power law as non-interacting fermions.

All the results given above are for interacting fermions at eso temperature.
Including nite temperature e ects across the BEC-BCS crosover for interacting
trapped fermions is very dicult theoretically. However, experimentally, it is
found [73, 74] that the shape of nite temperature clouds at mitarity is not di erent
from that of a non-interacting Fermi gas. This has led to the gactice of tting density
pro les of a non-interacting gas to the observed data and qtiag an e ective/empirical

temperature T with respect to the Fermi temperatureTe [31](see sec 8.6) .

2.5 Hydrodynamic expansion of clouds

When elastic collisions rates in a trapped gas are higher thahe trapping frequencies,
the gas is said to be in the hydrodynamic regime. Expansion sfich a gas after
switching o the trap is then simply a re-scaling of the cloudwidths. Since,
in our experiments, absorption imaging is performed at higimagnetic elds, the
cloud experiences a saddle-shaped magnetic potential duethe presence of external

Feshbach elds. Such an anti-con ning potential can be wrien as
. — 1 | 2 2 1 2 /2 |1 2 52
V(r;t> 0)= ém Px“+ gy +1lgz (2.35)

with frequencies! s,. If the chemical potential has the power-law dependence/ n ,

then the scaling ansatz

1 X y z

OV " RO BO O

0 (2.36)

provides the exact solution, where the volume univ/(t) = b (t)b, (t)b,(t) [30]. The

scaling parameterdy follow the time-dependent equations

1 1(0)
bV

B= 12h+ 2 (2.37)
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which can be solved numerically. Herel; is the initial trapping frequency. In our
. P = . . . .
experiment,! s, = !, and!s, =i 2!g. As discussed in the previous section, for

a Fermi gas both at unitarity and in the non-interacting limit, / n?3 giving =2=3.

2.6 Summary

The spin dependent behaviour of particles at ultracold temgratures is brie y discussed
in this chapter. The zero temperature properties of the nomteracting and interacting
trapped gases in a harmonic potential are presented. The mafocus of the chapter
is to introduce the various parameters required to extract seful information from the
experimental results. In order to keep the contents relevato the experiments reported
in the thesis, not all the super uid properties of the degemate gases are discussed. In
particular, the excitation spectrum across the BEC-BCS cisover and the appearance
of a pairing gap on the BCS side are excluded. For more detai® this topic, the
reader is referred to the review paper [30]. However, singbarticle excitations and

pair correlations probed by Bragg scattering are describexeparately in chapter-6.
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Chapter 3

Ultracold collisions and interactions

3.1 Introduction

The collisional properties of degenerate quantum gases dtracold temperatures are
discussed briey in this chapter. First, the scattering pra@ess at low energies is
revisited highlighting the dependence of the interaction®n the scattering length.
This is followed by quantifying the two-body interactions n terms of the scattering
length. After that, in section 3.3 the Feshbach resonance,hich is an important tool
in manipulating ultracold atoms, is explained. Owing to thebehaviour of fermionic
atoms across this resonance (sec. 3.4), either a molecul&@or a degenerate Fermi
gas can be formed. Finally, in section 3.5, th&Li energy levels are described in both

the absence and presence of external magnetic elds.

3.2 Scattering at ultracold temperatures

Elastic and inelastic collisions not only play a crucial r@ during evaporative cooling

(re-thermalization) of the gas but also control the dynamis of the gas depending on
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the particles (bosons or fermions) involved. For simpligt elastic collisions between
two identical particles in their centre-of-mass frame areamsidered to highlight the
important results. The time-independent Schredinger egation for such a system with
a spherical scattering potentialV (r) is given as

}2
2m,

r2+V() (r)= E(r); (3.1)

where the energy of the incoming free particle with mass is

(k)%

E = )
2m,

(3.2)

m, = m=2 is the reduced mass anglk is the initial momentum. The wave function
«(r) can be described as the sum of the incoming plane wa®é' and the scattered
outgoing spherical Wavee% for very large distancesi(! 1 ), that is

] eikr
k(r)= "+ f(k; )= (3.3)
wheref (k; ) is the scattering amplitude which depends on the initial mmentum and
the angle between the directions of the relative momentum die particles before and
after scattering. The di erential cross section, which gigs the cross section per unit
solid angled, is de ned by

&=t (3.4)

An expression forf (k; ) can be obtained by expanding the wavefunction in terms of
spherical harmonics and solving the radial equation befommparing it with eq. 3.3.
Finally, integrating eq. 3.4, the total cross section is obtained in terms of the phase

shifts | as
4 R

"z (21 + 1)sin? |(k): (3.5)
1=0

(k) =

1This derivation is well documented in many standard textbooks, such as [75]
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For a nite-range potential which vanishes at large distanes, the phase shifts vary as
 _ k2% for small values ofk (low energies). Thus at ultracold temperatures, the
scattering cross section is dominated only by thie= O term, the s-wave scattering. In
this case, the phase shift is evaluated ag = ka where a is the scattering length,
giving
4

=17 2=4a? (3.6)

This is an important result, which shows that fors-wave scattering the cross section

depends only on the scattering length.

Now, consider the scattering of identical particles in the ane internal state
(both spins up or down). Then, by the Pauli principle, the wae function must
be symmetric (anti-symmetric) under exchange of the co-oirthtes of the bosons

(fermions). Therefore, the di erential cross section is witen as

d . .
g Sifk ) fls i (3.7)
where the plus sign applies to bosons and the minus sign torfeons. In other words,
the cross section calculated above in eq. 3.6 are added foisbs, giving = 8 a?,
whereas the cross section vanishes for two identical fermg However, these symmetry
arguments only apply to indistinguishable particles in thesame internal quantum state,

while the scattering cross section in the case of two fermi®in di erent internal states

(one spin up and the other spin down) is non-zero.

3.2.1 Mean eld interaction

It is interesting to note that the low-energy scattering praess does not depend on the
details of the microscopic potential. Hence, for a many-ptecle system, an e ective

potential can be considered to treat the interactions. Oneush type of potential is a
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zero-range contact potential given by

Ve (N)=g (r)@@rr; (3.8)

where (r) is the Dirac-delta function. Substituting this in eq. 3.1, the total cross

section for two identical particles is obtained as

4a?
= Ty (3.9)
giving the relation between the scattering lengtha and the coupling constantg as

gm
412

a= This relation is used to obtain the mean- eld potential exgrienced by a

particle in a gas of densityn due to scattering from all other particles as
4a}n

Unt = gn= ———; (3.10)

wheren and henceU,; can be functions ofr.

The signi cance of eq. 3.9 can be understood by consideringet two extreme
interacting limits. In the weakly interacting limit ( ka 1) this equation gives
o(k) =4 a?, recovering the low energy limit results (eq. 3.6), whereas the strongly
interacting limit ( ka 1) the scattering cross section o(k) = 4 =k? becomes
independent of the scattering length giving the maximum pasgble cross section for
s-wave collisions. This is the unitarity regime which can beealised in a Fermi gas at

the BEC-BCS crossover.

3.3 Feshbach resonance

Consider a®Li atom, a fermion, with a single valence electron in its groud state
(J=1/2). Together with a nuclear spin of I=1, the total angular momentum becomes

F=I J, giving F=1/2 and F=3/2. When two such atoms interact, the dierent
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combinations of these hyper ne states give rise to three iat-atomic potential curves.
In the presence of magnetic elds, they are further split ird several sub-level channels
depending on the projection quantum numbersng. For a given collision energy, a
channel accessible at large interatomic distance® (= 1 ) is described as an open
channel, while energetically detuned channels are calletbsed channels. Figure 3.1
shows closed and open channel potential curves for two irketing atoms. A Feshbach
resonance is said to occur whenever the threshold energy loé tcolliding atoms in an

open channel becomes equal to a bound energy state in the etbghannel.

P
=)
[}
c
im|
_ Threshold
/ energy level Closed channel
I IE=lu B
\ \ ¥ e ¥
Open channel
/
Bound
energy level
Atomic separation

Figure 3.1: Feshbach resonance. Closed and open channelepbal curves are shown
for two interacting atoms.

Experimentally, the energy dierence E between the bound state and the
threshold energy level can be tuned by means of a magnetic ¢eatric eld, provided
the two channels have di erent magnetic/electric dipole mments. In our experiment,
a magnetic eld generated by a pair of Helmholtz coils is uset precisely control the

scattering length across the Feshbach resonance accordiaghe relation

B
B Bo

a=ay 1+ (3.11)
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where a4 is the background scattering length of the open channeB is the strength
of the applied external magnetic eld,B, is the magnetic eld at resonance, and B
is the width of the resonance which depends on the magnetic ments of the closed

and open channels. The Feshbach resonance for the two lowesergy states ofLi at
834G is plotted in Fig. 3.2.
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Figure 3.2: Calculated scattering length across the BEC-B&crossover [76]. Only the
broad Feshbach resonance at 834 G (vertical line) is shown.

3.4 The BEC-BCS crossover

3.4.1 BEC side

On the lower- eld side of the Feshbach resonance, the scaitey length is positive
creating a repulsive interaction between fermions in two dirent spin states. This
corresponds to the energy of a weakly bound molecular stavailable in the closed
channel, lying just below the open channel continuum, and iy the Feshbach
resonance coupling to this bound state is achieved. The moldes are formed through

three-body recombination during the evaporative coolingtage. Although three-body
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collisions are expected to be suppressed, even in a two-camgnt Fermi gas, it has
been shown theoretically [77] that they can occur near a Fdsdich resonance. During
evaporation, if the atomic temperature (kinetic energy) dereases below the molecular
binding energyE,, e cient production of molecules is favoured. These moledes are
formed in the highest ro-vibrational states. Due to inelagt collisions among themselves
or with atoms, they can relax into a deeper bound state. Thez# of these molecules

is of the order ofa and their binding energy is given byE, ' }?=ma? [70].

Such bosonic molecules composed of fermionic atoms are thom be much more
stable than those composed of two bosonic atoms [4]. This isdause inelastic collision
rates are suppressed in the rst case, due to the Pauli primqde. During atom-molecule
collisions, since one atom in the molecule will have the sarsigin as that of the colliding
atom, Pauli blocking prevents the atom from colliding with e molecule. This process
is also same for molecule-molecule collisions as the siz¢éhefmolecules is large. Since
the scattering lengths of molecule-moleculay, and atom-moleculea,,, collisions are

described in terms of the atomic scattering lengtla as [39, 78],

ay=06a and au, =1:2a; (3.12)

the inelastic collision rate is characterized in terms of #hloss coe cient evaluated [2,

24] for both the cases as

2:55

v/ a and am | @ %% (3.13)

These results show that as the scattering length increasdkge inelastic collision rates
decrease leading to a stable molecular system near the Femtib resonance. Also, it
has been shown theoretically [39] that the inelastic colian rate is signi cantly smaller

than the elastic scattering rate, allowing e cient evapordive cooling of molecules to

form a molecular BEC.
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3.4.2 BCS side

On the higher- eld side of the Feshbach resonance the scaiteg length is negative
creating an attractive interaction between fermions in twodierent spin states.
Even for small attractive interactions, the formation of corelated Cooper pairs is
energetically favourable. These pairs are much larger thahe inter-particle distance,
with constituent atoms correlated in momentum space rathethan in real space. Unlike
the molecules formed on the BEC side, the pairing gap is sn&lthan the Fermi energy.
One of the long standing goals in ultracold Fermi gas experants is to observe these
Cooper pairs explicitly. In this regard, Bragg scattering b Cooper pairs has been
theoretically proposed [62]: the theory predicts the scating of these pairs spatially
half-way between the parent and the scattered atomic cloudorming a ring structure

in momentum space.

3.4.3 Unitarity

Exactly at the Feshbach resonance, the scattering lengthwirges, and the inter-particle
separation becomes the only relevant length scale. In thiggime, the size of the
pairs becomes comparable to the inter-particle distance. nder such conditions, the
properties of the gas become universal [36]. Note that altagh no bound molecular
state exists in this regime, correlated pairs are formed due strong interactions. Also,
the crossover from the BEC side to the BCS side is found to bertimuous and reversible

experimentally [23].

3.5 Energy levels of °Li atom

Natural lithium consists of two isotopesfLi and “Li. SLi has a nuclear spin quantum

number of I=1 whereas’Li has 1=1/2. The ground state electronic con guration of
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Figure 3.3: Energy level diagram foPLi (not to scale). Also shown are the trapping
and repumping transitions used for the experiment.

6Li is: 1s?;2st. Therefore, the total spin of®Li is 3/2 (I=1 and J=1/2) making it a
fermion. With a single X! electron outside the closed shell its rst excited state is a
2p* electron. Due to spin-orbit coupling, this excited state djis into 22P;-, and ZP3-,
states. The separation of the 25,-, and the ZP5_, states is 670.977 nm (D2 line), and
the separation of the 2S,_, and 2P,-, states is 670.979 nm (D1 line). These three
states further show hyper ne splitting due to magnetic dipte and electron quadrupole
interactions. The ground state 2S,., splits into two, F=1/2 and F=3/2, with a
separation of 228.2 MHz. Similarly, the excited state?P,_, splits into two, F%=1/2
and F=3/2, with a separation of 26.1 MHz. The ZP;-, excited state splits into three
with a total separation of 4.4 MHz. Although these states arghown schematically in

Fig. 3.3, they are not resolved experimentally as their se@ion is less than the natural
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Figure 3.4: Calculated hyper ne energy shifts for the 25,-, and 2P5., states in the

presence of an external magnetic eld. Only the F=1/2 state mergy shifts are shown
for the ground state 2S,-,. This is obtained from the Breit-Rabi formula whereas the
energy shifts for 2P5-, state are obtained in the Paschen-Bach limit. is the detuning

of the Bragg beam fromjJ°=3=2;m;o= 1=2;m, = 1,;0;1i state.

linewidth ( =2 =5.9 MHz) of the atomic transitions. For the same reason, suboppler
polarization gradient cooling [79] is not possible witliLi atoms and the temperature
of a MOT is limited to Doppler cooling. Figure 3.3 also showshe transitions used for
the trapping and repumping beams in the D2 line. For e cient @oling, the intensity

of both the trapping and repumping beams should be close tous.

All the energy levels discussed above are for an atom in thesamce of external
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elds. Figure 3.4 shows the numerically calculatedenergy shifts for 2S,-, and 2P,
states in the presence of a magnetic eld. Energy splittingfa2?S,-, is plotted just
for F=1/2 state as all our experiments are performed using # two Zeeman sub-
levels from this state. These stateg = 1=2,m; = 1=2;ms = 1=2;m, = 1i and
jJ=1=2,m; = 1=2;mg = 1=2;m, = 0i will hereafter be referred to as statgli
and j2i respectively, representing spin up and spin down states. @w to the small
hyper ne splitting, the 22P,-, the atom enters the Paschen-Bach regime at relatively
low magnetic elds, whereas the 25,-, energy levels follow the anomalous Zeeman
e ect (Briet-Rabi formula). Also shown in the gure are the transitions used for high
eld imaging (j1i !'j J°= 3=2mj;0 = 3=2;m;, = 1,0;1i) and Bragg scattering
(2i'j J°=3=2;mjo= 1=2;m; = 1;0;1i).
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Figure 3.5: Frequency detuning of the Bragg beams frop2i ! j J°= 3=2;mjo =
1=2;m, = 1;0;1i.

The transition used in our Bragg scattering experiments isetected by setting the
Bragg laser polarization parallel to the external Feshbachagnetic elds. Note that,
in our experiments, the Bragg frequency is always red shiétdy 280 MHz with respect
to the imaging beam (see sec. 4.4). However, since the Bragagnsition is from the

state j2i, which is 80 MHz blue detuned from the stat¢li, the di erence becomes only

2Mathematica code published in reference [80] is used
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200 MHz. The Bragg detuning is then calculated as the frequey di erence between
the jJ°=3=2myo= 3=2;m; = 1,0;1i andjI®°=3=2myo= 1=2;m, = 1;0;1i
excited states plus 200 MHz. This nal Bragg detuning is plded in Fig. 3.5 in terms
of the external magnetic eld. The Bragg beams are red-det@d from the jJ° =
3=2;myo= 1=2;m; = 1;0;1i state by a range =2 =1.5 GHz to 2.0 GHz across
the BEC-BCS crossover. Though these beams seem to be veryselg (200 MHz) red-
detuned from thejJ®=3=2m;0o = 3=2;m, = 1;0;1i state and very largely (2)
red-detuned from thejJ®=3=2;mjo=1=2;m, = 1;0;1i, they do not address these
states. This is because only a- polarized light can excite this transition, whereas the

Bragg beams are linearly polarized in our experiment (seecsd.7).

3.6 Summary

In this chapter, ultracold collisions and interactions in gantum degenerate gases are
revised. More importantly the way the interactions are conblled in experiments using

a Feshbach resonance is explained. The focus is given maitdys-wave scattering,
although the binding energies ofLi p-wave Feshbach molecules have been measured [81]
in our lab. The broad s-wave Feshbach resonance itLi is well suited to study the
BEC-BCS crossover physics. The energy levelstf are described showing the relevant
transitions used for laser cooling and trapping experimesit Also from the transitions

chosen for absorption imaging, it is clear that only atoms ithe state j1i are imaged.
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Chapter 4

Experimental set-up

4.1 Overview

The key experimental result of this thesis is the probing oftsngly interacting
degenerate gases using Bragg spectroscopy. The whole expantal set-up required to
perform this task is quite complex and a major part of it has ben described in detalil
in the rst PhD thesis on this experiment by Jdargen Fuchs [66. To avoid repetition,
this chapter highlights only the important aspects of the eperiment. The major
experimental changes introduced in this thesis work invodvincorporating di erent
laser locking schemes, setting up a tapered ampli er for axsbeam magneto-optical
trap (MOT), absorption imaging at high magnetic elds and the optical setup for Bragg

spectroscopy.

4.2 Experiment in a nutshell

All the experiments are performed in an ultra-high vacuum (BlV) environment. Each

experimental sequence starts by slowing down a beam of R&i atoms exiting an oven
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using a  Zeeman slower [79]. From this slowed atomic beam, 4% of theoats are
cooled and trapped in a MOT created by six perpendicularly tersecting near-resonant
laser beams. This Doppler cooled MOT contains about 4@toms at a temperature of
280 K. A small fraction (1%) of the atoms is then transferred fromthe MOT to an
optical dipole trap. A high magnetic eld is then turned on to make use of the broad
Feshbach resonance 6t.i at 834 G. The transferred atomic sample in the dipole trap
has a roughly equal spin mixture of the two lowest hyper ne grund states (1i and
j2i) of 8Li. To obtain the temperatures required for degeneracy, thatomic sample
is further cooled by forced evaporation. Once a degeneratasgis formed, the dipole
trap is switched o and the gas is allowed to expand for a certa time of ight (TOF)

before taking an absorption image on a CCD camera at high magpic elds.

In addition, Bragg spectroscopy of strongly interacting dgenerate gases is per-
formed. This is achieved by shining counter-propagating Bgg beams either on an
expanded cloud or on a trapped cloud at di erent magnetic els across the BEC-BCS
crossover. TOF absorption images taken in the presence of gmetic elds after the
Bragg pulse reveal the properties of the degenerate gasesheTentire experimental

sequence is fully computer controlled with a 50 s duty cycle.

4.3 \Vacuum system

Our vacuum system consists of two separate pumping chambefsx-way crosses)
connected through a valve, a Zeeman slower, a glass cell antbedlow as shown in
Fig. 4.1. The total length of the vacuum system is about 1.6 nbers. All the vacuum
components are supported on an optical table by 1.5 inch diaater steel posts. A
description of each section of the apparatus is given beloallbwed by an explanation

of the procedure employed to obtain UHV in this system.

Oven: This is a 9 cm long copper tube that is attached to the left pumipg chamber

through a 10 cm long collimation nozzle. Lithium exists as ao#id at room temperature
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with a melting point of 181 C. Therefore, in order to increase its vapour pressure, the
oven is heated to 420C. The oven is loaded with 1 g of 95% isotopically enrichétLi.
The temperature of the oven and nozzle is kept constant by hiag with a thermocoax
cable that is wound around them. Two cement blocks placed arod the oven ensure
thermal insulation from the surroundings. The nozzle, hawg an inner diameter of 4.5
mm, collimates the atoms exiting the oven and also maintaina pressure di erence

between the oven and pumping region.

Left pumping chamber:  This six-way cross chamber connects to a 50 I/s ion pump on
one side and a turbo-molecular pump on the other side. The tio pump is connected
through an angle steel valve and a bellow (see Fig. 4.1a). Imldition, a titanium
sublimation (Ti-sub) pump is placed on the upper port, wheras the lower port is
attached to an in-house made mechanical shutter used for blong the atomic beam
coming from the oven (see Fig. 4.1b). This chamber is attacth¢o the Zeeman slower
through an all-metal straight-through valve which is useddr isolating the two pumping

chambers.

Zeeman slower tube: The Zeeman slower acts as a low-conduction tube for
di erential pumping and maintains the vacuum pressure di gence between the two
pumping chambers. It is a 30 cm long tube with an increasing mer diameter from
the left end to the right end. The rst two sections are each 1@m long with inner
diameters of 4 mm and 6 mm, respectively. In the next two 5 cm g sections the
inner diameter increases to 8 mm and 10 mm, respectively. Bhiype of design matches
the focussed Zeeman slowing laser beam to address most of @db@mic beam which

diverges from the nozzle.

Glass cell: The heart of our experimental set-up is a custom-made glasslicwhich

is 32 cm long. One end of the glass cell is attached to the Zeemslower, and the
other end is attached to the right pumping chamber via an edgeelded bellow, which
reduces any stress or strain on the glass cell. The centralrpaf the glass cell is a 12

cm long quartz square cross section with outer dimensions 3 cn?. This is the region
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Figure 4.1: Schematic view of the experimental set-up (nobtscale).




where all the experiments take place. The outer surface ofishpart is anti-re ection
coated for both 670 nm and 1030 nm laser light. On either sidd this part, 10 cm
long glass to metal transitions are fused which smoothly mett the thermal expansion

coe cients from quartz to steel.

Right pumping chamber:  This six-way cross chamber also connects to a 50 I/s ion
pump on one side and a turbo-molecular pump on the other sidédt is connected
through an angle steel valve and a bellow (Fig. 4.1a). In adéhn, a non-evaporative
getter pump is placed on the upper port whereas the lower pois attached to a
cold-cathode pressure gauge to monitor the vacuum presswaethis end (Fig. 4.1b).
The remaining port is sealed by a sapphire window for opticalccess of the Zeeman
slower laser beam. The reason for using a sapphire viewparstead of glass is because
lithium is highly corrosive to glass. In fact, this window iscontinuously heated to 80C

to minimize lithium deposition on it.

Achieving UHV:  After assembling all the vacuum components as mentioned aleg
the turbo-molecular pumps are started rst to pump out the sygtem. Once the pressure
inside the chambers reaches 18 Torr, it becomes harder to achieve further low pressure
due to outgassing from the chamber walls. To overcome thi)d entire vacuum system
is baked (heated) to a high temperature (30@) for six days to hasten outgassing and
then cooled gradually to bring the pressure down to around 18 Torr. The glass cell
is baked carefully by building a cage of aluminium bars arowuhit and increasing the
temperature in steps of only 5C/hr to a maximum value of 150C. By now, both
the ion pumps start running and maintain the required presse (10 ° Torr) in each
chamber. An ion pump creates a region of high electric eld Ibseen its electrodes.
Any atoms wandering in this region are ionized and attractetbwards the appropriate

electrode.

To achieve a UHV pressure of less than 18 Torr, both the getter pump and
titanium sublimation (Ti-sub) pumps are used. The Ti-sub punp coats the inner walls

of the vacuum chambers with highly reactive titanium which asorbs non-inert gases.
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(a) Initial stage

(b) Intermediate stage

Figure 4.2: Photographs of the experimental set-up.
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This turns the chambers into an e ective vacuum pump with a vey high pumping
speed until the layer becomes saturated. An ultimate equiliium of vacuum pressures
between the two chambers is obtained when the pumping ratew]s the ux of atoms
entering the glass cell. The pressure on the left pumping amber is maintained at
10 ° Torr, as measured by the current in the ion pump, and on the rig pumping

chamber at 10 ! Torr as measured by the pressure gauge.

Figure 4.2 shows photographs of the experimental setup at &arlier stage and at
an intermediate stage. In Fig. 4.2a, the glass cell, the Zeamslower and the oven can
be clearly seen, while in Fig. 4.2b, the MOT and Feshbach ceiare seen along with
the getter and Ti-sub pumps. The nal stage of the experimenatl set-up (not shown)
is similar to that in Fig. 4.2b except that the camera is placa on top of the Feshbach

mounts for taking absorption images in the vertical directn.

4.4 Laser locking scheme

Figure 4.3 shows schematically the dierent laser frequers employed in our
experiment. Two independent external-cavity diode laser¢dECDL) and various
acousto-optical modulators (AOMs) are used to produce alhe required frequencies.
Using saturation absorption spectroscopy, the frequencyf an ECDL is locked and
red-shifted by -250 MHz from the crossover of the two lowestyper ne states of °Li.
From this reference frequency, the trapping (repumping) l@n is generated by blue-
detuning the frequency by +110 MHz (+338 MHz) which is four lne widths away from
the F=3/2 (F=1/2) hyper ne state. Also, the Zeeman slower beam is obtained by
red-detuning the frequency by -976 MHz from the F=3/2 hyperne state.

A major improvement in our experimental setup is the implemaation of o set-
locking two ECDLs [65]. A second ECDL laser is combined witthe rst one, and the
beat frequency signal is ampli ed before mixing with the frguency of a tunable voltage

controlled oscillator (VCO) for o set-locking (see sec. 4). This locked frequency
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Figure 4.3: Laser locking scheme for generating variousdreencies. The master laser
is frequency red-shifted and locked at 250 MHz from the cras&r peak. The Zeeman
slower beam is red-detuned by 976 MHz from the F=3/2 state. Té&n MOT (repump)
beam is red-detuned by 4 from the F=3/2 (F=1/2) state. Anoth er master laser is
o set-locked with the main master laser and its frequency ised-shifted by 710 MHz.
The frequency di erence between the imaging and Bragg beanssalways kept constant
at 280 MHz. The vertical lines on the right give the range of &quencies involved (not
to scale).
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can be varied continuously by tuning the VCO voltage allowig absorption imaging
at various high magnetic elds. For example, a VCO frequencgf 710 MHz is needed
to o set-lock the laser for imaging at 780 G. From this refenece frequency, a near
resonant laser frequency (fromli to jF°=3=2;mr = 3=2i) is obtained for imaging
by red-shifting the frequency by -90 MHz. Also, two Bragg beas are generated by
red-detuning the frequency by -370 MHz.

4.5 Optical set-up for a six-beam MOT

The inclusion of a tapered ampli er (BoosTA fromToptica, 670 nm, 0.5 W) into our
optical system increased the available optical power and ma it possible to realize a six-
beam MOT. In order to incorporate this, the entire optical seup has been modi ed.
The laser frequency from the ECDL Toptica, DL100), master laser-1, is rst red-
detuned by -206 MHz using an AOM in double-pass con guratiofsee Fig. 4.4). The
laser beam is then passed into a spectroscopy cell which detssof a stainless steel
tube with viewports at both ends. The central part of the spetoscopy cell is heated
to 350 C to increase the lithium vapour pressure inside the cell anthe viewports are
heated to 120C to avoid corrosion by lithium on the glass windows. The fragncy
of the laser is stabilized through saturation absorption sgxtroscopy where counter-
propagating pump and probe beams are used. During the prosgghe frequency
is further red-shifted by -44 MHz using an AOM and the saturagd absorption signal
obtained from the probe beam is focussed onto a photodiodesiblg a lock-in ampli er,
a derivative of this signal is obtained and the laser is locleto the crossover of the

D2-transition of 6Li.

The laser power from this master laser-1 is ampli ed by injeémn-locking a diode
slave laser-1 in a master-slave con guration. Light from tb slave laser is then split

into three paths. The rst path is used for o set-locking a seond ECDL for creating
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the imaging and Bragg beams. The second path is used to injiexct-lock another diode
slave laser for generating the Zeeman slower beam after pagsthrough a -420 MHz
AOM (Intraaction) in double-pass con guration. In order to enhance the ux oflowed
atoms for the MOT loading, the diode laser current is modulad at 120 MHz which
adds sidebands to the central frequency. The Zeeman beamasussed into a pin hole
(300 m) to remove the high spatial frequency components from thegam pro le. It is

then expanded to a diameter of 1 inch using a 200 mm and 300 mmdearrangement.
This beam is weakly focussed into the oven end using a largedblength (1000 mm)

lens placed before the sapphire window.

The third beam is passed through a -114 MHz AOM in double-pag®n guration
to obtain the repumper beam. This beam is then combined withhe trapping beam
on a 50/50 beam splitter before being sent into the TA. The poer in each beam is
2.5 mW at this point and the TA ampli es it by a factor of 30. The output from the
TA is coupled to a single-mode optical bre to obtain a clean @ussian beam pro le.
This is focussed into a +110 MHz AOM in a single-pass con gutian which brings
the frequency of the combined trapping and repumping beamtoser to four linewidths
(4) away from the atomic resonance. The diameter of this cobined MOT beam is
expanded to 25 mm from 2.5 mm using a 30/300 mm lens arrangerhém achieve a
large MOT trapping volume. This beam is later split in six wag ( 13 mW in each)

to construct a six-beam MOT.

4.6 O set-locking scheme

In order to image at high magnetic elds, an o set-locking tehnique is implemented
using two ECDLs [65]. The wavelength of the imaging master dar-2 is set around
670.977 nm (D2 line) with the help of a wavemeter. Laser lighitom the slave laser-1
is then allowed to beat with a beam from the master laser-2 anithe beat signal is

observed on a fast photo-diode. This beat signal is ampli eFig. 4.5) and mixed with
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Figure 4.5: Block diagram for o set-locking electronics.

MiniCircuits

\oltage controlled
oscillator

ZX95-1200W-S+

Delay path

&t numbers are from

the frequency of a tunable VCO (600 - 1200 MHz), following wti the low frequencies

( 140 MHz) are ltered and further ampli ed before being splitinto two equal signals.

One is passed through a long (5 m) cable to introduce a frequsndependent phase shift

with respect to the other signal which is measured by a phasetéctor. This second

beat signal is used as an error signal for locking master lase(Toptica, DL100). The

frequency of the laser can be precisely adjusted by tuningehvoltage (frequency) of

the VCO over a range of 600 MHz.

A slave diode laser-2 is injection-locked by the locked ladaght from master laser-2

and then split into two paths (Fig. 4.6), one for absorption inaging and the other for

generating Bragg beams. The imaging beam is rst frequenshifted ( 90 MHz) by

an AOM before being coupled into a single-mode polarizatiemaintaining bre.
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4.7 Generating Bragg beams

The Bragg beam derived from the slave laser-2 is rst frequeg-shifted ( 210 MHz)
by an AOM in double-pass con guration before being couplednio a single-mode
polarization-maintaining bre. After the bre the beam is separated into two and
the frequency of each beam is shifted 80 MHz) by two di erent single-pass AOMs
as shown in Fig. 4.6. A small pick-o beam (dotted lines) is tken from each Bragg

beam and combined on a fast photodiode to monitor their beatdquency.

The two Bragg AOMs are driven by two separate VCOs. Using a speum analyzer,
it has been veri ed that for the Bragg frequencies applied ilour experiments (=2 =
0 500 kHz), no phase lock loop is needed for the AOMs to keep thedh frequency
stable, as long as the supplied tuning voltage for the VCOs sable and taken from a
common DC power supply. For this purpose, the DC voltage folaeh VCO is obtained
from a voltage regulator (LM-317) with an additional voltage applied to one VCO that
is derived from the LabV iew control program. The LabV iew voltage is rst stepped
down by a factor of 20 before being added to one of the VCOs. Bhimproves the
stability and accuracy of the voltage from theLabV iew control and allows the Bragg
frequency to be tuned precisely. The full width at half maximm (FWHM) of the
observed beat signal is:@ kHz and its day-to-day stability is up to 2 kHz. By keeping
the tuning voltage of one VCO constant, the beat (Bragg ) fragency is varied in steps
of 5 kHz by tuning the voltage of the other VCO.

The collimated Bragg beams are directed near-perpendicul® the weak axis of the
single dipole trap. Two polarizing beam splitters are placebefore the glass cell (see
Fig. 4.9) to ensure that the Bragg beams have vertical polaation as they enter the
glass cell. Using a spare (broken) glass cell, identical tbet one in the experiment, it
has been veri ed that the polarization of =671 nm light varies by less than 5% upon
transmission through the cell window. For maximum overlapeach beam is aligned in

such a way that it retraces the path of the other beam.
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4.8 Single dipole trap set-up

A 100 Watt CW Ytterbium bre laser ( IPG-Photonics, YLR-100) is used for creating
the single dipole trap. Its central wavelength is 1075 nm witmany longitudinal modes
distributed within 3 nm. The laser light has linear polarizdion and a near Gaussian
beam prole (M2 1.05). The beam diameter is rst reduced from 5 mm to 1 mm
using a step-down telescope with a 250 mm and -50 mm lens agament as shown
in Fig. 4.7. After this, the laser beam is passed through a Plbontrolled AOM (-120
MHz) which is used to stabilize the intensity of the laser dung the evaporative cooling
stage by dumping the power in zeroth order. The negative rsorder beam from the
AOM is then expanded using a -100 mm lens and focussed to a 38 beam waist into
the glass cell with the help of another 200 mm lens that is plad on a translational
stage. The focussed beam is blocked by a beam dump after pagghrough the glass
cell. Before dumping, a low intensity beam is picked o and faussed onto a photodiode
to generate an error signal for the PID controller $RS SIM 960) with respect to a
setpoint voltage from the LabV iew program. This determines the amount of radio-

frequency (RF) power required for the AOM to stabilize the itensity of the laser light.

%/
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Beam dump /
¢ ot g -100 ==
% 1" ,///(/)Lh “ Beam dump
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set-point voltage circuitory -50 250 output
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Figure 4.7: Optical set-up for implementing the single dige trap.
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4.9 Absorption imaging

All the scienti ¢ information about our experiments is obtaned from absorption images.
This information includes cloud position, width and densi. The idea is to illuminate
the atomic cloud with near-resonant laser light to cast a shilw onto a CCD camera
placed behind it. To remove any inhomogeneities in the prodseam pro le, a second
absorption image is taken after 360 ms in the absence of theoatic cloud. Absorption
imaging is a destructive technique where an atom absorbs oesint light thereby heating
the atoms. For a second measurement the whole preparatioropess has to be repeated.
If the intensity of the rst image is | (x;y) and that of second image id,(x;y) then

the atomic column densityn(x;y; z) is evaluated using the relation

I(X; y) = Rn(x;y;z) dz
lo(X; )

(4.1)

where is the absorption cross section and the imaging beam propags in the z-
direction. For a two-level system the resonant cross seatids given by =3 ?2/2
The image of the cloud is magni ed by a factor of two in order tachieve an imaging

resolution of 3 m.
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Figure 4.8: Optical set-up for implementing absorption imging.
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The imaging laser beam derived from slave laser-2 is broughose to the glass cell
through an optical bre. The beam from the bre output coupler is collimated to a
diameter of 200 mm using a 60 mm lens. It is then combined witme of the vertical
MOT beams on a polarizing beam splitter before being sent tbugh the glass cell along
the direction of the Feshbach elds (see Fig. 4.8). The imagef the atomic cloud is
magni ed by a factor of two using two 2-inch achromatic lensewith focal lengths of
75 mm and 150 mm, respectively. Another 75 mm convex lens isedsto collimate a

second MOT beam from the top of the glass cell as shown in Fig84

4.10 Experimental sequence

In this section the steps followed during the experiment toreate and study degenerate
guantum gases are explained. Technical details such as rammpings, frequencies and

currents applied in the various coils are also given.
Slowed atomic beam:

A vapour pressure of 1.210 * mbar is created in the oven containing 95%
isotopically enriched®Li atoms by constantly heating it to 420 C. The average velocity
of the atoms at this temperature is around 1500 m/s with a nemjible collision rate
due to their large mean free path. As they pass through the Z@@an slower coil, atoms
with velocities below 650 m/s are selectively slowed to 50 mby means of a counter-
propagating Zeeman laser beam which is red-detuned from tife=3/2 i state by -976
MHz. Additional sidebands are added to this frequency by madiating the current of
Zeeman slave laser diode by 120 MHz which increased the ux gilbwed atoms by a
factor of two to 1(° atoms/s. During the loading time (20 s), the current in the Zeman
slower coil is maintained at 2.94 A to create a slowly varyinghagnetic eld of up to

620 G towards the glass cell end.
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MOT loading:

From this slowed atomic beam, 4% of the atoms are cooled an@pped in a MOT
created by six perpendicularly intersecting laser beams. h& four horizontal beams
are shown schematically in Fig. 4.9 with the two vertical beas perpendicular to the
plane of the page. These beams are red-detuned by four lindthis from the atomic
resonance (D2-transition) and have ve times the saturatio intensity. The MOT
magnetic gradient of 20 G/cm is produced by a pair of currentarrying coils in an
anti-Helmholtz con guration placed above and below the gkss cell. At the end of this
stage, the MOT contains more than 1®atoms at a temperature of 1 mK with a lifetime

of 60 seconds.
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Figure 4.9: Schematic view of the experimental sequence imetscience cell. Numbers
indicate the steps followed during the experiment. First, ithium atoms are slowed
using a Zeeman slower, followed by cooling and trapping in a®T. Later the atoms
are transferred from the MOT to the dipole trap. Once a degemnate gas is formed after
evaporative cooling in the dipole trap, the Bragg beams aréhgne on the gas before
taking a time of ight absorption image. The MOT coils, Feshlach coils and imaging
beam are not shown as they are perpendicular to the plane ofetlpage.
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Dipole trap loading:

For e cient loading of atoms into the optical dipole trap, th e temperature of atoms
in the MOT should be lower and the atomic density should be higer to obtain a high
phase space density:

2312 >

D= ;
: kaT

(4.2)

wheren is the density andT is its temperature. To achieve this, the frequency of both
the trapping and repumping laser beams is detuned to half an-width before loading
into the dipole trap. In addition, the repumper intensity is reduced more rapidly than
the trapping laser to achieve optical pumping into thgF=1/2 i state. This reduces the
temperature in the MOT to 280 K which is twice the limiting Doppler temperature
of 140 K. At the same time, the magnetic eld gradient is linearly ircreased from
20 G/cm to 50 G/cm in 20 ms to increase the density of the MOT. A mall fraction
(1%) of atoms is then transferred from the MOT into the dipoldrap which is switched
on 100 ms before the compression stage. After loading the dlig trap, the Feshbach
magnetic eld is then turned on for evaporative cooling. Fddach elds of up to 1.5
kG can be achieved in our experiment using a pair of water cedl, low inductance
(433 H), high current-carrying (200 A) coils. They are placed var close (2 mm) to

above and below the glass cell to obtain high elds in a Helmka con guration.
Evaporative cooling:

Owing to the large elastic collision rate ( 10* s 1), the plain evaporation process
starts immediately in the dipole trap with full laser power @0 W). Nevertheless, this
process stagnates after 500 ms as fewer and fewer high enatgyns leave the trap. To
obtain the temperatures required for degeneracy, the atomsample is further cooled
by forced evaporation. This is carried out in two steps. Inigally, the trap depth is
decreased by reducing the intensity of the dipole trap lasdrom 90 W to 12 W in
1.5 s simply by decreasing its current via an analog controbitage. During this time,

the photo-diode which monitors laser intensity (see Fig. 4) from the pick-up beam
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remains saturated. However, once the optical power dropslbe 12 W, the photo-
diode is no longer saturated and the signal is sent to a PID cwaller. The dipole trap
intensity is further reduced by a factor of 100 over the next 4 using a logarithmic

ramp sent to the PID controller.
Bragg scattering:

Once a degenerate gas is formed in the dipole trap, the Fesbbhamagnetic eld
can be adiabatically ramped in 100 ms to a value where Braggesproscopy is to be
performed. In the meantime, the trap depth is increased by aétor of two from the
lowest evaporation value to con ne the gas at the bottom of tl trap. A short Bragg
pulse can then be applied to study the properties of the gas. nAabsorption image
is taken after a 3 ms TOF, once all the non-imaging lasers argvitched o. From
these image pro les, all the important physical informatimm can be obtained by tting

various distribution functions to the gas.

4.11 Summary

This chapter briey described the experimental set-up and qcedures implemented
in our lab to achieve highly degenerate quantum gases. Dission of various topics
is kept concise to focus more on Bragg scattering which is thwain topic of the
thesis. Additional details on saturation absorption specbscopy, computer control,
the Zeeman slower and other coils can be found in the PhD the®f Jargen Fuchs [66].
The major advantage with the new experimental set-up comped to the earlier one is
the implementation of a six-beam MOT and the employment of cset-locking for high
magnetic eld imaging. As a consequence of these changes mdéanumber of atoms
1P are now trapped in a single dipole trap without requiring theuse of a crossed

dipole trap.
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Chapter 5

Production of quantum degenerate

gases

5.1 Introduction

In this chapter, the generation of ultracold degenerate gas in our experimental system
is described. Since the theoretical and experimental prasbehind these techniques
are well understood and documented [79], only a brief review given for each topic.
For a more detailed discussion the reader is referred to théassic papers on these
subjects such as [13, 14, 15, 16]. Creating a MOT from a slowatbmic beam is the
rst step for producing degenerate gases. In our experimerthe atoms are trapped by
all optical means after they are transferred from the MOT to aipole trap. Following
that, atoms in the dipole trap are cooled by forced evaporain, in the presence of a

Feshbach magnetic elds, to form either a molecular BEC or aatjenerate Fermi gas.
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5.2 Magneto-optical trap

Atoms can be cooled optically by the application of a radiate force using near-resonant
optical elds and trapped in the presence of a spatially vaing magnetic eld. When
an atom absorbs a photon with momentum} K, where K is the wave vector of the
photon, it is rst excited followed by spontaneous emissionf a photon with the same
frequency to relax back to its initial state. Due to the isotopic distribution and large

number of scattered photons, the atom experiences a net régg force of

in the direction of the laser beam, where the scattering rates describes the rate
at which photons are absorbed and spontaneously emitted.slvalue depends on the
initial velocity v of the atoms, the laser intensityl and the frequency detuning from
the atomic resonance g:

0= R w; (5.2)

where =1 1, The scattering rate is given by [79]

[

I=1g

ST3 THlEl 2 &) 2

(5.3)

where is the natural linewidth and |4 is the saturation intensity. The values for the

closed transition in®Li are |s=2:5 mW/cm? and =2  5:9 MHz [82, 80].

Counter-propagating circularly polarized ( ) laser beams can be used in all three
directions to slow down the atoms. However, for spatial conement, a magnetic eld
gradient is also required. This is created by a pair of currémarrying coils arranged

in an anti-Helmholtz con guration. The detuning of the lase is then changes to

= R v (gemFO ggm;:) BB:}; (54)
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wherege and gy are the Lance g-factors of the excited and ground state, rpsctively.
In the presence of the MOT magnetic eld, the degeneracy of &FfLi hyper ne states
is lifted. The net force due to the two counter-propagatingiccularly polarized beams

in one dimension is given by

B IR 1=l ¢ }K 1=l .
Fiow = F+ + F = 2 1+1=lg+[2( +=)] 2 2 1+1=lg+[2( =) 7%

At low intensity and large detuning, the above equation is sipli ed to obtain

F= v~ ¥ (5.5)

where the damping constant and the spring constant are given by

8 k2 I=l _
A+ 1=+ @2 =) 9 (5.6)
(geMpo  ggMe) BA: (5.7)

Tk

For red detuning ( < 0), the constant is positive. Therefore, the rsttermin eq. 5.5
is a damping force, whereas the second term con nes the atosatially towards the
centre of the trap (magnetic minimum). The same results applin three dimensions

for a six-beam MOT.

For SLi, the frequency of the trapping beams is tuned to the red ofhe jF =
3=2;mg = 3221 $j FO=5=2;mgo = 5=2i cycling transition. This is also the
same transition used for the Zeeman slower laser to create lavgeed atomic beam in
combination with Zeeman coils. Because the detuning of theeEman slower beam is
very large ( 1 GHz) compared to that of the trapping beam (4 ), it passes though
the MOT with no measurable e ect during the MOT loading peria. In addition, to
avoid spontaneous decay of atoms into thg= = 1=2i state, a repumper beam which
is red-detuned to thejF = 1=2;mg = 1=21$j F°=3=2;mgo= 3=2i transition is

combined with the trapping beam before constructing a sixdam MOT.
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Figure 5.1: Temperature measurement of the MOT with F0atoms. The radial width
squared is plotted versus the time of ight squared. Error bis are from the statistical
average.

In our experiments, the loading and trapping of atoms in the [T is achieved as
explained in section. 4.10. Absorption images of atoms raked from the MOT are
taken at zero magnetic eld after various times of ightt between 100 s and 1 ms.
The width of the released atom cloud (t) increases according to the relation

r — T
B
M= g+ =t (5.8)
where o is the initial MOT width. Figure 5.1 shows the radial width squared of

the MOT versus the time of ight squared. From a straight line t to this data, the

temperature in the MOT is evaluated to be 280(15) K.

5.3 Single dipole trap

The interaction of neutral atoms with an optical eld is explited in implementing
optical dipole traps. The electric componentE in the optical eld induces a dipole

momentp = E in an atom, where is the atomic polarizability. This induced dipole
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moment then interacts with the oscillating electric eld E of the laser giving rise to the
dipole potential Ugi, = %hoEi. Note that is a complex quantity whose real part
gives rise to a dipole force (conservative potential) and ¢himaginary part gives rise to
a scattering force (radiation pressure). For e ective traping of atoms, the scattering
component should be negligible compared to the dipole forcAn expression for both
the dipole potential and the scattering rate (sc.o) can be obtained from the atomic

polarizability as derived in various references [79, 83]rfa two-level system:

U 3¢ + | 5.9

aip(r) = 23 Ty 1 T4 (r) (5.9)
3c2 1 3 2

scat(r) - 2~—'8 G ! 0 ! + ! 0 + ! I (r) (5-10)

where c is the speed of light,! o the atomic transition frequency,! the driving laser
eld frequency, the natural linewidth and 1(r) the position-dependent laser eld
intensity. From the above relations, it is clear that for a lage detuning = !4 !,

the scattering rate is minimized which varies as=1 2 while the conservative dipole

potential only varies as k.

Experimentally, a single dipole trap is achieved by focussj a far-detuned Gaussian

laser beam to a narrow waist. The intensity distribution fora Gaussian beam with

power P is
2P r2
I (r;z) = RG] exp WD) (5.11)
wherew(z) is the beam waist along the beam directionz) which is given by
r
zZ 2
w(z)=wo 1+ — (5.12)
Zr

wherezz = w3= is the Rayleigh length of the focussed beam andis the wavelength
of the laser. The waist w is de ned as the €& minimum radius. This parameter was
measured in our optical set-up using théPG bre laser outside the glass cell and a
razor blade xed on a moving translation stage. The beam is btked perpendicularly

by the razor blade to record laser powers corresponding to .63 and 84.4% of the
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peak power on the power meter placed behind it. The di erendeetween the two razor
positions directly gives the beam waist. The measurementseashown in Fig. 5.2. By

tting eq. 5.12 to the data a minimum beam waist of 38(1) m is obtained.
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Figure 5.2: Beam waist measurement of the focussed Gausdaser beam used for the
dipole trap

5.3.1 Trapping frequencies

To trap neutral atoms in their ground state a red-detuned laar is used so that atoms
accumulate in the high intensity region of the laser beam. Aiplole trap can be formed
by a single focussed laser beam which has tight con nemenbaly the radial direction
and weak con nement along the axial direction. The atoms inuch a trap appear as
an elongated, cigar-shaped cloud. To determine the trapmnfrequencies along both
directions, the trap potential near the bottom of the trap isapproximated to that of
a harmonic oscillator. This is a valid assumption when the taperature of the atoms
is smaller than the trap depth which is mostly true in our expements. After Taylor
expanding eq. 5.9, we get

Ugip (1) Uohl 2 WL 2z 7 (5.13)

o ZR
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which is compared to a harmonic oscillator potential to obta expressions for the radial
and axial trapping frequencies:

S S

4U,
mw3

2Up |

and l, = —
‘ mz3

(5.14)

where U is the maximum trap depth at the centre of the trap, i.e., wher = z = 0.
Note that both the atoms and molecules experience the samapping frequencies. This
is because the polarizability of molecules is twice that ot@ms which compensates for

their doubled mass.

Measurements:
For the parameters used in our experimentsy = 671 nm, = 1075nmand =2 =
5.9 MHz, the trap depth is calculated to be 3 mK at a power oP = 90 W and the

trap frequencies are given by

p——
I, = 2 1600 P=W Hz (5.15)

P ——
I, = 2 10 P=WHz (5.16)

During the evaporation process, in the presence of the Festdh magnetic eld, the

axial con nement in a single dipole trap becomes weak at lovaser power. However,
the magnetic eld curvature from the Feshbach coils provide additional con nement

along the axial direction of the trap. This curvature in the lorizontal plane is measured
to be 0.024(3) B cm 2. Therefore, the e ective axial trap frequency can be writta

as [66]

p
I, = 814(180B=kG + 13:6(4)P=mW Hz: (5.17)

At a xed low laser power, this axial frequency only varies vih the square root of the

Feshbach magnetic eld applied in our experiments (700 G to0DO G).

The axial frequency is measured by observing the oscillatis of the cloud along the

weak trap axis. Initially, the atomic sample is evaporativly cooled at unitarity to the
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Figure 5.3: Oscillations of the atomic cloud along the axialirection of the dipole trap.

lowest trap depth possible. Then the cloud is shifted from stinitial position using an
auxiliary magnetic eld gradient and then absorption image are taken after various
hold times. Figure 5.3 shows the measured axial position dfd oscillating cloud with
respect to time. A sinusoidal t to the data yields an axial flequency of 25(1) Hz which

is close to the calculated value of 26 Hz due to the residual greetic eld curvature at

unitarity.
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Figure 5.4: Parametric heating in the dipole trap. When the rmadulation frequency is
twice the radial frequency, atoms are heated and lost from ¢htrap.

62



Unlike the axial frequency, the radial trap frequency doesat depend on the
magnetic eld gradient. Even at the lowest trap depth (50 mW) the radial frequency
is greater than the magnetic trap frequency by a factor of 10Experimentally, !,
cannot be measured easily by shifting the cloud position. Iorder to measure the
radial frequency, the trap is heated parametrically [80] ahthe loss of atoms from the
trap is measured as function of the modulating frequency. Ehobserved frequency for
maximum trap loss is twice the actual frequency due to the haronic con nement.
Initially, the atomic sample is evaporatively cooled to a ral laser power of 0.5 W and
then recompressed by doubling the power to con ne the atomsedply at the bottom
of the dipole trap. At this power the intensity is modulated lty 3% for 1 s followed
by absorption imaging after 3 ms TOF. Figure 5.4 shows the mgared atom numbers
versus the applied frequency. Two distinct minima are obsexd, at 1.73 kHz and 2.27
kHz, instead of one. This might be due to astigmatism introdeed in the beam while
passing through the glass wall. From eq. 5.15, for a trap at®W power, the radial

frequency is calculated to be 1.1 kHz which is close to twicke observed value.

5.4 Evaporative cooling

Trapping frequency measurements are essential for knowitige phase-space density of

the cloud from the relation

D=N ) 3' 5.18
"N et 519
where! = (!,!2 = is the geometric mean of the trapping frequencied\ is the

total number of atoms andT is the temperature of the cloud. For a MOT containing

1C¢° atoms at a temperature of 280 K and for a loading e ciency of 1% into the
dipole trap, the initial phase-space density is calculatetb be 0.6 10 3. In order to
achieve degeneracyd=1), the temperature needs to be reduced further through faed

evaporation.

Evaporative cooling is a process in which the highly energygicles leave the dipole
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trap so that the remaining particles rethermalise and redwecthe average temperature
of the sample. The transferred atomic sample in the trap has @ughly equal spin
mixture of the two lowest hyper ne ground states {1i and j2i) of °Li. Although the
elastic collisions between atoms with identical spins araigpressed due to the Pauli
exclusion principle, the presence of two di erent spin stats ensures that these collisions
are allowed for evaporative cooling. For e cient evaporabn, fast rethermalisation is

required which depends on the elastic scattering rate givday [84]

4Nm 3

=N Vs — 5 (5.19)
where n is the atomic density of each statey is the mean velocity of the atoms,
N is the number of atoms in each state, = =2 is the mean trapping frequency
and is the elastics-wave scattering cross section of the colliding atoms in th®vo
di erent hyper ne states. The scattering cross section degnds on the scattering length
a through the relation =4 a?. However, at unitarity (834 G), the scattering cross
section becomes independent of the scattering length andgisen by ' 4 =k 2, where
k = mv=2} is the scattering wave number, which depends only on the montam.

At the end of plain evaporation, the temperature of the cloudn the dipole trap is

typically around 100 K giving an initial collision rate as highas 1.5 10*s 1.

To quantify the forced evaporation in time-dependent optial traps, O'Hara et.
al. [84] derived scaling laws for particle number, phase-spadensity, and elastic
collision rate in terms of their initial values. This model asumes that the ratio of
the trap potential to the temperature is always kept constan i.e., = U=k T = 10.

From these relations, given below,

0:19

N )
— = — 5.20
N U (5.20)
D U 1:3
— = — 5.21
D) U (5.21)
U 0:69
— = — 5.22
i U (5.22)
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Figure 5.5: Evaporative cooling in the crossed dipole traplhe data, which is similar
to that of a single dipole trap, shows e cient cooling of paricles according to the
scaling laws.

it can be easily calculated that to achieve a phase-space déy of 1 from an initial
value of 0.6 10 3, the trap depth should be reduced by a factor of 200. At the endf
this, the collision rate is decreased by a factor of 40 with &80 loss in the number of
particles. Because these equations are obtained withoutcinding the inelastic losses
or background atom collisions and other imperfections due tthe trap, the numbers

above represent the best case scenario.

Figure 5.5 shows the data for evaporative cooling in our dipetrap. This data is
taken from an earlier experimental set-up in a crossed digotrap. A similar number
of atoms is obtained nowadays using a single beam dipole trapd the evaporation
process is similar in both the traps. The atomic sample is tsevaporatively cooled at
770 G before ramping to 694 G in 100 ms for absorption imaging.shows a decrease
in atom number in the statejli as the nal laser power in the trap is reduced. The solid
line represents the calculated scaling law prediction for @ut-o parameter of = 10.
The experimental data agrees well with the scaling law prection until the lowest trap
depth (100 mW) achievable with our laser. This shows that thevaporation is e cient

even when the trap depth is reduced by a factor of 800.
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5.5 Molecular BEC
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Figure 5.6: Formation of a molecular BEC: Absorption imagetaken at various nal
trap depths are shown in (a)-(c). The dashed, dash-dottedpkd (blue) lines in (d) are
ts to a Gaussian, Thomas-Fermi and combined pro les, resptively.

When the evaporation is performed on the BEC side of the Feshth resonance,
stable molecules are formed via three-body recombinationhen the temperature of
the atoms becomes lower than the binding energy of the molées. At this stage,
both atoms and molecules exist in thermodynamic equilibria and the measured
temperature no longer represents the true value due to the dacomponents in the
cloud. Further evaporation to lower temperatures favourshe formation of molecules.
Because these molecules are composite bosons, whose inellass rate is low, they

can undergo e cient evaporative cooling to reach Bose-Eitgin condensation at a

66



su ciently high phase-space density.

Figure 5.6 shows the formation of a molecular BEC monitored/tabsorption images.
All images are taken at 694 G after evaporation at 770 G to a Harap depth of (a)
57 mW, (b) 115 mW and (c) 172 mW. In Fig. 5.6d integrated crossestions of these
images along the weakest trapping direction are shown. Theashed, dash-dotted
and solid (blue) lines are ts to a Gaussian, Thomas-Fermi ah combined pro les,
respectively. An increase of 10% to 50% in condensate fraxctiis shown in these
pro les. However, nowadays at a nal trap depth of 50 mwW, 150000 molecules are

observed and a condensate fraction of up to 90% is obtained.

5.6 Degenerate Fermi gas

When evaporative cooling is performed on the BCS side of theeshbach resonance,
its e ciency is suppressed due to Pauli blocking. In other wals, because the
evaporation process depends on scattering to available lbying energy states, the
Pauli exclusion principle forbids collisions into occupak states, which stagnates the
evaporation process. However, it has been shown [85] thattemperaturesT  Tg,

the rethermalisation rate is faster than evaporation. In tle case of a weakly interacting

Fermi gas, a BCS-like state is favoured involving Cooper pai

In our experiments, a degenerate Fermi gas is typically proded by taking
advantage of the fact that the crossover from the BEC to BCS de is isentropic [23].
The atomic sample is rst evaporatively cooled at unitarity and then the magnetic
eld is adiabatically ramped to the desired value on the BCSide . Figure 5.7 shows
a one-dimensional pro le of the observed Fermi gas, after 4sitime of ight, obtained
by integrating the absorption image along the weak trappingaxis. At this lowest
trap depth (60 mW) the trapping frequencies are .o =150 Hz and! 44ia =1.63 kHz.
Because fermions follow a Fermi-Dirac distribution, the da ts very well to this

pro le. For comparison a Maxwell-Boltzmann (classical ggddistribution is plotted for
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Figure 5.7: 1D Poly-logarithmic (Fermi-Dirac) t to the data (TOF = 4 ms). For
comparison a Maxwell-Boltzmann (classical gas) distribign is plotted for a gas at the
same temperature T=T-=0.06). A Thomas-Fermi (bosons) distribution is also shown
for the same Fermi radius.

a gas at the same temperatureT(=T=0.06). A Thomas-Fermi (bosons) distribution
is also shown for the same Fermi radius. The peak of the Fermirac t has a at top
whereas it is sharp for the classical gas. This is due to the ergence of Fermi pressure

at trap centre where the density is high.

5.7 Summary

This chapter described the procedure followed in our experents to achieve highly
degenerate quantum gases. The way how the atoms are trappeddacooled
using dissipative and conservative forces due to the laseeld is briey discussed.
Additionally, technical details about measuring the dipad trap frequencies and the
mechanism behind evaporative cooling is explained. Prodog degenerate quantum
gases is the starting point for performing Bragg spectrosgp across the BEC-BCS
crossover. The results of the Bragg spectroscopy experirtgerare discussed in

Chapters 7 and 8 after presenting a theoretical background Chapter-6.
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Chapter 6

Bragg scattering - Theory

6.1 Introduction

In this chapter the theoretical background for the Bragg sdegering experiments is
presented. The rst objective is to introduce pair correlaion functions and to show
how they are related to the static structure factor via a Fouier transform. The second
objective is to obtain a relation between the static structte factor and the measured
Bragg scattering signal, which is the centre-of-mass (COM)isplacement of the cloud.
Although these two relations are frequently referred to in mny papers [54, 55], their
explicit derivation is not found in the literature. A brief introduction to the static

structure factors (sec. 6.3) and correlation functions (se 6.4) is given here. Also, a
method for probing the pair correlations in a strongly inteacting fermionic system via
a Bragg scattering experiment is discussed in the last semti (sec. 6.5). First, the

principles of Bragg scattering are schematically explaiden the following section.
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6.2 Bragg scattering

In an inelastic scattering experiment, such as Bragg scatteg, the response of a
many-body system to a weak probe provides information abothe internal properties
of the system [53, 54, 55]. This response function typicalleveals the correlations
between particles in the system. For example, to study elem@ry excitations of
liguid “He, slow-moving neutrons were used as a probe and the respoofthe system
was measured as a function of the scattering angle of the nears [56, 57, 58]. On the
other hand, Bragg scattering of X-rays from a solid state cstal provides information

about the structure of the crystal lattice [86].

In atom optics, a coherent source of matter waves can be mauigted in the same
way as optical waves. In contrast to the Bragg scattering of Xays from a crystal
lattice, the roles of the light and matter are reversed and a atter wave can be di racted
from a periodic optical potential. One key example is Braggcattering of a BEC from
a moving optical lattice [87]. Here, the dependence on theattering angle becomes a

dependence on the relative velocity between the lattice aratoms.

6.2.1 Principle

Bragg scattering is a coherent process in which momentum istsferred to a particle
via paired stimulated absorption and emission of photons. dbsider two counter-
propagating laser beams with frequenciés+ and! , far detuned from the resonant
atomic frequency, interacting with a particle. The partice is rst excited from the
ground state to a virtual excited state by absorbing a high #quency photon! +
followed by stimulated emission of a low frequency photoh (see Fig. 6.1). Due to
momentum conservation, the net momentum di erence betweethese two photons
causes the particle to scatter with a veloCitw,ecoi = % where the two-photon recoill
momentumq =2}k, k =2 = is the wavevector of the laser of wavelength and m is

the mass of the scattered particle. Conservation of energgads to the Bragg resonance
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condition when the energy associated with this recoil momem (E = ¢?=2m) is equal

to the energy associated with the Bragg frequencye(= } ) of the laser beams, thus

2}k?,
— (6.1)

The detuning of the laser from the atomic resonance should & small enough to give
a reasonable excitation probability but large enough to avd directly populating the

excited state.

Frequency

Excited state

! I =1.5GHz

______ Virtual state

1=2 1446 THz

Ground state

1 g2/2m

" =300 kHz

0 +1 Momentum

g=2! k

Figure 6.1: Energy level diagram for Bragg spectroscopy (nto scale). The vertical
line on the right gives the approximate range of frequenciésvolved in the case ofLi
atom for our experimental conditions.

Phonon regime: When the recoil velocity viec = gq=m due to the Bragg pulse is
smaller than the speed of sounds in the gas, only low lying elementary excitations
are excited. These excitations give a phonon-like spectruoeing linearly proportional

to g as given below
I [ (6.2)

where the relation between the interaction energy and the spd of sound is given as
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= mc2. This modi es the low energy region of Fig. 6.1 to linear.

Free particle regime: When the recoil velocityv,ec = q=mdue to the Bragg pulse

is larger than the speed of sound; in the gas, the excitations resemble a free particle
spectrum as given below 2
. ﬂ:

} (6.3)

The spectrum in this regime is parabolic, and in the case of atomic BEC there is an
additional o set of due to the mean eld shift [88]. For largeq values @ > kg, where
ke is the Fermi wave-vector), the excitation spectrum of fernains also approaches that

of the free particle excitations [30].

Our experimental conditions: The atomic resonance wavelength for &Li atom
is =671 nm, therefore the recoil velocityv,ec = 19.8 cm/s. The velocity of sound
across the BEC-BCS crossover was rst measured by J. Josephal. [89] in terms of
the Fermi velocity ve

S NUMMIBLICEE (6.4)

a

2 —
VF_

where m, is the mass of the®Li atom, ! ; are the trapping frequencies in the various
directions and N is the total number of atoms in one spin state. Substituting or
experimental values for the trapping frequencie$,, = !y, =2  320Hzand! , =2

24 Hz, and the atomic numberN =130,000, the Fermi energy is calculated to be
Er=kg = 600 nK. For the experimental magnetic eld range 750 G to 100 G, the
1=kra value varies from +1.4 on the BEC side to -1 on the BCS side. Fdhis range,
the measuredcs varies from 0.2%¢ to 0.45/ according to reference [89]. Therefore,
the calculated value forvg = 0.3 cm/s gives a sound velocityc; = 0.10 cm/s on the
BEC side andcs = 0.16 cm/s on the BCS side.

Thus, for our experimental conditions, the recoil velocityis always much greater
than the speed of sound\.. >> Cc ) across the BEC-BCS crossover con rming that

all our experiments are performed well into the free partiel regime.
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6.3 The structure factors

As explained in the previous section, for Bragg scatteringniultracold gases, the
strength of the scattering depends on the frequency dieree between the beams
and the momentumq transferred by the beams [87, 88]. For short interaction ties
(pulse duration), the response of the cloud to the Bragg pwdsindirectly [90] measures
the dynamic structure factor S(q; ) which characterizes the dynamics of the many-
body quantum system. The static structure factorS(q) is obtained from the integral
of S(qg; ) over all frequencies and gives the e ective line strengthf éhe scattering for

a given momentumg. These quantities have been measured in an atomic BECs and
have proven valuable in understanding the density correlains [61] and the elementary
excitations [60] of the condensate. In the following subgems, these structure factors

are de ned and their relation to the density correlation furctions are presented.

6.3.1 The dynamic and static structure factors

Following reference [91], an expression for the dynamic amsthtic structure factors
in terms of the density operators is presented. Consider ancoming external probe
particle interacting with a system ofN -particles. In rst quantized form, the interaction

Hamiltonian is written as the sum of all the interactionsU between the probe and the

particles of the system.
X
|qint = UR BH); (6.5)

i=1
whereR is the probe position andr; is the particle position. It is more convenient to
write Hin in the frame-work of second quantization by Fourier analym the above
equation

X
Ao =5 UK)e MR A(K); 66)
K

whereV is the volume of the system, (K) is the Fourier transform of the one-body

density 4 and U(K) is the Fourier transform of the interaction potential U(R r) as
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given by?

Z
dre®™ A (r)
Z
dru(R r)ec® n:

(K)

U(K)

Consider a Bragg scattering experiment, where photons witlhomentum p; = }k;
and energy"; scatter from a sample and emerge with momentum = }k, and energy
"t. During this scattering process, theN -particle system changes from an initial state

i with energy E; to a nal state ; with energy E; . In order to evaluate the transition

rate for this process, the interaction matrix element is exgssed as
1 X K. L
hky; iy U(K)e ™R AK)jky; i

X K
U(K)h (A K)j i (K + Kz kq)

ko; 1P ke i

K
U@h ¢jXa)j ii;

whereqg= k; k» is the momentum imparted to the system by the probe ant(q) is
the amplitude of the interaction potential. The transition rate between the initial and

nal state is obtained using Fermi's golden rule within the Born approximation
_ 2 . .2. /\ - e 2 .
Wi ¢ = }—JU(CI)J ihejNa)j iii” ¢ Ef + Ej); (6.7)

where} ="; "¢ isthe energy lost by the scattered photons. To account for éfact
that the nal state j i may belong to a continuous spectrum, a sum is taken over all
allowed nal states [92]. Thus, the transition rate from theinitial state j ;i to the nal

state of the continuum is given by

IHere and in the following integrals dr represents the volume element, i.e.d®r, unless otherwise
speci ed.
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2 . X
Wi ¢ = U@  jhNDj iii2 ¢ Er + E)

J f
— 2 . i2 ).
= SIU@I*s@; ); (6.8)

where in the last line the dynamic structure factor (DSF)S(q; ) has been introduced.
As can be seen, the DSF quanti es how the energy eigenstatéshee many-body system

are coupled by uctuations of the momentum density:

X
S(q; )= jh +iNQ)j iii> ¢ Ef + E): (6.9)
f

The static structure factor (SSF) S(qg) is de ned as the total scattered intensity
for a given momentum transferq. Using this de nition, it is shown below that S(q)

represents the density-density uctuations of the initialstate in momentum space

Z
NS(q) = d S(g; ) (6.10)

X

= LRCIRE
X o

= hijY(j tih ¢jNQ)j i
f

= h iY@ ii; (6.11)

where the identity operator is resolved in deriving the lasequality.

In summary, S(qg; ) gives a measure of the spectrum of the elementary excitatis,
being directly proportional to the square of the excitationmatrix element, and S(q)

gives information about the momentum density-density coglations in the initial state.
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6.3.2 Impulse approximation

The derivations presented so far apply to a system at zero t@arature. In order to
include nite temperature e ects, a statistical description of the states should be taken

into account. Then the dynamic structure factor becomes [$3

X
S(q; )= % e Frih¢jNgj i ¢ Ef + E); (6.12)
fi

wherej ,i and E,, are the eigenstates and eigenvalues of the total Hamiltomieof

the system respectivelyZ = e Er is the partition function and = 1=kgT. For

n

an ideal gas, the above equation can be written in terms of thgarticle distribution

functions (n,) at temperature T [93], so that

2 2
(p+a°, P

X
S(q; )= Np[l  Npsg] } ’m om

p

; (6.13)

wherep and p+ g are the initial and nal momentum of the particle, respectiwely. The
plus sign holds for bosons and the negative sign holds forrfeéons. Thus, in the case
of bosons, the scattering process is enhanced while it is ptgssed for fermions due to
the Pauli exclusion principle. For a large momentum transfethe n,, 4 term becomes
negligible as there is negligible occupation of the nal sta and the summation can be
replaced by an integral:

Z
Sa(g; )= dpn(p)

y (Pra’, P

: 6.14
2m m ( )

where n(p) is the momentum distribution of the system. This is known asthe
impulse approximation (IA) [54], which shows that the measement of the dynamic
structure factor can also provide information about the irtial momentum distribution

of the system [94]. In fact, this approximation can be used tdetermine the zero
temperature behaviour of an ideal Bose gas and an ideal Fergas to compare with

the experimentally measured dynamic structure factor (sesec. 8.4).
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6.4 Dependence of structure factors on the

correlation functions

In order to derive a relation between the structure factor ash the correlation function,
the properties of the density uctuations and the correlaton functions are stated rst.
The derivation follows the discussion presented by C. Coh&annoud;ji et al. in ref. [91]
and by Fetter and Walecka in ref. [93].

6.4.1 Brief review of the correlation functions

A uniform system ofN -particles can be described in second quantized notationhere

the eld operators are de ned as

X
i(r)&

()
N

M(r) (D&

i
Here, & and & are the creation and annihilation operators and ;(r) = hrj i is the
projection of the i"" single state particle ontojri. For bosons, the eld operators

commute

(r r9 (6.15)
(6.16)

["(r); ™(r9]
[*(r); "(r9]

1
o

while for fermions the eld operators anti-commute

r r9 (6.17)
0: (6.18)

f(r); ™(r9g
f(r); “(r9g
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In the jri basis, the one-body "“and two-body %, density operators are de ned as

M) ()
M) M99 )

N (r)
i (r;r%

The correlation functions are de ned as the expectation vaks of products of the eld

operators. For example, the rst-order correlation functon is given as

GOrr)y= W) ()i = m@)i=n

(6.19)

which gives the probability of nding a particle at a position r, wheren = N=V is the

density of the system [91]. Similarly, the second-order agetation function is de ned

as

G@(r;r9 = h™(r) ™9 "(rY ()i = My (1519

(6.20)

which gives the probability of nding a particle at position r given another particle

at r% G@(r;r9 can be written in terms of the normalized second-order calation

function:

or

@) (-
9o = G(”(Sr)g’(lr)?ro.r‘b
GA(r;r9
h™(r) “(r)ih ™(r9 “(r9i
GA(rr9,
nz '’

h i ™) ™) "9 ()i i
g?(r;r9n?

GAr:r9
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6.4.2 Structure factors in terms of the correlation functio ns

In the case of inelastic scattering, where the energy tramsfed to the system is positive,
Q) in eq. 6.11 can be described in terms of the uctuations of th particle density

() about its average value , [93], i.e.,

Mg = "(@ " (6.22)

M@ hoNg) i (6.23)

Therefore, from the de nition of the SSF, eq. 6.11 can be wiign as

NS(a) = hij V(a) Nqj ii: (6.24)

Dropping the g dependence for the time being, consider the following proctu

N AN = ny Aoy (/\ /\0)
= N oh Vi (™ hojy i)

A (Y K0 T I LY K AT o s T K ARTIA BNV AT

Therefore, the expectation value for the product”Y ~ follows

hij N ANio = hig™y i h 5Ny gih iy i b 5jYj gih iy i
+ hjNj gih 54 iih g i

Using the completeness conditioh jj ;i =1 in the last term

hij ~ i

hij™y i h 5N gih Gy i
h vy i jh 4y i = (6.25)
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Thus, using eq. 6.25 in eq. 6.24, the equation for the SSF baues
NS(q) = hij¥(@™a)j i jh ijNDj ij* (6.26)

Recalling that /{q) is the Fourier transform of the one-body spatial density ogrator

Z
dre" 4 (r)

Z
dre'®" Y(r) “(r)

(9

the rst term in eq. 6.26 can be written as

z z
hij  dr%e @°AY(09)  dré™ A(r) j i
z

= e Wh NI Y M) () i€ drlr:

h iY@ i

Using the rst commutation (anti-commutation) relation eq. 6.15 (eq. 6.17) for bosons
(fermions) between the eld operators,

Z h i
e h i™MYIY o r% Y)Y Nr)j ii€ddrr

h iV (@™a)] i

y4
e h j™YrY (r r9(r)j €9 drr

z
e Wh i Y () N9 ()i i€ drr;

where the positive sign holds for bosons and the negative rsifpr fermions. Resolving
the delta function and using the second commutation (antiemmutation) relation

eg. 6.16 (eq. 6.18) for bosons (fermions) between the eld enators
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hM@NQ i = Vh () (1) i
Z
e “hij MMM ")) i€ drr
Z
= nV+ e @ hji™Mr)YeY NN r)j i€ drir
Z
= N+n?2 e 9 °g@(rr9de drir; (6.27)
where the normalization conditionh ;j "¥(r) “(r)j ii = n for the eld operators and

the de nition (eq. 6.21) of the normalized second-order coelation function g@ (r;r 9
is used. Thus, the nal result is the same for both bosons ancerimions. Now, the

second term in eq. 6.26 can be written as

jih N i 2 hijY(Q)j iih ij™Xa)j il

Z Z
hi  dr% @AY jiih j  dré®TA(r) i

Z
e 9 Y N9 ih YY) ) i€ drr

Z
= n2 e @G grr; (6.28)

Finally, using equations 6.27 and 6.28, eq.6.26 can be weit as

N+n?2 e i@ g@rrd 1 9 drr

NS(q)

Z

S(q) = 1+ % e 4’ g@(rry 1 €% dr%r:
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In the case of a uniform gas, the two-body correlation funan depends only on the
relative distance between the particles. Thusg®@ (r;r9  g@(jr r9) = g(z), where

d(z) is the conditional probability to nd two atoms separated by a distancez, and

the SSF becomes

N 2
1+ V_fv €92 [g(z) 1]dz
S(q = 1+ n €%%[g(z) 1]dz: (6.29)

S(9)

This shows the explicit dependence of the static structuraétor S(q) on the two-body

correlation function g(z).

6.4.3 The two-body pair correlation function

We now consider a two-component Fermi gas with an equal numbB=2 of atoms in

the two spin hyper ne states (spin up =" and spin down =#). The spin-resolved

pair correlation function is de ned as

h™(r) ™o(rd " o(r9 " (r)i

) (4. —
g(rir) = n (r)n o(r9 ;

(6.30)

which gives the probability of simultaneously nding a fernion at a positionr with spin
and another atr®with spin % For a uniform gas, as mentioned abovag(z)o(r; ro=
g(Z)o(Z) and the two-body pair correlation function can be written & an average of the

contributions from the same spins and the opposite spins alsasvn below

[g- (2) + g«(2)].
5 :

a(z) =

Note that we have assumed that the gas consists of an equal riuen of atoms in the

two spin states, sog~ = gs« and g+ = g.. Now one can write the static structure
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factors explicitly depending on the pair correlation fundons [51] as

4
1+ 2 ddg(2) 1%
52

dz[gx(2) 1Je%”

S- (o)

S+ () %

and the total static structure factor can be written as

S(9) = S (a) + S« (a):

Small qlimit: In the limit of small momentum transfer (g < kg), the static structure
factor S(q) depends linearly onq due to long-range correlations [53]. Therefore, as a
consequence of the Pauli exclusion princip®(q! 0)! 0, implying the suppression

of low energy excitations.

Large glimit: In the limit of large momentum transfer (@ > kg ), the auto-correlations
among identical spin particles dominate [51] leading t6- () ! 1. Therefore, the nal

SSF becomes
S(g) =1+ S4(0): (6.31)

In the case of a non-interacting Fermi gas on the BCS side, wieghere is no correlation
between the particles of opposite spin$S+(g) = 0, such that S(g) = 1. However, in

the case of a strongly interacting Fermi gas at unitarity,S+(q) is non-zero but less
than one. However, on the BEC side, for distancescomparable to the sizeay of the

molecules, there is a strong correlation between atoms withpposite spin within the
same moleculesS4(g) = 1, such that S(q) = 2. Thus, to probe these two-body pair
correlations, the Bragg experiments mentioned in this thesare performed in the high

g limit where qw 5kg .
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6.5 Measuring the static structure factor

In our Bragg scattering experiments, two counter-propagatg laser beams with
frequency di erence are shone onto a degenerate gas for a timg and the response
of the gas is measured. The momenturR, imparted to the gas is quanti ed by the
centre-of-mass (COM) displacemenX (q; ) of the entire gas cloud along the direction
of the Bragg pulse (see sec. 7.2). From this measurement, thtatic structure factor

can be deduced as explained below.

The periodic potential created by the two counter-propagamng Bragg beams

travelling along the z-direction is given as

Veragg = f(t)} rcos@z t); where (6.32)
f(@) = 1 for jtj< ?B
=0 otherwise.

Here g is the two-photon Rabi frequency. The interaction Hamiltoman due to this
potential can be written as

Ao = 15 M@e 1+~ gt 633)

where #( Q) = J.Nzl €97i is the density creation operator. The total Hamiltonian
of a trapped interacting system ofN -particles with the above periodic perturbation is

given by
X p? X X
— + Vext(ri) + g (ri rj) + |qint ; (634)

i=1 i<j

B, =
tot . 2m

1=
whereg =4 }2?a=mde nes the strength of the interaction between the particls, m is
the mass of the scattered particle and/,y; is the harmonic con nement produced by
the trap potential. Brunello et al. [55] have shown that for a such a system the rate of

momentum transfer to the gas is related to the dynamic structre factor according to
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the relation

Z

m!§Z+}q2% do[S(g; 9 S( a ‘)]Sin[((—(;)t]: (6.35)

dP,(t) _
dt

Since we are interested in the dynamics only on a timescale chushorter than the
inverse trap frequencies, the rst term can be ignored, wtel the second term in the
integral, S( q; 9, can be ignored under our experimental conditiong > kg due to
the principle of detailed balancing [53], which states thathe initial population in the

states we are scattering into is negligible,

SCa; 9 =¢e ! s(q9
e &7 S(q; 9

= e Z%IKqBT S(q’ ()

}2kE

2m

when q > ke the exponential factor in the last equality becomes very siamaking

For nite temperatures kg T > Ef, whereEr =

is the Fermi energy. Therefore,

S( g; 9 negligible in comparison toS(q; 9 in eqg. 6.35. Thus we have the

approximation 7
dP,(t) _ }q & 0ary. oSINLC 9t
i - 2 d °S(q; 9 ( 5 (6.36)
Integrating the above equation over the duration of the Brag pulse g gives
Z
P.(t) _ dX(q;) _ }a & .ol cos[( 9el]
T g " om %S(q; 9 o ; (6.37)

This equation gives the COM velocityVcon immediately following the Bragg pulse,
where X (q; ) is the COM displacement along the direction of the Bragg pse. If
the trap is switched o immediately after the Bragg pulse, tle cloud moves with
this velocity for the time of ight ; therefore X (q; ) = Vcom tof- Integrating this
equation over gives

Z Z Z

. _}a & o ol cos[( 9s1],.
X(a)d = 2EEL g 9= 2 (6.38)
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Using contour integration, one can show

z
Y1 cos[( 9ely .
. (9 S
Therefore, eq. 6.38 can be written as
z z
19 & o
X(a:)d = 5 5 d S 9
Z 2
X(@)d = 1R Ns(g;

where the de nition for the true static structure factor (SS) is used from eq. 6.10.

Thus, the SSF can be directly measured from the COM displacemt:

Z
p— 2m .
SO = 17 WN X
() = M s, (Q): (6.39)
S Tq e N '

This is similar to equation (5) presented in reference [60%eept that the normalization
constant is di erent, because in [60]Sep(q) is de ned as the measured momentum
transfer divided by} gN. Using the relation obtained betweers(q) and the pair density
correlation functions (eq. 6.31), we obtairSe.(q) / [1 + Sy (g)]. This is the most
important result which relates the measured COM displaceme of the cloud to the

static structure factor and hence to the pair correlation faction.

6.6 Summary

From this chapter, it is evident that Bragg scattering expeiments provide a unique way
to probe pair correlations in a strongly interacting fermiaic system. The principles of

Bragg spectroscopy are explained through free particle atations. In the limit of large

86



momentum transferq > kg, the important role played by pair correlations is highlighed
through their link to the static structure factor S(q) (eq. 6.31). It has been shown that
this factor can be measured through Bragg spectroscopy byantifying the momentum
imparted to the cloud in terms of the COM displacement (eq. 89). When patrticles in
di erent spin states are highly correlated, as is the caserfbound molecules (BEC side),
S4(g) = 1 and the normalized S(g) = 2. When these correlations vanishS+(q) = 0,
the S(g) = 1 as in the case of non-interacting fermions (BCS side). Ithe unitarity
regime, quantum Monte-Carlo simulations predict [51] stmag correlations between the
interacting fermions, suggesting ¥ S (q) < 2. With this theoretical motivation, Bragg
spectroscopy is performed across the BEC-BCS crossover wantify the two-body
pair correlations for the rst time. The results and analyss of the experiments are

presented in Chapters 7 and 8.
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Chapter 7

Bragg scattering - collisionless

regime

7.1 Introduction

In this chapter, the collionless behaviour of atoms and malaeles/pairs are studied
across the BEC-BCS crossover. The main objective is to measuwo-photon Rabi
frequencies (sec. 7.4) of both atoms and molecules and toahtBragg spectra (sec. 7.5)
across the crossover in the low density limit. Since the Brggresonance condition
(eq. 6.1) is mass dependent, the presence of atoms or molesigairs shows up as
a peak in the response spectrum at their corresponding resom frequencies. The
Bragg resonant frequencies fdiLi atoms and molecules are om =2 = 294:7 kHz and
mol =2 = 147:4 kHz, respectively. Due to the large scattering length in #se gases,
elastic collisions can distort the particle distributionsmaking it di cult to analyse
the Bragg signal. For this reason, the COM displacement of écloud along the
direction of the Bragg pulse is used to quantify the spectrdéatures (sec. 7.2), instead
of counting the number of scattered particles. For the sameason, the relative fraction

of the constituent particles (atoms or molecules) in the gas obtained from absorption
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images of the Rabi oscillation sequences (see sec. 7.4.1).

7.2 Analysis of the Bragg signal

The starting point for our experiments is a gas ofLi in an equal spin mixture of the
jli and j2i states evaporatively cooled in a single beam optical dipoteap. First a
highly degenerate cloud is produced containingd 1C° atoms in each spin state at a
magnetic eld of 835 G. Then the trap depth is increased by a &or of two to avoid
any atom loss during the adiabatic ramp (in 100 ms) to the da®d magnetic eld
(B) where they are held for 200 ms to let the transient magneticeld vanish. Bragg

scattering and imaging take place at this nal magnetic eld

In most of the Bragg scattering experiments performed by o#r groups [87, 88, 61,
60, 63], the ratio of the scattered fraction of particles wit respect to the remaining
unscattered cloud is normally taken as a standard Bragg sigh In these experiments,
the elastic collisions between the scattered and unscatégl particles are negligible.
Therefore, it is possible to count the atoms which appear in apatially separated
scattered cloud after a su ciently long time of ight. However, in our experiments,
the strong interactions (large scattering length near unérity) cause elastic collisions
which distort the particle distributions making it di cult to analyse the Bragg signal.
Therefore, to quantify the momentum imparted to the cloud bythe Bragg pulse, the

centre-of-mass (COM) displacement of the distribution is easured.

The elastic collisions can be reduced by expanding the gaddre applying the Bragg
pulse, so that a clear scattered cloud is observed. This meth of Bragg scattering is

referred as thecollisionless regimethroughout this thesis.

Alternatively, if the Bragg pulse is applied to a trapped gasthe interactions can

a ect the Bragg spectra and this method is referred as thateracting regime

In either case, the COM displacement spectrum is evaluated the following way :
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1. For every absorption image taken after a Bragg pulse, at aagicular Bragg
frequency, the COM position of the particle distribution isevaluated using the

p
relation % wherem; is taken as the pixel intensity andr; is the pixel position.

2. Similarly, the COM position of the cloud imaged in the absee of a Bragg pulse
(molecular BEC or a degenerate Fermi gas) is calculated fon¢ same time of
ight. This value is then subtracted from the one obtained instep 1 to get the

COM displacement of the scattered cloud along the directioof the Bragg pulse.

3. Such COM displacements are evaluated from all the absoipt images, taken for

the range of Bragg frequencies, and joined together to creaa Bragg spectrum.

4. Two Gaussian curves are tted to the spectra to distinguls the scattered

molecules and atoms.

7.3 Collisionless behaviour

To probe the composition of particles (atoms/pairs) in a nosinteracting gas, Bragg
scattering is performed on an expanded gas. Once the dipotap is switched o, the
mean eld energy of the interacting gas is converted into ketic energy and the cloud
expands. After expansion, the cloud consists of free pais with a wide range of
velocities. Since Bragg scattering is highly momentum setige and the momentum
width of the scattering transition is narrower than that of the expanded cloud, only
particles within a certain Bragg momentum range are scatted [87]. Because atoms
scatter with twice the velocity Viecoii = % of molecules, owing to their mass di erence,
they travel twice the distance of molecules for the same tim& ight. This is another
way, apart from their resonant frequencies, that Bragg scedring can distinguish atoms

from molecules.

To demonstrate collisionless Bragg scattering, a degener@as is made as described

in sec. 4.10. The dipole trap is then switched o and the clougéxpands for 4 ms
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Figure 7.1: Bragg scattering of molecules at 730 G.

before applying the Bragg pulse. Following the pulse, a furer 2 ms of expansion
is allowed before taking an absorption image. Figure 7.1b @hs the scattering of
molecules at 730 G (BEC side) from a molecular condensate eftapplying a 30 s
Bragg pulse at a Bragg frequency of 132 kHz. For comparisonigF7.1a shows a pure
molecular condensate imaged after the same time of ight wibut applying a Bragg

pulse. Similarly, Fig. 7.2b shows the scattering of atoms &60 G (BCS side) from a
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Figure 7.2: Bragg scattering of atoms at 860 G.
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degenerate Fermi gas after applying a 50s Bragg pulse at a Bragg frequency of 285

kHz, and Fig. 7.2a shows the same conditions without a Bragalise.

Note that the observed resonant frequencies for moleculasdaatoms are lower than
the calculated values =2 = 147:4kHz and 4om=2 = 294.7 kHz, respectively. This
is because, during the TOF expansion of the cloud, the partes are accelerated in the
stray Feshbach magnetic elds, which increases their velities causing a Doppler shift
in the observed Bragg frequencies. The scattered intensitf the molecules (g. 7.1c)
is observed to be higher than that of atoms (g. 7.2c) due to tl presence of a large
population of zero momentum molecules in the condensate. (Gme BCS side of the
resonance, fermions occupy many more quantum states; so devatoms lie in the
momentum window of the Bragg pulse. Also, the width of the pant (central) cloud is
larger for the DFG than for a molecular BEC due to the larger mmentum distribution
of fermions. Finally, due to the near perpendicular alignnme of the Bragg beams (see
Fig. 4.9) with respect to the axis of the dipole trap, the scaered particles appear at

an angle with respect to the parent cloud.

7.4 Two-photon Rabi oscillations

Bragg scattering can be viewed as a Raman transition betwe&mo momentum states
of the same magnetic sublevel. This can be treated as a simpeo-level system,
interacting with a periodic time-dependent optical eld. It can be easily shown [95]
that for such a system the particle will oscillate between thse two momentum states
with a frequency g, the two-photon Rabi frequency. This can be written in terms
of the intensity (I; and I,) of each Bragg beam, the detuning () from the resonant

transition, the line width () of the transition and the satu ration intensity (1) [83]:

2 P, -

R— - —
4 lsa
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The intensity of the beam is given byl = ZTF’%, whereP is the power in the beam and
W, is the beam waist. The probability of nding a particle in the excited state after a
time t is given by

P(t) = sin 2(TRJ[): (7.2)

When't = T the number of particles in each momentum state becomes egjuiee.,
P(t) = % and a pulse of such width is termed a pulse. Whent = —, all the particles
are scattered to the higher momentum statd,e., P(t) = 1 and the pulse is termed a

pulse. Experimentally, g is obtained by tting the following function to the scattered

fraction (SF) of particles measured as a function of the puswidth t

SF = 1 e Lcos( RO (7.3)

N | >

wheree " is a damping term andA is the amplitude.

Bragg temporal regime: To ensure that the system truly undergoes Bragg
scattering, the Bragg pulse duration should be large enoudh scatter to the rst-order
momentum state but small enough to avoid scattering into higer order momentum
states and also to minimize spontaneous emission evernits,, [96]

4

R

.—|N

: (7.4)

N
o

where g is the duration of the Bragg pulse,! ; is the single-photon recoil frequency
and is the natural linewidth of the transition. The single photon recoil energyk, is
related to ! ; by the relation

N L
Er= )= (7.5)

which gives! , =2 74 kHz for atoms and! ; =2 37 kHz for molecules. Substituting
the values for our experimental parameters fofLi, the Bragg pulse duration is
constrained by 3.4 s B 135 ms for atoms and 6.8 s B 135 ms for
molecules. For the experiments mentioned in this thesis, ¢hpulse duration is chosen

such that g = 40 s for probing the interacting regime (chapter. 8) and up tog =
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0.4 ms for probing the collisionless regime (sec. 7.5), whiare both well within the

Bragg regimes.

7.4.1 Oscillation sequences

Two-photon Rabi frequencies (r) of molecules (at =2 = 135 kHz) and atoms

(at  aom=2

intensity (I

280 kHz) in the collisionless regime were measured using ged Bragg

8:2 mW/cm?) and varying the pulse duration from 10 s to 100 s
in steps of 10 s. In order to illustrate the pattern of the scattered partides from an
expanded gas, the absorption images taken for di erent coitbns were joined together

as explained below:

1. Each absorption image taken with a particular Bragg pulsés integrated along
the X-direction (perpendicular to the direction of the Bragy pulse) to obtain a

1D-line pro le as shown in Fig. 7.1c (molecules) and Fig. 7catoms).

2. Such line proles of all the absorption images taken for veous Bragg pulse

durations are joined together to create a sequence of abstop images.

3. From this Rabi oscillation sequencdFig. 7.3d) of molecules taken at 710 G it
can be seen that the molecules are scattered from the centragion of the parent

cloud.

4. Similarly, Fig. 7.3h shows the oscillation sequence ofcams at 850 G created
by joining the horizontally integrated single images like k. 7.3e, Fig. 7.3f and
Fig. 7.3g.

5. From such Rabi oscillation sequencesa thin slice of the image is taken
horizontally around the scattered region of the particlesalong the direction of

the pulse durations, to obtain the signal for Rabi oscillatins.
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7.4.2 Rabi Frequencies for atoms and molecules

Figure 7.4a shows the observed two-photon Rabi oscillatisrof molecules taken at 745
G with various powers, 50 W, 100 W and 185 W. r =2 g is obtained from
this data by tting a decaying sinusoidal curve (eq. 7.3) andFig. 7.4b shows the
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(@) The data is tted with eq. 7.3 to obtain r at di erent powers.
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Figure 7.4: Two-photon Rabi frequencies for molecules takat 745 G.
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evaluated g at di erent powers with constant detuning ( =2 =1592 MHz). Taking
the values =2 =5:9 MHz and | ¢y = 2:54 mW/cm? for the Li D 2-line, a beam waist
of w, = 0:55 mm is obtained from the slope of the straight line t to the @éta points,

using eq. 7.1.

The line pro les of the scattered fraction of molecules andtams are generated
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(b) Two-photon Rabi oscillations of atoms.

Figure 7.5: Two-photon Rabi oscillations of molecules andans at various magnetic
elds.

98



from the Rabi oscillation sequencesaken at various magnetic elds as mentioned in
section. 7.4.1. The line pro les obtained in this way acroshe BEC-BCS crossover are
tted with eq. 7.3 to obtain their two-photon Rabi frequencies. Figure 7.5 shows this
data along with non-linear best t curves. The molecular Rabfrequencies are observed
to decrease slowly with increase in the magnetic eld, wheas the atom signals are

seen to oscillate almost with the same Rabi frequency.
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Figure 7.6: Two-photon Rabi frequencies of molecules andoats across the BEC-BCS
crossover. The vertical dotted line indicates the positionf unitarity.

Figure 7.6 shows the evaluated two-photon Rabi frequenciesong the BEC-BCS
crossover with the calculated r for both molecules and atoms. The measured two-
photon Rabi frequency is close to that of the calculated vagufor both molecules (far
on BEC side) and atoms (on BCS side), which is a manifestatiaof their free particle
behaviour. Also, it is observed that molecules oscillate thi twice the Rabi frequency
of atoms as they have twice the polarisability [83]. It is irgresting to note that on the
BEC side of the Feshbach resonance, molecules show a degrafrom the free particle

behaviour. This could be due to the increased size of the meldar wavefunction near
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the Feshbach resonance. Figure 7.7 shows the calculated.ueabf the atomic scattering
length a versus magnetic eld. Since the values are close to the actusize of the
molecules, it can be seen that they becomes comparable to twavelength ( =671
nm) of the Bragg beams and their oscillations can no longer kdesated under the
semi-classical electric dipole approximation. Howeverndhe BCS side, atoms scatter

as free particles as their size is always very small compartedthe wavelength of the
light.
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Figure 7.7: Size of the moleculesversus magnetic elds. The green (blue) point shows
where the size of the molecule becomes 1/4 (1/2) of the waveigh =671 nm of the
laser light.

7.5 Bragg spectra across the BEC-BCS crossover

Bragg scattering of molecules/pairs and atoms is performed di erent magnetic elds

across the BEC-BCS crossover by varying the Bragg frequenéypm 80 kHz to 380
kHz in steps of 10 kHz, while keeping the intensityl (= 8:2 mW/cm?) and the pulse
duration constant. To illustrate the pattern of the scattered particles from an expanded
gas, all the absorption images taken under di erent conditins are joined together as

explained below:
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1. Each absorption image taken at a particular Bragg frequew is integrated along
the X-direction (perpendicular to the direction of the Brag pulse) to obtain a

1D-line pro le (similar to g. 7.1c and g. 7.2c).

2. Such line pro les of all the absorption images taken for veous Bragg frequencies

are joined together to create a sequence of absorption image

3. In such a sequence (Fig. 7.8a), the high density centrabalds are shown by red
and yellowish green colours. The particles (light green) arobserved to scatter

downwards along the direction of the Bragg pulse.

Figure 7.8a shows the Bragg spectrum constructed in this wat a magnetic eld of

810 G with a 60 s Bragg pulse. The patrticles are observed to scatter in two eient

regions of the spectrum. The rst region is due to the scattémg of molecules around
the Bragg resonant frequency of 147 kHz, whereas the secomgiion is due to the
scattering of atoms around 294 kHz. In both cases, the locati of the scattered cloud
follows a diagonal line in Fig. 7.8a (shown by the dotted line This is due to the

fact that as the Bragg frequency is varied particles with dierent momentum become
resonant with the Bragg pulse. In our experiment, as the fregncy is increased, the
region from where molecules/atoms are scattered shifts frothe top to the bottom

of the central cloud. This can be noticed by the presence of aagonal gap in the
central cloud whose location follows a similar diagonal plat The spacing between the
scattered atoms and the parent cloud (shown by vertical lirg} is observed to be twice
that of the molecules. Although the atoms and molecules rége the same momentum
kick (} g) from the Bragg pulse, due to the mass di erence atoms travélice as far as

molecules.

Once the Bragg spectrum is obtained, the COM displacement isvaluated as
explained in sec. 7.2 and shown in g. 7.8b. The data is tted wh a sum of two
Gaussian curves to guide the eye. In this spectrum, the rstsgcond) peak corresponds

to the scattering of molecules (atoms).
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Bragg spectra taken far away from the Feshbach resonance stgcattering of purely
molecules (see Fig. 7.9a) on the BEC side (745 G) and purelyoats (see Fig. 7.9b) on
the BCS side (890 G). These spectra were taken under di erenbnditions to achieve a
clear Bragg scattering signal with less collisional scatieg. At 745 G a short (80 S)
and lower intensity (I = 2:2 mW/cm?) Bragg pulse is used to obtain a -pulse, whereas
at 890 G a shorter (40 s) pulse is used, keeping the intensity at = 8:2 mW/cm?2.
From these spectra, it can be seen that on the BEC side, due tbe presence of a
large condensate fraction, the width of the momentum distbution is narrow, whereas
for atoms on the BCS side, the momentum distribution is broagt due to the Fermi

pressure.

To quantify all of these data, the scattered fraction of paitles is evaluated from the
Rabi oscillation sequencesat various magnetic elds, by counting the total scattered
particles after one-half of a Rabi cycle. In this way, the redts are normalized

and do not depend on the Bragg pulse duration. The obtained attered fraction
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crossover. The vertical dotted line indicates the positionf the Feshbach resonance.
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of molecules/pairs and atoms across the BEC-BCS crossovershown in Fig. 7.10.
Below 750 G, the molecules are seen to scatter with a constaarmplitude. However,
their response is observed to decrease from the BEC to the BGife of the Feshbach
resonance. No free pairs are seen to be scattered at magnetids above the Feshbach
resonance. On the other hand, the thermal atoms are observexscatter from 760 G,

and above 820 G they scatter with a constant amplitude.

7.6 Summary

The collisionless behaviour of atoms and molecules/pairs studied across the BEC-
BCS crossover by measuring two-photon Rabi oscillations. h& deviation of the
measured two-photon Rabi frequencies for molecules fronetbalculated (free particle)
values, near the BEC side of the Feshbach resonance, suggest increase in the pair
size. The Bragg spectra are analysed in terms of the COM disapkement of the cloud
along the direction of the Bragg pulse. Atoms and moleculeseaobserved to scatter
around their respective Bragg resonant frequencies. Thedih of the momentum

distribution is observed to be narrow on the BEC side, due tohe large condensate
fraction, and broad on the BCS side, due to the Fermi pressureFor short pulse

durations (<100 s), the ratio of the constituent particles is obtained from lhe Rabi

oscillation spectra, which also show scattering of pairs aethe BEC side of the
Feshbach resonance. In order to verify the presence of thgsa&rs with certainty,

Bragg scattering is performed on a trapped cloud, where theedsity is higher and
hence the interactions are stronger. Results from this expeent are presented in the

next chapter (Chapter. 8).
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Chapter 8

Bragg scattering - Interacting

regime

8.1 Introduction

This chapter presents the key experimental results obtaidan this thesis. The results
were published recently in [97]. Bragg spectroscopy is ajgal to a strongly interacting
Fermi gas across the BEC-BCS crossover regime. From the atveel Bragg spectra in
this regime, pair correlations between spin-up and spin-dm fermions are quanti ed
and their density dependence is revealed. Unlike the coitisless regime (Chapter. 7),
Bragg scattering of a trapped gas can reveal the e ects of sing interactions, and for
the same reason the analysis of the Bragg signal becomes nibi@ilt. Once again, the
spectra are constructed by measuring the COM displacement the cloud as discussed
previously in section 7.2. The Bragg response function (sgeum) is calculated for
both ideal bosons and fermions, under the impulse approxiti@n at zero temperature,
and compared with the observed data. Following this, the st& structure factors
are measured by integrating the Bragg spectra and normaligj with respect to the

bound molecule limit (sec. 8.4). All of the results presentehere are obtained for the
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lowest trap temperatures achievable in our set-up. An empaal temperature of the
strongly interacting Fermi gas is obtained by integrating he absorption image along
the weak trapping axis and tting a 1D-density pro le of non-interacting fermions,

after including appropriate scaling factors (see sec. 2.5)

8.2 Behaviour of interacting particles

Due to the presence of large particle densities, the trappegs regime becomes an ideal
set-up to study two-body correlations across the BEC-BCS assover. However, in
Bragg scattering experiments, elastic collisions betweehe scattered and unscattered
particles can distort the resulting atomic distribution (e Fig. 8.1b), making it di cult

to analyse the data. Usually it is not possible to easily disen a spatially separated
scattered cloud that can be used as the standard signal of By scattering. Therefore,
to quantify the momentum imparted to the cloud due to the Brag pulse, the centre of

mass displacement of the atomic distribution is measured aescribed in section 7.2.

To probe the interacting regime, a sample of degenerate gasproduced by the
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Figure 8.1: Bragg scattering of molecules in a trapped gas @80 G.
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method described in sec. 4.10. After this, a Bragg pulse of 48 duration is applied to
the trapped gas and the trap is then switched o immediately.An absorption image

is taken after a 4 ms time of ight.

8.3 Bragg spectra across the BEC-BCS crossover

Bragg scattering of a trapped gas is performed at di erent ngnetic elds across the
BEC-BCS crossover by varying the Bragg frequency from 5 kHo 1480 kHz in steps
of 10 kHz while keeping the intensity K = 5 mW/cm 2?) and the pulse duration (40

s) constant. Figure. 8.1 shows molecular condensates withig. 8.1b) and without
(Fig. 8.1a) application of a Bragg pulse. In order to illustate the pattern of the
scattered particles from the trapped gas, all the absorptivimages taken at di erent

conditions are joined together as explained below :

1. Each absorption image taken at a particular Bragg frequew is integrated along
the X-direction (perpendicular to the direction of the Bragy pulse) to obtain a

1D-line pro le as shown in Fig. 8.1c.

2. Such line pro les of all the absorption images obtained ahe di erent Bragg

frequencies are joined together to create a sequence of apson images.

3. In such a sequence (Fig. 8.2a), the high density centrabalds are shown by red
and yellowish green colors. The particles are observed t@ter (upwards) along
the direction of the Bragg pulse, distorting the central clad around the resonant

frequency (=2 =147 kHz in this case).

As explained in sec. 7.2, the COM displacement spectrum istamed and shown in
Fig. 8.2b. Similar spectra are evaluated for various magret elds across the BEC
(Fig. 8.3a)-BCS (Fig. 8.3b) crossover. The dominant peak dt47 kHz in these spectra

on the BEC side corresponds to the scattering of moleculeshd& height and sharpness
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of this peak signi es a large condensate fraction. Howevex,small fraction of scattered
free atoms contributes to an asymmetry in the spectra. At umarity (835 G), the
peak at the molecular resonant frequency is still signi can(Fig. 8.3b), indicating the
presence of a substantial fraction of correlated pairs (Witthe same mass as molecules)

in a trapped interacting Fermi gas.

At higher magnetic elds on the BCS side, this pair signal is loserved to gradually
decrease as the length scale for pair correlations incremseéOn the other hand, the
atomic excitations obtain a constant amplitude and the spéam approaches that of

an ideal Fermi gas.

To quantify these results, the data are tted with the sum of o Gaussian curves

m)? ( a?

(
Fit = Ap,e 2~ + A,e 23 ; (8.1)

one for molecules/pairs and the other for atoms, whereis the Bragg frequencyA,
(An) is the amplitude of the scattered atoms (molecules/pairsand 5 ( ) is the
width of the atomic (molecular/pair) peak. Fitting a Gaussian pro le is only an
approximation to help quantify the centre positions and robmean-square widths of
the two peaks. In order to quantify the behaviour of the moladar/pair peak widths
and amplitudes, the atomic width and its resonant frequencyre held constant at
a=2 =60 kHz and ,=2 =285 kHz, respectively, in tting eq. 8.1 to the data. These
parameters are chosen from the Bragg spectra taken at 990 G éoweakly interacting

Fermi gas.

Figure 8.4a shows the evaluated peak amplitudes for moleesi(/pairs) and atoms
from the ts. This plot is similar to the ratio plot (Fig. 7.10 ) obtained in the collionless
regime where the densities were smaller than for these traggb gases. Here, the
molecular peak amplitudes are higher on the BEC side (750 G &rv80 G) and on
the BCS side the atomic excitations approach a constant vaducorresponding to that

of an ideal Fermi gas. In contrast to the low density case (d@ionless regime) at
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unitarity, there is a non-zero amplitude for the peak at=2 = 147 kHz, indicating the

presence of a substantial fraction of correlated pairs. Rige 8.4b shows the evaluated
peak widths for molecular/pair peaks across the BEC-BCS cseover. This plot reveals
that the momentum distribution evolves smoothly from a narow molecular condensate
peak to a broader strongly interacting Fermi gas peak, due tihe increase in spread of

the particle energies.

8.4 Measuring the static structure factor

As explained in chapter. 6 (sec. 6.3.2 and sec. 6.5), the CONbsplacement spectra
obtained (g. 8.3) via Bragg spectroscopy of the trapped demperate gas probe the
dynamic structure factor (DSF). To show this, the Bragg respnse function (COM
displacement) is calculated from eq. 6.37, for both an ide#ose gas and an ideal
Fermi gas at zero temperature, using eg. 6.14 under the imgel approximation (large
g). This equation can be written as

Z

s(q; ) = % dp,dp.n(py: By P): (8.2)

where the excitation with wavevectorg is assumed to be oriented along the-direction,

px = m(E E;)=gandE, is the single photon recoil energy.

For the case of a zero temperature BEC, in the TF approximatim the momentum

distribution is given by [54]

15, 3 Jy(p) 2,

nte(p) = N 16 }— 0 ; (8.3)
Wher%1 = 1,=l, Jo(2) is the second order Bessel function,y is the TF radius and
p = 2+ pi+(p.= )2 x=} is a dimensionless momentum. For simplicity, when

comparing with data, the dominant peak of theJ,(z) is well approximated by a
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Gaussian function and the value of the integral becomes

m _ ei0)
Sgosons(d; ) = Aae F'2 23 (8.4)

where A is the amplitude and is the approximate width of the Bessel function.

For the case of an ideal Fermi gas at zero temperature, the memum distribution
IS n #

24+ R4+ 2 32
NPpyip) = s Max 1 PERTR g (8.5)

[ P
wherepr = } kg is the Fermi momentum. Substituting this expression for théntegrand

in eq. 8.2, the value of the integral becomes

1602 pi(q; ))?
5p¢

Srermions (d; ) = (8.6)

The Bragg spectrum of a bosonic molecular condensate at 750is$scompared to
the Bragg response function for bosons using eq. 8.4 and theestrum of a weakly

interacting Fermi gas at 990 G is compared to the Bragg respsa function for fermions

s A
— [ o i
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o i — Fermions at 990 ¢
g 100
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Figure 8.5: Comparison of the measured and calculated Braggsponses of bosons and
fermions.
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Figure 8.6: Evaluated experimental static structure facto across the BEC-BCS
crossover. The vertical dotted line indicates the positionf the Feshbach resonance.

using eg. 8.6, as shown in g. 8.5. The relative heights of thaalculated responses are
set by the requirement that the area under the bosonic curveebequal to twice that
of the fermionic curve [51]. Both the amplitudes and widths fathe experimental data
show good agreement with the limiting case theory whepi=k-aj > 1. The width of
the molecular peak is limited experimentally by the Fouriewidth of the Bragg pulse
(20 kHz) and the background signal is due to o -resonant sctgring of free thermal

atoms.

Thus, by de nition, the static structure factor (SSF) can beevaluated by integrating
the area under the spectra at di erent magnetic elds. Thesaalues are normalised in
such a way that Se,pi(q = 5ke) = 2 corresponding to the bound molecular BEC-limit
at 750 G, which ensuresSq,:(q = 5Skr) = 1 corresponding to the BCS-limit at 990 G.
The results are presented in g. 8.6 and are qualitatively igood agreement with the
theoretical simulations given in reference [51], where tI&5F varies monotonically from

2 on the BEC side to 1 on the BCS side. Quantitatively, howevethere is a di erence
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between the measured and calculated values of the SSF. Foaewle, Seyp: = 2 for
an interaction parameter Ek-a = 1:39 whereas in the simulationsS = 2 only for
values Ek-a > 4. This di erence may be due to the fact thatkr in the experimental
(trapped) case refers to the Fermi wavevector at the peak eld density, and away from
the trap centre the local Fermi wavevector decreases ks = (6 2n(r))*=. Therefore,
a density average of the interaction parameter would be highthan the quoted Ekga;
So it is expected that a trapped gas would approach ideal moldar behaviour more
rapidly than a uniform gas with the same £k-a. However, proper theoretical modelling
of the trapped case would be very insightful. In summary, tree measurements d(q)
con rm the decay of two-body pair correlationsg'? (z) from the BEC to BCS side of

the Feshbach resonance with a nite value present at unitat.

8.5 Density dependence of pair scattering

At unitarity and above the Feshbach resonance, on the BCS €id correlated pairs
exist due to many-body e ects in the strongly interacting ga [38]. These interactions
in principle depend on the density of the system. When the dsity of the gas is
decreased, the interactions (elastic collisions) and theajp correlations also decrease.
To verify this, Bragg scattering is performed across the BEBCS crossover at various
magnetic elds whilst varying the density of the interacting gas. This is achieved by
varying the expansion time of the gas after releasing from ¢htrap, before applying a
Bragg pulse and keeping the same time of ight for imaging. Tén Bragg frequency is
chosen to be resonant with pairs/molecules and kept constaat =2 =145 kHz. The
momentum imparted to the gas is measured again via the centoé mass displacement
(COM) of the entire distribution of the gas. The density of tre gas is calculated from

the reference images that are taken for each time of ighti.e., without applying a

!Note that, if the experimental data is normalized on one sideof the Feshbach resonance to the
theoretical value, to overcome this di erence, then the dat would disagree on the other side
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Figure 8.7: Density dependence of the molecules and cortethpairs across the BEC-
BCS crossover. The interaction strength 3k- a is given in brackets.

Bragg pulse). In doing so, the appropriate scaling factorsre taken into account to
include the e ect of the saddle magnetic potential producetty our Feshbach coils on
the expanding gas (see sec. 2.5). The density is expressediits of 6 2=k and is

always greater than unity because of the interactions.

Figure 8.7 shows the measured COM displacement dependencetloe density of
the interacting gas across the crossover. On the BEC side (&, 800 G and 820
G), at high density, tightly bound molecules are displacedad a large distance which is
observed to gradually decrease towards an asymptotic valas the density is lowered.
This is due to fewer and fewer molecules becoming resonanthwihe Bragg pulse as
the mean eld energy is converted into kinetic energy duringxpansion of the cloud.
The fact that this signal is approaching a non-zero asymptat value implies that the

scattered particles are true bound molecules in the low datyslimit.

On the other hand, at unitarity (834 G) and near the BCS side (BO G and 890 G) of
the Feshbach resonance, a pair scattering signal (COM dispkement) is observed only

at high densities and the signal is observed to gradually apgach zero at low densities.

118



This behaviour highlights the importance of density deperght correlations among the
pairs. Since no stable bound two particle states exist at tse magnetic elds, it can be
interpreted as scattering of correlated pairs which only ésts in a strongly interacting

many-body system at these temperatures. These observat®omrstablish a means to

distinguish true bound molecules from many body pairs.

In a trapped two-component unitary Fermi gas, elastic coions are limited by Pauli
blocking at low temperatures. FOIT=Tz  0:15 the collision rate can be estimated from
— 4E; T

2
o= 37 T [98]. For our parameters, at a temperaturd =Tz = 0:06, this value

is evaluated as ¢ = ' =1 ms. This is much longer than the Bragg pulse duration

e
of 40 s and supports the idea that pre-existing pairs are scattesterather than pairs
which associate via collisions during the Bragg pulse. Etascollisions may actually
increase during expansion [99] but no increase in the scatd signal is observed in our

data.

8.6 Thermometry of a strongly interacting gas

The measured pair correlations presented in section 8.4 dde be quanti ed in terms of
the temperature. At unitarity, although the interactions among opposite spin fermions
are strong, pairing does not start until below the charactestic temperature T . When
the gas is further cooled to temperatures below the criticaémperature T¢, the pairs
start to condense and show the signature of super uidity. Bbh T and Tc vary
as a function of the interaction parameter £k-a along the BEC-BCS crossover as
shown in Fig. 1.1. Therefore, it is important to quantify wheéher the measured density

correlations are in this super uid regime or not.

Measuring the temperature of a strongly interacting Fermi gs is not straight-
forward as there exists no universally agreed theory that plains the physics of

the BEC-BCS crossover regime completely. Experimentallfhe temperature of an
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interacting Fermi gas with equal spin populatioA can be measured indirectly by
two di erent methods [100]. In one method [23, 101], the intaction strength of a
strongly interacting gas is isentropically ramped to a veryveakly interacting value by
sweeping the magnetic eld adiabatically far away from the &shbach resonance. The
temperature is then deduced by tting spatial pro les of a nm-interacting Fermi gas
to the measured density distribution (column density) fromtime of ight absorption

images.

The other method [31] is used to obtain an empirical temperate T by tting
the density pro le of a non-interacting gas to the measured ehsity distribution of a
strongly interacting gas. This method is applicable only atinitarity where the equation
of state ( / n?™3) has the same form as for non-interacting fermions [30]. Cad is
obtained, it is calibrated to the true physical temperatureT using a model dependent
theoretical density pro le. In the following section, thismethod is used to obtain the

temperature at unitarity.

8.6.1 Obtaining temperature from density distributions

An absorption image gives a two-dimensional column densityi.e., the density

distribution integrated along the direction of the resonanlaser beam (see g. 8.8a).
This image is then integrated along the axial direction to avid the insensitivity of the

two-dimensional t routine to the trap anharmonicity in the axial direction [31]. This

1D-density distribution ( g. 8.8b) is then normalized befae tting a theoretical pro le

to obtain the empirical temperature.
Fitting procedure for a weakly interacting gas

The tting function used for the 1D-density pro le of a non-interacting Fermi gas

2For unequal spin populations, the temperature is obtained ly tting a non-interacting spatial
pro le to the tail of the measured density distribution. How ever, the deviation of the interacting gas
from the non-interacting pro le is very small ( < 2%) [72], making it a di cult choice.
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Figure 8.8: Obtaining 1D-density pro le from an absorptionimage (TOF = 4 ms).
The temperature of the gas is obtained from the Polylogaritinic t as T=T-=0.06.

is given by [102]

5 " x2 !#

3N T ¢ 57

nx;T)= pP—— — Liss exp = £
x F T=T¢

(8.7)

—

where Li 5=, is the polylogarithm function, is the chemical potential and  is the
Thomas-Fermi (TF) radius in the radial direction. Given that the number of atomsN
can be measured from the absorption images, there are onlydék parameters (,
and T) left for the t. For a Fermi gas the value of determines the shape of the cloud,
whereas , and T appear as a product in the argument of the exponential ¢ T=T).
If  is known by other means then the temperature can be used as awleépendent t

parameter.

For this reason,  is rst determined by tting a zero temperature 1D-Thomas-

Fermi pro le

16N

Nip (X) = 5 1

X
xN| N
N

(8.8)

X

to the lowest temperature clouds achievable in our experime The prole is tted
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only to the central region of the clouds (excluding the wingsto obtain . This is
a valid approximation as nite temperature e ects in a Fermi gas mostly a ect its
wings [73, 74]. This procedure is di erent from the one merned in the thesis [102]
where the full pro le is tted for a non-interacting Fermi gas to obtain . For a xed
trapping frequency! , the TF radius is written as

S S

= 26)3}1 N ¢ N
_ = 7 - _ = CX _
m! 2 m! 2 2 2

ol

: (8.9)

whereC, is a constant. Initially, an average value foC, is obtained from a number of
absorption images and from that an average value for, is obtained. Once the value
for , is obtained from the 1D-TF ts, it is xed for all higher temperatures leaving

T=T¢ as a free parameter in eq. 8.7.
Fitting procedure for a strongly interacting gas

The tting procedure in this case is similar to that of the we&ly interacting gas as
mentioned above, except that the Fermi radius x and Fermi temperature T should
be replaced by their unitarity values , and T, respectively. At unitarity, , =
1+ )Y yand T = (1+ )¥Tg, where is a universal constant, and the tting
pro le becomes
X2

( )T

5
n(x;T) = pﬂ T “Lis, exp g ; (8.10)
X

whereq = ET determines the shape of the strongly interacting Fermi gag anitartiy

and T is the reduced/empirical temperature given by

T= — 8.11
A (6.11)

Similar to the weakly interacting case, the value of , is obtained by tting a zero
temperature 1D-TF pro le (nyp) for the lowest temperature clouds achievable in our

experiment, and then xing this value constant for the ts at all higher temperatures
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leaving only T and q as the free parameters. The empirical temperature, at unitay,
for the lowest trap depth achievable in our experiment is obined asT = 0:1. Thus the
true temperature at unitarity is approximately T=T- = 0:06 for = 0:56 [23, 31, 72].
The tis shown in g. 8.9 along with an equivalent Maxwell-Bdtzmann classical gas at
the same temperature for comparison. The peak of the Fermiiac (polylogarithmic)
t has a at top whereas it is sharp for the classical gas (Gausan t). This is due to

the Fermi pressure at the centre of the trap where the densitg high.
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Figure 8.9: 1D Polylogarithmic t to the data (TOF = 4 ms). For comparison a
Gaussian distribution for the same temperature {=T-=0.06) is shown.

Comparison with isentropic magnetic eld sweeps

The temperature obtained from the tting functions can be vei ed by comparing

it with the values evaluated following an isentropic sweepfdhe magnetic eld [23].
This technique also gives a rough estimate of the temperatiat magnetic elds other
than unitarity (834 G). First, a sample of a strongly interat¢ing Fermi gas is created
at the desired magnetic eld by evaporatively cooling it to he lowest trap depth (2
K) achievable in our dipole trap and then adiabatically (15 rs) ramping to the BEC

side of the Feshbach resonance. The temperature is then abtd by calculating the
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condensate fraction at that magnetic eld by tting a bimodal (Thomas-Fermi and
Gaussian) distribution to the expanded cloud. Using a mod@tdependent theory [103],
these temperatures are calibrated against those of an ingamting Fermi gas to obtain

the nal T=Tg values.

Thus, from the estimatedT=T¢ temperatures of a Fermi gas at unitarity (834 G) ,
the results of sec. 8.4 should be well below the super uid tngition temperature. Even
above 834 G, the data should be in the super uid regime accong to the isentropic
sweep predictions [104, 105, 106].

8.7 Summary

The rst comprehensive Bragg spectroscopic study of a strgty interacting Fermi
gas is presented in this chapter. A smooth transition from mecular to atomic
spectra is observed with a clear signature of pairing at andbave unitarity. These
pair correlations are quantied by measuring the static stucture factor across
the BEC-BCS crossover. The features of these results qualively agree with
the theoretically calculated values [51], using quantum Mue-Carlo simulations.
Quantitative agreement is di cult to obtain as the calculations are performed for a
uniform gas, whereas the experiments are carried out in a pped gas, whose density
varies across the trap. The correlated pair signal observed the Bragg spectra, at
magnetic elds at and above unitarity, is seen to decay as thdensity is lowered.
However, the same signal on the BEC side is seen to approachanizero asymptotic

value, as the density is lowered, which indicates the presanof true bound molecules.
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Chapter 9

Summary and conclusions

In this thesis, an experimental investigation of pair cordations in a strongly interacting
Li Fermi gas via Bragg spectroscopy is presented. In the press, our earlier
experimental set-up [64] was upgraded by including a tapereampli er to create a
six-beam MOT, setting up o set-locking for taking absorpton images at high magnetic
elds and setting up a high power (100 W) bre laser for the sigle beam optical dipole
trap. The main advantage of the new experimental set-up is éability to perform
absorption imaging continuously at any magnetic eld acrasthe BEC-BCS crossover
which is achieved by the o set-locking of two master lasersThese improvements not
only increased the trapped atom number in the dipole trap buélso o ered a powerful
tool to directly probe the strongly interacting regime smothly from the BEC to the
BCS side of the Feshbach resonance. The Bragg spectra préserin this thesis are
taken from single runs of the experiment with no averaging d@he data. This re ects
the robust nature of the physics and also the stability of ouexperimental setup. A

summary of the main achievements of this investigation is\gn below.
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9.1 Summary of the results

Production of degenerate quantum gases:

Our group has produced a molecular BEC diLi dimers, initially in two di erent
dipole trap geometries, viz., crossed and elongated cradsd#ipole traps using a low
power (22 W) Yb:YAG thin disc laser (ELS VersaDisk 1030-20 §H66]. Subsequently,
a high power (100 W) bre laser (PG-Photonics, YLR-100) was introduced to create a
single dipole trap. The large initial trap depth (3 mK) from this laser and the loading
of atoms from the six-beam MOT made it possible to achieve adhi initial phase space
density. Evaporative cooling is performed near the broagtwave Feshbach resonance
at 834 G. Due to three-body recombination at low temperatuie molecules are formed
on the BEC side of the resonance and further evaporation lea the creation of a
molecular BEC. When this condensate was isentropically rgmed to the BCS side, a
strongly or weakly interacting Fermi gas is created depenalj on the nal magnetic

eld (scattering length).
Implementation of Bragg spectroscopy:

For the rst time, Bragg spectroscopy was performed on a strgly interacting gas
to probe the composition of the particles and pair correlabns, across the BEC-BCS
crossover. The momentum imparted to the gas was quanti ed lsad on the centre
of mass (COM) displacement. Both the low density (collisidess regime) and the
high density (interacting regime) clouds were subjected tBragg scattering with high
momentum transfer @' 5kr) to probe free particle excitations across the crossovem |
the collisionless regime, two-photon Rabi oscillations weemeasured both for molecules
and atoms. In the interacting regime, the Bragg spectra rea¢ed information about

the dynamic and static structure factors.
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Measurement of the structure factors:

In chapter. 6, the relation between the density correlatiomand structure factors was
presented and the connection with the experimentally meased COM displacement
was made. The dynamic structure factor (DSF)S(q; ) gives a direct measure of
elementary excitations, whereas the static structure faot (SSF) S(q) gives information
about pair correlations in an interacting gas. The DSFs of a alecular condensate
and a weakly interacting degenerate Fermi gas were obtainethd compared with
an ideal gas at zero temperature. Good agreement between thasurements and
theory was found. From these measurements the SSF was deterad across the BEC-
BCS crossover and the pair density correlations were quatil. These correlations
were found to decay smoothly from the BEC regime to the BCS rege in qualitative

agreement with theory (quantum Monte-Carlo simulations).
Veri cation of the density dependence:

The fact that correlated pairs can exist only in a strongly iteracting many-body
system was veri ed by Bragg spectroscopy. The Bragg signaCOM displacement)
of the scattered pairs was found to gradually decrease fromgh density to low
density clouds, eventually approaching zero. However, fdround molecules, this
signal approached a non-zero asymptotic value indicatingattering of molecules as
free particles. These observations establish the densitggiendence of pair correlations

in a strongly interacting gas.

9.2 Outlook

The excitation spectrum: All of the experiments described in this thesis were
performed by keeping the momentung imparted to the gas constant and large. This
allowed the exploration of only a small region of free partie excitations in the gas. If

the angle between the two Bragg beams is varied then the valoéqg can be varied from
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below kg to above. Such a variation would allow access to the phonongime. In the
case of fermions, this could provide explicit detection ohe super uid gap. In addition,
since pair correlations are related to the structure factovia a Fourier transform, the

explicit pair correlation function can be obtained experirantally.

Detection of the particles: In this thesis, Bragg spectroscopy was used as a tool to
distinguish between molecules (on the BEC side) and corréda pairs (at unitarity).
Similarly, one can use this tool to detect the presence of Qoer pairs in a weakly
interacting Fermi gas [62]. The same technique can also beedsto detect p-wave

molecules in 3D or 2D quantum gases. This work is in progressaur laboratory [81].

Mean- eld broadening and shifts: Interactions in a condensate give rise to a mean-
eld shift of the Bragg resonant frequency and broadens thegak response. Ketterle's
group at MIT has extensively studied the e ect of mean- eld nteractions in atomic
BECs [88] and on ultra-cold molecules [63]. Their work shodiea surprisingly large
shift in the Bragg resonant frequency, which could not be elgined simply on the basis
of mean- eld e ects. Meanwhile, no work has been reported amolecular condensates
near the strongly interacting regime. BecauseLi has a broad Feshbach resonance at
834 G, the scattering length can be varied smoothly and thegeects could be studied

more systematically.

Properties of pair correlations: In this work we have observed the density
dependence of pairs at and above unitarity. Interestinglyhe Bragg signal in this region
was found to reach zero around the same density value for vaus magnetic elds (see
g. 8.7). This implies that further study is necessary to deérmine whether there is a
critical density for many-body interactions to come into eect for pair formation. Also,

we have quanti ed the SSF only for trapped (high density) gass across the BEC-BCS
crossover. One can extend this for various densities to qudy the density dependence
of the SSF, and hence the pair correlations. Finally, the SSkWas measured only for
the lowest temperature available in our set-up. This can be @asured again for various

temperatures to determine the temperature dependence ofipag.
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Signature of super uidity: Currently, we are working on the possibility of using
the Bragg signal as a signature for super uidity. Prelimingy data taken by varying
the temperature of the gas has shown a large COM displacemémtlow the critical
temperature (Tc) of the gas at unitarity. Once the temperature of the gas is nasured
accurately, one can even look only for the pairing signaturabove Tc and belowT ,

the characteristic temperature for pairing (see g. 1.1).

Retracing the phase-space diagram: A long-standing goal of the BEC-BCS
crossover physics is to retrace the phase-space diagram exxpentally across the
crossover regime. If the signature of super uidity can be veed by Bragg spectroscopy,

as mentioned above, then one can obtaifx and T experimentally at various magnetic
elds. This is possible in our set-up as we can perform absaign imaging continuously

at any magnetic eld across the crossover. However, we stileed to work on evaluating
the temperatures accurately not only at unitarity but throughout the crossover where

new theoretical models are needed.
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