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Abstract

In this thesis, a stable device for the production of a 6Li2 molecular BEC is

presented. Lithium atoms are slowed down by a Zeeman Slower and 108 atoms are

trapped in a Magneto Optical Trap. Of these, ∼ 106 atoms are transferred in a red

detuned Dipole Trap and an evaporation stage follows, where molecules are formed

by tuning interactions via Feshbach resonances. At the end of the evaporation, a

condensate containing ∼ 104 molecules is produced.

The condensate is thus analyzed using both the standard Time of Flight technique

and the in situ technique, where interactions between the condensate and thermal

part are taken into account. In this description, two models are discussed: the semi-

ideal approximation and the Hartree-Fock model. The difference between the two

models is discussed and supported by experimental data.

Furthermore, the possibility of implementing a Sub-Doppler cooling system for

lithium based on the D1 Gray molasses technique is analyzed and a preliminary

realization is discussed.
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Chapter 1

Introduction

Over the past three decades, our knowledge of the ultracold physics and our ability

to cool and trap atoms has improved considerably. In 1985 it was demonstrated by

S.Chu at al [1] the first experiment of laser cooling to the Doppler temperature of

240µK, with sodium atoms. Further investigation led to the observation of temper-

atures below the Doppler limit [2] and to a growing interest in the exploration of

the ultracold physics. In 1987 the first Magneto Optical Trap (MOT) was demon-

strated [3] and consequently the ability of trapping atoms in addition to reaching

very low temperatures.

But why is the ultracold physics gaining so much interest among the scientific world?

Firstly, it is undoubtedly a fascinating world, where experimentalists and theorists

can work at the frontiers of a new field, studying the nature at extreme scales, so

far from common sense. Secondly, ultracold physics is the perfect ground for many-

body quantum systems study. Feynman itself proposed in 1982 to use analogous

controllable quantum systems to study many-body quantum phenomena [4].

Ultracold atoms have remarkable properties which distinguish them among all the

other systems. The possibility of controlling at will most of the experimental pa-

rameters makes them the ideal candidates for this purpose. Parameters like interac-

tion [5], dimensionality [6] and trapping potential [7] can all be externally controlled

to recreate the desired experimental conditions.

9
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The growing interest and enthusiasm brought to the production of the first Bose-

Einstein Condensate (BEC) samples in 1995, with 87Rb [8], 23Na [9] and 7Li [10],

all bosonic elements. The first molecular BEC was produced in 2003, using the

fermionic 7Li counterpart, 6Li [11]. The realization of a molecular condensate from

an atomic fermionic element has been made possible thanks to the possibility of

controlling interactions between atoms and form a bosonic molecular state, exploit-

ing Feshbach resonances [12]. All the work described in this dissertation has been

carried out using 6Li.

In this Thesis I describe the realization and characterization of a molecular BEC

(mBEC) produced from the fermionic Lithium element, 6Li. When I joined the

group in October 2016 the Lithium experiment was not running, as the group was

mainly focused on the QUILMI experiment [13]. The pre-existing setup was already

capable of producing a molecular BEC, as stated in [14], but it needed an important

work to return to a stable condition. Initially, my attention has been dedicated to

the optical table and alignment of the optical components, in order to reproduce the

ideal laser conditions for the production of a Magneto Optical Trap (MOT). These

efforts led to the conditions for a good loading of the Dipole Trap, a fundamental

starting point for reaching quantum degeneracy. Thanks to the other members of

the group, we were able to trap up to 106 atoms in the dipole trap. From there, a

stable production of a mBEC followed. As it will be explained in Chapter 4, there

are different methods used to describe a condensate. Interactions play a key role

in the production of a condensate, but not all of these methods take into account

mutual interactions between the condensate and the thermal part. My focus in this

work was to look for evidence of a difference in the description of a condensate using

the Semi-Ideal method and the Hartree-Fock method.

This work has been accomplished by a starting construction of a new sub-Doppler

cooling method, namely D1 Gray Molasses, and a preliminary study on a new Imag-
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ing method, based on Faraday effect.

This Thesis is organized as follows:

• Chapter 2: Theoretical background. In this chapter the fundamental

theory necessary to understand the experiment is highlighted. A basic de-

scription of the properties of Alkali elements is followed by atomic interaction

with static magnetic fields and general light and matter interaction. Last part

of the chapter is dedicated to Scattering Theory and Feshbach resonances.

• Chapter 3: Experimental Techniques. The main experimental techniques

used in the experiment are discussed. The principles of laser cooling are ex-

plained and a description of how these are implemented in the Zeeman Slower

and the Magneto Optical Trap is realized. Hence, it is explained how atoms

are trapped in a far red detuned Dipole Trap and evaporatively cooled down

to quantum degeneracy. A digression on Imaging techniques follows.

• Chapter 4: Experimental Apparatus. The apparatus is described and

the characterization of the different stages is reported.

• Chapter 5: 6Li2 BEC and In situ characterization. In this chapter the

different methods used to characterize a condensate are discussed. Firstly, a

simple Ideal gas treatment is analyzed and the Thomas-Fermi approximation

is discussed. Secondly, a Semi Ideal model is presented. Thirdly, the Hartree-

Fock model and experimental results are presented.
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Chapter 2

Theoretical background

In this chapter the essential theory behind the experiment is presented, starting

from the physical properties of Alkali atoms, fermionic 6Li in particular, and their

interaction with electric and magnetic fields. This will be followed by an analysis of

the interaction between light and matter, which is fundamental in this experiment.

The last section of this chapter will be dedicated to scattering theory, in order

to better understand collisions in ultracold gases and Feshbach resonances, used

extensively to manipulate interactions between atoms.

2.1 Properties of Alkali atoms

2.1.1 Atomic structure

Laser cooling and trapping exploits the knowledge of physical properties of atoms,

it is therefore fundamental to fully understand their structure.

Even if realization and observation of quantum degeneracy has been observed and

demonstrated in metastable helium [15], ytterbium [16] and chromium [17], Alkali

atoms are typically used in laser cooling experiments. The main common feature

of Alkali atoms is an unpaired electron in the S shell of the ground state, which

makes them the ideal candidates in cold atoms experiments, given their similarity

13



14 CHAPTER 2. THEORETICAL BACKGROUND

with the hydrogen atom. Furthermore, a requirement of laser cooling is that atoms

possess closed (or nearly closed) transitions so that they will stay in the cooling cycle,

resulting in efficient cooling. Alkalis all satisfy this requirement, and the convenience

that these optical transitions lie in a region of the electromagnetic spectrum (from

near-infrared to mid-visible) which is easily accessible by non particularly expensive

lasers.

Having already mentioned the strong similarity with the hydrogen atom, we set the

Hamiltonian problem for an alkali atom very close to the Hamiltonian problem of

the hydrogen atom [18], considering that the valence electron is the single optically

active electron and the core of filled subshells can be ignored. The Hamiltonian H0

for this problem is :

H0 =
p2

2m
+ Veff(r)

with p being the momentum of the electron, m its mass and Veff =
−Ze2

4πε0r
the

effective potential. The solution to this problem is the product between a radial

function and an angular function and a good set of quantum numbers is given by

|n, l,ml〉. The principal quantum number is n and arises from solving the radial

equation, while the azimuthal number l and the magnetic number ml result from

angular equations. Unlike in the hydrogen atom, the energy levels for an alkali atom

depend on the principal and azimuthal number, because the outer valence electron

no longer experiences a pure Coulomb potential, breaking the degeneracy.

This description is intended as a simple introduction to the problem and does not

take into account relativistic effects and spin-orbit coupling, which play instead a

crucial role for our experiment. The Hamiltonian H0 is just the leading term in

the relativistic treatment in the Dirac theory. In this context it is fundamental to

consider the electron as a relativistic particle, so we have to make a correction to

the kinetic term of the Hamiltonian and we have to consider the interaction between

its spin and its orbital angular momentum. The last correction term is the Darwin

term, whose correction is important only when the azimuthal number l = 0. All of
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these three corrections are of the order of α2 = (
1

137
)2, being α the fine structure

constant. The corrected Hamiltonian is now:

H = H0 +mc2 − p4

8m3c2
+

1

2m2c2

1

r

dVeff

dr
(r)L · S +

(~)2

8m2c2
∆Veff(r)

The eigenstates of this Hamiltonian can be expressed in the basis |n, l, s, j, jz〉, having

introduced the operator total angular momentum J = L+S and its projection along

ẑ, Jz. In this basis we can express the spin-orbit coupling term L·S =
1

2
(J2−L2−S2)

and the energy correction produced by this coupling is given by:

L · S |n, l, s, j, jz〉 =
1

2
(J2 − L2 − S2) |n, l, s, j, jz〉

=
~2

2

(
j(j + 1)− l(l + 1)− 3

4

)
|n, l, s, j, jz〉

=
~2

2
×


(j − 1

2
) |n, l, s, j, jz〉 (j = l +

1

2
)

(−j − 3

2
) |n, l, s, j, jz〉 (j = l − 1

2
)

(2.1)

Since j can assume both values j = l +
1

2
and j = l − 1

2
, we will have a splitting of

the energy levels due to the coupling between spin and orbital angular momentum,

for values of l 6= 0. This is the origin of the so called spin-orbit doublet.

Finally, a proton has a magnetic moment M = gP
e

2MP

I, with MP being its mass,

gP its gyromagnetic ratio, and I its spin vector. This magnetic moment generates a

vector potential and a magnetic field and as a result, we obtain interaction with the

orbital and spinorial degrees of freedom of the electron. This causes the hyperfine

splitting of the energy levels. The interaction Hamiltonian can be expressed as:

Hhfs = AhfsI · J (2.2)

The correction produced by Hhfs is smaller than fine structure corrections of a factor

≈ 10−3, being the ration between electron and nuclear mass
m

MN

≈ 10−3.
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Proceeding in analogy with the electron spin-orbit coupling, thus defining a total

angular momentum operator F = J + I, we can express the eigenstates in term of

the basis |n, l, s, j, i, f,mf〉. The energy levels will now depend on all the quantum

numbers, with the exception of the magnetic number mf . The hyperfine splitting

will produce, as we will see later, a doublet in the ground state.

Lithium

Lithium, in its solid form, is the lightest of all the alkali atoms under standard tem-

perature and pressure conditions and presents a silver-white appearance. Its atomic

number is Z = 3 and its chemical symbol is Li. Lithium naturally appears in two

stable isotopes, 7Li with four neutrons, and 6Li with three. Since the two isotopes

differ by a single spin-1/2 particle, they exhibit different quantum statistics. 7Li is

hence a boson, while 6Li is a fermion. This thesis is based on the work done using

the fermionic element, 6Li.

Property Symbol Value

Atomic Number Z 3

Natural Abundance η 7.6%

Nuclear Lifetime τn stable

Total Electronic Spin S 1/2

Total Nuclear Spin I 1

Wavelength (vacuum), D2 line λ 670.992 477 nm

Natural Linewidth, D2 line Γ 36.898×106 s −1

5.872 4 MHz

Table 2.1: Fundamental physical properties of atomic Li [19].

Being an Alkali atom, Lithium has a single outer valence electron and its ground

state configuration is 1s22s1, while the excited state configuration is 1s22p1. Histor-

ically indicated as the Fraunhofer D-line is the transition between the ground and

the excited states, which exhibits two sub-features, the D1 and D2 lines, created
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Figure 2.1: The figure shows the energy splittings of the ground end excited states, and the
relative fine and hyperfine structure. The states are expressed in spectroscopic notation
and the splitting is not to scale.

by the spin-orbit coupling, as described in the previous section. The linewidth Γ is

inversely related to the excited state lifetime :

Γ =
1

τ
(2.3)

and for Lithium this is the same for both the D1 and D2 lines. This is a peculiarity,

while it differs instead for other Alkali atoms, since the difference between the two

linewidths relies within uncertainty of the most precise measurement done at the

writing of this thesis [20].

As mentioned previously, laser cooling requires a closed optical loop in which to

cycle the atoms. The level structure of the D2 line is typically exploited for this

task with lithium. Advantageously, the D2 line is in the red visible spectrum at

671 but unfortunately the 2P3/2 excited state of this transition has an unresolved

hyperfine structure , hence not allowing us to reach sub doppler cooling. Typical

magneto-optical trap (MOT) temperatures for lithium are therefore ≈ 300µK.
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Figure 2.2: The figure shows D1 and D2 Li lines with relative wavelenghts. Splittings not
to scale.
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2.2 Interaction with static magnetic fields

When describing the physical properties of atoms, we have underlined the impor-

tance of the presence of intrinsic magnetic moments of the atom itself. We distin-

guished between a magnetic dipole moment µL given by the orbital angular mo-

mentum L, an intrinsic spin magnetic moment µS given by the intrinsic spin vector

S and a nuclear momentum µI , arising from the spin of protons and neutrons in

the nucleus. We described how these quantities interact with each other, producing

modifications in the energy structure of the atom itself. Given the magnetic nature

of this quantities, it is legit to expect interaction with external magnetic fields.

Magnetic fields are extensively used in atomic physics and in cold atoms experiments,

because of their peculiarity of modifying the energy structure of atoms, manipulat-

ing them according to the experiment needs. Many instruments and physical tools in

our experiment exploit the knowledge we have about the interaction between static

magnetic fields and atoms. The Zeeman slower, the Magneto-optical trap and the

Feshbach resonances are the most important examples. It is hence fundamental to

understand the process of this interaction.

The total Hamiltonian of an atom in an external magnetic field is H = H0 +VM ,

where H0 is the unperturbed Hamiltonian and VM is the term due to the magnetic

field:

VM =
µB
~

(gSS + gLL + gII)B (2.4)

where µB is the Bohr magneton and the gS,L,I are the gyromagnetic ratios of the

atom. In resolving this problem, we have to compare the interaction strength of the

external applied field and the hyperfine interaction with the interaction strength of

the hyperfine structure. We can hence define three different regimes :

• Low field: when the interaction of the external field and the hyperfine structure

is small compared to the hyperfine structure interaction and hence treated

treated like a perturbation
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• High field: when the interaction of the external field and the hyperfine struc-

ture is dominant compared to the hyperfine structure interaction and hence

we treat we treat the hyperfine structure like a perturbation

• Intermediate regime : when the two interaction terms are comparable and

perturbation theory is no longer applicable. In this case we have to solve the

hamiltonian problem.

At low field, F and mF are good quantum numbers and the energy shift with respect

to the magnetic field strength is given by [18]:

E = gFµBmFB (2.5)

with the Landè factor being:

gF =
F (F + 1) + J(J + 1)− I(I + 1)

2F (F + 1)
gJ (2.6)

In the high field regime, also known as the Paschen-Back regime, F is no longer a

good quantum number. The electrons total angular momentum J and the nuclear

angular momentum I couple directly to the external field and we can treat the

hyperfine structure like a perturbation. The energy splitting is given by [18]:

E = gJµBmJB + AmImJ (2.7)

where A is the magnetic dipole constant for a given level.

In the intermediate regime, the solution to the Hamiltonian problem is not as direct

as it is in the low or high field regime, but the energy shifts can be computationally

evaluated.

In this Section, we have explained atomic structure and electronic levels that would

be addressed with photons. A discussion on light-matter interaction models will

follow in the next one.
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Figure 2.3: Calculated Breit-Rabi diagram of the 6Li 2P3/2 manifold
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Figure 2.4: Calculated Breit-Rabi diagram of the 6Li 2S1/2 manifold

2.3 Light and Matter interaction

Interaction between light and matter is a fundametal process in modern physics

and allows us in particular to achieve atom cooling and trapping. We can approach

the problem of the interaction between light and matter in a semi-classical way,

describing the atoms as a two-level quantum system in a radiation field, which is

instead classically treated.

In the presence of an external field E = E cos(ωt), the atom has an induced dipole

moment p = αE, with α being the complex polarizability [21].

The interaction potential of the induced dipole moment p in the driving field E is

given by:

Udip = −1

2
〈pE〉 = − 1

2ε0c
Re(α)I (2.8)

where
1

2
takes into account that the dipole is induced and not permanent, the angular

brackets indicate a time average on the rapid oscillations and I = 2ε0c|E2| is the

laser intensity. The potential energy of the atom in the field is thus proportional to

the intensity I and to the real part of the polarizability, which describes the in-phase
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component of the dipole oscillation being responsible for the dispersive properties

of the interaction. The dipole force results from the gradient of the interaction

potential:

Fdip(r) = −∇Udip(r)− 1

2ε0c
Re(α)∇I(r) (2.9)

This is thus a conservative force, depending on the gradient field of the laser intensity.

The power absorption is instead given by :

Pabs = 〈ṗE〉 = 2ω Im(pE∗) =
ω

ε0c
Im(α)I (2.10)

The absorption is related to the imaginary part of the polarizability, describing the

out-of-phase component of the dipole oscillation. We can explain the photon absorp-

tion in terms of photon scattering in cycles of absorption and emission processes,

defining the scattering rate as the power absorption divided by the energy of single

photon:

Γsc(r) =
Pabs

~ω
=

1

~ε0c
Im(α)I(r) (2.11)

In our semiclassical approach, we can explicitly derive the above quantities for a

two level atom, away from resonance and neglecting excited state saturation. To

perform this calculation, we use the polarizability obtained from Lorentz’s model

of the atom as a classical oscillator, with an oscillation frequency ω0, corresponding

to the optical transition. In this model damping is introduced, which corresponds

classically to the radiation emitted by the oscillating electron, substituted in our

approach by the decay rate Γ give by the dipole matrix element between ground

and excited state:

Γ =
(ω0)3

3πε0~c3
|〈e|p |g〉|2 (2.12)

The two level model quantities Udip and Γsc are :

Udip(r) = −3πc2Γ

2ω0
3

(
1

ω0 − ωL
+

1

ω0 + ωL

)
I(r) (2.13)
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Γsc(r) =
3πc2Γ2

2~ω0
3

(
ωL
ω0

)3(
1

ω0 − ωL
+

1

ω0 + ωL

)2

I(r) (2.14)

These quantities are valid for any driving frequency and they exhibit a resonant

behaviour for ω = ω0 and for ω = −ω0. Adopting the rotating-wave-approximation,

which is of practical interest in many experiments where laser frequency is relatively

close to resonance, we can write Udip and Γsc as follows:

Udip(r) =
3πc2

2ω0
3

Γ

∆
I(r) (2.15)

Γsc(r) =
3πc2

2~ω0
3

(
Γ

∆

)2

I(r) (2.16)

having introduced the detuning ∆ = ω−ω0 and neglected the counter rotating term.

From the previous expressions we will be able to explain the principles behind laser

cooling and trapping, that we are going to explain more in detail in chapter 3. These

notions will be fundamental for our experiment, as we will see in chapter 4.

2.4 Scattering Theory

In achieving quantum degeneracy collisions play a key role, for example they are

essential during the evaporative cooling phase and in the creation of the Feshbach

molecules. So far, single atom properties have been discussed and an overview of

scattering theory is essential at this point.

The collision between two particles can be described in the center of mass reference

frame. The Hamiltonian for this system is:

H =
P2

4m
+

p2

m
+ V (r) (2.17)

The first term of the Hamiltonian describes the center of mass of the system, which

behaves as a free particle of momentum P = p1 + p2, being p1 and p2 the momenta
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of the colliding particles. The last two term characterise the scattering process,

described by a relative particle of momentum p = (p1 − p2)/2 and a potential

V (r) = V (r1 − r2). Far from the scattering centre, the general solution for this

problem is:

ψk(r) ≈ eik·r + fk(θ)
eikr

r
(2.18)

with k being the wavevector of the scattered wave with magnitude k = (2mr
1E/~)1/2.

This solution has the form of an incoming plane wave and an outgoing spherical

wave with an angular distribution defined by the scattering amplitude fk(θ). The

scattering amplitude is particularly relevant because it is directly related to the scat-

tering cross section, which is a measurable quantity. The differential scattering cross

section is defined as the number of particles within an infinitesimal area dσ, that

scatter into an infinitesimal solid angle dΩ. In the case of distinguishable particle,

this relation is:
dσ

dΩ
= |fk(θ)|2 (2.19)

For a central scattering potential, the radial and angular parts of the Schrödinger

equation can be solved separately and the general solution can be expressed in the

form [22]

ψ(r, θ, φ) = R(r)Y m
l (θ, φ) (2.20)

Y m
l (θ, φ) denotes the spherical harmonic functions and R(r) satisfies the radial

Schrödinger equation:

[
− ~2

2mr

d2

dr2
+

~2

2mr

l(l + 1)

r2
+ V (r)

]
rRl(r) = ErRl(r) (2.21)

where an effective potential

Veff =
~2

2mr

l(l + 1)

r2
+ V (r) (2.22)

1mr is the reduced mass m2/(m+m) = m/2 in this case
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is considered, Fig.2.5. For a central potential ψ(r, θ, φ) does not depend on φ and

the spherical harmonic functions are of the form:

Y 0
l =

√
2l + 1

4π
Pl(cos θ) (2.23)

where Pl is the lth Legendre polynomial. The scattering amplitude is thus determined

by comparing the general solution of the Schrödinger equation with the ansatz given

in Eq.(2.18). From this we obtain:

ψk(θ) =
∞∑
l=0

(2l + 1)flPl(cos θ) (2.24)

where fl is called the partial wave amplitude of the lth partial wave. Each partial

wave induces a phase shift δl to the scattered wave and fl can be written in terms of

δl as fl = (eiδl sin δl)/k. The total cross section δ can be obtained integrating over

all solid angles:

σ(k, δl) =
4π

k2

∞∑
l=0

(2l + 1) sin2(δl) (2.25)

When we derived this result, we assumed the particles to be distinguishable. In the

case of identical particles, the right simmetry conditions must be explicitated:

σ(k, δl) =
8π

k2

∞∑
even l

(2l + 1)sin2(δl) Bosons (2.26)

σ(k, δl) =
8π

k2

∞∑
odd l

(2l + 1)sin2(δl) Fermions (2.27)

If we look back at the Veff in Eq.(2.22), we note it is the sum of V (r) and a

centrifugal term, depending on l. For partial waves with angular momentum l > 0,

there is a centrifugal barrier to the potential, with important consequences in the

specific case of low energies. In this ultracold regime the collision energy Ek is

so small that the centrifugal barrier effectively blocks all the partial waves with



2.4. SCATTERING THEORY 27

Figure 2.5: Effective potential Veff for the radial part of the partial waves. (a) A centrifugal
barrier inhibits collisions for low energies, in the case of l > 0. (b) The absence of the
centrifugal barrier for the s-wave (l = 0) allows collisions for very low energies.

l > 0 from the region where the potential considerably differs from 0, Fig 2.5. As

a consequence, only s-waves (l = 0) contribute to the scattering of ultracold atoms.

This scattering threshold can be calculated and, in terms of temperature, is equal

to 8mK for Lithium [23].

Thus, for bosons, the contribution to the cross section σ is only given by the s-wave

and it approaches a constant value:

σl=0(k) −→ 8πa2
0 (2.28)

with a0 being the s-wave scattering length:

a0 = − lim
k→0

tan(δ0(k))

k
(2.29)

2.4.1 Feshbach resonance

An essential tool for the study of cold and ultracold gases is the use of the Feshbach

resonances. Through an external magnetic field is in fact possible to tune the scat-

tering length a, which rules the strength of interatomic interactions and whether

they are repulsive or attractive [24].

A Feshbach resonance occurs when the kinetic energy of two particles colliding in an

open-channel, matches the energy of a bound molecular state in a closed channel.
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Figure 2.6: Scattering length as a function of magnetic field for 6Li atoms in the lowest
ground state. The s-wave resonance is located at 832.18 G. Data taken from [25]

The interaction legth a can be expressed as a function of the magnetic field B:

a(B) = aBG

(
1− ∆

B −B0

)
(2.30)

where aBG is the non-resonant s-wave scattering length known as the background

scattering length, ∆ is the width of the resonance and B0 is the field value where

the resonance occurs. Interactions can be tuned on either side of the resonance and

it is thus possible to make them attractive (a < 0) or repulsive (a > 0), Fig.2.6.

In the BEC limit, the molecule-molecule scattering length to be used is 0.6a, a being

the atomic scattering length.



Chapter 3

Experimental Techniques

While in chapter 2 we have discussed the fundamental principles necessary to under-

stand the experiment, in this chapter we are going to explain how they are exper-

imentally implemented in our lab in order to produce a Bose-Einstein condensate.

Following the storyline mentioned in the Introduction, we will see how an atomic

beam is slowed down using a Zeeman Slower and how an atomic cloud is cooled down

and trapped in a MOT. Furthermore, since the phase-space density in the MOT is

not sufficient to reach quantum degeneracy [26], further cooling is required. This is

how a red detuned dipole trap is introduced and evaporative cooling is discussed as

the final step towards the BEC production. Finally, emphasis will be on imaging,

an indispensable tool when investigating the properties of an ultracold cloud.

3.1 Laser Cooling

3.1.1 Scattering Force

From the previous notions of the interaction between light and matter discussed

in chapter 2, we can understand and explain how we can achieve laser cooling of

an atomic cloud. Due to the dissipative nature of the scattering force Fsc, we can

exploit its properties and cool down an atom over many cycles of absorption and

29
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spontaneous emission.

As we previously saw in Section 2.3, we can describe the absorption and the emission

of photons in terms of a quantity called scattering rate Γsc, which is defined as

the ratio between the power absorbed and the energy of the single photon. By

multiplying the scattering rate Γsc by the photon momentum ~k, we obtain the

scattering force Fsc, which can be exploited in the following technique.

Consider a two-level atom system. The technique is based on the recoil kick an

atom experiences when it absorbs a photon from a counter-propagating laser beam.

The excited atom later decays via spontaneous emission and thus receives another

momentum kick. Since the photons spontaneous emission can occur randomly in

any direction, if we average over many absoprtion-amission cycles we’ll obtain that

the second momentum kick goes to zero. Thus on average, for each cycle the atom

receives a momentum kick of ~k, where k is the laser wavevector. It is reasonable

to expect that the scattering rate is maximised on resonance (∆ = 0), however the

natural linewidth of the excited state implies scattering can still occur off-resonance.

The equation 2.14 does not take into account the excited state saturation, which

we obtain from the Optical Bloch Equations. Introducing the saturation parameter

s =
I(r)

Isat

, we can express the scattering rate as:

Γsc(r) =
Γ

2

s

1 + s+ 4∆2/Γ2
(3.1)

The saturation intensity Isat is given by Isat =
2π2~Γc

3λ3
. For the D2 line of a 6Li

atom (λ = 670.977nm), with a natural linewidth of 2π ∗ 5.874MHz, the saturation

intensity Isat(D2) is 2.84mW/cm2.

To understand how we can slow down an atom using laser cooling, we describe a

situation unidimensional in which an atom travels among two counter-propagating

beams [27]. We know that the frequency of the laser that the atom experiences

depends on its own velocity and it is shifted of a quantity k ·v, called Doppler shift.
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Figure 3.1: The figure shows the combined force of two counter propagating red-detuned
laser beams vs velocity. The red dashed line is F+, the green dashed line is F−, and the
solid line is the total force F±. The parameters used to produce the plot were s0 = 0.1 and
∆/Γ = -0.3

We can implement the Doppler shift in the scattering rate by replacing the detuning

∆→ ∆ + k · v. At this point we can derive the scattering force by multiplying the

scattering rate Γsc by the momentum of each scattered photon ~k. In our situation

of two counterpropagating beams, the atom will experience a force which is the

sum of the force exerted by the two beams: F = F+ + F−, where the individual

contributions F± are :

F± = ±~kΓ

2

s

1 + 2s+ 4(∆∓kv)2/Γ2
(3.2)

Atoms experiencing instead a single counter propagating beam will be slowed down.

This is exploited in the Zeeman Slower, which is the first step of our experiment.

3.1.2 Zeeman slower

In our experiment, an atomic flux of Lithium is produced from an oven at a temper-

ature greater than 400◦C, where the most probable velocity of the atoms is 1400m/s.
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Figure 3.2: Scattering rate as a function of the detuning ∆, for different saturation pa-
rameters s0

In order to be captured in our Magneto Optical Trap, an atom needs to be slowed

down to a velocity of 230m/s. We previously saw how the force experienced by an

atom under many cycles of absorption and emission can slow it down. The assump-

tion of this technique is that, in order to maximize the absorption probability, the

light shone is always resonant with the atomic transition. The arising problem in

this context is that when a moving atom changes its velocity, then its Doppler shift

changes, so the atom sees a different frequency and the light is not resonant any-

more. A common technique used to effectively cool down an atomic beam consists

in using a magnetic field with a varying profile so that atoms are always resonant

with the light, because of the shifts of the atomic levels due to the Zeeman effect.

This technique was developed by William Phillips and Harold Metcalf, [28].

Including the effect of the magnetic field, the total detuning becomes:

∆ = ∆0 + kv(z)± µ

~
B(z) (3.3)

where ∆0 is the laser detuning from the atomic transition, kv(z) is the Doppler shift

term and the sign ± is determined by the light polarization. For an effective cooling,
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Figure 3.3: (a)Effects of the light and magnetic fields on the atoms in a MOT. The
quadrupole coil magnetic field shifts the energy levels of the atoms. Polarized light pushes
them towards the center of the trap. (b) Spatial arrangement of coils and light beams

we want the total detuning to be always ∆ = 0. In order to obtain this, we need

to build an efficient magnetic field profile. If we assume a constant deceleration, we

can express v(z) as follows:

v(z) =
√
v0

2 + 2v0z (3.4)

Substituting (3.4) in Eq.(3.3) and expressing in term of B(z):

B(z) =
~
µ

(
∆ + k

√
v0

2 + 2v0z
)

(3.5)

where we can obtain a0 from the scattering force:

a0 =
Fsc

m
=

Γ

2m
~k

s

1 + s
(3.6)

3.2 The Magneto Optical Trap

After leaving the Zeeman Slower, atoms are trapped in a Magneto Optical Trap.

During this stage, atoms are furtherly cooled down and with the help of the magnetic
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field they are spatially confined. As previously seen light exerts a dissipative force,

being the atoms immersed in two counterpropagating beams, while the presence of a

magnetic field gradient modifies the internal structure of the energy levels, keeping

the atoms spatially confined.

In order to understand how it is possible to trap the atoms, we first consider a

1-Dimension situation with two counter propagating beams and a J = 0 ⇒ J = 1

transition, as shown in Fig. 3.3(a)

The magnetic field is produced by two coils in anti-Helmoltz configuration, which

produce a quadrupole magnetic field with a zero field region at the center. When

an atom is placed in this region, its internal structure will not be affected and no

variation in its energy levels will appear. As the atom travels away from the center,

because of the presence of the magnetic field, it will experience a modification of its

energy levels, in particular the energy sublevel MJ = −1 will be red-shifted respect

the magnetic sublevel MJ = +1 in this case. Since the light in the two beams is

red shifted, the atom will be more resonant with the counter propagating beam

having polarization σ+, pushing it again towards the center of the magnetic field.

On the other hand, when the atom travels in the opposite direction, the situation

is reversed but the atom will always be pushed towards the centre of magnetic field

region. Expanding this to a 3-D situation with three pairs of counterpropagating

beams, we obtain a spatially confined trap.

3.2.1 The Doppler limit

In this section we are going to discuss the existence of a limit to the temperature

achievable through the cooling mechanism explained so far. When an atom under-

goes many cycles of absorption and emission, as well as the cooling deriving from

the scattering force, heating naturally occurs. From each event of absorption or

emission, the atom gains a kinetic energy term due to the photon recoil. In fact, its
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momenutm changes of ~k for each event, increasing its energy of a term Er =
~2k2

2m
,

leading to heating.

Equating the cooling and heating processes, we can derive the temperature limit [18]:

kBT =
~Γ

4

1 + (2∆/Γ)2

−2∆/Γ
(3.7)

where T is the temperature, ∆ is the detuning from resonance and Γ is the linewidth

of the atomic transition. This function shows a minimum for a detuning value of

∆ = −Γ/2, leading to a theorethical temperature value of:

kBTD = ~
Γ

2
(3.8)

where TD is the Doppler limit. The Doppler limit for 6Li is 140µK, using the D2

line transition.

3.2.2 Prospects on Sub-Doppler Cooling

From the previous sections we know that temperatures below the Doppler limit

cannot be achieved in a MOT. One of my tasks during my time spent here in

Nottingham was to investigate the possibility of implementing a sub-Doppler cooling

method to our apparatus. After investigating some different methods and studying

their practical realization, I concluded that a Gray molasses technique on the D1

line cooling transition could be implementable in our setup without too much effort,

following the example of [29].

The Gray molasses technique exploits a Sisyphus-like effect for reaching sub-Doppler

cooling, thanks to the creation of bright and dark states and the coupling between

them given by VSCPT, velocity-selective coherent population trapping [30], [31],

[29].

Necessarily we need to implement this technique on the D1 line, because we want the

creation of bright and dark states and this can only happen for transitions in which
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F → F ′ = F or F → F ′ = F −1 [32]. In this condition, for any polarization state of

the local electromagnetic field, there exists a magnetic sub-level of the ground state

which is not coupled to any of the magnetic sub-levels of the excited state, see Fig.

3.4(a). In the figure, we can see how the selection rules create states which are not

coupled, for example 2 for σ+ light, -2 for σ− or 0 for linearly polarized light [33].

Being the dark state invisible to light, it will not experience any energy shift and

its potential will be flat. Contrarily, the bright states will experience a shift in the

energy levels, due to local polarization gradient and laser intensity.

The cooling process can be explained as follows, Fig.3.4(b).

A moving atom in a dark state will be coupled to a bright state because its velocity is

v 6= 0. This happens because the dark and bright states are not stationary when the

atom velocity is different from zero, in the dressed-state picture in fact the kinetic

term induces oscillations between the two states [33]. The residence time of an atom

in the dark state is τD ∝ 1/(vk)2, with wavevector k, and the probability of coupling

has a maximum when the atom is closer to the potential minima of the bright state.

When the atom is coupled via motional coupling to the bright state, it climbs the

potential hill and when it reaches the peak is pumped back to dark state. This leads

to cooling, in fact an energy equal to the difference between the bright and dark

state is dissipated. Slow atoms are accumulated in dark states, which subsequently

leads to lower and lower temperatures.

3.3 Optical Dipole Trap

Temperature is not the only limit encountered in a MOT, in fact important limita-

tions exist also for the phase-space density of the atoms in the trap. To overcome

this limitations and achieve a phase-space density necessary for the observation of

quantum degeneracy, a conservative trap and a following evaporative cooling is nec-

essary.

In Section 2.3 we described the interaction of light and matter, introducing the con-
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Figure 3.4: (a)The magnetic substate mF = 2 is a dark state in the particular case of the
transition F = 2→ F ′ = 2 with σ+ light. (b) The combined effect of VSCPT and optical
pumping to give rise to Gray molasses cooling. Red arrows indicate the spatial propagation
of the atom while blue arrows indicate possible transitions.

cept of dipole force. In order to create such a trap, the dipole force plays a crucial

role. Equation (2.13) describes the dipole potential and consequently the dipole

force is defined as Fdip = −∇Udip. Equations (2.15) and (2.16), which describe the

dipole potential Udip and the scattering rate Γsc are recalled here for convenience [21]

Udip(r) =
3πc2

2ω0
3

Γ

∆
I(r)

Γsc(r) =
3πc2

2~ω0
3

(
Γ

∆

)2

I(r)

For a red detuned laser beam (∆ < 0) Udip is negative and Fdip attracts all the

atoms towards the region of the beam with the maximum intensity. Furthermore,

as the dipole potential scales as I/∆ and the scattering rate as I/(∆)2, typically

high intensity lasers and big detunings are used to keep the scattering rate as low

as possible for a certain trap depth.

A dipole trap can be produced at the focus of a Gaussian laser beam, with the

requirement of the wavelength being far from the atomic transitions. In our setup,

an optical dipole trap is created by an Ytterbium laser at 1070nm with a maximum

power of 100W, as explained in detail in section 4.3.

I am going to first describe in detail how a single trap works. In our system instead
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we use two beams which are crossed under an angle of 13.6 degrees. The crossed

trap is simply the addition of two linear traps. For Lithium, differently from what

happens with other alkali elements like Caesium, we can neglect the fine and hyper-

fine structure contributions, being the splitting between 22P1/2 and 22P3/2 ≈ 1GHz

very small compared to the detuning of the dipole laser being ≈ 167THz.

3.3.1 The focused beam trap

In the present section a dipole trap created by a focused beam is analyzed and

explained. As mentioned previously, this is one of the methods for the creation of

an optical dipole trap, as well as a crossed beam trap (used in this experiment) and

the standing wave trap.

The focused beam trap is the simplest among the different methods and it can be

formed by one collimated beam which is focused down and re-collimated using two

lenses, Fig. 3.5.

The intensity profile of this beam is given by [34]:

I(r, z) =
2P

πw2(z)
e−(2r2/w2(z)) (3.9)

where P is the total power, r is the radial coordinate and w(z) is the radius at which

the intensity values fall to 1/e2 of their axial values, at the plane z along the beam.

The beam radius w(z) can be written as:

w(z) = w0

√
1 +

(
z

zR

)2

(3.10)

being w0 the beam waist and zR = π(w0)2/λ is the Rayleigh length. The trap depth

is defined as U0 = Udip(r = z = 0). If the thermal energy kBT is much smaller than

the trap depth U0, then the dipole potential can ba assumed to be harmonic:

Udip(r, z) = −U0

(
1− 2

r2

w0
2
− z2

zR2

)
(3.11)
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Figure 3.5: (a)A gaussian beam travelling along ~z axis is focused and recollimated by a
two lenses system. In the figure, w0 is the beam waist and zR is the Rayleigh length. (b)
The potential Udip vs z is plotted. U0 is the potential at the focus of the beam. For a red
detuned dipole trap, atoms tend to accumulate in focus area of the beam

Combining equations (2.13) and (3.9), we can express U0 as:

U0 = − 3c2P

ω3
0w2

0

(
Γ

ω0 − ω

)
(3.12)

and the oscillation frequencies are:

ωr =

√
4U0

mw2
0

and ωz =

√
2U0

mzR2
(3.13)

In particular, the ratio between the two is ωr/ωz =

√
2π2

λ2
w2

0.

3.3.2 Evaporative Cooling

Evaporative cooling is a fundamental technique in ultra-cold atoms physics for the

achievement of quantum degeneracy and it is normally implemented in the last stage

of the cooling process. Evaporative cooling was first proposed by Harald Hess in

1986 [35] and the technique was first used in combination with laser cooling for

trapped alkali atoms in 1995 [36]. This technique is based on the removal of the

most energetic atoms from the trap, followed by a rethermalization of the remaining

atoms by elastic collisions resulting in the reduction of the overall temperature of

the system.

In order to leave the trap, an atom requires an energy greater than U0, e.g. U0+αkBT ,
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with 0 ≤ α ≤ 1 being the energy carried away from the atom and defining the zero

of energy at the bottom of the trap. the number of colliding pairs of atoms with

enough energy for one to leave the trap is determined by the tail of the Boltzmann

distribution. Defining the truncation parameter η = U0/kBT , we can write the atom

loss rate [37]:

Ṅ = −Nn0σv̄ηe
−η (3.14)

where n0 is the density, σ is the atom-atom scattering cross-section and v̄ the mean

relative velocity of the atoms in the trap. We can see from this equation that the

atom loss rate depends on the atom-atom scattering cross-section, which can be

used to improve the evaporation by means of the Feshbach resonance.

Thus, the rate of change of the total energy of the trapped gas is:

Ė = Ṅ(U0 + αkBT ) (3.15)

and the fraction of energy carried away can be calculated from the s-wave Boltz-

mann equation with kT � U , being α =
η − 5

η − 4
for any potential that is harmonic

near the minimum.

As the evaporation progresses and the temperature drops, the evaporation rate ac-

cordingly decreases and eventually stagnates. This happens in fact, since η increases

as the temperature decreases and being Ṅ ∝ e−η. In order to avoid stagnation and

start evaporation again, a decrease of the trap depth is desirable. A time dependent

potential can generally be written as [38]:

U(x, t) = −U(t)g(x) (3.16)

where U(t) contains the time dependence and g(x) the spatial trap shape, with

g(0) = 1 and g(|x| → ∞) → 0. In this case, an energy change arises from the

fact that the potential energy changes. Since the atoms vibrate near the trap bot-
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tom in an approximately harmonic potential, the average potential energy is (virial

theorem):

< U >=
E

2
(3.17)

The potential energy then changes at a rate
(
U̇/U

)
E/2 and taking this into account

in the total energy Eq.(3.15) we have :

Ė = Ṅ(U0 + αkBT ) +
U̇

U

E

2
(3.18)

Solving the above equation for a fixed value of η, the number of trapped atoms is

found to vary with trap depth as:

N

Ni

=

(
U

Ui

) 3

2(η′ − 3)


(3.19)

where i denotes the initial condition at t = 0 and η′ = η + α = η + (η − 5)/(η − 4).

The corresponding scaling of the PSD (Phase-Space-Density), which for a harmonic

trap is ρ = N

(
~ω
kbT

)3

, can be deducted straightforwardly from Eq.(3.19):

ρ

ρi
=

(
Ui
U

)3(η′ − 4)

2(η′ − 3)


=

(
N

Ni

)(η′−4)

(3.20)

In our experiment, an initial PSD of 10−4 and a decrease of 103 factor in the trap

depth lead to a decrease in the atom number of a factor 10 and a PSD≈ 1.

These scaling laws were derived neglecting background gas collisions. In order to

include them, a further scaling factor −ΓbgE must be included in Eq.(3.14) and

consequently in Eq.(3.18). What is found at the end of the treatment including the

background collisions is that all of the previous scaling laws are furtherly reduced

by a factor e−ΓbgEt, being t the time over which the trap depth is lowered.
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3.4 Imaging

Optical diagnostic is extremely important for getting information from the atomic

cloud. Exploiting the absorption of a weak light beam through the cloud we can

get the density profile of the same, while observing how the cloud expands can give

us important information like the temperature, obtained after appropriate software

analysis.

The interaction of atoms with a beam of light involves three processes: sponta-

neous absorption of photons, re-emission of photons, and shifting the phase of the

transmitted light. These processes are strictly related to the following techniques:

absorption imaging, fluorescence imaging and dispersive-non destructive imaging.

In this experiment absorption imaging is the most used technique used for probing

the cloud, but in the future a non destructive imaging system will be implemented

and is one of the next goals.

The interaction of the probing light and the atomic cloud sample can be described

using the imaginary index of refraction nref = nr+ini. Assuming nref−1� 1 and in

the limit of I/Isat � 1, , the index of refraction of a dilute atomic vapor is directly

related to the atomic density n as [39]:

nref = 1 +
σ0nλ

4π

[
i

1 + ∆Γ/2
2 −

∆Γ/2

1 + ∆Γ/2
2

]
(3.21)

with σ0 the on resonance cross-section, λ the wavelength of the probe beam and

∆Γ/2 =
ω − ω0

Γ/2
is the detuning of the probe beam in terms of half-linewidths. Mak-

ing the “thin lens” approximation, atoms attenuate and phase shift the probe light

and the electric field of the probe beam after the cloud differs from the electric field

before the cloud:

E(x, y) = E0(x, y)exp

(
−2πi

λ

∫
[nref − 1] dz

)
= tE0(x, y)eiφ (3.22)
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with t being the transmission coefficient and φ the phase-shift. These parameters

both depend on the column density nz =
∫
ndz and σ0:

t = eD/2 (3.23)

φ = −∆Γ/2
D

2
(3.24)

having introduced the off-resonance optical density D = nzσ0/(1 + ∆Γ/2
2).

After passing through the atomic cloud the imaging beam is subsequently directed

towards a CCD camera. The camera photosensor is not able to detect phase shifts,

while it can instead detect variations of the intensity of the laser beam, strictly

related to t2.

The change of the Intensity I in the resonant probe beam during propagation

through the sample along the ~z direction can be described as:

dI

dz
= −Inzσ0 (3.25)

Integrating (3.25) yields to:

I = I0e
−σ0nz (3.26)

Therefore, the column density nz is:

nz = − 1

σ0

Ln
I

I0

(3.27)

and the atom number can be obtained integrating:

N =

∫
nz(x, y)dxdy (3.28)

3.4.1 Measuring the Temperature

A fundamental information that can be achieved through imaging techniques is

the temperature of the cloud. The standard technique used for performing such a
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measurement is called Time-Of-Flight (TOF) imaging. The atoms are released from

the trap and they are imaged at different falling times. The expansion of the cloud

is analyzed and from the increase of its size the temperature can be inferred. The

fundamental assumption under this technique is the repeatibility of the experiment,

thus the capability of the setup to produce the same initial conditions each time.

For each shot we effectively destroy the cloud and we need to produce a new one for

the next shot at a different fall time. A very stable apparatus is thus required for

performing confidently this type of measurement.

When atoms are in the trap, their energy can be expressed as:

ε(r,p) =
∑
i

mωi
2ri

2

2
+

p2

2m
(3.29)

where m is the mass of the atoms, ωi is the oscillation along x̂, ŷ, ẑ, p is the momen-

tum and ri is the position of the atoms. The probability distribution of the atoms

inside the trap at a time t = 0 is given by, [40]:

f0(r0,p) = eµ/kBT e−ε(r0,p)/kBT (3.30)

For a free expansion without interaction, the gas follows the classical dynamics:

dr/dt = p/m and dp/dt = 0. These equations describe the evolution of the system,

the new position r at a time t is given by r = r0 + pt/m. The distribution function,

at the position r is:

ft(r,p) = f0(r-pt/m,p) = eµ/kBT e−ε(r-pt,p)/kBT (3.31)

Integrating this equation over all the momenta yields to the density distribution of

the gas:

n(r, t) = eµ/kBT
1

λdB

∏
i

√
1

1 + ωi2t2
e

−mωi2ri2
2kBT (1 + ωi2t2) (3.32)
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Each factor in the latter expression is a gaussian of width

σ2 =
kBT

2t

m
(3.33)

Thus, at a time t the width of the distribution will be:

σt
2 =

kBTt
2

m
+ σ0

2 (3.34)

By measuring the sizes of the cloud as a function of time, the temperature can be

calculated. Shown in Fig. 3.6(top) is a temperature measurement of the dipole trap

after 1s of plain evaporation time (see section 4.3 for details). The Gaussian widths

σx(t) and σy(t) are measured as a function of the time of flight and from a linear

regression fit the coefficient kBT/m is obtained and thus the temperature T . Fig.

3.6(bottom) shows the expansion of the atomic cloud as a function of time. For a

more accurate measurement, a longer time of flight should be chosen, but this implies

a lower signal to noise ratio and a less accurate determination of the size of the cloud.

As outlined before, this method gives a precise estimation of the temperature when

the cloud can be treated classically. Once quantum degeneracy is achieved, the

assumptions made here are no longer valid and because of the interactions a precise

measurement of the temperature is more challenging. Nevertheless, for the thermal

part of a condensate, whose description is still Gaussian, this technique remains

valid.
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Figure 3.6: (Top)The temperature of the dipole trap is obtained through a linear regression
as explained in this section. Sizes are plotted versus TOF. Error bars are obtained through
standard deviation of three equal measurements.
(Bottom)The sizes of the cloud for different fall times are outlined. As the cloud expands,
the signal to noise ratio decreases and that makes it more challenging to identify correctly
the sizes of the cloud



Chapter 4

Experimental apparatus

This chapter gives a more detailed description of the experimental apparatus built

for the realization of the experiment. It is my intention in this chapter to focus on

those aspects where my contribution has been fundamental for the prosecution of

the experiment.

4.1 Laser Setup

In order to put into practice the laser cooling theory explained in the previous

sections, a very precise control of the frequencies and intensities of the lasers is nec-

essary. The light that we use everyday in the experiment is produced by ECDLs,

external cavity diode lasers, and the frequency shifts are controlled by a piezo-

electric crystal. The piezo can be externally controlled to vary the frequency of the

lasers. Light frequency and intensity can be furtherly modulated using another fun-

damental device, the AOMs, acusto-optic modulators. Mechanical shutters are also

widely used to control which beams need to be switched on or off in the expermental

sequence.

In the following sections a full description of the laser scheme is given for the pro-

duction of the MOT light and the lasers used for the dipole trap beam.

47
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Table 4.1: My caption

Name Role Output Power
Reference Used for spectroscopy to lock the fre-

quency of the other lasers.
15mW

Imaging Used for absorption imaging at low and
high field

15mW

Toptica TA Pro Provides seed light for the homebuilt
TA and re-pumping light for the MOT
and Zeeman slower.

350mW

Homebuilt TA Provides cooling light for the MOT and
Zeeman slower.

300mW

4.1.1 Overview

The 6Li laser systems consists of a reference laser, the Toptica TA Pro at 670nm

(TA-670), a homebuilt tapered amplifier and an imaging laser. Power values of these

lasers are shown in table 4.1, while a 6Li level scheme with the relevant transitions

is depicted in Fig. 4.1.

Recalling the notion of total atomic angular momentum F introduced in the first

chapter, being the nuclear momentum I = 1 for 6Li and the total angular momen-

tum J = 1/2 for the ground state and J = 3/2 for the excited state, we have that the

coupling of J and I leads to F = 1/2, 3/2 for the ground state and F ′ = 1/2, 3/2, 5/2

for the excited state.

The reference laser is locked to the crossover of the transitions from the F = 1/2

and F = 3/2 ground states to the overlapped D2 excited states through Doppler-

free absorption spectroscopy, as explained in detail in previous works in the same

lab, [14], [41]. The TA-670 and imaging lasers frequencies can be tuned with respect

to the reference lasers frequency, through offset locks, [14], [41].

An overview of the setup is given in Fig. 4.5. The TA-670 delivers 350mW of

light with a seed of ≈ 28mW and is divided into two beams containing 325mW

and 25mW of power. The 325mW beam provides the MOT repumper light while

the 25mW beam is used as a seed for a home-built tapered amplifier system to
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Figure 4.1: Scheme of the 6Li transitions and light beams used in the experiment

provide enough light for the MOT cooler beams. The output power of the home-

built TA, after passing through an optical isolator, is 300 mW. The MOT cooler and

repumper beams are subsequently shifted using AOMs by −114MHz and +114MHz,

respectively. At this point, after being shifted by the AOMs the cooler beam is red-

detuned from the F = 3/2 to F ′ transition and the repumper beam is red-detuned

from the F = 1/2 to F ′ transition. After passing through the AOMs, the two beams

are then recombined using a polarising beam splitter (PBS) and with the help of

other two PBSs four beams are produced: three MOT beams and one Zeeman slower

beam. The Zeeman slower beam is furtherly shifted by an AOM of −80MHz. The

imaging laser is instead shifted of −114MHz like the cooler beam, in order to be

resonant with the same transition.

4.2 The Magneto Optical Trap

The creation of a Magneto Optical Trap requires a dissipative force for momentum

confinement given by the light and a gradient force, given by a magnetic quadrupole

field, for spatial confinement. In this experiment, the light necessary for the pro-

duction of the MOT is produced by the lasers and the apparatus discussed in the
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Table 4.2: My caption

Laser Detuning(MHz) Output Power(mW)
MOT cooler -40 20-25
MOT repumper -40 15-20
Slower cooler -120 10-15
Slower repumper -120 10-15

previous section and it is prepared on a different optical table than the one where

the main chamber is located. Then, it is transferred to the vacuum chamber through

polarisation maintaining optical fibres. At the output side of the fibres, outcouplers

with 10 mm lenses are used for light collimation. The optical fibres used have a

numerical aperture of 0.12 which results in beams with a 1/e2 radius of 12 mm.

Three optical fibres carry the X,Y,Z MOT light and a separate one carries the light

for the Zeeman Slower. Each MOT light beam is then retro-reflected to make up six

beams. Because of the unresolved excited state and the impossibility of selecting a

specific sub-state, a higher power in the repumper is required, compared instead to

other alkali species like Caesium. Powers of the fibers used in the experiment are

reported in table 4.2.

The collimated light after the outcoupler needs to be aligned in the center of the

vacuum chamber for the production of the MOT in combinement with the magnetic

field. This is done by placing irises in the optical fibre out-couplers and using paper

templates with 1 mm pinholes on both sides of the chamber. We found that perfect

retro-reflection of the MOT beams gives a more stable and reliable loading of the

dipole trap, even if a slight misalignment could bring to an increase in the MOT

atom number.

At this point, characterization of the MOT and improvement for a good loading

of the dipole trap is carried out. Optimization is performed by changing different

parameters and observe the behaviour of the cloud as they vary. The goal of this

step of the experiment is to achieve a high atom number in the mot, while keeping

the temperature of the cloud as low as possible. The detuning is found optimal to
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Figure 4.2: Loading of the MOT vs time. Saturation occurs at approximately 12s. Typi-
cally a shorter time in the sequence is used for the optimum loading of the dipole trap

be around 40MHz (6.8Γ) during the loading and it changes accordingly for the MOT

light and the Slower. A typical MOT sequence lasts ≈ 5− 10s, Fig. 4.2.

4.2.1 Compression phase and transfer into Dipole Trap

The transfer of the atoms from the MOT to a dipole trap is a fundamental step for

the realization of our experiment. Typically, we want a high atom number and a

very low temperature in the dipole trap, together with an equal mixture of atoms in

the two sub-states |F = 1/2,mF = 1/2〉 and |F = 1/2,mF = −1/2〉. This require-

ment is necessary for effective evaporative cooling, collisions are in fact suppressed

for fermions in the same state, [42].

We previously described, Sec.3.2.1, the mechanism that leads to a limit in the tem-

perature achievable in a mot, which we recall for 6Li being TD = 141µK. Obtaining

this limit temperature is a consequence of considering an atom as a two-level sys-

tem, while instead the complexity of the atomic structure and the unresolved excited
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Figure 4.3: Temperature of the MOT measured after compression stage. Temperatures
obtained are : Tx = 367µK and Ty = 381µK. The mismatch between the two temperature
is due to a different expansion of the cloud along the two axes.

state would lead to a higher minimum temperature. We saw how this minimum is

reached when the detuning reaches the value −Γ/2. For this reason after loading

the MOT we bring the detuning closer to resonance, until the value −Γ/2(2.8MHz).

This results in a compression of the cloud, that gets denser and colder. In our ex-

periment the compression phase time is of 25ms and in this framework the MOT

temperature drops from ≈ 1mK to ≈ 370µK, Fig. 4.3.

Finally, in order to prepare the atoms for the loading of the dipole trap, we

need to make sure that atoms are optically pumped in the two ground states

|F = 1/2,mF = ±1/2〉. This is done in order to avoid inelastic, spin changing col-

lisions in the dipole trap, [43]. Collisions between atoms in the different mF states

provide in fact rethermalisation during evaporative cooling. Producing this spin-

mixture is achieved by turning off the repumper light for 1 ms before the cooling

light at the end of the MOT stage.
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Figure 4.4: The homebuilt ECDL operating on the D1 line

4.2.2 Sub-Doppler cooling of Lithium

The unresolved excited state 22P3/2 prevents us from reaching Sub-Doppler cooling

using well established techniques commonly applied on the D2 line to other species

like Caesium, [44]. Sub-Doppler cooling is found to be a powerful technique to

increase the phase-space density, leading to a greater efficiency of the dipole trap

loading and consequent observation of quantum degeneracy. Thus, many efforts

have been made in order to find alternative laser cooling scheme which can be ef-

fective for species with a narrow excited state linewidth, like Lithium or Potassium.

We are currently implementing a sub-Doppler scheme, based on the Gray-molasses

cooling technique on the D1 line, following the example explained in [45], [29].

Many important aspects have been taken in consideration when deciding to imple-

ment this cooling method. Firstly, the price of the required components was not

high, having to build only a new laser operating on the D1 line. Secondly, the pos-

sibility of implementing the new cooling scheme exploiting the pre-existent setup

without modifying it. Thirdly, the integration of the new apparatus does not re-

quire much physical space and can be easily adapted on the existing optical table.

The description of the apparatus follows.
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Figure 4.5: The scheme of the Gray-molasses apparatus and the optical table
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A new laser operating on the D1 line has been built. We used a HL6545MG laser

diode ( 660 nm, 120mW, single-mode ) and heated to ≈ 70◦C, Fig.4.4. This diode

can output 120mW and the beam is subsequently splitted by a non polarising beam

splitter. The weaker beam is sent to the vapour cell in order to get the spectroscopic

signal of the D1 transition. Once this signal is obtained from the photodiode, it is

fed into a lock-in amplifier and the laser is now locked with the right frequency.

The stronger beam will instead be coupled on a PBS with the existing TOPTICA

TA-PRO 670nm laser beam and will follow the path of the pre-existing repumper

beams, without adding further optics. The PBS will split the beam in two further

beams: one will follow the D2 repumper beam and will be coupled to the MOT

fibers; the other will be injected into the Homebuilt Tapered Amplifier and will

provide D1 cooling light, overlapped with the existing D2 one. An AOM will be

used as a switch to enable the D1 light when necessary.

With this configuration, 2-3mW of repumper light per fiber and 10-12mW of cooler

light per fiber will be available for the Sub-Doppler cooling in our setup. The D1

Gray molasses light will be shone during the last stage of the MOT compression and

will allow the atoms to cool down and reach temperatures as low as ≈ 40-50 µK.

Presently, the laser needs to be sent to the vapour cell for the D1 locking; data

collection and optimization of the sequence will follow.

4.3 Dipole Trap

After atoms have been trapped and cooled by the MOT, they are transferred into a

far-off-resonance optical dipole trap for further cooling. The Dipole trap is produced

by a multi-mode 100 W IPG Yb fibre laser and the beam has a wavelength of 1070

nm. The fibre laser provides a TEM00 mode which is collimated to a diameter of

5mm. At the centre of the dipole trap, the beam is focused to a width of 90µm. The

optics used in the in the realization of the dipole trap is made of fused silica which is

advantageous against thermal lensing effects. Of the ≈ 108 atoms in the trap after



56 CHAPTER 4. EXPERIMENTAL APPARATUS

Figure 4.6: The graph shows the maximum atom number obtained in the loading of the
dipole trap. This corresponds to the detuning value where the temperature is minimum :
−Γ/2

MOT compression phase, about 106 atoms are transferred in the dipole trap, in a

mixture of the two lowest hyperfine ground states (|F = 1/2,mF = ±1/2〉).
As it can be seen from Fig. 3.6, after loading the dipole trap and after 1s of

plain evaporative cooling, the temperature drops from the ≈ 380µK of the MOT to

≈ 140µK. During this time, the trap depth is kept constant at its maximum with

a magnetic field of 800G and no forced evaporation is applied. The temperature

drops because of elastic collisions mechanism loss. For a non interacting gas, loss

is expected predominantly from collisions with energetic background particles; this

is the so called “one-body losses” mechanism. Interacting particles, on the other

hand, have additional loss mechanisms such as elastic collisions in which after the

collision, one of the particles results with enough kinetic energy to leave the trap.

As the most energetic atoms leave the trap, the remaining atoms in the wings start

accumulating in its focus.
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Figure 4.7: Breathing-mode radial oscillation trap frequency measurement. The size of the
atomic cloud is measured as a function of time after a sudden change in the trap frequency
at t = 0 µs. The cloud radius is thus determined by fitting a Gaussian to the profile of the
cloud and the standard deviation of the Gaussian is used as the radius. This measurement
was carried out at 24 W of dipole laser power, by A.Mandoki, [14].

4.3.1 Trapping frequencies

For the In situ characterization of the condensate, a full knowledge of the character-

istics of the harmonic trap occupied by the atoms is necessary. At high laser powers,

the trap frequency f is related to the power P according to this law : f = A
√
P ,

being A a proportionality constant, measured for the radial and longitudinal fre-

quencies. The values of A are 525HzW−1/2 for the radial freq. and 62.7HzW−1/2 for

the longitudinal.

For this experiment, the frequencies for the trap created with the IPG laser have

been measured using two different methods. These frequencies have been previously

measured by A.Mandoki( [14]), so we repeated some measurements to confirm the

accordance with the previous values.

The first method consists in measuring the trap frequencies inducing breathing-mode
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2.png

Figure 4.8: Center of Mass radial oscillation trap frequency measurement. The position
of the atomic cloud is measured as a function of the ”kick” legth. This measurement was
carried out at 2 W of dipole laser power.

oscillations. Experimentally this is realised by suddenly changing the trapping fre-

quency, increasing the power of the dipole beam. Subsequently, the frequency is

obtained analyzing the expansion and the contraction of the cloud as a function of

time, which oscillates at twice the trap frequency, Fig.4.7.

Another method used to measure the trap frequencies consists in measuring the

oscillation of the center of mass of the cloud. Applying in this case a linear bias

to the trapping potential, for example a magnetic field gradient, it is possible to

create a shift in the trap centre, which depends on the ratio between the trapping

light power and the magnitude of the bias. If we suddenly increase the power of

the trapping beam (e.g. via an AOM), the cloud will be centered at the position of

the previous trap centre, while the centre of the trapping potential is now displaced.

The cloud will undergo centre of mass oscillations around the new trap centre, with

a frequency dependent on the new laser power settings. The advantage of this pro-

cedure is that the COM oscillation is less damped than the breathing oscillation,
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Figure 4.9: The scheme of the feedback system used in our apparatus

because collisional effect is reduced in this case. On the other hand, any unwanted

nonlinearities in the linear bias applied may create trapping or anti-trapping forces

which might affect the final measurement, Fig.4.8.

4.3.2 Power stabilisation

When performing evaporative cooling, a very precise control of the trap depth is

required and this is the reason why a feedback loop circuit is inserted in the system.

This allows us to effectively control the laser intensity, consequently we control the

trap depth and we decrease the intensity fluctuations, which may cause heating and

atoms loss. The feedback scheme is illustrated in Fig. 4.9 and a brief description

follows. The output of the laser goes through an AOM and the first order is used

to create the dipole trap. Exploiting the fact that a mirror is never 100% reflective,

some dipole light is collected behind the first mirror after the chamber and is sent

to a photodiode. The measured power by the photodiode is then compared with

a set-point value provided by the experimental control system using a differential

amplifier. The amplified signal is used as an error and goes to a PID card. The

output of the PID controller is connected to the AOM driver and adjusts the power
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Figure 4.10: Comparison between the evaporation ramp as seen on the oscilloscope and
the evaporation ramp set on the control system

of the RF signal going to the AOM, adjusting the amount of the beam intensity.

With the help of the feedback system, evaporation ramps can be created on the

control system and reproduced in a very accurate way, with some limitations. The

main limitation comes from the fact that if the photodiode is set to cover the whole

range of laser power, the sensitivity at the final stage of evaporation would not be

the desired one. This is a critical phase of the evaporation, because at very low

levels the evaporation leads to quantum degeneracy and it is where we want to

avoid intensity fluctuations and instability which may cause heating. A solution to

this problem would be a double-feedback system, with a photodiode controllingthe

highest evaporation levels and then switching to another photodiode to accurately

manage low evaporation levels.

4.4 Evaporative Cooling

After the plain evaporation stage, further cooling is necessary to achieve quantum

degeneracy. Increasing the plain evaporation time does not always lead to a tem-

perature decrease, whereas the atom number constantly reduces because of losses

mechanisms. In order to lower down the temperature of the atomic cloud, the trap

depth can be reduced by lowering down the power of the dipole trap beam.

The intensity of the dipole beam can be controlled in two ways: either by chang-

ing the current applied to the IPG laser or by adjusting the diffracted light by the

acusto-optic-modulator (AOM). During the evaporation stage, both ways are used.
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Figure 4.11: Temperature measurement of the cloud at a trap depth of 18µK

Firstly, after 1000ms of plain evaporation, the power of the dipole beam is decreased

from 100W to 30W in 500ms by lowering down the laser current. Secondly, the AOM

value is decreased accordingly and two further ramps follow, with a length of 2s and

2.5s, reaching about 70mw of power.
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Chapter 5

6Li2 BEC and In situ

characterization

After the creation of a molecular gas of Lithium, evaporation is taken further as

explained previously. This process will lead the molecules to a phase transition

in which a macroscopic occupation of the ground state occurs. The cloud is now

composed of two distinguishable parts. The molecules occupying the ground state

of the potential form a condensed part, while the others form a thermal part. The

physical properties of a Bose-Einstein condensate can be described accounting on

the interaction between these two parts, as discussed in the following sections.

5.1 6Li2 molecular BEC

For a finite temperature TC > T > 0, not all the molecules are in a condensed state

and the global wavefunction will be ψ = ψ0 +
∑

i>0 ψi, where the condensed mode

is ψ0 and all the ψi describe the excited modes.

The interactions between condensed and thermal part play a key role in the accuracy

of the description of this system. Typically, a BEC is described using an ideal or

a semi ideal approximation. For a weakly interacting gas this is a valid description

because interactions dont play a fundamental role in the dynamics of the condensate.
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In our system instead, a BEC is formed close to a Feshbach resonance and is thus

a strongly interacting system. In this situation, an appropriate model describing

strong interactions has to be used.

For a weakly interacting gas, we can use the Gross-Pitaevskii Equation(GPE):

i~
∂ψ

∂t
=

[
− ~2

2m
∇2 +

m

2
(ω2

xx
2 + ω2

yy
2 + ω2

zz
2) + g|ψ|2

]
ψ (5.1)

with ψ being a time varying, 3D mean field wavefunction in a harmonic trap.

The effect of the inter-atomic collisions is included in the third term of the equa-

tion through the interaction coefficient g =
4πaS~2

m
, aS being the s-wave scattering

length.

In our case, the scattering length to be used is 0.6aS, aS being the atomic scattering

length, because of the interactions between molecules, as we saw in Section 2.4.1.

The GPE can be generalized including any kind of potential U which is not nec-

essarily harmonic and more experimentally realistic potential forms may be used.

The Non Linear Schrödinger Equations for our system are:

[−~2

2m
∇2 + U + gn0 + 2gnth

]
ψ0 = µψ0 (5.2)

and [−~2

2m
∇2 + U + 2gn0 + 2gnth

]
ψi = εiψi (5.3)

where U is the trapping potential, n0 and nth are the densities of the condensed and

thermal part, µ is the chemical potential, εi is the energy of the ith excited level.

Equations (5.2) and (5.3) are the “Hartree-Fock” (HF) equations as they contain

only two interactions, the ones shown in Fig. 5.1. In the (a) diagram an excited

particle (wavy line) collides with a condensate atom (straight line) via the s-wave

scattering interaction. In this interaction, known as the ‘Hartree’ interaction, the

particles are left unchanged after the collision. The (b) diagram shows the ‘Fock’

interaction, where the same particles are exchanged after the collision. Similarly,
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Figure 5.1: (a) Hartree interaction. The collision between a condensate particle (straight
line) and a thermal (wavy line) leaves the particle unchanged. (b) Fock interaction. The
two particles are exchanged after the collision

both excited particles may collide and and be described by the same interactions.

Using the HF equations and the Bose-Einstein distribution, it will be possible to

find the condensate and the thermal densities.

5.1.1 Ideal gas

We start our description from the non interacting case. For an ideal, non interacting

Bose gas the wavefunction of the condensate solves the usual Schrödinger equation

(
− ~2

2m
∇2 + U(r)

)
ψ0(r) = µψ0(r) (5.4)

where the chemical potential µ appears because we keep the number of particles

constant. For a harmonic potential, this is solved by the Gaussian wavefunction [46]

ψ0(r) =

√
N0

π3/4a
3/2
ho

e
−

1

2

 x2

a2
hox

+
y2

a2
hoy

+
z2

a2
hoz


(5.5)

where N0 is the number of particles, ahok =
√
~/mωk is the oscillator length along

the k axis and aho is the geometric mean of the ocillator lengths (ahoxahoyahoz)
1/3.
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We can extract directly the ideal condensate density distribution:

n0(r) = |ψ0(r)|2 =
N0

π3/2a3
ho

e
−

 x2

a2
hox

+
y2

a2
hoy

+
z2

a2
hoz


(5.6)

The thermal density distribution can be derived using the Maxwell-Boltzmann dis-

tribution and is given by:

nth(r) =

(
mkBT

2π~2

)3/2

e

µ−m/2(ω2
xx

2 + ω2
yy

2 + ω2
zz

2)

kBT (5.7)

The density ratio between the two densities can be evaluated at the trap centre:

nth

n0

= ζ

(
3

2

)(
kBT

~ωho

)3/2

(5.8)

so the contrast is high and a sharp peak in the spatial distribution is produced by

the presence of a Bose-Einstein condensation.

This model, as simple as it is, is anyway far from an appropriate description of the

dynamics involved in our system. Interactions play a key role in the formation of a

condensate, so we need to include them.

As previously mentioned, we could use Eq.(5.1) to include interactions in our prob-

lem. A first simplification can be made considering the fact that for the condensate,

under normal experimental conditions, the interaction term dominates on the kinetic

energy, which can be neglected. This simplification does not affect the thermal frac-

tion, in which the kinetic term is still dominant. This is the Thomas-Fermi approx-

imation and is valid if the parameter
aSN0

aho

� 1, where aS is the molecule-molecule

scattering length. In normal experimental conditions this is true, because typical

values for aS/aho ≈ 10−3, so for a sample containing an atom number N0 ∼ 105 the

Thomas-Fermi parameter is large enough for the approximation to be valid. Solving
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Eq.(5.1) under this approximation leads to a density nTF(r):

nTF(r) =
1

g
(µTF − V (r)) (5.9)

The chemical potential is determined by a normalization constant:

µTF =
~ωho

2

(
15N0a

aho

)2/5

(5.10)

For the case of a harmonic potential, the density exhibits the form of an inverted

parabola:

nTF(r) = nTF(0)max

(
1− x2

R2
x

− y2

R2
y

− z2

R2
z

, 0

)
(5.11)

with

Rk = aho

(
15N0a

aho

)1/5
ωho

ωk
(5.12)

for k = x, y, z. In the case of isotropic trapping:

R = aho

(
15N0a

aho

)1/5

(5.13)

showing how significantly the condensate spreads out in respect of the non interact-

ing case. Another important characteristic to note is that R depends now on N0,

while this was not true for the ideal gas.

Figure 5.2 shows the line density profile, obtained integrating over the x axis. The

figure shows three different stages of the evaporation, at different trap depths and

after 15ms of time of flight. The profiles are fitted using the Thomas-Fermi distri-

bution:

n(x) = nth(x) + nTF(x) (5.14)

Exploiting the different expansion dynamics of the condensate part and the thermal

part, a time of flight measurement is typically used when studying this system [47].

The method developed in the next sections is based on in situ measurements, i.e.
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Figure 5.2: The figure shows the system at various evaporation stages. The density is
fitted using the bimodal distribution, particularly evident in the last stage.(a)The presence
of a condensate is barely distinguishable. Atom number ≈ 9 × 104, Condensate fraction
≈ 5%, Trap depth 2.9µK.(b)Atom number ≈ 7.5 × 104, Condensate fraction ≈ 40%,
Trap depth 1.8µK.(c)The presence of the bimodal distribution is evident. Atom number
≈ 4.5 × 104, Condensate fraction ≈ 80%, Trap depth 1.3µK. This measurement was
carried out after 15ms of time of flight. The error is the standard deviation obtained after
10 identical measurements.

without time of flight, imaging the cloud while still in the trap. This method is meant

to be more reliable for our system because of the presence of high magnetic fields that

influence the dynamics of the cloud when performing time of flight measurements.

5.1.2 Semi-Ideal approximation

To overcome the inaccuracies of the ideal gas description, we need to include more

terms in the HF equations and we need to use the full form of the Bose-Einstein

distribution. In this section and in the next one, I am going to follow the derivation

found in [48].

Computing the Hartree-Fock equations is not straightforward as they must be solved

entirely self-consistently, therefore some approximations have to be made. The first

approximation is ignoring the nth terms, assuming that the density of the thermal

cloud is sufficiently low. The condensate will be described by the Thomas-Fermi
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approximation method, as discussed in the previous section. The Bose-Einstein

distribution will describe the thermal cloud and the repulsion from the condensate

will be included in the total potential experienced by the thermal cloud.

In this approximation, we are thus taking into account all the collisions with the

condensate, but still we are treating the thermal gas as an ideal gas. Proceeding

like before, the thermal line density nth(x) can be derived by substituting:

ε(k, x, y, z) =
~2k2

2m
+
m

2

(
ω2
xx

2 + ω2
yy

2 + ω2
zz

2
)

+ 2gnTF(x, y, z) (5.15)

in the Bose-Einstein distribution, integrating over all momentum and extraneous

spatial dimensions. For this integration, a continuum approach for the energy levels

εi is assumed. The result is discontinuous, given the discontinuous nature of the

condensate density:

nth(x) =

√
m

2π

(kBT )5/2

~3ωyωz


∑∞

l=1 2− e
l

kBT

mω2
x

2
x2−µ


l−5/2 |x| < xTF

∑∞
l=1 e

l

kBT

µ−mω2
x

2
x2


l−5/2 |x| > xTF

(5.16)

We can see that in the limit of kBT � µ, the summations converge to the Gaussian

distribution described in the simpler model (using the l = 1 term). When this

condition is not satisfied, this result leads to large deviations from the relation used

in the bi-modal fitting model.

5.1.3 Hartree-Fock method

In the semi-ideal model, we discarted the thermal density nth from the Hartree-Fock

equations. While this approximation made our problem simpler and accurate in

the case of low temperatures, where effectively nth is very low, large inaccuracies

are expected to arise for temperatures close to the critical temperature TC , where

nth & nTF. Thus, in order to accurately describe our system, the repulsion caused
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by the thermal cloud has to be added:

nTF(x, y, z) = max

{
1

g

[
µ− m

2
(ω2

xx
2 + ω2

yy
2 + ω2

zz
2)− 2gnth(x, y, z)

]
, 0

}
(5.17)

nth(x, y, z) =

(
mkBT

2π~2

)3/2 ∞∑
l=1

Z l
full

l3/2
(5.18)

where:

Z l
full = exp

[
−m

2
(ω2

xx
2 + ω2

yy
2 + ω2

zz
2) + 2gnTF(x, y, z) + 2gnth(x, y, z)− µ

]
/kBT

(5.19)

The solutions to these equations can be calculated iteratively and then the line

density can be retrieved via integration over the extraneous variables, as it is nor-

mally done for the previous methods. The inclusion of the repulsive effects though

requires larger computational resources to ensure the summations converge. An-

other solution is thus adopted. In this solution, the iteration is solved just once and

subsequently interpolated to retrieve the fully interacting densities. The details of

this method are found in [48].

5.1.4 Experimental comparison

The comparison between the previous two methods is done by taking absorption

images while the system is still in the trap. An integration over the radial compo-

nent is realized and a line density is obtained. A Matlab code is used to analyze the

data and the result of the fitting gives us the values for the temperature and the

condensate fraction, Figure 5.3.

As appears from the figure, predictions for the temperature and the condensate

fraction for the two models are different, especially at high temperatures, where the

inclusion of the term nth plays an important role. The presence of the thermal cloud
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Figure 5.3: Comparison of the fitting between the Semi-Ideal approximation (a) and the
Hartree-Fock method (b). (a) T=206.3nK, Condensate fraction 15%. (b) T=194.2nK,
Condensate fraction 14.2%. In both figures, the dots represent the data, the blue curve
shows the fitted profile obtained with the Semi-ideal (a) and Hartree-Fock (b) models. The
red curve shows the fitted thermal portion. The value of the dimensionless parameter
1/kFaS is 1.92

depletes the condensate fraction because of mutual interactions and this results

in a smaller condensate width, as correctly predicted by the model. This effect

becomes less sizeable and visible as the temperature decreases and the two models

appear to agree well. Figure 5.4 shows the condensate fraction vs temperature for a

fixed interaction strength, a = 1800a0 in this case. The value of the dimensionless

parameter 1/kFaS is 1.921.

1kF is the modulus of the Fermi wavevector of a non-interacting gas of N trapped fermions.

The Fermi energy is EF = ~2kF 2/2m = ~ω̄ (6N)
1/3

. Here ω̄ = (ωxωyωz)
1/3

and m is the mass of
a single 6Li atom. [49]
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Figure 5.4: Condensate fraction vs Temperature for a fixed interaction strength, a =
1800a0. From the graph, the difference of the two description is visible particularly at
high temperatures, while at low temperatures and high condensate fraction it becomes less
visible. The points come from the same experimental data and the apparent difference
in condensate fraction and temperature results from fitting the same data using different
theoretical models
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Conclusions

A molecular BEC is now routinely produced in the Mixture Lab of the University of

Nottingham. The system is stable and capable of producing a pure condensate con-

taining 2×104 lithium molecules. The In-Situ characterization of the condensate will

be furtherly developed in the close future. New measurement at different interaction

strengths will have to be performed and the demonstration that the Hartree-Fock

method gives a better fit to the experimental data will follow. This is expectable

because of the effects included in this method, but this statement needs statistical

demonstration.

Even if the work done in this thesis has been carried out exclusively with 6Li, the

experiment is studied and realized as a mixture experiment. The experimental se-

quence starts with the loading of the MOT with atoms slowed down by a dual species

Zeeman slower. The atomic source is an oven that heats up a chunk of lithium to

a temperature of 700K. This oven will be shortly substituted by a new dual species

oven, where caesium will be added. The oven has been already completed and

working and its details will be available soon in a publication. In order to overcome

limitations in temperature and phase space density of the MOT, the sequence con-

tinues with the loading of the atoms in the optical dipole trap. Evaporative cooling

is thus performed and a molecular state is formed, using Feshbach resonances. At

this point, quantum degeneracy regime is reached and the condensate was analyzed

73
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using different models.

A short goal is the implementation of the D1 Gray molasses cooling scheme, which is

expected in a near future. This cooling scheme will improve considerably the loading

of atoms into the dipole trap [29] and as a consequence the evaporation stage will

be much more efficient.

A new imaging method based on Faraday effect has been studied and needs to be

realized. This is a non-destructive imaging method and with this technique spatially

resolved images of the same cloud can be acquired many times, up to 2000 [50].

Furthermore, a double well potential apparatus is in preparation and will be imple-

mented in the system soon. With this setup, it will be possible to observe Josephson

oscillation in the double well and study the BEC-BCS crossover by controlling the

interaction strength [51] [52]. As the system is designed for a double species exper-

iment, we could use caesium as an impurity and look at the tunnelling in presence

of these impurities [53] [54].
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