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Introduction

Since R. Feynman’s seminal lecture in 1982 [1], several experimental progresses
have been achieved to allow the creation of in vitro quantum enviroments which
can recreate the physics of other systems in a more controlled way [2]. Ultracold
atoms are one of the most promising candidates for the study of open problems re-
lated to condensed matter and many-body physics [3].

Ultracold atoms have remarkable properties which distinguish them among all the
other systems, such as the possibility of controlling at will most of the experimental
parameters such as dimensionality [4, 5], interactions [6, 7] and trapping poten-
tials [8]. Ultracold atoms are almost ideal systems where Hamiltonians can be
implemented to study relevant [9] and emergent [10] problems in physics.

The field of quantum simulation with cold atoms was actually triggered by the
realization of the superfluid to Mott insulator transition in 2002 [11], and since
then many other achievements followed, like the evidence of Anderson localization
in disordered lattices [12, 13] or the first experimental observation of the Dicke
quantum phase transition in a Bose-Einstein condensate placed in a cavity [14].
Nowadays one of the hottest topics is certainly the physics of strongly correlated
fermions in reduced dimensionality, in particular the two dimensional (2D) case. It
is believed that this kind of physics lies at the basis of very intriguing systems which,
after many years since their discovery, are still a big challenge for theoreticians,
like high-Tc superconductors [15] or, more in general, layered Fermi superfluids.
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The always more sophisticated techniques of optical manipulation have allowed to
first explore the 2D physics in bosonic systems, revealing the signature of exotic
phases like the Berezinskii-Kosterlitz-Thouless (BKT) transition [16], and now to
address the challenge over unconventional phenomena in the fermionic counter-
parts [17, 18].

In this Thesis I describe the realization and characterization of a cold sample
of fermionic (°Li) lithium atoms trapped in a magneto-optical trap (MOT). The
fermions are cooled to temperatures of the order of hundreds of micro Kelvin by
laser cooling techniques.

This result has been accomplished by setting up a new generation experimental ap-
paratus. In the near future it will be used to produce and to investigate 2D ultracold
atomic Fermi gases of °Li. One of the most interesting parts of this setup relies on
the possibility of controlling at will the interactions among the atoms through Fes-
hbach resonances [7]. For our goals the most interesting regime is the so-called
BEC-BCS crossover [19, 20], which is the transition between a molecular Bose-
Einstein condensate (BEC) and a superfluid of Cooper-like pairs described by the
Bardeen-Cooper-Schrieffer theory (BCS). In this regime the correlations between
particles are no more negligible and many-body effects become predominant. At
the crossover the size of these pairs is much smaller than the one of conventional
Cooper pairs. It is known [21, 22] that electrons’ pairs in high-Tc superconductors
are smaller than regular Cooper pairs in type I and type II superconductors. It is
believed that there is a strong connection among pairs in high-Tc superconductors
and the one at the BEC-BCS crossover in ultracold atomic systems [23].

Moreover, thanks to the possibility of tailoring arbitrary optical potentials, we can
engineer 2D Fermi gases in different configurations, ranging from the single layer
case, to the two layers one and also to the multi-layer one. The idea is to reconstruct
step by step, or better, layer by layer the configuration of a high-Tc superconductor,
which is actually a superposition of layered 2D planes. Differently from what can
be done in solid state physics, we can shape at will our system to look at the effects
of layering on the genesis of superfluidity in this systems. PW. Anderson suggested
that if electrons in cuprates were not described by Fermi liquid theory, an increase
of the critical temperature for superfluidity would be possible [24]. However this



statement is quite controversial, since it is still not clear if Fermi liquid theory de-
scribes the normal phase of 2D Fermi gases, neither in the single layer nor in the
multi-layer case. Because of this, one of the other possible directions of this exper-
iment is studying the thermodynamical equation of state of the 2D Fermi gas, both
in the single layer and multi-layer configuration.

Another hallmark of ultracold atoms is the possibility to add controlled disorder by
speckle potentials [25]. It is known that superfluidity may be destroyed by disorder.
However, in high-Tc superconductors the disorder induced phase transition from a
superconducting to an insulating state is still under debate [26].

For all these reasons, ultracold atoms are ideal systems where these open questions
may be addressed.

The main features of the new experimental apparatus are described below.

The heart of the apparatus is an ultra-high vacuum system where the degenerate
atomic sample is produced and investigated. The main parts of the vacuum system
are the oven, where the thermal atomic vapor of lithium 6 is produced, the Zeeman
slower, where the first cooling stage is performed, and finally the science chamber,
where quantum degeneracy is achieved and the experiments realized. I participated
from the beginning in the construction of vacuum system and then in the bake out
procedure which was needed to achieve a pressure below 10~!! mBar inside the
science chamber. Such low pressures are needed to achieve quantum degeneracy in
the atomic system.

I've also contributed to mount the optical system and the laser setup, to generate
the different laser frequencies needed to cool the atoms.

I've also designed the magnetic coils required for the manipulation of the interac-
tions via magnetic Feshbach resonances [7] and a preliminary project of a micro-

scope objective to observe lithium atoms with high resolution [27].

This Thesis is organized in the following way:

e In chapter 2 we briefly show the theoretical model of the Doppler theory
of laser cooling and we give some hints about how atoms can be effectively
cooled.
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e In chapter 3 the experimental apparatus is described. We describe the main
components of the vacuum system used for slowing and cooling the atoms.

e In chapter 4 we present our characterization of the MOT of lithium atoms.
We show the dependance of the atom number and temperature of the MOT
versus the different parameters of the experiment.



Laser Cooling

In this chapter we will briefly describe the theory behind laser cooling and how it is
possible to simultaneously cool and trap an atomic vapor. We will also explain some of
the limits of this technique, in particular the ones concerning the lithium case.

2.1 Overview

The controlled transfer of linear momentum from photons to atoms lies at the
basis of laser cooling. If an atom in the ground state absorbs one photon of wave
vector l_éL from a laser field, the momentum P of the center of mass of the atomic
system is changed by an amount hEL. The energy scale of the process is called recoil
energy and has the form:

£ - hzkf
€ 2M

(2.1)

where M is the atomic mass.

When the atom is in the excited state, after a typical time T = 1/T", where T is the
natural width of the excited state, the atom goes back into the ground state, spon-
taneously emitting one photon. The difference between these processes is that the
spontaneous emission is isotropic, and the absorption is not (figure 2.1). On aver-
age the momentum change due to emission is zero. The atom experiences a force
which has opposite direction respect to its velocity. After one cycle of absorption
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and emission, the average change in the atom’s velocity is:

5 _ Ttk (2.2)
V—M .

The order of magnitude of this shift is about few millimeters per second. When

O— «,\ O

Ap = hkp, (Ap) =0

Figure 2.1: Schematic of the cooling mechanism. The absorption process allows to
control the direction of recoil, reducing the axial velocity component of the atom,
while the emission is isotropic and so the mean momentum variation is zero.

using the D2 line transitions, the variation for 8Rb atoms is approximately 6v=5.9
mm/s, while for °Li is about 99 mm/s, because of its smaller mass. Since at room
temperature the atoms usually have speed of the order of hundreds of meters per
second, a relevant speed reduction would imply an absorption of more or less 10°
photons by every atom.

In 1975, T. Hansch and A. Schalow [28] proposed the first experimental scheme for
cooling an atomic gas, later called optical molasses. In this scheme, the atoms are
placed between two counter propagating laser beams, red detuned respect to their
atomic transition. The atoms feel more the action of the opposite beam, absorbing
more photons from it. This creates a viscous force, which will reduce, thanks to
several cycles of absorption and emission, the atomic speed and so the temperature
of the gas.

Laser cooling was immediately considered a fascinating technique for laser spec-
troscopy: obtaining an almost Doppler free atomic sample would have granted an
optimal source for high precision spectroscopic measurements. It’s only in the early
90’s that laser cooling techniques start to be considered as a key ingredient for com-



pleting the long quest for Bose-Einstein Condensation, predicted in 1924 by Bose
[29] and never observed till 1995, when E. Cornell and collaborators [30] achieved
it in an dilute atomic gas of rubidium atoms (8’Rb), thanks to the mastering of both
laser cooling and evaporative cooling techniques [31]. The continuous development
of those techniques brought the D. Jin’s group to realize just three years later the
first degenerate fermionic atomic vapor in a sample of potassium “°K [32].

In the following part of this chapter we briefly explain the theoretical model to de-
rive the expression of the force a laser beam can exert on a two level atom system.
We will see that this force has two components, one dissipative, used for cooling

and another conservative, useful for trapping and manipulating the atoms.

2.2 The radiative force

Our system is composed by a two level atom immersed in a monochromatic laser
field. The atom’s levels, indicated as |g) for the ground state and |e) for the excited,
are separated in energy by fiw,. The laser field has an energy of ficw; per photon
and its electric field E, can be expressed as:

E,(R,t) = &R)&,(R) cos(w; t + ¢) (2.3)

where € is the polarization vector and é”L(}:{') the amplitude of the field in R. The
frequency difference 6, = w; — w, among the laser beam and the atomic transition
is called detuning.

The dipole moment of the atom is coupled both to the laser field and to the empty
modes of the electromagnetic vacuum field. Because of this last coupling term,
excited states are not stable and the spontaneous emission happens.

€

th

hw A YAVA
9y

Figure 2.2: Two level atom system coupled to an external laser field.
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The atom-laser coupling term V,; has the form:

- =

VAL = _d * EL (2.4)

which in the Rotating Wave Approximation (RWA) can be written considering only
the quasi-resonant terms as:

~,
joN

R s
Uy =—— [e $E)—iwie|o) (g +h.c.} (2.5)

where 2 is the Rabi frequency.

The equations of motion can be developed in a semi-classical way. The assumption
of an atomic wave packet localized both in coordinate (Ax < A;) and in momentum
space (Ap/m < A, T') gives us the relation:

mI'/k2 > /2 (2.6)

which can be arranged in the following way:

h 1
Text =—_—> F = Tint (27)

rec

The terms T,,, and T;, set the timescale of the external and internal degrees of
freedom, respectively, of the atom. T,,, represents the time while atom and laser
keep on interacting before the Doppler shift breaks the resonance condition. T,
represents the lifetime of the excited state. The internal degrees of freedom evolve
much faster than the external ones, so that the atomic wave packet will be still
localized after one cycle of absorption and emission.

The quantum mechanical operators of the position and momentum of the atom can
so be treated as classical variables 7 and p, and an expression for the light-induced
force can be written as:

where V,;, is the atom-vacuum coupling operator.
Considering the mean value of eq.(2.8), we can neglect the V,, operator, since spon-

taneous emission is random and isotropic and on average is zero. The mean force



Z has now the form:
F=(F)y=—(YUy) =Tr(6Vy) (2.9)

where & is the density matrix operator.

The entries of the density matrix are coupled by a set of differential equations,
usually called Optical Bloch Equations (OBE). By solving the OBE in the steady-
state case (‘;—f = 0) for an atom at rest, eq.(2.9) can be written as:

F = —hQ(F)(uga(F) + v B(F)) (2.10)

with a = %g) and = V¢ (7).

The terms uy and v, are the steady-state solutions of the OBE and can be expressed

as:
6 s
b = 0 1+s
s (2.11)
Vs T 5071+s '

where s is the saturation parameter and has the form:

02/2 (2.12)
S=——7— .
55 +T2/4
A more detailed solution of this problem can be found in [33].
To better understand the role of these solution, it is useful to look at the mean value
of the electric dipole operator:

(d.,) = Tr(6d) = d(u,, cos(w, t +¢) — v,, sin(w, t +$)) (2.13)

We see that the components u and v, are proportional to the in-phase and quadra-
ture components respectively of the dipole operator. The term of the radial force
proportional to u, is so a conservative one while the one proportional to v is a
dissipative one. In eq.(2.10), the term proportional to the gradient of the Rabi fre-
quency and to ug is called dipole force, while the one proportional to the gradient
of the phase and to v, is called radiative pressure. The solution of eq.(2.13) tells
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us that the dipole force is conservative while the other is dissipative. Moreover the
dipole force is due to stimulated processes while the other to spontaneous emission.
Their features will be described in the following paragraphs.

2.2.1 Radiative pressure and dipole force

We can apply our results to the very simple case of an incident plane wave, which
has an electric field of the form:

E =¢é8, cos(w,t —k, - ) (2.14)

Since the amplitude of the field &, is uniform, the gradient of the Rabi frequency

is zero and the dipole force too. The gradient of the phase is V¢ = —EL and the
radiative pressure becomes:
S S
Frad = Tk — 2.15
T2 1 s (213)
or in an equivalent way:
Foy =y /2 (2.16)
T2 52 402/2 +12/4 '

As the plane wave, the force is opposite respect to the atom’s direction. When
the laser saturates the transition (s — o0), the force reaches its maximum value
Fuax = hkLg. For the °Li case this corresponds in having a maximum acceleration
of the order of ay ¢ ~ 10° g, where g is the gravitational acceleration. The equation
(2.15) tells us that the force is equal to the transferred momentum hl_éL of a single

photon times the average number of photons absorbed per second, which in a two
I s

2 1+s”

The addition of a second identical plane wave, counter propagating respect to the

level system is just

previous one, will create a standing wave with electric field
E, = €&, cos(k;x)cos(ew; t) (2.17)

whose amplitude, equal to &, cos(k;x) isn’t uniform anymore, while the phase is
zero. The gradient of the Rabi frequency is no more null and neither the dipole
force.

As previously said, the dipole force arises from the stimulated emission process. We
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can imagine that the atom absorbs one photon, for example with wave vector EL
and then it emits another one with wave vector —I?L by stimulated emission in the
other laser field.

The dipole force can be written now as:

ns, V2

T =~ 52+ (%4 +(92%/2)

(2.18)

where U = % In (1 + (rzn/z%so)' We see that the dipole force is a conservative one.
We can also notice that both the force and the potential depend linearly on the
detuning &,: in the red detuning case (0, < 0), we have a negative potential energy
and so a trapping potential, otherwise in the blue detuning case, (6, > 0), the

potential becomes repulsive.
2.2.2 Force on a moving atom

We will now extend the results from the previous section to the case of a mov-
ing atom, but the treatment won’t be very different from the previous one. Having
assumed T, < T,,, we can neglect the variation of the atom velocity during the
timescale of the internal variables: the velocity is assumed constant for the calcu-
lation of the force. The only relevant change we have to make is in the detuning
expression, since the Doppler effect needs to be taken into account. The laser elec-
tromagnetic wave with frequency w and wave vector EL will have frequency w—EL -V
in the atom’s frame, where V is the velocity of the atom itself. In the case of the in-
cident plane wave we can write the same expression for the force as in (2.15), just
with the addition of the Doppler effect:

—

- Q*/4
grad = TikLF

(wp + kv — wa)? +(I2/4) +(92%/2)

(2.19)

It is more convenient to introduce the substitution Q =T ﬁ, where I is the inten-

sity of the beam and I, the saturation intensity of the atomic system. The expression
(2.19) now reads as:
. T 1/I

= hk, — -
Frad n L21+I/Is+(2(50+kLV)/F)2

(2.20)
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The behavior of this force is reported in figure 2.3. The force is maximum at the
condition of zero effective detuning 6 = 6, + k; v and has a Lorentzian shape for
small intensities. When the laser intensity is raised, the force broadens and saturates

for all the velocity classes at the value Zyux.

05 — =100
— 7=25
0.4 —i1=1
1=0.1
= 0.3
&
2
S 0.2
L
0.1-

-4 -2 0 2 4

detuning [T']

Figure 2.3: Behavior of the dissipative component of the radial force in function
of the detuning 6 = 6, + k,v, at different intensities i = I/I,. The detuning is
expressed in unities of I", while the force in unities of fik;I". The force is maximum
when the Doppler shift compensate for the difference among the laser frequency
and the atomic transition (6 = 0). At small intensities the force has a Lorentzian
shape while at higher intensities the force broadens over different velocity classes.

2.3 Optical Molasses

In order to create a viscous force, T. Hansch and A. Schalow [28] proposed to
combine two red detuned plane wave with opposite wave vectors. The forces cre-

ated by the two beam can be written as:

1/1;

T+1/1,+ (208, £ k,v)/T)? (2.21)

_,:l: - E
FE = +hK,
2

rad =

where the plus sign indicates the wave propagating against the atom, and the minus
sign the one with the same direction of the atom.
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In the case of no interference among the beams, they can be considered as acting
independently on the atom. The total force is just the sum of the two forces of
eq.(2.21), which in the limit of small velocities and intensities has the form:

T =hk,—— (2.22)
2L 1+ B(82 4 k2vD) + 18(52 — k2v2)?

The force is linear in the detuning, which controls the direction of it. In the case of

red detuning, the force has the same direction of the laser beam going against the

atom. In figure 2.4 the behavior of this force is reported in function of k;v.
Considering the case of small velocities around v = 0, and assuming |k, v| < &,

Optical Molasses force

0.4

o
N

o

force [hkrI/2I5)

|
o
N

-0.4

velocity [krv]

Figure 2.4: Behavior of the radial force of a molasses. The blue and the red lines
are the forces of the single beams. The black one is their combined action. For small
velocities the slope of the curve is linear and negative, as a typical viscous force.
Arbitrary values have been set for the parameters as: |6, =T = 1 MHz.

and |k, v| < T, the expression (2.22) reads as:

g = gL 2007

ma = MK 26, TR (2.23)
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We see that, if 6, < 0, the radial force assumes the typical expression of a viscous
force: Z.,41 = —a¥, with a positive and equal to:
I 2[5,|/T

= 4hk%— 2.24
* MIs (14 (28,/T)2)° (220

The Doppler effect makes the atom more resonant with the counter propagating
one, forcing it to scatter more backwards than forward.

2.3.1 Cooling Limit

Light beams can be used to slow atoms down with a consequent reduction of
the temperature of the atomic system. But there is a limit temperature that can be
reached. First of all we have to consider that photons act more or less as a thermal
bath and so atoms cannot have an energy lower than the one of the photons. Even
if the mean value of the spontaneous process is zero, each atom after spontaneously
emitting acquires a random momentum fik; which can increase its energy, so raising

the temperature of the system. We can roughly define a minimum temperature:
T.  =- (2.25)

which represents a lower bound to our cooling technique.

What actually happens is that the random recoil of the atom due to the spontaneous
emission forces the atom itself to perform a random walk of step size fik; in mo-
mentum space. This induces a heating mechanism which reduces the cooling effect
of the molasses.

When equilibrium among the opposing effects is reached, the temperature of the
system can be expressed as:

Al 1+ (28,/T)?
ky,T = ——————— 2.26
T4 215,|/T (2.26)
which for 6, = —I'/2 has a minimum temperature:

r
Ky Tin =1 (2.27)
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This limit temperature is usually called Doppler temperature, and in the case of °Li
it’s of the order of 140uK.

2.4 The Magneto-Optical Trap

Since the force in a molasses is just a viscous one, atoms cannot be trapped in it.

After some time spent in the molasses any atom will escape from it. This can also be
seen as a consequence of the optical Earnshaw theorem which claims that the only
radiative pressure cannot be used in order to create a minimum of potential energy
where neutral atoms could be trapped.
After J. Dalibard’s proposal in 1986, D. Pritchard and collaborators [34] succeeded
in trapping a relevant amount of cold atoms. Their solution relied on the addition of
a magnetic field gradient to two counter propagating beams with opposite circular
polarizations. This configuration is nowadays called Magneto-Optical Trap (MOT)
and from the very beginning has been considered as the starting point for ultracold
atoms experiments.

2.4.1 MOT Doppler Theory

In the simple one-dimensional case, the MOT configuration consists of two counter
propagating red detuned laser beams with opposite circular polarization, namely o*
and o, with the addition of an inhomogeneous magnetic field. The field magni-
tude is zero in the center of the trap and increases linearly along the direction of
propagation of the beams. This position dependent Zeeman effect will affect the
force acting on the atoms. The example of this scheme for an atom with ground
state with F = 0 and excited one with F’ = 1 is reported in figure 2.5. If the field
has the form B = bZ, the hyperfine energy levels of the atom will be shifted by an
amount AE = u'bz due to the Zeeman effect, with u’ = uzgmg.. The presence of
the circular polarization will cause the atom to interact more with the beam push-
ing it towards the center of the trap and the red detuning of the beams will cool the
atom at the same time.

In (2.21) we have now to consider the shifts caused by the Zeeman effect in the
detuning:
1/1,
1+1/1,+ (2(80 = (kyv + £22))/T)?

—

£ _ g L
Ty = hK,

(2.28)
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mF= -1 AE mF= 1
m =0 m =0
mg= 1 me=- 1
ot g
m=0
0 X
B

Figure 2.5: Scheme of the MOT. The addition of circular polarization to the beams
makes the atoms more interacting with the counter propagating one, as if there
were a restoring force towards the center of the trap.

Considering the limits k; v < 6, and AE/h < &, the global force of the two beams

becomes:
F o= ik, ~—200/T 54 O (2.29)
T T A @6/ T '

which can be written as:

—

Fradr = —V —KZ (2.30)
where we have set:
g=¥P (2.31)
=—a .
fik,

In the red detuning case, both a and K are positive and eq.(2.30) can be seen as the
one of a damped harmonic oscillator. We can write the differential equation of the
atomic motion as:

E+yi+wy, z=0 (2.32)
where we have set y = 2 and w, = %

An efficient trapping is achieved when the overdamping condition, namely { =

Y
2Wtrap

a region of space around the center of the trap.

> 1, is satisfied. In this way atoms are simultaneously cooled and confined in
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2.4.2 The capture range and velocity

The capture range r. is the maximum distance an atom can have from the MOT
center to be trapped, while the capture velocity v is the analogous for the atom’s
velocity.

The capture radius can be approximated as the point where an atom at rest is in
resonance with the pushing back MOT beam, and so

_ 5oh

(2.33)

The capture velocity is the maximum velocity an atom can have in order to be
effectively trapped by the MOT, if it travels across the entire length of the trap which
is indicated as 2r, where r is the radius of the laser beams.

To estimate the capture velocity, we first look at the position-velocity phase diagram.

The confining force has two maxima along these two lines:

u' bz
50 + kLV + T =0
u' bz

In the small intensities limit, we can assume that the force quickly decreases moving
away from the position of zero effective detuning, so the atoms that in the coordi-
nate system (z,v) lye outside the region between the two lines of eqs.(2.34) have
low probability of getting trapped, unlike the ones in the inside. We may say that
the trapped atoms have initial conditions so that the absolute value of the derivative
of their velocity respect to the position is equal to or greater than the slope of the
two lines of eqs.(2.34), which can be written as:

dv

dv
dz

dz

>

=— (2.35)

atom line

The critical condition is reached when the relation in (2.35) turns into an equality.

Considering & = 44t = L,

the expression for the critical velocity v, becomes:
hk, F  Rk*> T s
v, = — = e
C wWbM  uw'b2M1+s

(2.36)
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The value for the magnetic field gradient is found imposing a resonance condition
among the beam and an atom at rest at a distance r from the center:

nl6
= 115
u'r

(2.37)

MOT’s beams usually have a radius of the order of half inch, because of the limita-
tions due to lenses and mirrors. We decided to perform a simulation of the dynam-
ics of the atoms in the MOT to find reasonable values for experimental parameters.
Usually MOT’s beams have a detuning of the order of —2 ~ 3TI", but to enlarge the
area among the two lines of eq.(2.34), we set the value of the detuning at 6, = —6T".
From eq.(2.37) we found a magnetic field gradient of about 25 Gauss/cm. The plots
of the trajectories in the phase space diagram, with different intensity conditions,
are reported in figure 2.6. The two plots represent the dynamics in a MOT for differ-
ent values of the intensities: on the top s = 0.1 and { ~= 0.2, on the bottom s = 2,
and { ~ 1. In the small intensities case the atom perform a sort of whirlpool-like mo-
tion because of the small damping, while in the other are immediately sucked into
the center. When s is raised, also atoms starting from outside the red lines (condi-
tion from eq.(2.34)) are trapped, because of the broadening of the force (paragraph
2.2.2). The capture velocities is 60 m/s in the small intensities case while around
250 m/s in the large intensities one. If in the left picture this critical condition is
well satisfied, in the large intensities limit atoms with velocities above 80 m/s are
not trapped. This is due to the reduced size of the MOT beams, which is only one
inch in diameter, preventing the configuration to be effective also for those veloci-
ties.

This theory describes the interactions among a laser field and a two-level atomic
system. However, it describes well also the case of laser cooling of real multilevel
atom. As we will see later, the experimental results we obtained are in good agree-
ment with the ones of the theoretical calculation developed in this chapter.

2.5 Sub Doppler cooling

The theory developed before deals essentially with one dimensional cases and
two level atom system, but it is quite obvious that real systems work differently.
Moreover experiments performed for the realization of molasseses and MOTs usu-
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Figure 2.6: Dynamics of the MOT for the small intensities regime (top) and for the
large intensities one.The key parameter in the description of the MOT dynamics is

a

the damping term ¢ = Wd {>1 means overdamped motion, while 0 < { < 1

means just damped.
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ally require large intensities for the laser beams, quite above the saturation thresh-
old, and in this case interference effects cannot be neglected.

But just after the Dalibard’s proposal, several experiments reported the achievement
of temperatures well below the Doppler one. In 1988, in one of the first experiments
on the sodium molasses, W. Phillips and collaborators [35] registered a temperature
of 40 uK while the expected one was of the order of 240 uK. The theoretical expla-
nation of this phenomenon, mainly achieved by C. Cohen-Tannoudji, relies on the
presence of a polarization gradient due to the interference of the beams. From the
interplay between this polarization gradient and the hyperfine splitting of the atom,
a spatially dependent optical pumping scheme arises. With a naive picture, the op-
tical pumping forces the atoms to occupy the hyperfine level with lowest energy,
which is different from point to point because of the polarization gradient. When
moving away from a local minimum, the atom, before stopping and inverting its
motion, is optically pumped to another minimum and so forced to burn its remain-
ing kinetic energy.

This scheme is called Sub-Doppler cooling and allows to reach temperatures far be-
low the Doppler one. However, the Sub-Doppler theory is valid until temperatures
of the order of the recoil energy of the photon are reached, since below this point
the semi-classical treatment stops to be valid.

For the lithium case, when cooling using the D2 line transition (paragraph 3.1),
the Sub-Doppler cooling is not efficient and a temperature below the Doppler one
cannot be reached. This is due to the small energy separation of the levels of the
excited state, which doesn’t allow to have any close transition. The optical pumping
scheme is so inefficient and consequently the whole sub-Doppler mechanism fails.
A typical value of the temperature in a lithium MOT is of the order of 1-2 mK, while
the expected temperature is around 140 uK. However it is possible to reduce this
temperature using the so-called compressed MOT stage (CMOT). In the CMOT, af-
ter having load a sufficient amount of atoms into the MOT, the repumper intensity
is reduced, typically around 1-2% of the initial value and the gradient of the MOT
magnetic field increased. After a short period of time, all the atoms fall into a dark
state and so they do not scatter anymore with the photons of the cooling beams. In
this way the heating effect is reduced. The CMOT stage works for a limited amount
of time, since atoms will escape from the trap if no laser beam acts on them. By the

way, with this trick it is possible to achieve temperatures around 300 uK, making
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the following dipole trap loading much easier.

By the way, recent advances in laser technology have allowed to succeed in the
realization of a MOT using the 2S;,, — 3P;, transition at 323 nm (XUV range).
Because of its more narrow linewidth (I"' = 27t - 159 KHz), a final temperature of 59
uK was achieved [36].






Experimental apparatus

In this chapter we will show the experimental apparatus developed and built for the
realization of a cold sample of fermionic lithium atoms.

First we explain the properties of the atomic species we decided to cool down and then
we describe the real experimental setup which is composed by two complementary parts.
The first part is the optical system composed by the laser sources and the optical ele-
ments used to manipulate the laser light. The second one is an ultra-high vacuum
system, composed by an oven, where the atomic vapor is originally produced, by the
differential pumping system, by a Zeeman slower, which represents the first step of the
cooling scheme, and by a science chamber;, where the last steps of the cooling procedure
are done and where all the relevant physics experiments will be performed.

3.1 Lithium 6

The atomic species we use in our experiment is the fermionic isotope of alkali
lithium (Li), ®Li. With just one s-electron in the outer shell, we have S = % and
L = 0. The nuclear angular momentum is I = 1 and so the vector F = L +S +1,
which gives origin to the hyperfine structure, will just have half integer values,
justifying the fermionic character of the isotope. However it is also common to
distinguish the different transitions only by their J = L + S quantum number. The
281,y — 2Py, is called the D1 transition, while the 2S;,, — 2P;/, is called the D2
transition. We decide to develop our cooling scheme on the D2 line. The advantage
respect to the D1 line is that the D2 transition has a lower saturation intensity I

sat —

2.56 mW/cm?, so that it requires less laser power. Moreover, from a theoretical
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Figure 3.1: Hyperfine structure of °Li at zero magnetic field. The D1 and D2 tran-
sitions are reported. The different a; coefficients that appear in the figure are the
hyperfine constants of the different energy levels.

point of view, the only closed transition in this system is the F = 3/2 — F' =5/2
transition contained in the hyperfine structure of the D2 line. However, since the
natural linewidth of the transition (I'/27 = 5.9 MHZ) is larger than the hyperfine
splitting of the excited state (namely 4.4 MHz), the hyperfine structure cannot be
resolved in the absorption spectrum. As a consequence, we can’t avoid that some
atoms decay into the F = 1/2 state of the ground state, whose separation from the
F = 3/2 is very large instead, i.e. 228 MHZ. These atoms are, hence, lost from the
cooling cycle and in order to recover them we will need another frequency which
should pump the atoms from the 2 %S, /2 |[F = 1/2) state to the excited level. These
transitions are respectively called cooling and repumper (figure 3.2). The hyperfine
structure of °Li at zero field is sketched in figure 3.1.
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3.1.1 Why lithium?

Lithium is one of the most exploited atomic species to produce quantum degener-
ate gases and in particular °Li is one of the only two stable fermionic isotopes in all
the alkali elements, the other one being the “°K. The great interest in using lithium 6
for realizing toy models of condensed matter systems is because of the presence of a
broad Feshbach resonance among the two lowest hyperfine levels, which is located
at 834 Gauss.

The Feshbach resonance comes from nuclear physics but has become a fundamental
ingredient in the ultracold atoms research field. The presence of a Feshbach reso-
nance in an ultracold atomic sample allows to tune the scattering length of the two
body scattering process [7, 37]. For example, in the zero magnetic field case, two
free atoms can interact through a certain potential called open channel. It may also
occur that when those atoms occupy different internal states, their interaction is
controlled by a different potential. This potential requires an activation energy that
at zero field is higher than the one of the open channel, and so scattering through
this potential is forbidden: this is called a closed channel (figure 3.4). But the sit-
uation may change if the hyperfine states among the two different channels have a

F=3/2

Figure 3.2: Optical transition required in our cooling scheme. The 2 S, ,|F =
3/2) — 2 PP, is called cooling. The S, »|F = 1/2) — 2 %P, , is called repumper
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different magnetic moment. In this way, by applying a magnetic field, we can also
change the relative energy among the channels and bring the energy of the closed
channel close to or quasi-resonant with the one of the open channel. A Feshbach
resonance occurs when the state in the open channel energetically approaches one
of the possible bound states of the closed channel. In this way the open channel
couples to the closed one and the free atoms "virtually" occupy the bound state.
This affects the scattering phase shift and so the real value of the scattering length.
The scattering length a in lithium 6 can be tuned ranging from large negative values
(~ —00) to large positive ones (~ +00) as shown in picture 3.4 and its value can be
evaluated from the formula:

AB
a=ay ( 1+ 55 (3.1)

where ay, is the background scattering length, AB is the amplitude of the resonance
and B, its position. For °Li we have ap, = —1405qa, where q, is the Bohr radius,
AB = 300 Gauss and B, = 834 Gauss.

In this scenario we can identify three different situations (figure 3.3) for our atomic
system:

e a<O0: Attractive side. The energy of the bound state in the closed channel is
above the scattering continuum of the open channel and the atoms virtually
occupy the bound state. Through calculations with second order perturba-
tion theory, the hyperfine coupling among the scattering continuum and the
closed channel lower the energy of the free atoms. The atoms feel an attractive
potential and the scattering length becomes negative. We know that a degen-
erate Fermi gas (DFG) is unstable towards any attractive interaction (Cooper
problem), even infinitely small ones. In this situation Cooper-like pairs form
on the edge of the Fermi sphere of the DFG. For this reason this side of the
resonance is usually called BCS side.

e a>0: Repulsive side. The energy of the bound state is below the open chan-
nel and the atoms feel a repulsive potential. However the atoms, due to
three body processes, can "physically" occupy the bound state and form stable
molecules, called Feshbach molecules. In the three body scattering process,
one atom absorbs the binding energy for the molecule creation allowing the
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Figure 3.3: Many-body scenario of a DFG of °Li atoms close to the Feshbach reso-
nance at 834 Gauss.

remaining two to pair up. When we are close to the resonance and a is quite
large, these molecules are usually in the highest possible roto-vibrational state
among all the possible bound states of the closed channel. Even if they are
very large and weakly bound, these molecules last for very long time. Be-
cause of their large size, even if the molecules should behave like bosons, the
fermionic nature of the two atoms prevails [38]. Pauli exclusion principle acts
as a "statistical" shield on these molecules, almost completely suppressing two
and three body collisions in the system. On this side of the resonance, the
binding energy of the molecules is described by the formula: E, = —mﬁ—;. This
means that when a is large the molecules aren’t tight, but when a decreases, so
when we go away from the resonance, their binding energy increases and all
the molecules get tighter and tighter, increasing more and more their bosonic
character. If the temperature is low enough, these fermionic molecules un-
dergo Bose-Einstein Condensation (BEC). This is why this side is called BEC
side.

However, when tight condensed molecules appear, two and three body losses
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(a)

energy

(b)

bound state

closed channel

IAM-B
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interatomic distance

Figure 3.4: a): Elementary way of explaining the concept of closed and open chan-
nels. b): Variation of the scattering length and relative position of the closed channel
threshold respect to the open channel one. In pale blue the behavior of the binding
energy is sketched. On the left this value is quite high and the DFG turns into a
BEC. On the BCS side the binding energy of the Cooper-like pairs (BCS gap) decays
exponentially. Picture taken from [39].

are no more forbidden by Pauli’s principle and consequently the lifetime of the
system is extremely decreased. These molecules stay in highly excited states,
even if in low roto-vibrational levels. When three body processes happen, two
atoms get bounded in the molecular ground state, while the third one absorbs
all the large binding energy left behind. This atom with large kinetic energy
heats the system up, breaking the quantum degeneracy regime.

a=oo Unitary regime. Very close to the Feshbach resonance the scattering
length diverges and the DFG becomes strongly interacting. But all the proper-
ties of the system can be described by just two parameters: the Fermi energy
E; and the Fermi momentum k; which set the energy and momentum scales
of the whole system respectively. The physical properties of the DFG are said
to be universal, which means that they can be found in other different systems
such as neutron stars or atomic nuclei. The only different parameter among
these systems is their density, which goes from approximately 10'? atoms/cm?
in ultracold atomic sample till the huge value of 10%® atoms/cm? in neutron
star.

This regime is usually called BEC-BCS crossover since it connects the BEC limit
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and the BCS limit across a Feshbach resonance. Despite the divergence of the
scattering length the crossover from one side of the resonance to the other
one is smooth, and adiabatic switches of the magnetic field value may allow
to explore the different regimes during the same experimental cycle.

3.2 Optical system

3.2.1 Laser Sources

As we have seen, two frequency are needed to cool and repump the atoms. Since

their difference is around 228 MHz, we can use a single laser source. Our master
laser is a Tapered Amplifier High Power Diode Laser produced by TOPTICA. At room
temperature and with an injected current of 520 mA, the laser cavity (seed or mas-
ter oscillator) can produce a beam at 671 nm with a maximum power of 20 mW.
Outside the seed two optical isolators are placed. After the isolators, the light has
to pass through a Master Oscillator Power Amplifier (MOPA). The MOPA increases
the power of the laser light till a maximum value of 400 mW, without changing its
wavelenght. This whole laser source is placed on an isolated optical table, different
from the one where the vacuum system is located. The light for the experiment will
be brought from this table to the one of the vacuum system by polarization main-
taining optical fibers.
Since in our experiment different wavelengths are needed to efficiently run the
slower and the MOT, on the laser table a specific optical path has been realized (fig-
ure 3.5) in order to create different beams with the proper value of wavelength and
intensity. The changes in frequency are done by making the beams pass through
Acousto-Optic Modulators (AOMs). AOMs are devices which contain a quartz crys-
tal connected to a piezo-electric transducer. When oscillating, the transducer creates
a sound wave with a tunable frequency which travels inside the quartz. Thanks to
photon-phonon interaction, the frequency of the laser wavelength can be changed
by an amount equal to the frequency of the oscillating sound wave. Some of the
beams have also to pass through an optical amplifier, in order to have their intensity
increased. On our table we have put two different optical amplifiers, always pro-
duced by TOPTICA, and each one, if injected with 20 mW of laser light at 671 nm,
can produce a maximum of 400 mW of laser light at the same wavelength.
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Figure 3.5: Sketch of the optical path realized on the laser table. The values of
frequency and power are the ones of the initial theoretical calculation.
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3.2.2 Saturated Absorption Spectroscopy Cell

A fundamental element of our apparatus is the cell used to perform Saturated
Absorption Spectroscopy (SAS) of the °Li vapor. SAS is used to lock the laser fre-
quency to an absolute value of reference, which in our case is the D2 line transition
in °Li. The cell is placed above the laser’s optical table in order to prevent heating of
the optical elements placed on it, since the SAS cell has to reach temperature higher
than 340°C to efficiently run. The cell is an elongated tube with two windows on
the extremities. In the middle there is a cap used to lodge the lithium once put
in the cell and a valve which connects the cell to a pre-vacuum system and to an
argon reservoir. To load the lithium in the cell, we first put under vacuum the cell
with both the scroll pump and the turbo pump of the pre-vacuum system. Then we
flux argon inside the cell and, after turning down the turbo pump, we open one of
the two windows. The argon pressure has to be high enough in order to feel with
bare hands an argon flux coming out from the open window. This helps remov-
ing oxygen inside the chamber and in the proximity of the open window. Then we
open the lithium beaker and quickly put it inside the chamber in order to prevent
oxidation. After closing the windows, we turn on the pumps and later flux some
argon in the cell. This time we control the argon flux inside the cell with the help
of a metering valve. In this way we can finely tune the argon pressure inside the
chamber, avoiding to overload the turbo pump. After reaching an argon pressure of
200 mTorr, we perform for one night the baking of the cell at 200°C to clean both
the cell and the lithium sample. The baking is done with the argon valve open and
in order to have a constant argon pressure in the cell, which reduces the mean free
path of Li atoms, preventing them to stick on the windows. After the baking we
reduce the argon pressure inside the cell till a value of 10 mTorr [40]. This value
of pressure always prevents lithium to stick on the windows but also minimize the
pressure Doppler-broadening of the absorption signal which is checked by shining a
single laser beam through the cell, while its frequency is scanned across the atomic
transition. After this the cell is closed and detached from the pumps and the argon
tank and put on its own table, where it will be thermally isolated from the optical
elements next to it (figure 3.6), since for an optimal signal in SAS a temperature
of 370°C is required. The description of the SAS techniques and the related signals
used to lock the laser is written in the following sections.



32 Chapter 3: Exp. Apparatus

Figure 3.6: Picture of the SAS cell on its own optical table. The cell is wrapped with
a heating tape and then insulated with fiberglass tape and aluminum foils. Thermal
bricks have been put close to it to reduce heating of the optical system.

3.3 Laser Locking

The frequency of a laser light beam can shift and change in time if an accurate

locking scheme is not realized. Undesired thermal and current fluctuations happen
very frequently during the experiment and can induce a variation of the order of 1
GHz in the laser frequency. For an ultracold sample of atoms this clearly represents
a significative problem since the linewidth of the optical transitions is typically of
the order of some MHz.
To properly stabilize the laser frequency, we need to observe the absorption spec-
trum first. In our case we decided to use Saturated Absorption Spectroscopy (SAS)
technique to achieve this goal. The key feature in SAS is the absence of the Doppler
broadening effect in the absorption line, therefore the exact frequency of the transi-
tion can be observed.

3.3.1 Saturated Absorption Spectroscopy

Transition lines in atomic vapors are generally hidden and broadened due to
the Doppler effect. Because of this, the narrow Lorentzian profile of any atomic
transition will be turned into a large Gaussian one, preventing us from resolving the
structure of the atom.

One way to make the transition lines emerge is to use two counter propagating
laser beams, called here and after probe and pump beam. The pump beam usually
has a larger intensity to saturate the transition. For this reason, this technique is
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named Saturated Absorption Spectroscopy (SAS). The two beams cross inside the
vapor cell. Any atom, because of the Doppler effect, will see the two beams with
different frequency and cannot be in resonance with both of them unless it has zero
velocity (figure 3.7). These atoms will be first excited by the pump and then by
stimulated emission transferred again into the ground state. This will consequently
add a photon to the laser field, increasing the transmitted intensity at this specific
frequency.

In our case, instead of having a two level system, we have a three level one, with a
two level ground state and one excited level. The transitions from the two different
ground states have different energies, namely w; and w,. In the absorption signal
we will see three different dimples. Two of them are due to the resonance of the
zero-velocity class at the frequencies w; and w,. The other one is called cross-over
signal and is due to the resonance of a non-zero-velocity class of atoms with both
beams (figure 3.8). This can happen if some atoms have velocity v such that:

Wy, =W k-v =w,
W, =w, +k-V =w, (3.2)
This means:
- WZ - Wl
k-vV=—"— (3.3)
2
and more importantly:
wi+w,
wy=———" (3.4)

The atoms will be excited by the pump and then will spontaneously decay into the
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Figure 3.7: Saturated Absorption for the zero velocity class in a two level atom. The
pump saturates the transition (a). Because of stimulated emission from the excited
level to the ground state (b), the probe intensity is enhanced (c).
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Figure 3.8: Representation of the three levels scheme (a) and absorption process
happening when egs.(3.3) and (3.4) are satisfied. Atoms from the |g;) ground state
are optically pumped by the pump to the |g,) state (b), or viceversa. The transition
of interest to the probe, namely the |g,) — |e), is no more saturated. The outcoming
probe beam will have a reduced intensity due to absorption (c).

other ground level. Therefore the transition resonant with the probe will have more
atoms to excite. This will induce an enhancement of the absorption and a lowering
of the transmitted intensity, as it can be seen in figure 3.9.

The emergence of these sharp dimples is very useful to us, because they create
stationary points in the absorption signal which can give us a reference to be ex-
ploited in order to lock the frequency through a feedback control system. This will
be explained in the following sections.

Frequency Modulation Spectroscopy

Frequency Modulation Spectroscopy (FMS) allows to obtain the derivative of the
absorption signal, generally called error signal, which represents the reference for
the locking procedure. When scanning through an atomic transition, the addition
of controlled time-dependent modulation in the diode current changes the equation
for the transmitted intensity I, as:

I;[v(t)] =I;[v + msin(wt)] (3.5)

where msin(wt) is the modulation induced by the diode current, with m < 1.
Assuming the diode current modulation much faster than the one provided by the
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Figure 3.9: SAS signal from the D2 line of ®Li (black line). The blue line represents
the piezo modulation and the purple one are the modes of a Fabry-Perot cavity used
as reference. These peaks are separated by 1.25 GHz. The black line shows very
well the appearance of the Doppler free dimples. Those indicated by F = 3/2 and
F = 1/2 are due to the resonance of the zero velocity class at the exact value of
the two atomic transitions. The one indicated by C.O. is the cross-over signal. The
zero of the x-axis is set at the frequency of F=3/2. Thanks to the reference of the
Fabri-Perot we could effectively check that the separation among the F=3/2 and the
F=1/2 state is 228 MHz.

piezo scan, with some trigonometric trick, eq.(3.5) can be written as:
m? d?I, ‘ di, m*d’l,
I;{v()]=|I; +— " +... | +sin(wt) | m— + +.. |+

dv ' 8 dv3
(200) m? dZIT+
cos(2w PR TR

This is actually a sum of a constant term (DC term) with an infinite amount of

(3.6)

AC terms which oscillate at integer multiples of the frequency of the diode current
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modulation.

Using a lock-in amplifier, we can perform phase-sensitive detection at a frequency
equal to w, and isolate only the component oscillating at that frequency. Since m is
small, we find that the amplitude of this oscillation is proportional to the derivative
of the absorption signal (figure 3.10).

The zero crossing of the derivative at the atomic transition is a good reference, but it

®Li D2 line- Frequency Modulation
1500

1 40.78
1000 -

1 0.76
500
0.74

1 0.72
-500

0.70

Lock-in signal (arb. units)

-1000 -

Sat. Spectroscopy Signal (Volt)

-40.68

-1500 , , ,
0 100 200
Frequency scan (MHZ)

Figure 3.10: Absorption signal (red line) and error signal (black line) of the FM
signal. The error signal is the derivative of the absorption signal. The zero of the
x-axis is set at the frequency of F=3/2.

doesn’t always happen at the desired point. This is due to Fabry-Perot effects, both in
the windows and in the laser cavity itself, that introduce an offset in the derivative of
the signal. This causes the zero-crossing not to exactly be at the transition frequency.

Modulation Transfer Spectroscopy

Modulation Transfer Spectroscopy (MTS) allows to achieve a better stabilization
in the wavelength locking. MTS is performed using the same counter propagat-
ing beams as in FMS, but this time the pump beam passes through an Electro-
Optical Modulator (EOM). EOMs are devices made out of a non-linear material
which changes its refractive index in function of an applied external electric field.
In this way an incoming electro-magnetic wave will experience a phase shift when
passing through the EOM. If the external field has an oscillating behavior, the mod-
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ulation of the electric field of the wave can be expressed as:
E= Eoei(u)i-i-M sin Qt) (37)

where E, is the incoming field and E the out coming one, w; the frequency of
the incoming laser, Q2 the one of the oscillating applied electric field and M the
amplitude of this modulation. Assuming M < 1, we find from eq.(3.7):

E >~ Eye'®i(1 + iM sinQt) = Ey(e™ + Eel(wl‘—“) + Eel(wl'm)) (3.8)
After passing through the EOM, two specular and weak sidebands appear in the out
coming pump beam.
As shown in figure 3.11, the pump beam passes through the vapor cell where it
interacts with the probe. When crossing inside the vapor cell, due to non-linearities
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Figure 3.11: Optical scheme for the realization of MTS.

of the medium (the °Li vapor) and in particular due to effects of the third-order sus-
ceptibility y3, two specular sidebands appear also in the probe beam at a difference
in frequency corresponding to the modulation frequency. The generation of these
sidebands is due to a four-wave mixing process.

After passing through the cell the probe is detected by a photo-detector. Here, the
two sidebands beat on the detector and generate a signal composed by an in-phase
component (absorption signal) and a quadrature one (dispersion signal). Both the
absorption and the dispersion signal are odd functions of the detuning between the
laser and the resonance frequency. Any linear composition of them can be used as
an error signal in order to achieve laser locking (Fig 3.12).
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Respect to FMS this technique has several advantages. First of all, the four-wave
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Figure 3.12: MTS absorption signal (red line) and MTS error signal (black). The
error signal of the F = 3/2 — F’ = 5/2 is enhanced while the others, in particular
the cross-over, are weakened. The zero of the x-axis has been arbitrarily set at the
F =3/2 — F’ =5/2 transition.

mixing process happens only when the Doppler free resonance condition is satisfied
and the absorption baseline becomes independent respect to any change in laser
intensity or light polarization, leading to a zero background signal. Moreover the
position of the zero-crossing keeps constant and doesn’t slide away from the atomic
transition. Among other advantages, the modulation is performed by an external
object respect to the laser. In this way only the pump beam gets modulated, and not
all the light coming out from the laser cavity, as it occurs in the FMS case. Since the
error signal must be generated during the whole experimental sequence, if we use
current modulation as in FMS, we can’t avoid that all the light needed, not only the
one used in the spectroscopic apparatus, will have some unwanted trace of modu-
lation. Last but not least, the modulation frequency of the EOM can be very fast. In
our case, we set this frequency at the value of 12.5 MHz. This makes the locking
procedure more reliable, since the phase detecting software will experience less in-
fluence from noise sources, which are characterized by frequencies ranging from 10
to 100 KHz.

The error signal generated in our MTS scheme is shown in figure 3.12. Differently
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Figure 3.13: Overview of the experimental apparatus. The system starts on the left
where the oven is placed. After this there are the differential pumping and the
Zeeman slower. The system ends with the science chamber which has been colored
in gold. The whole length is around 180cm.

from the FMS case, the cross-over signal is not present anymore, because the four-
wave mixing process can happen only when the Doppler-free resonance condition
is satisfied. Moreover, the four-wave mixing process is efficient only for closed tran-
sitions. This explains why in figure 3.12 there is one large signal at the D2 line
position, thanks to the F = 3/2 — F’ = 5/2 transition, while the D1 signal is really

weak.

3.4 Vacuum system

Here we are going to describe the heart of our experimental apparatus, the vac-
uum system, whose global overview is sketched in figure 3.13.
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Figure 3.14: Lithium vapor pressure in function of absolute temperature. The black
circle shows the typical temperature at which Li experiments are usually performed.
Picture taken from [41].

3.4.1 The Oven

Since °Li is the less abundant of the two lithium isotopes (just 7% in nature), we
decided to put in our oven an enriched sample of lithium with a 95% component of
®Li (AMES Laboratory). The total amount of lithium is around 10 g. Differently from
other alkalis, the vapor pressure of lithium is very low at room temperature (figure
3.14). For this reason, lithium is heated till 390 - 400°C in a bent cap wrapped in
a heating ring. The cap acts as a lithium reservoir and, once heated up, allows the
vapor to enter the apparatus by a hole on one of its side (figure 3.15). The position
of this hole, called nozzle, is adjustable in order to achieve a better alignment of the
out coming atomic beam. After the nozzle, the atoms pass through the cold plate
which is a copper plate with an adjustable hole in its center, just like the one of the
nozzle. Since it is cooled from outside with the help of a Peltier cell, this plate acts
as a cold spot, where hot atoms which hit it will also stuck onto it. The purpose
of the cold plate is too stop from the beginning those atoms with a wrong velocity
direction for the cooling stage.

At the same height of the cold plate a titanium sublimation pump is located and
next to it there is a valve to connect the oven to the pre-vacuum system. Below all
of them an ion pump with a pumping speed of 75 L/s (STARCELL 75 L/s by Varian
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Inc.) is placed. All these pumps are used for drastically reduce the pressure both in
the oven and in the remaining part of the system. The bake out procedure will be
explained later.

In the last part of the oven an pneumatic shutter (DS450VPS-B Kurt Lesker) is found.
This element can stop the atomic beam towards the Zeeman slower and the science
chamber, putting a plate perpendicularly to their direction. In this way the thermal
atomic beam won’t interfere with the experiment in the science chamber once it is
started. During the loading time, the shutter’s plate will be placed alongside the
direction of the atoms, allowing their passage.

The oven is closed by an ultra high vacuum gate valve (MDC, model 303012-03-
11 DN40CF). This element, once closed, completely separates the oven from the
remaining apparatus. In this way when the experiment is off the closed gate avoids
undesired spreading of lithium in the rest of the apparatus, which can worsen the
pressure in it. A drawing of some parts of the oven is reported in figure

Shutter

Nozzle

To ionic pump

Lithium
Reservoir

Figure 3.15: Drawing of the oven. The lithium reservoir and the nozzle are at the
beginning of the system. After them there is the vacuum system. The gate valves
and the cold plate are not shown.
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3.4.2 Differential Pumping

After the gate valve there is the differential pumping stage, which is composed by
two narrow tubes, oriented along the direction of the atomic beam. The two tubes
are separated by 2.54 cm so that among them can operate both another pre-vacuum
system and a second ion pump, smaller than the previous one and with a pump-
ing speed of 55 L/s (STARCELL 55 L/s by Varian Inc.). The differential pumping is
closed by a manual valve, which segregates this stage from the Zeeman slower.

The conductance of the differential pumping tubes is really small so that we can
have a significant pressure difference between the oven and the science chamber.
The goal of the differential pumping is preventing, thanks to the small conductance
of the tubes, the pressure to equilibrate inside the system.

To estimate these difference, it is possible to treat the elements of our vacuum sys-
tem more or less as the ones of an electric circuit [42]. The Ohmic-like law gov-
erning our system is the one relating the gas flux Q to the pressure difference AP
among a channel of the system with conductance C and has the form:

Q=CAP 3.9)

The pumping elements are treated like elbows with conductance S, where S is their
effective pumping speed, connecting the system to the ground, which is treated like
a region with pressure equal to zero. For example, in the system represented in
figure 3.16, we obtain the relation:

P, C

= 3.10
P, C+S (3.10)

In our system, the differential pumping apparatus is schematically sketched in fig-

Figure 3.16: Two regions, with pressure P; and P,, are connected by an element
of conductance C. The pump connects the P, region to the ground by an elbow of
conductance S.
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ure 3.17. At room temperature, the conductance of a tube of diameter d and length
[ can be approximated by the formula:
d3

C=12.1T (3.11)

The conductance in (3.11) has the dimensions of L/s if the diameter and the length
are expressed in centimeters. The two tubes have a diameter of 4.6 mm and 7.7

Figure 3.17: The intermediate ion pump among the tube is represented with the
addition of another elbow to the ground.

mm and a length of 12.7 cm and 6.35 cm respectively. The ion pumps S; and S,
have a pumping speed of 55 L/s and 75 L/s respectively. These values lead to a ratio
among the pressures P, and P; of 3-107°. This means that if we manage to have a
relatively high pressure of 1077 mBar inside the oven, the pressure in the last part
of the experiment will equilibrate at a value of approximately 10~'? mBar, which is
an extremely good starting point for the preparation of a quantum degenerate gas.
It has to be noted that without the small ion pump, among the narrow tubes, the
pressure ratio would have been of the order of 1073: this would have required a
significant reduction in the oven pressure. The drawing of the differential pumping
components is reported in figure 3.18.

3.4.3 The Zeeman slower

The first laser cooling stage starts when the atoms enter the Zeeman slower. The
Zeeman slower is a tube wrapped in coils, which creates a spatially inhomogeneous
magnetic field. This magnetic field has to be calibrated in order to compensate
for the changes in the Doppler shifts when atoms are cooled down by a counter
propagating laser beam, entering into the system from a sapphire windows placed
behind the science chamber. The spatial variation of this magnetic field allow us not
to chirp the frequency of this laser beam.

As explained in paragraph 2.4.2, atoms can be trapped in a MOT only if they have
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Figure 3.18: Drawing of the differential pumping stage and of the two narrow tubes.
The ion pump is placed below their center.

a velocity lower than a certain one, called the capture velocity. The Zeeman slower
is meant to affect the velocity distribution of an atomic vapor in order to increase
the number of atoms with a velocity below the capture one. In our system, with an
oven temperature around 400°, the mean velocity of the atoms coming out from the
oven is around 1500 m/s, while the MOT is able to trap just atoms with a velocity
slower than 60 m/s.
The shape of the required magnetic field can be found imposing the condition of
maximum decelerating force acting on the atom. From eq.(2.21), we know that the
force has a maximum when the effective detuning A is zero, with:
AE(B)

Aeff=coL—w0+kLv—T (3.12)
where AE,(B) is the hyperfine splitting of the cooling transition, dependent on the
magnetic field.

For °Li atoms, as showed in figure 3.19, both the ground state’s and the excited
one’s hyperfine levels enter the high field regime, also called Paschen-Back regime,
at relatively small magnetic fields, i.e. for values larger than 100 Gauss for the
ground state and larger then 3 Gauss for the excited one. From this we decided
to set the cooling transition in the slower as the one from the |m;, = 1/2) in the
ground state manifold at high fields to the |m;, = 3/2) in the excited one (figure
3.19), which can be driven by a o™ polarized beam. In the Paschen-Back regime,
the hyperfine splitting among these states can be written as AE; (B) = ugB.
Putting it in the condition for zero effective detuning, we obtain the expression for
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Figure 3.19: Dependance of the hyperfine energy levels of °Li in function of the
magnetic field. Picture taken from [41].

the magnetic field:

i

Up
which, with the help of the kinematic formula at constant deceleration v*(z) =
v2 — 2az, gives us an expression as the following:

h
B= M—(Ao—i-km/vi2 — 2az) (3.14)
B

where v; represents the maximum velocity which is slowed down by the slower.
For our slower, we have set v; = 830 m/s and A, = —66.7T", where T" is the linewidth
of the cooling transition. Moreover it has been assumed a constant acceleration a
equal to one half of the maximum (eq. (2.15)), which corresponds in having the
laser intensity equal to one. The calculated magnetic field is reported in figure 3.20.
This configuration of the magnetic field is called spin flipping Zeeman slower, since
there is a region where the magnetic fields goes to zero. Here m, stops being a good
quantum number and it happens that some atoms exit the cooling cycle, which at
high fields is a closed transition, falling into the state |F = 1/2) of the ground state.
It is necessary to add another beam, called repumper, to bring back the atoms from
the dark state |F = 1/2) into the cooling cycle.
A big advantage of this configuration is that the slowed atoms coming out from the
Zeeman slower won’t be in resonance with the counter propagating beam while they
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Figure 3.20: Comparison between the ideal magnetic field and the one calculated
as superposition of the 9 coils of table 3.1.

travel towards the science chamber to load the MOT. Since this beam will have to be
on for some time in order to efficiently load the MOT with an abundant amount of
atoms, we'll need the already slowed down atoms to not interfere with the Zeeman
laser beam, and this is actually the case. Moreover the required magnetic field
doesn’t need much electric power to be generated, reducing so the heating of the
apparatus.

There were essentially other two possible solutions (figure 3.20) for our Zeeman
slower:

e Decreasing field configuration: the detuning is such that the magnetic field is
zero at the end of the slower. A relevant problem for this configuration is that
atoms come out from the slower in resonance with the slowing beam. Because
of their low velocity, it is possible that atoms are pushed back into the slower
and do not enter into the chamber. A typical value for the detuning is about
A =-10I"

e Increasing field configuration: the B field starts at zero and reaches a value
around -800 Gauss at the end of the slower (the minus signs means that the
current has a counter clock direction in the coils.) The disadvantage of this
configuration is that we have an high field in the proximity of science chamber,
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which can badly interfere with the field generated by the MOT. This large
magnetic field also requires a relevant dissipated power to be generated. This
may introduce undesired heating effect of the chamber.

In reason of this, we thought that the spin flipping slower better suits our needs.
To generate such a magnetic field we have found the system of coils reported in the
table 3.1 to be fine.

The theoretical magnetic field generated by the coils is reported in figure 3.20 and
it has been used in a simulation in MATHEMATICA to check if the atoms were actu-
ally slowed down when put in such a field. As shown in figure 3.21, the velocities
of the atoms are really affected by the combination of a counter propagating laser
beam and the designed magnetic field and all the atoms having an initial velocity
below 830 m/s exit the slower with a much smaller one. With these parameters the
final velocity of the atoms is around 30 m/s.

The winding of all the coils for the slower was realized by an external company,
which also cared about sticking them together with the help of a thermic glue,
which can sustain temperatures up to 170°C.

Before enclosing the slower in the vacuum system, we measured the generated mag-
netic field with the help of a Hall probe, setting the different currents as the ones
reported in table 3.1. The comparison among measurements and theoretical eval-
uation is reported in figure 3.22. The magnetic fields are slightly different, but the

Coils Number | Position (cm) | N° turns | N° windings | current (A)
1 0 68 28 2
2 7 48 22 2
3 12 48 19 2
4 17 48 17 2
5 22 48 14 2
6 27 48 11 2
7 32 38 7 2
8 36 33 4 2
9 44.5 35 22 -1.6

Table 3.1: Coils configuration to generate the required magnetic field for the Zee-
man slower. The position expressed in the second column is intended from the
beginning of the slower. The "N° turns" column and N° windings" column show the
number of loops in the longitudinal and radial direction respectively.
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Figure 3.21: Spatial variation of the atoms’ velocities inside the slower. The atoms
with initial velocity below 830 m/s exit the slower with a significantly reduced
velocity, while the ones which have a higher initial velocity are not affected by the
Zeeman slower.

two slopes look very similar. We tried changing the current in the first 8 coils and
found an optimal value with I = 1.88A. The resulting magnetic field is reported
in figure 3.23, where it is still compared with the theoretical one. The agreement
between the two now is really good. To check if the magnetic field is still effective
in this configuration, we performed another simulation in MATLAB where we still
found that the final velocity of the atoms is about 30 m/s.

3.4.4 Science Chamber

The atoms slowed down by the slower are collected by the MOT inside the sci-
ence chamber, which is represented in figure 3.24. This chamber has been realized
in order to provide us a very large optical access for the investigation of our exper-
iments. The chamber, which is a custom project realized by KIMBALL PHYSICS, is
made of stainless steel. It has 10 CF40 windows, lying in the apparatus plane, other
10 CF16 windows (MDC non-magnetic zero length fused silica viewport), disposed
on as many steel branches tilted by 13°respect to the horizontal plane, and other



49

two large windows inside two CF100 flange on the top and the bottom of the cell.
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Figure 3.23: Comparison among the final configuration of the magnetic field and

the theoretical one. The current in the first 8 coils has been set to 1.88 A.
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Any of these windows has undergone an double-side anti-reflection (AR) coating
procedure, realized by LASEROPTIK (Germany). This AR coating prevents the for-
mation of undesired effects, for example spurious optical lattices, and will allow
a better signal-to-noise ratio in the high resolution imaging procedure. The data
about the reflection of the coated windows are reported in figure 3.25.

Optical access

The several windows will be used for different purposes (MOT beams, dipole
traps, time of flight imaging,...) but among these the most challenging and interest-
ing goal is the possibility to realize single-atom imaging of ultracold atoms in optical
lattice. At the moment, single-atom detection has been proven only with bosonic
samples [27, 43], which are generally more easy to handle respect to fermions. The
first experimental papers where single atom imaging techniques were implemented
immediately showed a lot of new and fascinating insights about the physics of many-
body systems [44, 45] and so there is a lot of interest in realizing such techniques
even for fermions.

High resolution imaging is usually realized placing a fluorescence microscope ob-
jective with both large numerical aperture (NA) and long working distance outside

Figure 3.24: Section of the science chamber where all the relevant elements are
shown. The big Feshbach coils lie on the edge of the cell while the other smaller
coils are lodged inside the re-entrant view port. The view port ends with a thick
and fused silica window (in bright blue in the picture) which will allow the high
resolution imaging.
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the chamber. Our re-entrant a-magnetic CF100 viewports (UKAEA) have been re-
alized in order to allow the realization of this kind of objective. In particular these
windows have been put on re-entrant supports so that the distance of their inner
side from the center of the chamber would have been of just 12.7 mm. These fused
silica windows are 6 mm thick and 60 mm large in diameter. One of the feature of
this glass is having a wavefront error of less than 80 nm (A/8 flatness at 670 nm).
This is an important ingredient towards development of a high-resolution imaging.
In figure 3.26 the first preliminary calculation of an objective, which may satisfy our
requests, is drawn. This objective should collect on a CCD camera the fluorescent
light coming from the atoms in the science chamber, with a resolution given by the
formula:

A
R=0.6— (3.15)
NA

where R is the resolution and lambda the wavelength of the detected light, which
is of 670 nm for lithium. Such an objective would grant us a resolution more or
less equal to 670 nm, which for lithium is more than enough since these atoms are
usually load in optical lattices with spacing larger than 1 yum to reduce their high
tunneling rates due to their small mass [46].

Reflection [%]
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Figure 3.25: Double-side AR coating realized by LaserOptik for our windows. The
coating has been extended also for different wavelengths respect to the one at 671
nm. The ones at 532 nm and 1064 nm will be useful for the creation of optical
lattices. In absence of this coating the reflections of the windows would be of the
order of 4%.
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Figure 3.26: Sketch realized by us of a hypothetical fluorescence microscope for
single atom detection. The objective has been corrected for spherical aberrations
and has a NA=0.6 at 670 nm.

These microscope objectives can also be used not only to detect scattered light but
also to create tailored optical potentials with sub micron resolution. This is possible
thanks to the recent advances in the realization of Spatial Light Modulators (SLM)
[47] which can be used in the realization of non conventional optical lattices like
triangular or hexagonal ones, which are the key ingredient for the emergence of
new and exotic phenomena in systems of great interest for the condensed matter
community (frustrated systems, graphene,...).

Coils for magnetic fields

Magnetic fields are used also after the Zeeman slower stage inside the science
chamber in order to complete the last steps of the experiment, both for the remain-
ing passages of the cooling procedure and, later, for the control of the many-body
system. We decided to create three different pairs of coils in order to satisfy our
needs, which here and after will be named Curvature Coils, Levitation Coils and Fes-
hbach Coils. Here we are going to describe only the theoretical calculation of these
coils, since their realization required too much time and they couldn’t be tested
during the period of this thesis.
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e Feshbach coils: this pair of coils is realized with a kapton insulated hollow

wire with a cross section of 4.4 mm*4.4 mm. The coils have an inner radius
of 78 mm and a layered structure with 7 windings in the horizontal direction
and 8 in the vertical one, and will be placed on top of the science chamber.
The main goal of these coils is to generate a magnetic field around 834 Gauss,
because of the large Feshbach resonance °Li have at this value of the field.
The coils are arranged in a way similar to the so called Helmotz configuration
in order to reduce the gradient and the curvature of the magnetic field (figure
3.27). Having a small radial harmonic confinement is an important task for
the realization of two dimensional system. In our case we can have at best a
magnetic trap with radial harmonic frequency of about 10 Hz which is very
low respect to typical values used in cold atoms experiments.
In this case hollow wire is required in order to perform water cooling of the
coils from the inside and so reduce the heating due to the high dissipated
power to generate such fields, which is more or less of 3.3 kW when working at
834 Gauss. Water cooling is performed connecting the wires to a high pressure
chiller which in our case has to flux water into the coils with a pressure of 3
bar to prevent an increase in temperature of more than 25 Kelvin.

e Curvature coils: this pair of coils is realized with a copper wire with a Imm*3mm
cross section. They have an inner radius of 28 mm, 7 windings in the horizon-
tal direction and 4 in the axial one. Thanks to their reduced size and to the
geometry of our chamber, they can be lodged inside the CF100 flange, really
close to the viewport, in this way less current will be required to generate the
desired magnetic fields, and so we can afford not to have water cooling for this
pair. The purpose of these coils is to allow fast switches across the Feshbach
resonance when studying the BEC-BCS crossover, since the large inductance
of the Feshbach coils doesn’t allow this. The side effect of using these coils
is that, since they are quite far from being in a perfect Helmotz configura-
tion, they introduce more magnetic gradient and curvature in the center of
the trap. We have estimated for an hypothetical experiment an increase of the
radial harmonic frequency to 13-14 Hz which is still a good configuration. The
dissipated power in this situation can really be considered negligible (below
20 W).
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The curvature coils will also be used for generating the magnetic field for the
MOT stage. For this goal, the current in the two coils will circulate with op-
posite directions in order to create the field described in paragraph 2.4.2. The
MOT field will have a gradient in the center of the trap of 30 Gauss per cen-
timeter approximately. The required power for such a configuration is around
160 W, which won’t dramatically heat up the science chamber.

e Levitation coils: this pair of coils is identical to the curvature one and will
be placed in top of it inside the CF100 flange. We plan to use this coils with
different currents circulating in them. In the most simple case just one of
these coils will be on. This will introduce a large magnetic gradient along the
vertical direction with a consequent force along it. This force may have the
same or the opposite direction of the gravitational one and so we can think
about increasing it, reducing it or even erasing it.
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Figure 3.27: Theoretical behavior of the field generated by the Feshbach coils. The
current has been set to 179.5 A to generate a field of 834 Gauss. The black curve is
the field along the axial direction, the purple one along the radial one.

Actually we need another coil in our experimental system which is called Compen-
sation Coil. This coil is placed after the science chamber and is concentric respect
to the coils of the Zeeman slower. The purpose of this coil is to compensate for the
non-vanishing Zeeman slower field in the center of the trap. Because of this, when
turning the MOT field on, its minimum will not be placed in the center of the trap
so the slowed down atoms cannot be trapped there. The shape of the coils has been
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calculated in order to have a vanishing magnetic field in the center of the trap with
a gradient smaller than 0.4 G/cm.

Position (cm) | N° turns | N° windings | current (A)
77 20 4 3.9

Table 3.2: Parameters of the compensation coil. The position in intended from the
beginning of the slower.

3.4.5 Bake out procedure

To set the system to work, it is mandatory to achieve an extremely low pressure or
ultra-high vacuum (UHV) in the science chamber. Typically, pressures below 10710
mBar are required into the main cell.

Before assembling the vacuum system, any steel component was cleaned with ace-
tone and an ultrasonic bath. Then they were put in an oven at a temperature around
350°for a period of 20 hours. This pre-vacuum procedure was needed to start de-
gassing H, from the components’ surfaces.

After the vacuum system was closed, the pumps were turned on. The pumps used
in our experiment are a combination of titanium sublimation pumps, ion ones, and
pre-vacuum system, generally composed by a scroll pump and a turbo pump. Any
of these pumps is turned on at different stages of the vacuum procedure. The pre-
vacuum system is the first one to be used and helps to reach pressures of the order
of 1078 mBar. The ion pump is turned on at the end of the baking procedure and
allows to turn off the pre vacuum system, which is a source of mechanical noise, and
to reach pressures of one or two orders of magnitude smaller. The titanium subli-
mation pump is the most peculiar stage. It is composed by three filaments which,
when heated, spreads a titanium vapor all around. The titanium atoms glue part
of the remaining particles inside the system to its wall. In this way the number of
volatile particles is greatly reduced and so the pressure drops down, even below
107!? mBar.

It is also required to heat the system up before activating the different pumps. The
walls of our system before the baking are crowded with different atoms, in partic-
ular water, which compromise the quality of the vacuum in the cell. Heating the
system up helps these atoms to detach from the walls so that they can be caught by
the different pumps. Temperatures above 100°C are required to detach water from
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the walls. In our case, we succeeded in heating the system up to 200°C, as evenly
as possible, for 5 days. In any part of the system, the ion pumps’ gauges showed the
low pressure signal, meaning that the pressure was below the lowest measurable
one, which is actually 107! mBar. However in the next future a longer bake out
procedure will be required, to decrease again the residual pressure in the system.
It is common to perform the bake out for at least two weeks but because of the
deadlines of this Master thesis, it couldn’t be done in this period.

After the bake out we also noticed that when operating the oven at the proper tem-
perature, around 400°C, the pressure in the oven raised till almost 5 - 10~® mBar,
while the gauge in next to the science chamber was unaffected. This shows how the
differential pumping works fine, preventing the oven to damage the vacuum in the

other parts of the system.



Experimental Results

In this chapter we describe the realization of the MOT of lithium atoms. By optimiz-
ing the experimental parameters we obtained a cloud composed by 10° atoms at a

temperature around 400 uK (figure 4.1).

Figure 4.1: Photo of the cold atomic cloud trapped in the MOT.

57
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4.1 Detection with a photodiode

For the optimization of the atom number trapped by the MOT, we look at the
atoms through their emitted fluorescence signal, from which we can easily estimate
the total atom number. The fluorescence signal from the MOT is collected onto a
photodiode, placed just outside the science chamber (figure 4.2).

When shined by a laser beam, an atomic vapor will emit a fluorescence signal
proportional to the absorbed light. The absorption depends on the scattering rate
as already explained in chapter 2. We have to assume that the cloud is transparent
to spontaneously emitted photons, so that the fluorescence signal will be directly
proportional to the scattering rate and to the total atom number as well. Thanks to
eq.(2.20) this can be written as:

1/1,

r
V = ANHow—
T+ 1I/I, +(26,/T)

“4.1)

where V is the intensity of the signal, N is the total atom number and A is the
conversion factor of our detecting system. The constant A depends both on the
response of the photodiode and on the fraction of solid angle covered by our imaging
system. The final expression for the determination of the total atom number has the

following form:
_R&Q 2 1+1/I;+(25,/T)

"V 4r hwl 1/1,

4.2)

Figure 4.2: Sketch of the imaging system for the detection of the signal coming from
the MOT. The light passing through one of the windows of the science chamber is
focused with the help of a converging lens onto a photodiode.
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Figure 4.3: Dependence of the tension signal onto the photodiode in function of the
incident power. The linear fit gives us the value of the response of the photodiode.

where R is the response of the photodiode and i—: is the fraction of solid angle.
4.1.1 Calibration of the photodiode

To perform our measurements we need to know the response of the photodiode.
This is done independently shining laser beams with different and known intensities
onto the photodiode and looking at the produced tension signal in an oscilloscope.
The relation among the laser intensity and the tension response should follow the
equation:

V=R-I 4.3)

where V is the tension signal, I the incident laser intensity and R the response of
the photodiode which is the quantity we need to know.

The data of this calibration are reported in figure 4.3. We found a value of R =
0.333+0.002 V/uWw.

The portion of solid angle that our system is able to cover is evaluated considering
the extension of the science chamber and one of its windows. To improve the signal
to noise ratio, a large collimating lens has been placed outside a CF40 windows of
the science chamber. All the emitted light passing through this window is focused
onto the photodiode. With some geometrical calculation we estimated a solid angle
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ofi—;’ =(9+2)-1073.

4.2 MOT loading

The MOT loading can be described by the the following differential equation:

dN N
—=L-—- IJ’J d’r n®(r) 4.4)
dt T

N
dt
distribution. The term 7 is the lifetime of the trap in the low density regime, when

where is the atoms’ variation in time, L the loading rate and n(r) the density
the term proportional to n?(r) can be neglected. In this case the lifetime of the
MOT is set by the pressure inside the science chamber. When colliding with the
hot particles still inside the chamber, the cold atoms acquire too much energy and
leave the trap. If instead the density is higher, collisions among the slowed atoms
can no more be neglected. The term f3 in eq.(4.4) represents the two body losses
coefficient. Light-assisted collisions are one of the reason for these losses. Two
atoms in the ground state interact with a certain potential V,, (7). The absorption of
a photon brings one atom in the excited state and makes the atoms interact with a
different potential V,, (7). Generally, these excited level molecular potentials make
the atoms accelerate towards the other. One the photon is spontaneously emitted,
the two atoms may have acquired enough energy to leave the trap.

Assuming a gaussian distribution of the atoms inside the MOT, the eq.(4.4) can be

written as:
dN N s
with:
B = L (4.6)
(n/2)*20,02 '

where o, and o, are the width of the gaussian distribution in the axial and radial
direction respectively.

The presence of this term turns the decay of the MOT into a super-exponential one
[48], described by the equation:

e—t/’c/,r

N(t) = NO 1/T +N0ﬁ/(1 _ e_t/,r)

4.7)
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The super-exponential behavior dominates at the beginning, while the regular one
at following times, when part of the atoms has already been lost from the trap and
the density dropped.

The behavior of the MOT loading will be affected mainly by the following parame-
ters:

e Oven temperature

e Frequency detunings of the different laser beams
¢ Intensities of the different laser beams

e Gradient of the magnetic field

Since the MOT coils we designed weren’t realized in time for this thesis, we used
a pair of coils already existing in our lab. With this combination of coils we could
realize a MOT field with a gradient of 2.4% per circulating Ampere. The gradient
is meant along the axial axis.

In the following sections we describe how we changed many experimental parame-
ters to optimize the loading procedure.

Oven temperature

The temperature of the oven rules over the injected atomic vapor from the oven
itself into the science chamber. The higher the temperature, the larger the loading
rate L in eq.(4.4). A higher loading rate allows to increase the total atom number
and to have a larger MOT. However, also the consumption of Li inside the oven
would be enhanced and the lifetime of the metallic sample placed in it consequently
reduced.

After the initial tries, when the temperature of the oven was pushed till the value
of 490°C to raise the atomic flux and ease its detection, we decided to work at a
value of 410°C. The configuration of our oven is very close to the one used in the
Zwierlein’s group at the MIT, which reported to work at a similar temperature.

The behavior of the MOT loading in function of the oven temperature is reported in
figure 4.4. In figure 4.4 there is clearly a hint that shows a saturation behavior for
the atom number into the MOT.

From the curves in figure 4.4 we extracted the loading rate at different oven temper-
atures. The results are shown in figure 4.5. The loading rate is increased when also,
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Figure 4.4: Atom number in the MOT at different temperatures of the oven.
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Figure 4.5: Loading rate at different oven temperatures.
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but due to the finite dimension of our MOT beams, once reached a critical value for
the atom density, two-body losses dominate the evolution of the system, preventing
to increase the atom number. Increasing the temperature makes the loading faster,
but doesn’t increase the whole atom number. As already said, we decided to work at
410°C because the oven was meant to work at this temperature. We estimated that
the sample in the oven has a lifetime of more than two years if working full time at
this temperature.

Zeeman slower

The first stage we optimize was the cooling by the Zeeman slower. The Zeeman
beam was made enter the vacuum system from the sapphire window placed behind
the science chamber. Before entering the system, the beam was shaped to grant
us the best slowing performance. The idea was to cover as much as possible the
trajectory of the atoms inside the vacuum system. The beam had to be enlarged as
much as possible by a telescope and then focused on the oven’s nozzle with the help
of a collimating lens. Because of the large distance among the sapphire window and
the nozzle, no proper lens was founded. We so had to reduce the distance between
the lenses of the telescope to have a non collimated beam, or in this case a diverging
one. This was done before the loading of lithium in the oven to check with more
accuracy the position of the focused beam.

The detuning of the Zeeman beam was set to a value ., = —66.7T", which was
the one of the theoretical calculation. The value of the detuning of the MOT beams
was set to Oyor = —6I, for both the cooling and the repumper. The MOT magnetic
gradient was set to a value of almost 20 Gauss/cm along the axial axis, according
to our theoretical calculation in section 2.4.1.

Despite our measurements with the Hall probe, we had to change the current in
all the coils of the Zeeman slower to increase the trapped atoms. Looking at the
signal on the oscilloscope we found the values for the current in the coils reported
in table 4.1. We believe that the difference among the theoretical values and the
experimental one is due to a non perfect alignment of the Zeeman slower tube
with the nozzle of the oven. The atoms feel a different magnetic field from the
one evaluated in the middle of the tube. The currents reported in the table 4.1
were obtained moving slowly their value once the MOT loading saturated. The
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Coil current (A)
8 coils in series 2.34
spin flipping coil -1.1
compensation coil 1.01

Table 4.1: Values of the current in the different coils of our Zeeman slower.
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Figure 4.6: Loading rate for different intensities of the Zeeman beam. For high
intensities the loading rate starts saturating.

calibration was done looking directly at the signal onto the oscilloscope, tuning the
current in one of the coils till a maximum was reached and then moving to the
others. The detection with the single photodiode is very convenient during this time
of the characterization since it allows non destructive measurements of the MOT.
After this we optimized the power of the Zeeman slower beam. We found that the
higher the intensity, the larger the atom number. The data are reported in figure
4.6 where the intensity of the Zeeman slower beam was controlled by changing the
sound wave intensity in the relative AOM. We estimated a shot-to-shot fluctuation
of 10%. This is generally due to fluctuations of the temperature of the oven or to
different alignments of the mirror of our optical systems, which cannot be controlled
so easily. Fluctuations in the laser power should be considered as well.

Looking at figure 4.6 it has to be noted that the loading rate increases linearly for
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low intensities but then starts saturating. By increasing the power of the Zeeman
beam we also increase the efficiency of the slowing stage till all the possible atoms
are trapped. The maximum power achievable with the configuration of our laser
setup is around 50 mW for both the cooling and the repumper.

As long as the detuning is concerned, the study of the loading rate in function of the
Zeeman beam detuning couldn’t be performed. This is due to the reduced efficiency
of the Zeeman beam AOM. The AOM has a specific frequency response and the
intensity of the out coming beam depends on the frequency we are using. The AOM
is efficient just in a small band around its maximum of intensity, typically of the
order of 10-20 MHz. To see a relevant change in the loading rate, the Zeeman beam
detuning should have been changed by something around 100 MHz. When we tried
to do so, the intensity of this beam was so low that the loading rate L was extremely
weak and a comparison among the different detunings couldn’t be realized.

4.3 Detection with a CCD camera

In this part we substitute the photodiode with a CCD camera (Stingray F-145B)
in the imaging system. This CCD is a matrix of 1038x1388 pixels. The size of each
pixels is of 6.4 um per side. To image the atoms we implemented an optical system
composed by two lenses, one with f = 250 mm and another one with f = 45 mm.
This system has an expected magnification M = 0.18. We experimentally measured
the magnification of our optical setup by focusing a test target of known size on our
CCD. The value we found is M = 0.181 £ 0.001 and agrees with the expected one.
With the CCD camera we can obtain directly the density distribution of the atomic
cloud. The knowledge of this quantity allows us to extract the temperature of the
cloud.

Calibration of the CCD

Similarly to what was done with the photodiode, also the CCD camera need to be
calibrated. This is done by shining a laser beam of known intensity for a fixed period
of time. The signal collected onto the CCD is then digitalized and analyzed by an
imaging software, which can tell us the number of counts the CCD has performed
while it was shined. Knowing the power of the incident laser beam and the energy
of a single photon, we can obtain the ratio n among the number of counts revealed
by the fitting program of the CCD and the number of photons shined onto the CCD
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itself.
The number of photons can be evaluated with the formula:

Pt

Ny, = h;’)‘p (4.8)

where P is the power of the laser beam, t.,, the period of exposure while the laser
was on and fiw the energy of a single photon.
In our calibration we set P = 30 uW and ¢, = 15 us. In this way the ratio n has

the value:
N.ounts counts
n= =0.89— 4.9)

N, "~ photons

The quantity 7 is necessary when we try to estimate the amount of photon scattered
by an atomic cloud by fluorescence, which is proportional to the atom number as
previously explained.

Time-of-flight imaging

Time-of-flight (TOF) imaging is performed releasing the atoms from the trap.

This is done by switching off the MOT beams and the quadrupole MOT field. To
avoid undesired effects or spurious forces on the falling atoms, the Zeeman beam
and the Zeeman slower’s field are turned off too. After a short period of time,
while the atoms expand, they’re shined again by the MOT beams. The resulting
fluorescence signal is collected by the CCD. The detuning of the MOT beams for the
imaging has been set to 6 = 0 MHz, while their intensity doesn’t change.
With TOF imaging we can always measure the atom number, by integrating the
fluorescence signal on the array of photodiodes. The total number of counts by
the CCD is first converted in number of photons through eq.(4.9) and then in atom
number. The two quantities are related by the following equation:

Nphotons _ 5_Q I / Is
exp AOM A 1+1/1, + (26 /T)?

(4.10)

where t,, is the time the probe beams were on.

Moreover the CCD allows to see the density distribution of the falling cloud. Its
expansion is proportional to the velocity distribution of the atoms and so to their
temperature. Assuming a gaussian distribution of the atoms in the MOT, the initial
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atom number distribution can be approximated as:

%2
——) (4.11)

N, (
———exp
\V2mo} 203

where o is the gaussian width of the atoms’ distribution in the MOT, and N, the

N(x,0)=

total atom number.
After a time of flight t since the MOT switching off, the initial gaussian distribution
has evolved to a broader gaussian with width:

o?(t) = ag + (v?) t? (4.12)

The term (v?) in eq.(4.12) is the mean quadratic velocity which has the following
relation with the temperature:
L (2)—1kT (4.13)
oM7) = Sky .
In TOF we can obtain the value of o(t) by fitting the gaussian distribution revealed
by the CCD after a time t of free expansion of the cloud.
We can write an expression for the temperature of the system simply as:

m (oz(t)—ag) 414

 ky 2

To obtain one picture of the expanding cloud three separate pictures are needed.
The first is required to initialize the imaging system, it acts more or less as a cleaning
of the CCD camera. The second one is the picture of the atoms which is obtained
with the CCD open for a certain period of time. The last one is taken without the
atoms and is needed to obtain the background signal of the imaging system. For
obtaining this image the CCD is open for the same amount of time of the previous
one and, after being digitalized by the imaging software, it is subtracted from the
previous picture. The image realized by subtracting the last signal to the second one
is our experimental data. This image is treated by the software as a two dimensional
matrix: all the entries are the CCD pixel and the data stored are the counts revealed
by the pixel itself. After the signal has been acquired, it is integrated once along
the x direction and once along the y direction. The resulting figures obtained are
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Figure 4.7: Atom number and temperature of the MOT after TOF imaging for dif-
ferent gradients of the MOT field.

two separate gaussians which can then be analytically fitted. The evaluation of the
gaussian width and the knowledge of the time of flight gives us an estimate of the

temperature.
MOT optimization

In this section we describe how we changed the parameters of our setup to char-
acterize the MOT loading procedure. Large atom number and low temperature are
both required for an efficient loading into the optical dipole trap. The parameters
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we changed for this characterization are the gradient of the MOT magnetic field and
the detuning of both the cooling and the repumper. At the beginning the detuning
of the cooling and the repumper have been set to —4I", while the gradient to 25
Gauss/cm. The loading time has been set to 5 seconds.

We start looking at the temperature and atom number variation in function of the
gradient of the MOT magnetic field. The data are reported in figure 4.7. Each point
put in these pictures is the mean value of two measurements at the same conditions.
The values for the temperature were obtained comparing the expansion of the cloud
at two different times of flight. From eq.(4.12), the widths of the cloud at different
times of flight are related by the equation:

q

o?—gz= 2l a2y .15)
m

For this measurements, t; was set to 2 ms and t, to 0.5 ms. The direct measurement
of o, in the MOT is not reliable, since the density in the MOT is too high and the
presence of magnetic fields modifies the scattering with the probe beams. We also
controlled the time needed for the switch off of the MOT beams, the current in the
coils and the magnetic field. The switch off of the MOT laser beams was monitored
with a fast photodiode (bandwidth > 1 MHz). The timescale of this switch off is on
the microseconds scale. We did the same for the current in the coils with the help
of a transducer. The measured timescale was of the order of 300 us. The switch
off of the magnetic field was instead measured with a Hall probe and we estimated
a timescale around 500 us. We observe that there is an increase of temperature
while increasing the gradient. From eq.(2.31) we know that the MOT elastic force
increases for higher gradients. This also causes an increase of the atom density.
Because of this two-body collisions are enhanced. In particular since the highest
density region is the one in the center of the trap, where also the coldest atoms are
located, losing atoms from the center means increasing the average temperature.
Another effect that should be relevant is that the increase in density causes a raise
of the scattering rates for the atoms, since they start absorbing also photons sponta-
neously emitted by other atoms in the cloud. This feature causes an increase of the
temperature of the system. Basing on our measurements, we believe that the best
compromise is achieved at a gradient of 24 Gauss/cm.

Similarly to what has been done with the gradient, we analyzed the variation of the
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Figure 4.8: Atom number and temperature of the MOT after TOF imaging in function

of the power of the MOT beams.

atom number and temperature in function of the power of the MOT beams. The

results are reported in figure 4.8. We found that both the atom number and the

temperature increase when the power of the beams increases. The increase in tem-

perature can still be explained with a raise in the atoms’ density inside the MOT.

More intense MOT beams generate a stronger confining force, which from one side

traps more atoms, but on the other increase the scattering rate in the system. For

the following measurements the power of the beams has been set to the maximum

available.
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Figure 4.9: Atom number and temperature of the MOT after TOF imaging in function
of the detuning of the cooling beam.

Another dependance we checked is the one in function of the detuning of the cool-
ing beam. The data are reported in figure 4.9.

Again we found that when the atom number increases the temperature does the
same. For the data in figure 4.9 this happens when the detuning becomes more
negative. However, when approaching the resonance, the atom number keeps on
decreasing while the temperature starts increasing after having achieved a mini-
mum temperature around 1000 uK at 6 = —TI'. This behavior is the same as the one
of equilibrium temperature in a molasses expressed by eq.(2.26). The difference
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Figure 4.10: Atom number and temperature of the MOT after TOF imaging in func-
tion of the detuning of the repumper beam.

is that our minimum happens at 6 = —I" instead of —I'/2. Additional comparison
however cannot be performed because of the so large difference among the theory
and experiment in the lithium case. There is at least one order of magnitude from
the temperature predicted by the Doppler theory and the one observed by us.

We believe that the optimal condition is reached for a value of detuning for the
cooling 6 = —3T".

The atom number was checked also in function of the repumper detuning. The data
are shown in figure 4.10. For this case we didn’t observed any significant variation
of temperature by just changing the repumper detuning.

The best value for the repumper detuning is the one at —5T".

We repeated the temperature measurement for the MOT with TOF imaging for dif-
ferent times of flight, with the same experimental conditions of the previous op-
timization. The data are shown in figure 4.11 and we measure a temperature of
1.50 £ 0.11 mK. This value is a mean of the temperatures extracted from the dif-
ferent images in 4.11. As long as the atom number is concerned, we estimated a
conservative error of about 30% on the absolute value of the atom number, due to
uncertainties of some experimental parameters such as polarization and intensities
of the beams, solid angle and real saturation intensity. In the measurement of figure
4.11, the atom number is N = (1.0 0.3) - 10°.
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t=0 ms t=0.25 ms t=0.5 ms

t=1.0 ms t=1.5 ms t=2.0 ms

Figure 4.11: TOF imaging of the MOT for different times of flight. The temperature
measured is of 1.50 £ 0.11 mK. The first image, the one with t = 0 ms in an in-situ
image of the MOT. The time shown below each image represents the relative time
of flight after which the image was taken.

The optimized experimental parameters are listed in the table 4.2.

We also studied the expansion of the cloud in free fall by looking at the evolution

of its gaussian width in function of the time of flight. The data are reported in figure
4.12.
The value of temperature obtained from the data of figure 4.12 is T = 1530+ 80uK.
This value agrees with the one obtained by the direct TOF imaging, but this re-
sult is not so relevant since in the two cases we essentially use the same equation
(eq.(4.12)) for the fitting. However, we could obtain a more precise value for the
constant o, of 1290 £ 30um .

0B / dx 5cooling 5repumper N T
24 Gauss/cm | -3T -5T 10” atoms | 1.5 mK

Table 4.2: Parameters of the MOT after the optimization.
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Figure 4.12: Evolution of the width of the atomic cloud in free expansion. The data

were fitted with a function of the type: y = /o5 + kBTsz. We found a value for o,
of 1290 £ 30um.

MOT lifetime

Here we measured the lifetime of our MOT following the theoretical model de-
scribed by eq.(4.7). We loaded the MOT with the Zeeman slower field off. Just the
few atoms with velocity below the MOT capture one will be trapped. Such slow
loading allows to obtain a cloud with very low density. We loaded the atoms for
a period of 120 seconds and then closed the shutter and monitored the number of
atoms still in the MOT versus the time. The results are reported in figure 4.13 and
the fit has been realized both for the super-exponential decay and the regular one
for low intensities. The super-exponential fit gave a lifetime 7 = 240 + 18 s. The
regular exponential fit gave T = 150 & 11 s. The two results differ from each other
but in any case we found a value of lifetime which is quite high and consistent with
a pressure around 107! mBar inside the science chamber.

We also found a value for 8’ = (8.4 £2.5) - 10710@' We estimated a width of
0.7 mm in all the three directions of the MOT distribution. We found a value of
B=((5.6+17): 10_13ﬁ. Our results are consistent with the values reported by
other experiments [49, 50].
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Figure 4.13: Decay of the MOT in function of time. The lifetime has been determined
with both the super-exponential fit and the regular one. The values of the lifetime
we have obtained are different from each other but consistent with the presence of
an ultra-high vacuum region in the science chamber.

MOT temperature: Release and recapture technique

In this section we describe another technique, the so called release and recapture
(R&R), for estimating the temperature of the MOT. This measurement has been done
with the single photodiode and represents another way of obtaining the temperature
of the system. The parameters of the experiment have been set to the one of the
optimization of the previous paragraph.

For R&R measurement we set the loading time to 30 seconds, to make the MOT
saturate. Then we turn off the MOT beams and magnetic field. In this way the
atoms won'’t feel anymore the confining force and will escape from the trap, exactly
what happens in TOE After a short and controlled period of time both the MOT
beams and the magnetic field are restored and the confining force as well. Hot
clouds will broad faster than the cold ones, leaving less atoms in the trap region.
With this technique we monitor the fraction of atoms still in the MOT in function of
the time the MOT beams are off. We always start assuming a gaussian distribution
of the atoms in the MOT, as the one in eq.(4.11). After a time t since the MOT
switching off, the initial gaussian distribution has evolved to a broader gaussian
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Figure 4.14: Data obtained from the release and recapture technique. For the fitting
we used the following functions: y = A-erf(R,/(v20(t)))+y,. The values of R, and
o, were fixed before the fitting to 5 mm and 1.3 mm respectively. These values agree
with the real dimensions of both the laser beam and the initial MOT. The parameters
A and y, are a limit of the theoretical model adopted in this description. It has to
be noticed that eq.(4.17) doesn’t give N(t) =1 at t = 0. The parameters A and Yy,

compensate for this limit of our model. Thelr fitted values are: A= 1.189 +0.009
and y, = —0.189 £ 0.008.

with width:
N(x,t) =

o ( X ) (4.16)
exp| —— .
\/2mo? 207
with o, expressed by eq.(4.12). When the MOT is turned on again, just the fraction

of atoms inside the MOT capture radius R, will be trapped and detected again. The
ratio of re-trapped atoms after time t can be expressed as:

N(O) =erf(i) 4.17)
Ny V2o(t)

where N(t) is the number of atoms still trapped and erf is the gaussian error func-
tion.

This method has several limitations. First we need several experimental shots to
extract the temperature. Atom number fluctuates about 5-10% from one run to the
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following one and this significantly affects the experimental data. Moreover, the the-
oretical model has some limits, in particular regarding the conditions for the atoms’
re-trapping. However, it gives us another esteem of the temperature of the MOT. The
data are reported in figure 4.14. The estimated temperature is T = 850 £ 110uK.
This value of temperature doesn’t agree very well with the one obtained from TOFE
Because of the limitations of the R&R technique, we believe that TOF is by far the
most accurate technique.

4.4 Compressed MOT stage

In this part we describe an additional cooling stage which is applied after the
loading of the atoms. This is usually called compressed MOT (CMOT). The CMOT
stage should allow to increase dimension and reduce the temperature of the initial
MOT, making easier the loading of the atoms in the dipole trap for the evaporative
cooling procedure.

This cooling scheme is based on some of the results obtained in our previous char-
acterization of the MOT and it also follows the results reported in [51]. The first

MOT loading | Cooling stage | | Slower off | Cooling stage Il TOF Imaging
@4.55) (199 ms) (1ms) (10 ms) (0-4 ms)
20 20
Cool power 100% 45% 5% E' z'
0%
Cool detuning -3r T LLi10s or o
Rep power 100% 5% 60 pis 60 |is
> 0%
Rep detuning -5r 3r or
Gradient 24 G/cm 29 Glem o
Slower beam ON OFF
Slower field ON OFF

Figure 4.15: Experimental sequence of the different phases to perform the additional
cooling of the CMOT. The different sections report how much the parameters have
been changed and for which amount of time. In the imaging section we have to
restore the repumper 10 us before the cooling to be able to detect the atoms. The
second run that is in the imaging sequence is needed to obtain the image that the
CCD will subtract from the previous one.
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t=0 ms t=0.5 ms t=1.0 ms

t=1.5 ms t=2.25 ms t=3.0 ms

Figure 4.16: TOF images after the CMOT phase. Because of the reduced temper-
ature, the atoms expand more slowly. This allows us to perform measurement for
longer times of flight, since the atoms will still be inside the capture range of the
probe beams, allowing their detection.

thing we do is reducing the intensity of the cooling beam (45% of the initial value)
while still loading the MOT. At the same time we bring the detunings of both the
beams closer to the atomic transition. As we have seen, this should start decreasing
the temperature of the cloud (see data in 4.8 and 4.9). Then we stop the loading
and dramatically reduce the power of both the cooling and the repumper while in-
creasing the magnetic field gradient, to increase the density of the cloud. With the
decrease of the repumper intensity, a large number of atoms falls in the F = 1/2
state. This is a so-called dark state, since atoms that are here don’t scatter anymore
photons from the cooling beams. The lack of absorption dramatically decreases the
light-assisted collisions. These collisions are a limit when we try to increase the
density of the cloud. When the density is high, the probability that some atoms will
absorb the photons emitted by other atoms is increased. Atoms that interact in this
way are coupled by an effective repulsive potential, which prevents an increase of
the density. After this, we switch off everything and let the cloud expand to perform
the usual TOF imaging. However, to detect the atoms that have fallen into the dark
state, we need to restore the repumper at full power 10us before the switch of the
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Figure 4.17: Evolution of the gaussian width after the CMOT phase. The evaluated
value of the temperature is T = 370 = 40uK.

cooling beam. The whole experimental sequence is reported in 4.15.

The temperature was extracted by fitting the evolution of the width of the distribu-
tion with the usual equation (4.12). Different images of the free-falling cloud are
reported in figure 4.4 while the fitting is in figure 4.17. The value of temperature
found was T = 370 + 40uK.

During this additional cooling scheme it also happens that some atoms get lost. The
images in the panel have an atom number around N = (3.4+1.1)- 108, so less than
half of the value of the regular MOT. This is due to the lower power of the repumper,
which doesn’t bring back all the atoms in the cooling cycle and some of them won’t
feel anymore the confining force and will leave the trap.

4.5 Phase-space density

The goal of laser cooling and evaporative cooling as well is too increase the phase-
space density (PSD) of our atomic sample. The PSD can be written as:

PSD =nAj, (4.18)
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where n is the density in real space and A4 the De-Broglie wavelength, which has
the form:

2mh?

mkgT

Agp = (4.19)

In a quantum degenerate system the De Broglie wavelength is of the same order of
magnitude of the inter particle distance, but at room temperature it is about 4/5
order of magnitude smaller. The only parameter that can be changed to increase
this quantity is the temperature and this is actually the purpose of laser cooling.

If we consider the case of our experiment, the lithium is initially at a temperature
of 700 K. Referring to figure 3.14, the lithium vapor pressure p in our oven is about
k:;T ~ 4-10' atoms/m?,
while the De Broglie is approximately A ; ~ 107'! m®. With these conditions, the

5-10~% mBar, which means that the number density is n =

PSD is of the order of 107!°, so very far below the required value for quantum
degeneracy.
In the MOT we realized, the PSD is instead much higher respect to the previous

case. The number density in the MOT is evaluated by the formula n = Uﬁ’o where

N is the total atom number in the MOT and the o;s are the gaussian width of the
MOT in the different directions. The value of the number density is around 107
atoms/m?, but the drop in temperature makes the De Broglie wavelength increase a
lot. For a MOT at T = 1.5 mK, we have A = 10~8m and consequently an increased
PSD value of 107°.

With our last stage, the CMOT one, the further decrease in temperature increases
again both the De Broglie wavelength and the PSD. In our coldest cloud at T = 370u
K and with N = 4- 108, the PSD is around 107°.

This is still very far from quantum degeneracy, but our value of PSD is very close to
experimental limit achievable in a MOT [52].



Conclusions and Outlook

During the period of this Thesis we succeeded in producing a cold sample of °Li
atoms trapped in a magneto-optical trap (MOT). By a systematic optimization of
the experimental parameters, we could trap and cool about 10° atoms to temper-
atures of the order of hundreds of micro Kelvin thanks to standard laser cooling
techniques. This corresponds to a phase space density (PSD) of about 10~°.

To obtain this cold sample, we have realized a new generation experimental appara-
tus. The whole vacuum and laser system have been assembled from the beginning
during the period of work in the lab.

The results presented in this Thesis are a very good starting point to proceed with
further cooling stages in a pure optical trap to enter the quantum degenerate regime.

The atoms will be then transferred in two-dimensional optical potentials. Here
we plan to implement Fermi-Hubbard Hamiltionians, which can be written as:

i=1

N
H=—t Z (ciacj,o +h.c.)+ UZ Ny,
(L,j)o i=

They are realized superimposing impurity-free optical lattices onto the 2D layers,
controlling both the hopping energy t by optical lattice depth and the on-site inter-
action U by Feshbach resonances (see figure 5.1).

These Hamiltonians are proposed as minimal models for explaining the behavior of
electrons in high-Tc superconductivity. The phase diagram of these models is con-
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Figure 5.1: Pictorial view of ultracold layered fermions trapped in a square optical
lattice. A microscope objective will be placed close to the atomic layers to extract
with high resolution the correlation functions of the system. This setup is an exper-
imental implementation of Fermi-Hubbard Hamiltionians.

sidered the Holy Grail in the theory of strongly correlated systems. There are two
limits that are well established. At half filling (one particle per lattice site) the model
describes a Mott insulator phase, while below the Neel temperature it describes an
anti-ferromagnet. Far from the half filling (doped regime) the nature of the ground
state is largely under debate. One possibility is that this model support the d-wave
superconducting phase at high-Tc. At the moment there is neither analytical nor
numerical results that can support conclusively this hypothesis.

For these reasons, we believe that the implementation of such Hamiltionias in our
system will provide important indications on the ground states of these Hamiltoni-
ans, shining new light on the physics of strongly correlated 2D fermions.
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