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Introduction

My Master thesis work has been carried out at the Department of Physics of the
University of Florence under the supervision of Dr. Matteo Zaccanti within the
PoLiChroM lab.

The first ambitious goal for our research group is the realization of a new appara-
tus allowing the production of the first ultracold Fermi-Fermi mixture of °Li and
53Cr atoms worldwide.

The study of interacting ultracold Fermi gases is of great interest with respect to
both few- and many-body phenomena: low particle densities and simple contact
interactions make such systems exquisite platforms for quantum simulation ex-
periments [1, 2]. With these prospects, during the last twenty years this research
field has experienced an impressive progress, both from the theoretical and ex-
perimental point of view. The continuous improvement of laser cooling and trap-
ping techniques, together with the development of ultra-sensitive spectroscopic
methods, allow to realize quantum gases samples and to monitor their properties
with unprecedented precision. Moreover, the availability of magnetic Feshbach
resonances enables to tune inter-particle interactions, thereby opening the way
to explore a variety of regimes of quantum matter, such as superfluity (for attrac-
tive interactions) and magnetism (for repulsive ones).

In this context, a new appealing scenario is represented by two-component Fermi
mixtures of different atomic species. Indeed, the mass-imbalance combined with
resonant interactions is expected to enable the access to elusive and exotic many-
body phases, unattainable with equal mass systems.

Among few other possibilities, the choice of *>3Cr and °Li is motivated by their
specific mass ratio of about M/m = 8.8, predicted to feature very peculiar few-
body properties. On the one hand, in the strong coupling regime, recent stud-
ies predict the existence of weakly-bound or quasi-bound three- and four-body
cluster states [3, 4], which are expected to be collisionally stable. On the other
hand, the presence of such trimer states, thanks to a pure quantum interfer-
ence phenomenon, is predicted to fundamentally suppress inelastic losses in the
regime of strong Cr-Li repulsion [5]: this makes the Cr-Li system an ideal can-
didate for the experimental investigation of the phenomenon of itinerant ferro-
magnetism [6].



At the beginning of my thesis work, the experimental apparatus for the realiza-

tion of the ultracold Li-Cr mixtures was already devised and its construction al-

most completed.

During my thesis work I participated in the implementation of new parts of the

PoLiChroM machine: the setup of a high-power optical dipole trap (ODT) free

from thermal lensing effects, and the whole set of compensation coils and rela-

tive control electronics. Moreover, I took part in the optimization of the Li gray

molasses stage operating on the D, line, and in the characterization of the bosonic
52Cr cloud, both in absence and presence of the 61i atoms.

This thesis is organized as it follows:

e Chapter 1 briefly recalls the main laser trapping and cooling techniques,
especially focusing on those employed for the production of cold Li-Cr
mixtures. After a schematic overview of the whole experimental routine,
the major properties of the Li and Cr atoms are discussed. Then, I briefly
explain from a theoretical point of view the main laser cooling and trap-
ping techniques implemented in our laboratory. In particular, I describe
the working principles of the Zeeman slower (ZS), the Magneto-optical trap
(MOT), the gray molasses and the optical dipole trap (ODT).

* Chapter 2 reports the design and the realization of a compensation coils
setup, and the experimental characterization of the effects arising from the
application of a magnetic field on the atoms. First, the main design param-
eters of the coils and their electronic control are described. Then, I discuss
the results of the calibration of the produced magnetic fields. In the second
part of the chapter I present a simulation of a bichromatic optical potential
experienced by Li and Cr atoms. In particular, I focus on the gravitational
sag effect experienced by the two species and discuss how a magnetic field
gradient can be employed to balance it.

e In Chapter 3 I discuss the experimental routine and the results attained for
what concerns the Lithium laser cooling stages. After a description of the
optical setup devised and of the routine strategies, I report the results pro-
vided by the application of the MOT and the compressed MOT stages. The
chapter also presents the characterization of the gray molasses operating
on the D, atomic line, and the optimization of this process by means of the
compensation coils.

e Chapter 4 presents the characterization of the cold cloud of ®>Cr. Here I
briefly describe the optical setup employed to produce a MOT, which was
already implemented at the start of my thesis. I therefore report the main
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results and the analysis of the lifetime of the metastable D states. This char-
acterization has been carried out both for the single species Cr MOT and for
the double-species °Li->>Cr MOT.

Chapter 5 is dedicated to the implementation of a high power optical dipole
trap in our apparatus and in particular to the strategy we devised in order
to cancel thermal lensing effects (TL). Thermal lensing is first theoretically
described. Then I discuss how its effects can be experimentally observed
and quantified. In particular, in this chapter I report the characterization
of the TL associated to the optical components employed within the ODT
setup. Finally, a strategy to cancel TL is presented and tested by monitor-
ing a small sample of cold Li atoms captured in the trapping beam. The
outcome of this investigation is summarized in a work recently published
on Optic Express [7].






Chapter 1

Laser cooling and trapping: basic
principles

In this chapter I provide a theoretical overview of the cooling and trapping tech-
niques that allow to realize a degenerate Fermi-Fermi mixture of Lithium and
Chromium atoms.

In the case of fermions, the degenerate regime is reached when the particles are
cooled below their Fermi temperature Tr. This corresponds to the condition
n/lgd > 1, where A;p is the thermal de Broglie wavelength (1;px T-12) and
n is the particle density. By considering an experimentally attainable maximum
density of about 1014 ecm3, temperatures of less than 1001 K are needed to reach
quantum degeneracy.

In order to achieve this ultracold regime, Li and Cr atoms are initially laser cooled
and trapped independently and, only afterwards, they are mixed and further
cooled within an optical dipole trap (ODT).

While laser cooling and trapping techniques are well established and relatively
easily implementable for Li atoms, the very rich electronic structure of Cr atoms
requires a more challenging optical scheme, especially when the fermionic iso-
tope (>3Cr) is concerned.

Our experiments are performed with atomic species that are found in nature in
solid state at room temperature, hence an oven to sublimate the metals is re-
quired. Once heated and brought to the gaseous state, atoms are in a thermal
state and they are cooled and trapped by the cooperative action of laser lights
and magnetic fields. A schematic view of the whole cooling process is given in
Fig. 1.1.

Both Lithium and Chromium atoms are first decelerated by means of a Zeeman
slower (ZS) technique and then they are cooled and collected in the science cham-
ber through a magneto-optical trap (MOT). Lithium atoms are further cooled be-
low sub-Doppler temperatures through a gray optical molasses based on the D,
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Figure 1.1: Scheme for the realization of a Cr-Li mixture in the degenerative
regime.

atomic line. At this point Cr and Li are simultaneously trapped in a bichromatic
ODT where the degenerate regime is accomplished by means of evaporative and
sympathetic cooling techniques.

This chapter is organized as follows. In Section 1.1 and 1.2, I introduce the spec-
troscopic properties of the Li and Cr isotopes considered in this work: the fermionic
isotope ®Li and the bosonic and fermionic Cr isotopes, °?Cr and >3Cr respectively.
After that, a brief description of the laser cooling principle is provided (Sec. 1.3)
focusing on two major applications, i.e. optical molasses (1.3.1) and the Zeeman
slower technique (1.3.2). In Section 1.4 the MOT operating principle is described,
Section 1.5 is dedicated on sub-Doppler mechanism, in particular gray molasses
(1.5.1), optical dipole trap (1.5.2) and evaporative and sympathetic cooling pro-
cesses (1.5.3).

1.1 Lithium

Lithium presents, in nature, two stable isotopes, 6Li and “Li, with abundance
of 7.6% and 92.4% respectively. Lithium is the lightest alkali element, so it has
only one electron in the external open shell and its electronic spin is |S| = 1/2.
Thus, having ®Li (“Li) a total nuclear spin value of |I| = 1(1/2) [8], this isotope

6



Chapter 1. Laser cooling and trapping: basic principles

has a semi-integer (integer) total spin, given by |T] + S|, that is associated with a
fermionic (bosonic) character.

F=1/2 -5a3/2
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Figure 1.2: Lithium transitions scheme, adapted from [8], not to scale: fine (left)
and hyperfine (right) levels. The D, and D, lines and the cooling and repumper
transition, the meaning of which will be clarified in the following sections (1.4),
are marked in red.

In our experiment we are interested in cooling and trapping the ®Liisotope, whose
level scheme is reported in Fig. 1.2: on the left side it is shown the fine structure,
associated with different J = L+ S values, where L is the electron angular momen-
tum. Additionally, the non zero nuclear spin yields a hyperfine structure (shown
on the right side in Fig. 1.2) with different energy levels classified according to
their total momentum F = J + I.

The transition exploited for the initial cooling stage is the so-called D, line, from
281/ to 2Pz, characterized by a wavelength of A = 670.977nm and a natural
width I' = 27 x 5.87M Hz. In particular, the main transition of interest for the
7S and the MOT stages is |F = 3/2)—|F’ = 5/2). The importance of an additional
repumper light (red marked in Fig 1.2) will be better explained in Section 1.4.



1.2. Chromium

1.2 Chromium

The Chromium has four stable isotopes: °°Cr, °2Cr, °3Cr and °*Cr. In our exper-
iment we are mainly interested in the bosonic 52Cr and fermionic *3Cr isotopes,
that are found in nature with abundance of 83.8% and 9.5%, respectively. The
atomic level structure of these two isotopes is shown in Fig. 1.3.
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Figure 1.3: Schematic sketch, not to scale, of the atomic levels structure of bosonic
52Cr (left) and fermionic >3 Cr (right).

Chromium is a transition metal with electron configuration [Ar]3d°4s!, which
leads to a total electron spin |§ | = 3 [9]. For this reason ®2Cr, having total nuclear
spin || = 0 is a boson, while 53Cr, that has |I| = 3/2, is a fermion. Similarly to
the ®Li case described above, the non zero nuclear spin of the fermion leads to a
hyperfine splitting of the energy levels: each fine state is spit into four hyperfine
states. The transition used for the cooling process is ’S3—'P, at A = 425.5nm
for both 2Cr and %3Cr, in particular for the fermionic isotope the specific hy-
perfine cooling transition is |F = 9/2)—|F' = 11/2). This transition has a natural
linewidth I = 27 x 5.06 M Hz, comparable with the D, line of Lithium.
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As shown in Figure 1.3, the hyperfine splitting is less than 1 GHz in the ground
state, and less than 200 MHz in the excited state. On one hand this small splitting,
combined with an appropriate tuning in frequency by means of acusto-optic
modulators (AOM), allows to exploit the same laser sources for cooling both iso-
topes. On the other hand, it requires at least two additional blue repumpers to
make the MOT stage working, owing to a non-zero probability to populate ex-
cited hyperfine states during the cooling cycle.

In addition to the usual transitions exploited within a MOT (marked by the blue
arrows in Fig. 1.3), it is important to note the presence of red repumper lights
(marked in red). Indeed, atoms from the P, state can spontaneously decay in
the metastable states °D, and °Ds that feature a very small decay rate yp of about
42 s~ and 127 s~ ! respectively. Hence, two other separate laser sources at about
663 and 654 nm are needed to repump them back into the cooling cycle.

1.3 Principles of laser cooling

The temperature of an atomic gas is directly related to the spread in the particle
velocities'. Here I briefly recall how to cool an atomic cloud by means of an op-
tical control of the atomic motion. Laser cooling and trapping rely on the inter-
action between the laser light and the atoms, in particular they are based on the
fact that the absorption and emission processes alters the velocity of the atoms.
By following the description given in [10] and without going into detail, through
a semiclassical approach of the interaction of a light field with a two-level atom
is possible to derive the optical force experienced by the atom. By considering a
monochromatic field described by

E(F, 1) = Eog(F)cos(wrt + p(F))é (1.1)

and deriving the stationary solution of the optical Bloch equations? (U, and Vy;),
after averaging in time, we find that the atom experiences the force:

- ho Q.
F=—§ Q(r)Ust_Tva(r)Vst (1.2)

where Q(F) = \/ ((_ﬁ%&)z + 62 is the generalized Rabi frequency and 6 = w;—w4
is the detuning between the laser frequency and the resonant atomic frequency
wA.

While the first term in Eq. 1.2 is related to absorption and stimulated emission

!An atomic gas in thermodynamic equilibrium has a velocity distribution described by a
Maxwell-Boltzmann curve, whose width determines the gas temperature.
2Calculated assuming the formalism of the density matrix [10].
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processes and leads to the conservative dipole force (more details in Sec. 1.5.2),
the second produces the radiation pressure and it is connected to spontaneous
emission processes. Additionally, from the explicit expression of Us; and V; (Ap-
pendix A of [11])

U, = Q6 3 20 s (1.32)
TS24 T2/4402/2 Q1l+s '
Qr/2 r s
(1.3b)

S S TP Qlts
one can deduce that the dipole force dominates for big detuning |6| > I' (de-
creasing as 1/6) whereas the radiative pressure is relevant for small detuning
(where Uy; goes to zero) and decreases rapidly (as 1/62) if the detuning increases.
For convenience, the expression for U; and V; in Eq. 1.3a and 1.3b are given also

. . 2 . .

in terms of the saturation parameter s = %, which at zero detuning becomes
. oS, . . . .

so = I/ ;. In the latter expression I = ﬁ is the saturation intensity.

Let us focus on the radiation pressure force: every time an atom absorbs or emits
a photon, due to momentum conservation, it recoils in the same direction of the

absorbed photon and in opposite direction with respect to the emitted one (see
27.2

sketch in Fig. 1.4). The energy recoil is E, = Z_I\/IL’ where k; is the photon momen-
tum and M is the mass of the atom.

Spontaneous
Emission
recoil

Absorption

a Absorption recoil

Stimulated Emission
recoil

Stimulated Emission

Spontaneous
Emission

Figure 1.4: Schematic sketch of absorption (red arrows) and emission phenomena
(light blue arrows for spontaneous emission and purple for the stimulated one)
and relative recoils.

By considering a process of absorption and stimulated emission, the incoming
and absorbed photon is re-emitted along the same direction and the two recoils
are equal and opposite (see Fig. 1.4): the resulting force is, on average, zero. If in-
stead we consider a number of absorption (all the photons have the same propa-
gating direction) and spontaneous emission processes, then photons are emitted
isotropically and the total force points along the incoming photons direction [12].

10



Chapter 1. Laser cooling and trapping: basic principles

If we now consider a moving atom with velocity 7/, we have to take into account
the Doppler shift that modifies the detuning as 6’ = § — k - U, where k is the radi-
ation wave vector, and the radiation pressure force becomes

N T Q2%/2
Frqa =hk— -
206-k-0)2+T2/4+Q2/2

(1.4)

From Equation 1.4 one can notice that if 6 > 0 the atom absorbs photons which
propagate along the same direction, and it is accelerated. Otherwise, when 6 <0,
the atom interacts with those photons that are moving opposite to its U direction
and, consequently, it is slowed down. Furthermore, the radiation pressure has a
Lorentzian behavior as a function of both the detuning and velocity.

It is also easy to see that the force at resonance (6 = k- D) increases with the field
intensity up to its maximum value, that, for Q > T, is ﬁma x = hkT/2 .

The radiation pressure force has many applications in the field of laser cooling.
In particular it lays the ground for the optical molasses (1.3.1) and the Zeeman
slower (1.3.2) techniques, which are summarized in the following sections.

1.3.1 Optical molasses

The optical molasses is an experimental configuration in which radiative pres-
sure combined with the Doppler effect is used to slow and cool atoms.

Let us consider a one-dimensional configuration in which an atom moves with
velocity 7 and two laser beams of the same frequency, intensity and polariza-
tion are directed opposite one to the other. If the two beams have small intensity
(s < 1), the total force experienced by the atom is found by adding the radiative
force (Eq. 1.4) generated by each of the two laser beams, so that for atoms at rest
the total force is null. Both beams are assumed to be equally red detuned with
respect to the atomic transition (6 < 0). Owing to the Doppler effect, counter-
propagating photons get closer to the atomic resonance. Therefore, atoms will
have a higher probability of absorbing (and emitting) photons from the counter-
propagating beam, rather than from the co-propagating one. As a result, a net
force opposite to their motion will slow them down.

The total force profile given by [10]

F=nis d - d
21446 -kv)2IT2  1+4(8 + kv)2/T2

(1.5)

is shown as a function of atoms velocity in Fig. 1.5.
In the limit of low velocities, the total force can be approximated as

11
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0.3 :

0.2/
— 0.1
= 00 ’
L 0.1

-0.2/

-0.3

-6 -4 -2 0 2 4 6
v [T/K]
Figure 1.5: Total force (Eq. 1.5) in unit of hiT'k as a function of the atom velocity in
unit of I'/ k for a one-dimensional optical molasses. The two blue lines show the

force from each beam and the red one is their sum. All the three curves are obtained
withs=0.4andé =-T.

F =—p¥+ o(7%), that represents a friction force with damping coefficient

o/T
= —8hk’s—————— 1.6
p (1+462/T2)2 (1.6
whose maximum value is reached for 6 ~ —0.3T".
The lowest temperature attainable with an optical molasses is the Doppler tem-

perature, which is defined as
hr
kpTp=— (1.7)
2
Actually, pioneering experiments on optical molasses revealed temperatures sig-

nificantly lower than Tp [13] as [ will better discuss in Sec. 1.5.

1.3.2 Zeeman slower

Typically the first experimental step to decrease the velocity of thermal atoms
emitted by a heated solid source is the Zeeman slower technique®. We have al-
ready seen that a resonant laser beam, counter-propagating against the atoms,
slow them down thanks to momentum transfer during several absorption and
spontaneous emission cycles. Because of the Doppler effect, atoms that initially
interact with the laser beam are slowed down and rapidly get off resonance and
they cannot be further slowed. To maintain the resonant condition an external
inhomogeneous magnetic field along the direction of the atomic beam is ap-

3The ZS is not needed only if the velocity of atoms emitted by the oven is lower than the
capture-velocity of the MOT.

12
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plied. Indeed the magnetic field introduces a spatially-dependent Zeeman shift
that can compensate the variation of the Doppler effect:

AuB(x) B

Sepp(x) =8+ kv(x) - 0 (1.8)
where 6,7 is the total effective detuning and Ap is the difference in magnetic
moment between the two atomic states coupled by the laser light.

Imposing a constant deceleration along the whole ZS length, the atom velocity is

v(x) =4/ vg —2ax, vg denoting the initial atoms velocity. Therefore, the magnetic
field profile must be of the kind [14]:

B(x) = Ailu(é+k\/v§—2ax) (1.9)

where L is the solenoid length. In this way all the atoms with vy lower than the
ZS capture velocity? v,,,, are slowed down to a final v +» whose value is upper
bounded by the maximum MOT capture velocity. In our experimental setup
vy ~40m/s for both Lithium and Chromium atoms.

The choice of various parameters, such as the laser detuning 6, the solenoid
length L and the maximum magnetic field By, ,x, depends on the desired ZS cap-
ture velocity v, and the output velocity.

There are two main configurations for designing a Zeeman slower: the first one
is the non-spin flip configuration, in which the magnetic field has the same sign
over the whole ZS length, with B(L) = 0. The second is the spin-flip configura-
tion that provides, at some spatial position within the ZS, a zero crossing of mag-
netic field. The ideal magnetic field in both configurations is shown in Fig. 1.6.
The "normal" ZS configuration avoids low field regions along the ZS path, where

Non spin flip configuration Spin flip configuration
B_i B_i
5 5
® ©
) iy
0
B_f|
0 _
0 X, a.u L 0 X, a.u L

(a) . (b)

Figure 1.6: Shape of the ideal Zeeman Slower field in the non-spin flip configura-
tion (a) and in the spin flip one (b) [15].

4The maximum capture velocity of a ZS is defined by Oeff=0+kVUmax— M =0.

13



1.4. Magneto-optical trap

spin-flipping events can occur. Indeed, when B = 0 there is no more Zeeman
splitting of the levels and atoms can occupy an off-resonant state and get out of
the cooling cycle. On the other hand, the non spin-flip configuration requires a
high initial value of magnetic field to ensure a large value of v,,,,. Moreover, the
condition B = 0 at the end of the ZS makes the ZS light resonant with the atoms,
perturbing the collected cloud in the MOT. On the contrary, in the spin-flip con-
figuration, a non-zero magnetic field at the end of the ZS path perturbs the MOT
position, modifying the location of the quadrupole field.

Both Cr and Li ZS implemented on our setup have a non-spin flip design.

1.4 Magneto-optical trap

Once an atomic beam has been slowed down, it is important to spatially con-
fine atoms in an efficient way. The most common trap for neutral atoms is the
magneto optical trap (MOT), that combines the optical molasses technique (Sec.
1.3.1) with a magnetic quadrupole field: this generates a force that depends on
both the atom position and velocity.

Let us consider the one-dimensional case of two counter-propagating beams,
red detuned with respect to the atomic transition |/ = 0) — |J' = 1), plus a linear
magnetic field B(z) = bz as shown in Fig. 1.7. Because of the Zeeman effect, two
of the three sublevels of the excited state (M; = 0,%1) have an energy shift that
depends linearly on the position: AE = g}u M ; bz, where g} is the Landé factor,
up the Bohr magneton and M } is the angular momentum projection of the elec-
tronically excited state. If we suppose a polarization o for the co-propagating
beam and o_ for the counter-propagating one (see Fig 1.7) and a magnetic field
gradient such that bg} > 0, then atoms moving along +Z have higher probability
to interact with the counter-propagating o beam. Analogously, atoms moving
along —2Z have a higher probability to absorb a photon from the o, beam. This,
combined with the viscous force provided by the optical molasses mechanism,
leads to a total force that, in the limit of small intensities, reads as [16]:

T S S

F=hk—- _
2 1+4(6—kv-grupbz/n)?IT? 1+4(0+kv+grupbz/h)?/T?

(1.10)

If both the Doppler and the Zeeman shifts are small with respect to I', then the
force can be written as
F=-Bv-xz (1.11D)

that represents a damping term £, like the one found for the optical molasses

mechanism (Eq. 1.6), and a harmonic term characterized by a spring constant
_ g}IJBb
K="7 P

14
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E J=1, M;
-1 1
0 0
-1
J=0
> —>» —>» — B(2)
z

0

Figure 1.7: The working principle of a MOT, considering an atomic transition
|J =0y — |J =1). The figure is taken from [17].

Figure 1.8 shows the dynamics of the atoms in the capture process: atoms moving
slower than the capture velocity are trapped in the center of the MOT (in Figure
represented as the 0-position). For a given cooling transition and atomic species,
it is possible to describe the capture velocity as a function depending on the de-
tuning and on the beam intensity [16]: v, = Z—’X; % I 145> Whereris the radius of the
beams. Both trapping times and capture velocity are limited by losses of atoms
from the trap due to collision with the high-temperature background gas. There-
fore, high vacuum conditions are needed to ensure long MOT lifetimes in exper-
iments.

These results can be generalized to the three-dimensional case, by considering
three pairs of counter-propagating beams, and to different total momentum of
atomic levels, Jo — Jo = Jg + 1.

As we have seen when discussing Fig. 1.2, a Lithium MOT operates on the cool-
ing transition |F =3/2) — |F'=5/2). Anyway, owing to the very small hyper-
fine structure of the electronically excited state 22Ps, of less than the natural
width T', the cooling light, when not perfectly polarized, can also drive the un-
desired |F =3/2) — |F' =3/2) transition. From the |F’' =3/2) state, atoms can
decay both in |F =3/2), i.e. falling back within the cooling cycle, and in the
|F =1/2) state, 228MHz detuned from the |F = 3/2) manifold. In order to rein-
troduce these atoms in the cooling cycle an additional repumper light, resonant
with the |F = 1/2) — |F' = 3/2) transition, is applied.

A similar scenario concerns also the fermionic ®3Cr for which two repumper
lights are needed (see Fig. 1.3), differently from the bosonic ?Cr isotope. In-
deed, in the latter case, the absence of a hyperfine structure makes the cooling
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1.5. Sub-Doppler cooling
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Figure 1.8: Typical atom trajectories in the position-velocity plane for the small
intensities regime, taken from [16]. In red are shown the lines along which the
confining force is highest, i.e. 6 * kv + grupbz = 0.

transition closed.

1.5 Sub-Doppler cooling

Already during the very first cooling experiments [13, 18] temperatures below the
Doppler limit were unveiled, because of the Sisyphus effect. This results from
a non-negligible interference between two counter-propagating beams. Indeed,
as explained in Ref. [19], if we consider two beams with orthogonal linear po-
larizations, and with same frequency and intensity, the polarization of the total
field changes from o, to o_ and vice versa every A/4 (see Fig. 1.9a), whereas
in between it is elliptical or linear. Bearing in mind the simple case where the
atomic ground state has an angular momentum |/ = 1/2), the two Zeeman sub-
levels Mg = +1/2 experience different light shifts, depending on the laser polar-
ization (Fig. 1.9b).

A cycle of absorption and emission that involves the excited state results into an
optical pumping between the sublevels of the ground state. Where the polar-
ization is o4 (0-) the optical pumping is |[Mg = —1/2) — |[Mg = 1/2)(|[Mg = 1/2) —
IMg = —1/2)). Therefore, the spatial modulation of the polarization causes an
analogous modulation of the optical pumping. The correlation between the mod-
ulation of the light shifts and of the optical pumping results in the Sisyphus cool-
ing: an atom that moves from left to right, starting from the bottom of a valley,
climbs up the potential losing its kinetic energy. If the sign of the detuning is
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Chapter 1. Laser cooling and trapping: basic principles
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Figure 1.9: a) The resulting polarization of the electric field is spatially modulated
with a period A12. b) Spatially modulation of the light shift associated to the Zee-
man sublevels |Mg = £1/2) of the ground state. Figure taken from [19].

properly chosen, the optical pumping transfers the atoms from the higher Zee-
man sublevel to the lower one, the emitted photon having an energy higher than
the absorbed one. After a number of Sisyphus cycles the atom is significantly
cooled down.

Despite sub-Doppler cooling mechanisms allow to overcome the Doppler limit,
there is anyway another restriction represented by the recoil velocity. For this
reason, the lower attainable temperature within sub-Doppler processes is the re-
coil temperature [10]: kT, = &1\]22’ where k is photon wavevector and M is the
atom mass.

As the Li D, cooling transition is concerned, the splitting between the hyper-
fine levels of the electronically excited state 22 P35 is too small to allow any close
transition and, consequently, the sub-Doppler mechanism is inefficient. For this
reason, in order to further cool Li atoms below the Doppler limit, we use a gray-
molasses technique (discussed in the next section) based on the D, line, whose
excited state 22 Py, features a significantly more resolved hyperfine structure (as

we can see Fig. 1.2).

1.5.1 Gray molasses

The gray molasses process results from a combination of velocity selective co-
herent population trapping (VSCPT) and Sisyphus cooling [20]. While we have
already examined the working principle of the Sisyphus effect, in order to explain
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1.5. Sub-Doppler cooling

the VSCPT process, we have to consider a A three-level system (see Fig. 1.10).

— )
// \\
// \\\
0 / \ Qy
/// \\
/ \\
// \\
——lg1) g2

Figure 1.10: Atomic A three-level scheme coupled by two light fields. 0, and Q,
are the Rabi frequencies of the two beams. Figure taken from Ref. [21].

The two ground—states5 |g1) and |g») are coupled with the excited one |e) by two
laser beams characterized by a Rabi frequency Q; and Q, respectively. This prob-
lem can be studied by introducing a new basis for the ground state: in this case
the new eigenstates are the so-called dressed states (the bright state |¥g) and
the dark one |¥p)), both defined as a linear combination of |g;) and |g,). Let us
consider a Hamiltonian of the kind H = H,,+ V where H,, is the atomic hamilto-
nian and V is the operator representing the interaction of the atom with the laser
lights. While V couples the bright state to the excited one, the V operator is such
that V|¥p) = 0 for the dark state and, consequently, the transition |¥Yp) — |e)

does not occur.
A A2
However, if we now consider a moving atom and add to H the kinetic term 2,

treated as a perturbation, we find a non zero coupling probability between |¥ p)
and |V p) that depends on the atom velocity squared [21]:

WE(p) L W p(p)) 2
P:'< (L W (p)) iz

Egp—-Ep

9
p 201 p

v — ¥ =— hik— 1.12b

( B(p)|2m| p(p)) Oz - ( )

where Q = \/Qf + Qg is the generalized Rabi frequency and p/m is the atomic
speed. Therefore, the VSCPT mechanism consists on the fact that atoms with
low speed are kept in |V p), whereas fast atoms are transferred to the bright state,
from which they can undergo |V g) — |e) transitions.

The gray molasses technique employs three sets of counter-propagating blue-
detuned beams in 6™ /0~ polarizations that, as we have already seen in the Sisy-
phus cooling, introduce a modulation of both the light shift and the optical pump-

°In this configuration |g;) and | g,) are degenerate, but this condition will be abandoned after-
wards.
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Figure 1.11: Sketch of gray-molasses mechanism: atoms with enough kinetic en-
ergy are transferred from the dark to the bright state according to velocity selec-
tive coupling. Then, kinetic energy is transfered to potential energy when an atom
climb the potential hill of the bright state before the absorption process [22].

ing rate for the bright state. Moreover, if both the beams are blue-detuned, then
the bright state has a light shift towards higher energy values [22]. The dark state,
instead, does not interact with the radiation, so its energy does not present any
modulation, as sketched in Fig. 1.11. As a consequence, the coupling from the
dark to the bright state will be maximum at the valleys of the bright state po-
tential, where the difference in energy between the bright and the dark state is
minimum (see Fig. 1.11). When the atom is transferred in the bright state, it
climbs the potential, losing kinetic energy. The transition due to the laser light
between |¥p) and the excited state |e) occurs preferentially in correspondence
of potential hills [20] and, once in the excited state, the atom can decay into the
dark state. After a certain number of this cooling cycles, the probability for the
¥ p) — ¥ p) coupling decreases, according to the low velocity of the atoms.
Unlike the Sisyphus cooling, within a gray molasses an atom that remain in the
dark state does not absorb anymore and, theoretically, temperatures below the
single photon recoil can be achieved.

An additional feature of gray molasses, connected with the phenomenon of VSCPT,
is the sensitive dependence of the atomic cloud temperature upon the relative
detuning of the two laser beams A = §; — §,. In particular, the temperature ex-
hibits a minimum at the Raman condition A = 0, with a characteristic Fano pro-
file with sub-natural linewidth [23, 24].
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1.5. Sub-Doppler cooling

As discussed in Ref. [25] and only briefly mentioned here, such a peculiar trend
can be ascribed to the A-dependence of the population ¢3!, of the excited state
involved in the gray molasses cooling cycle, which is zeroed once the Raman con-
dition is fulfilled. Fig. 1.12 shows the stationary population ¢$., obtained by
solving the OBE (Optical Bloch Equations) for the A-system for the specific con-
ditions of power and detuning , of one of the two lasers detailed in the legend.

It is apparent how, around 61 = §, = —1.5T, o3/, features a sharp dependence on
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Figure 1.12: Steady-state population of the excited state o3, as a function of 6,
in units of I', where' =T'1 +T'» and T'y (T';) is the spontaneous emission rate from
le) to |g1) (1g2)). This picture is taken from [25] and the curve is calculated with
6, =-1.5I',Qy, =0.7T and Q; = 0.025T.

01, with a characteristic Fano profile of typical width < I', and a zero at 6; = 6,
i.e. at the Raman condition.

More details about this behavior, together with its approach based on the scat-
tering theory, can be found in Ref. [25].

During the gray molasses characterization for the Li atoms, we experimentally
find a similar behavior in the trend of the atoms temperature as a function of the
relative detuning A = §; — 8, (see Sec. 3.3).

1.5.2 Optical dipole trap

As we have already seen in Sec. 1.3 and in particular in Eq. 1.2, the presence of
an interaction between the atom and the laser light leads to a force composed by
two terms. The term proportional to VQ(7) and Uy; is responsible for the gener-
ation of the dipole force. By writing explicitly Uy, it is possible to determine the
potential associated to the dipole force:

i) Q%72

F=-VU—-U=—log(l+—m1— 1.13
5 los(l+ 55 577) (1.13)
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Chapter 1. Laser cooling and trapping: basic principles

If we consider an off-resonance radiation, i.e. § > Q,T’, we can expand the log-
arithm, obtaining U = ’1—%2. This means that the potential is proportional to 1/6,
where I is the beam intensity. Additionally, the potential behavior depends on the
detuning sign, as we can easily see in Fig 1.13: for red detuning (i.e. w4 > wy), the
potential minimum corresponds to the maximum value of the light intensity, and
a Gaussian beam traps the atom. On the contrary;, if the light is blue detuned, the
laser is antitrapping and the potential minimum corresponds to the minimum in
intensity.

In order to efficiently trap atoms in a ODT, it is important to have a radiation
characterized by a high value of intensity and a large red-detuning. The choice
of a high intensity is easy to understand, given that this sets the trap depth. For
what concern the detuning requirement, we have to consider that, even though
the trapping potential decreases for big detuning as 1/6, the off-resonant scatter-
ing rate scales as 1/ 52 [26]. Therefore, in order to keep the scattering rate as low
as possible and hence to minimize the associated atom losses, it is convenient to
use large detunings.

Let us consider a Gaussian laser beam propagating along the z axis with a focus

b)

red blue

Figure 1.13: a) illustration of dipole trap with red and blue detuning: while in the
first case a simple Gaussian laser beam is considered, in the second is assumed a
Laguerre-Gaussian laser beam [26]. b) focused Gaussian red-detuned laser beam
and the resulting dipole potential [27].

at z =0, characterized by a beam waist wy. Its intensity profile reads:
2

0
w(z)?

_ 22

e w@? (1.14)

I(z,r):Io[

2
where w(z) = woy/1+ (%)2 is the beam size at the position z and zg = n—;}‘) is the
Rayleigh length. In the limit of small values of r and z (i.e. near the beam focus)
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1.5. Sub-Doppler cooling

we can expand Eq. 1.14 obtaining the following intensity shape:

z2  2r?
Iz, 1) =L(1- 5 - =) (1.15)

Zr Wy

that corresponds to a harmonic potential of the kind:
N 1 2.2 1 2.2
U(z, r)——Uo+zmwrr +§mwzz (1.16)
20, 4U,

where w, = m—Z% and w, = muj’g. As one can see, W, a)rwio < wyr, hence the

potential in the radial directions is much steeper than in the axial direction, as
shown in the right side of Fig. 1.13.

1.5.3 Evaporative and sympathetic cooling

The last step required in order to reach the quantum degenerate regime in our
experiment relies on evaporative cooling for Lithium and sympathetic cooling
for Chromium atoms.

Despite the implementation of these techniques goes beyond my thesis work, I
briefly recall the basic working principles of these two cooling methods.

The evaporative cooling is composed by two conceptual steps: i) the selective re-
moval of those atoms that have an energy higher than the average energy of the
sample; ii) the rethermalization of the remaining atoms by means of elastic col-
lisions [10].

In order to remove the more energetic atoms there are two different methods de-
pending on the trap typology: within an ODT it is sufficient to decrease the trap
depth by reducing the laser beam intensity. In a magnetic trap, instead, a radio-
frequency (or micro-wave) radiation is applied in order to induce a spin flip on
the highest energy atoms which occupy the outermost region of the trap and to
transfer them towards Zeeman sublevels that are not trapped.

After this selective removal, the leftover sample rethermalizes and its velocity dis-
tribution turns into a Maxwell-Boltzmann with a smaller width, i.e. with a lower
temperature.

Since this thermalization process relies on elastic collisions, a sample composed
by fermionic atoms has to be trapped in two different internal states. In fact, the
Pauli exclusion principle prohibits identical fermions to collide in s-wave, which
is the only relevant scattering channel in the ultracold regime. For this reason, in
our ODT we will trap %Li atoms equally populating the two lowest Zeeman states.
Regarding Chromium atoms, they will be cooled by a sympathetic mechanism:
this technique is often employed in order to cool those atomic species that can

22



Chapter 1. Laser cooling and trapping: basic principles

not easily thermalize, or when the sample has a low atom number, such that it
is desirable to cool it without particle losses. The basic concept of this second
cooling mechanism is to mix the atomic species that can not be cooled evapora-
tively with a second, more abundant one, that instead can be efficiently cooled.
If this second species is cooled, then also the first one can thermalize through
interspecies collision.

In our case, it is possible to design and realize optical potentials that are deeper
for Cr than for Li by means of the combination of high power IR and green laser
sources. Provided that we will find favorable interspecies Cr-Li scattering prop-
erties, unknown so far, we will then use the Li as a coolant for Cr atoms, without
expecting substantial Cr losses.
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Chapter 2

Compensation coils setup: design,
test and applications

One of my major contributions to the experiment during my thesis period has
been the realization of a set of compensation coils. In particular, I designed, pro-
duced and tested three pairs of coils that I subsequently installed on the main
experimental apparatus along the three spatial directions. Moreover, I soldered
and tested their relative electronic control system.

These coils, which adjoin the main MOT and Feshbach coils setups, can be em-
ployed for various purposes: first, in the Helmholtz configuration, they allow
to controllably adjust the quadrupole center position of the MOT of Li and Cr
atoms relative to the ODT, and to eliminate spurious fields that decrease the per-
formances of the gray molasses stage [20, 24]. Second, the z-coils switched in
an anti-Helmholtz configuration and combined with the Feshbach and the MOT
coils, will enable to produce a controlled magnetic gradient on top of a homo-
geneous field pointing along the gravity direction. This, in turn, will enable to
adjust the gravitational sag experienced by Li and Cr atoms within the ODT, dur-
ing the evaporation stage [28-31].

This chapter is organized as it follows: in Sec. 2.1 I describe the main character-
istics of the coils and of the electronic control circuit. In particular, I report the
expected profile of the magnetic field in the Helmholtz and anti-Helmholtz con-
figuration! respectively and the characterization of the electronic circuit. Sec 2.2
provides the analysis, both theoretical and experimental, of the cloud shift due
to the compensation coils field along the three axes. Finally, in Sec. 2.3 I present
a simulation carried out with Wolfram Mathematica of the optical potential ex-
perienced by both Li and Cr atoms within the ODT. In particular, I focus on the
role played by gravity on determining the barycenters of the two clouds and their

!n this thesis I refer to the Helmholtz and anti-Helmholtz configuration even though the rel-
ative distance d between the coils is larger than their radius R.
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2.1. Realization and implementation

relative position, and discuss how a magnetic field gradient can be employed in
order to cancel the relative gravitational sag of the two species.

2.1 Realization and implementation

A set of three pairs of compensation coils, one for each space direction?, (i.e. x- y-
and z-coils) is realized in order to eliminate possible spurious magnetic fields or
to create a magnetic gradient®. Both their radii and their number ofloops, as well
as the relative distance between coils of the same axes, are limited by physical
constraints, represented by other optical and mechanical components near the
science chamber (see right pictures of Fig. 2.1). The coils are all made of copper
wire of radius 0.45mm (Fig. 2.1) and their main design parameters are listed in
Table 2.1.

| | x-axes | y-axes | z-axes |

Radius R [cm] 5.9 4.0 7.5
Loops N 21 34 30
Relative distance d [cm] 32 32 27

Magnetic field (for I=3.5A) By [G] | 0.65 0.53 2.01

Table 2.1: Main design parameters of the compensation coils. The magnetic field
By is calculated for the two coils in Helmholtz configuration and at half of their
relative distance d, i.e. in correspondence of the atomic cloud, where the magnetic
field features a constant value.

By considering a certain value of current flowing in the same direction (clockwise
or anticlockwise) in both the coils, which are placed at the position x = +d/2, a
constant magnetic field By is generated at x = 0. The By value depends on the
distance between the two coils, on their internal radius (R) and on their number
of loops (N). For each set of coils the corresponding By calculated for a current
value of I = 3.5A is shown in Tab. 2.1. For this configuration the whole calculated
magnetic field profile, composed by the sum of the field generated by each coil,

2Actually, because of the presence of other optical and mechanical components, the x- and y-
coils are not orthogonal, but they make an angle of about 125°, as we will see in the next section.

30n the experimental setup are already implemented two pairs of coils to this latter aim: the
MOT coils and the Feshbach coils. More detail in Chapter 2 of E. Neri’s PhD thesis [15].
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Chapter 2. Compensation coils setup: design, test and applications

Figure 2.1: x-axis coil and relative holder stripe (on the left) later implemented on

the experimental setup (right side). In the second panel the coil is indicated by the
yellow arrows.

can be expressed as

uoNIR? UoNIR?

B = T v di2 2 (- 2D

(2.1)

and it is represented on the left side of Fig. 2.2. In the expression above p is the
magnetic permeability.

8
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Figure 2.2: Simulation of the magnetic field profile generated by the compensa-
tion coils of the z-axis, by considering a current of I = 3.5A, calculated through
Wolfram Mathematica. The trend on the left corresponds to the coils in Helmholtz
configuration, while in the profile on the right the coils are in anti-Helmholtz con-
figuration.

By reverting the sign of the current in one coil, the same setup can generate at the
center of the coil setup x = 0 a magnetic field gradient (right panel of Fig. 2.2). In
this case, the total magnetic is given by Eq. 2.1, but with the minus between the
single coil contributions. As better explained in Sec. 2.3, this latter configuration
will be useful along the vertical direction: indeed a gradient can be employed to
compensate a displacement of atomic clouds of different atomic species, due to
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Chapter 2. Compensation coils setup: design, test and applications

gravity. The simulated gradient generated along the z axis by the compensation
coils with a current of 3.5A is g—f = 0.34%.

Fig. 2.3 summarizes the electronic circuit design that employing one single ex-
ternal power supply, allows to independently adjust the current in each set of
compensation coils. An image of the actual soldered circuit board is shown in
Fig. 2.4.

Figure 2.4: Picture of the realized circuit board used for the electronic control of the
three pairs of coils.

In all the three sets of coils it is possible to maintain a constant current value up
to I = 3.5A with no electronic oscillations, nor relevant heating of the coils. The
current can be set both manually through three trimmers (variable resistors), and
electronically with a digital command in the routine program. The switch on/off
can be regulated with a TTL control and the corresponding characterization in
time was carried out by monitoring the variation in the voltage on a resistor of
about 0.5 — 1Q (represented by Ryg, R34 or Ry, indicated by black arrows in the
upper part of Fig. 2.3), that emulates the coils.

The switch on occurs in 750 —800us for all the three sets and almost indepen-
dently from the set current value. During this time the voltage value jumps from
0 to the 90% of its maximum value.

More interesting is the switch off timescale. Indeed, while for all our purposes we
do not envision strong constraints regarding the switching on time of the com-
pensation coils, it is desirable to have the possibility to quickly switch them off.
The switch off time is characterized in Fig. 2.5 for the y-axis coils (but analogous
profiles are found by analyzing the response of the other two pairs) at [=2A (left)
and [=3.5A (right), respectively.

In both cases, the signal reaches 10% of its initial value in about 100us. In Fig. 2.5
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Figure 2.5: Characterization of the switch off time for the y-axes compensation
coils circuit. The two panels show the behavior of the y-axes circuit for two different
current values: 1=2A (left) and I=3.5A (right). The oscilloscope signal monitoring
the voltage signal across Rsy is represented by blue dots, whereas the fit is the red
line. More detail about the fitting function in the main text.

I also show the best fit of the measured voltage drop, analysed by using a double
exponential decay as fitting function: V = Vp(e~(!=f01)/71 4 g=(i=102)/T2y 4 o The re-
sulting values of 7, and 7, and their correspondent uncertainty are listed in Fig.
2.5.

After realizing and testing both the three sets of coils and the electronic circuit,
I integrated them within the main experimental apparatus. For the x- and y-axis
pairs, I fixed the coils on the bars inserted in the MOT coils resin (more detail in
chapter 2 of Ref. [15]) by means of two plexiglas stripes. A picture of one x-coil
with its plexiglas holder installed on the setup is shown in Fig. 2.1. Also the z-axis
coils are fixed on a plexiglas support and placed above and below the science
chamber. In any case, the coils are installed as near as possible to the chamber,
at the same distance from its center. In this way, a constant By (or a magnetic
field gradient) is produced at the center of the chamber, i.e. where the atoms
clouds are formed.

2.2 Calibration of the coils on the Li cloud

As we have already seen in the first chapter and in particular in Sec. 1.4, the
MOT working principle is based on the presence of a quadrupole magnetic field
gradient. The atoms are trapped in the region where the magnetic field is zero
and, consequently, if an offset bias field By is added to the gradient, the zero-
field location (thus the cloud of trapped atoms) shifts. Indeed, by considering a
magnetic field gradient along the x; direction (B(x;) = b;x;), adding a constant
magnetic field By in the same direction leads to a total magnetic field that is zero
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Chapter 2. Compensation coils setup: design, test and applications

in the position x4 = %:
B(xj) =bix;i = B(Xeq) =0 at x,4q=0 (2.2)
¥B,
b;
This translation, depends linearly upon the By value, thus upon the current flow-

ing within the coils.
For instance, the gradient along the z direction generated by the Feshbach coils

B(xj) =bixi+ By — B(Xeq) =0 at Xeq=

(2.3)

in quadrupole configuration, whose characteristics are detailed in E. Neri’s PhD
thesis [15], is of about 24.4% with a current value of 20A. If to this gradient is
added a magnetic field bias By(/ = 3.5A) = 2.01G produced by the compensa-
tion coils along the z direction, one expects a shift of the zero field position of
AZzeq =2.01/24.4cm =0.824mm.

8000 e Ztraslation m=242(8) um/A

7500

7000~

6500~

Cloud position [ y m ]
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Current [A]
Figure 2.6: Shift along the z direction caused by the compensation coils. The data
(red dots), representing the translation of atoms experimentally observed by vary-
ing the current in the z compensation coils, are taken through an absorption imag-
ing at 1ms of time of flight (TOF). The lines represent the linear fit of the data
(red) and the expected shift previously calculated (blue). The coefficient obtained
through the fit is m = 242(8)um/ A, that corresponds to a maximum measured
shift Az = 1.69(6) mm, consistent with the theoretical value Az*** =~ 1.64mm.
The uncertainty on data is the maximum deviation from the mean calculated with
6 different data sets. Regarding the coefficient m instead, the uncertainty is evalu-
ated by considering the maximum and minimum slope provided by a linear fit of
the data.

More generally, bearing in mind a bias field By = %I [A] = 0.57%[ [A] I expect,

according to a magnetic gradient of 24.4%, a trend of the position where the
atomic cloud is created (z.4) of

0.57S I[A] mm
Zeq = m =0.234——1

Tem

[A] (2.4)
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2.2. Calibration of the coils on the Li cloud

Therefore, by considering a maximum current of Icomp = £3.5A, one expects
an overall maximum shift, achievable with the z-coils, of Az;,;;, = 0.234 x 3.5 x
2mm =1.638mm.

I directly measured the shift of the position of a cloud of ®Li atoms, trapped in a
MOT and further cooled by means of a gray molasses stage based on the D, line
(see Sec.1.5.1 and 3.3), as a function of the current set in each axis of the com-
pensation coils. The outcome of this measurement for the z direction is shown
in Fig. 2.6: the red dots represent the experimental data with their statistical un-
certainty, while the red line is the best linear fit. The blue line is the linear trend
expected theoretically. From the figure one can notice how the translation di-
rectly measured on the atoms matches the expected trend.

The choice of monitoring the atoms in the D; gray molasses stage is motivated by
the fact that this cooling stage does not modify the position of the atoms that re-
main in the center of the MOT quadrupole even when the MOT coils are switched
off. Moreover after the gray molasses the cloud size is smaller and, consequently,
it is easier to detect small shifts of its barycenter.

As far as the plane x-y is concerned, the analysis of the cloud shift is a bit dif-
ferent. Indeed, while for the z-axis the imaging is perpendicular to the atoms
translation and, therefore, the cloud movement is visible 1:1 on the camera, along
the plane it is necessary to take into account the angle between the coils axis and
that of the imaging camera (6, for the x-coils) which is represented in green in
Fig. 2.7.

4

Coils

MOT Y

Figure 2.7: Sketch of the X -Y plane geometry. In red are depicted the X and Y MOT
beams, while the black dashed line represents the axes of the x-coils. The black
solid lines indicate the direction of the imaging and its orthogonal axes. In green
is depicted the angle 0 formed by the x-coils and the imaging axes. Moreover, the
projection of the translation along the x-coils direction is represented in green on
the orthogonal axes to that of the imaging.
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Chapter 2. Compensation coils setup: design, test and applications

In figure it is possible to notice the geometry of the plane: the y-coils are on the
same axes of the imaging, while the x coils are centered between the MOT X
windows and the adjacent one (on the right), namely at an angle 6, = 124° with
respect to the imaging axes.

Similarly to what has been done for the z axis, I monitored the position of the
61.i atoms cloud at different current values flowing within the x-coil pair. A sim-
ilar calibration of the y-coils is carried out and leads to similar results. After that
the y-coils have been placed on the same axis of the imaging (see Fig. 2.7) and,
therefore, in this latter configuration the translation due to the y-coils is not de-
tectable with the camera.

The magnetic gradient on the plane is that expected (and experimentally ob-
served) for the Feshbach coils, but reduced of a factor 2 with respect to its value
along the vertical direction [32]. By considering the constant magnetic field gen-
erated by the x-coils By, predicted by simulations, it is possible to extract the
effective angle at which the coil pair is located. Indeed, the cloud shift observed
on the camera is the projection on the imaging axis of the effective translation
(see green segment in Fig. 2.7). This approach is justified by the fact that the
coils position is the more uncertain parameter of this configuration.

Assuming, therefore, a magnetic field gradient of about 12.2% and a maximum
current value in the coils By (I = 3.5A) = 0.65G, one expects a maximum shift of
the quadrupole center Ax’" = =1.065mm.

In Fig. 2.8 is shown the measurement of the translation generated by the x-coils
as a function of the current value.

e X traslation m=96(7) yum/A

Cloud position [y m ]

-4 -2 0 2 4

Current [A]
Figure 2.8: Measure of the translation due to the x-coils as a function of the current.
The data (red dots) are taken with an absorption imaging of the®Li cloud, after a
TOF of 1ms. The linear fit (red line) allows to derive the shift coefficient that is m =
96(7) %. Also in this case the uncertainty on data is the maximum deviation from

the mean and that on the m coefficient is evaluated by considering the maximum
and minimum slope achievable from data.
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2.3. Simulation of optical dipole potential and gravitational sag

From the slope derived by the linear fit (red line), it is possible to evaluate the to-
tal measured shift Ax;, ., = 0.672mm. This value can be related to that previously
calculated Ax’"" . simply through the sine of 6: Ax;, 0y = Ax!  xsinf3 7. From
this relation it is possible to observe that the experimentally measured shifts cor-
respond to an angle 05" = 141°. The mismatch with the expected 0, = 124° is
likely due both to an imperfect alignment of the coils and to an eventual displace-
ment between the center of the quadrupole gradient and the position where the

coils create the constant By,.

2.3 Simulation of optical dipole potential and gravi-
tational sag

One of the most delicate steps towards the attainment of the degenerate regime
of the Cr-Li mixture is the simultaneous loading in the ODT and the subsequent
evaporative and sympathetic cooling stages. As we have explained in Sec 1.5.2,
a Gaussian laser beam will trap the atoms if it is red detuned with respect to the
relevant atomic transitions. In our experiment a bichromatic trap is needed to ef-
ficiently trap both Li and Cr atoms. Indeed, even though an infrared radiation at
1070nm will trap both species, it does not allow to create a potential sufficiently
deep for Cr atoms, if compared to that experienced by Li atoms. Therefore, an
additional green laser at 532nm, superimposed to the IR one, strongly trapping
(antitrapping) for Cr (Li) atoms, is employed to realize an overall potential deeper
for Cr than for Li.

At the beginning of the ODT stage, when the lasers have high power, the gravi-
tational sag effects are negligible. But during the evaporative cooling the beam
powers are decreased, and the presence of gravity may have relevant and differ-
ent (for atomic species with different mass) consequences. In particular, as we
will see, the gravitational potential tilts the optical potential with a slope that de-
pends on the atoms mass. This effect is known as gravitational sag and it can be
balanced by means of a magnetic field gradient.

2.3.1 Optical dipole potential

In order to devise the most appropriate trapping potential for both species, to
characterize the relative gravitational sag for Li and Cr, and to understand how to
cancel it by means of a controlled magnetic field gradient, I have simulated the
bichromatic potential for the two species, scanning different powers and beam
waists.

Following the approach described in Ref. [26] and considering a multilevel atom,
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Chapter 2. Compensation coils setup: design, test and applications

the optical potential experienced by the atom in a state |i, M};) depends on the
magnetic quantum number Mj, on the polarization of the light, and on the cou-
pling strength and detuning of all allowed transitions connected with the |7, Mj;)
state. Neglecting corrections due to the presence of an eventual hyperfine struc-
ture, the optical dipole potential can be written as [9]:

sign(wni)l my;,n

w? (W%, —w?)
nit ni

Uim,; (F) = =3nc*1(F) Y (2.5)
n

where w,; = w, — w; is the frequency associated to the transition between the
levels i and n, I'y, » is the coupling rate between a sublevel (i, J;, Mj;) and the
arrival level (n, J,,, Mj,), w is the laser frequency and I(7) is its intensity profile
(Eq. 1.14).

While, in practice, the ODT for Li is fully determined by accounting for the D,
and D, transition lines only, the simulation of the optical potential of Cr requires
to consider basically the whole atomic spectrum, much richer than that of alka-
lis. In particular, for this species the ODT simulation, based on a Mathematica
code, has been carried out for bosonic °2Cr, but, not considering the hyperfine
structure, analogous results are expected for the >3Cr isotope. Fig. 2.9 shows an
example of the radial and axial potential experienced by °Li atoms, calculated for
the parameters detailed in the caption, produced by the individual infrared and
green lasers (respectively the red and green curve) and their sum (brown curve).
The depicted potential profiles are evaluated considering a linear light polariza-
tion and M;=-1/2.
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Figure 2.9: Optical dipole potential experienced by Li atoms expressed in temper-
ature units. The red (green) line is the trapping(antitrapping) potential generated
by the infrared (green) beam, while in brown is represented the total potential sim-
ply given by their sum. In this image Pigp = 100W, PG =50W, wigp = wg = 45um,
M;j =1/2 and the light polarization is 7.

As anticipated in Sec. 1.5.2, the trap is much steeper along the radial direction
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2.3. Simulation of optical dipole potential and gravitational sag

than along the axial one?.
In Fig. 2.10 I show the results of the potential experienced by Cr atoms in the ab-

solute ground state (M;; = —3) for the same parameters of green and IR lights of
Fig. 2.9.
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Figure 2.10: Optical dipole potential experienced by Cr atoms expressed in temper-
ature units. The red (green) line is the trapping potential generated by the infrared
(green) beam, while in brown is represented the total potential. As in the other pic-
tures, Prg = 100W, Pg = 50W, wir = wg = 45um and the lights are n polarized,
but the initial level is Mj = —3.

By varying the beams power, the ratio P;r/Pg that allows to generate a dipole
trap of the same depth for both Li and Cr atoms is found. Assuming wjg = wg, a
7 polarization and the initial state M; = —1/2 and M; = -3 for Li and Cr respec-
tively, the ratio P;p/ P = 2.9 provides the same trap depth for the two species.
In particular, by considering Prgr = 73W, Pg = 25.3W and w;r = wg = 45um the
trap depth is about 0.9mK.

The polarization of the laser light does not introduce relevant changes in the op-
tical potential for the Li atoms, but from the simulation emerges that it plays a
quite important role for the Cr atoms. In particular, by considering a o_ (o)
polarization the resulting optical potential for Cr atoms in M; = -3 is deeper
(shallower) than that evaluated with a linear polarization of about 10% (20%).
However, given that the ODT beam propagates on the xy plane, the presence of
the Feshbach field that define the z direction as the quantization axis, allows only
a 7 polarization (or a combination of o4 + o_ ) of the beams.

2.3.2 Gravitational sag

As we have already anticipated, when the beam powers are reduced during the
evaporative and sympathetic cooling stages, the depth of the optical potential

“In the discussion of Sec. 1.5.2, the axial direction was Z. Within this section I prefer to refer to
the experimental orientation and, therefore, the ODT axial direction is on the xy plane.
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Chapter 2. Compensation coils setup: design, test and applications

decreases and the effect of gravity becomes progressively more relevant [23, 30].
In particular, the gravitational field tilts the optical potential U, along the vertical
direction and, as a consequence, the effective trap depth is reduced. Moreover,
the gravity introduces a shift in the position of the minimum of the potential
Zeq, where the barycenter of each cloud is located. Indeed, by considering the
harmonic approximation of the Gaussian potential, we have, for each species
(i=Cr, Li):

Gﬂ = i(lmiwz.zz) =0—2,5=0 (2.6)
0z 0z\2 ! q
o0U,;+Uy) 0 (1
Tg:&(Emiw?z2+mig2)=0—>zeq=—§ 2.7)

i
where m; and w; are the atomic mass and the trap frequency of species i, Uy is
the optical potential described as Eq. 2.5, and Uy is the gravitational potential.
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Figure 2.11: Gravitational effect on the optical dipole potential. In this picture
is shown the trend of the potential along the vertical direction by considering the
following beam parameters: Prr = 0.5W, Pg = 0.17W, wigr = wg = 45um and a
linear polarization. The simulation is carried out with M}i =-1/2 and M]C’ =
—3. The intensity ratio of the beams, neglecting the gravitational effect, ensures
the same potential for Li and Cr atoms (left panel), but including gravity the two
potential minima shift one with respect to the other (right panel).

From Eqg. 2.7 one can notice that, if the beam parameters are such that the trap
frequency is the same for both Li and Cr atoms (wr; = wc;), the gravity introduces
the same shift in the atomic clouds positions that are still overlapped. If instead
one considers the case of equal potential mC,wZCr =m Liw% ;» bearing in mind the
mass ratio for the isotopes *>Cr and °Li, i.e. mc,/my; = 8.7, the gravitational sag
of Cr is 8.7 times larger than Li one (see Fig. 2.11).

One possible strategy to compensate this effect, which can substantially reduce
the overlap between two atomic clouds at ultralow temperatures, consists in the
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2.3. Simulation of optical dipole potential and gravitational sag

introduction of a magnetic field gradient applied along the z axis (B(z) = bz) [30]:

0U;+Ux+Uy) 0 (1
a7 YT ¥m) _ O —miwiz’ +migz+uibz|=0— z.g = -

= 2.8
0z 0z\2 (2.8)

g+uiblim;
2
1
where u; = upMj;g;, up is the Bohr magneton and g; is the total electronic g

factor. In order to ensure a perfect overlap between the two cloud it is required
that z}}, = z$7, from which it follows that

eq’
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Let us now consider the two cases previously studied, i.e. same frequency trap
(wri = wcr) and same optical potential (mL,-w%l. = mCerCr). In the case of same
frequency trap it is not required any magnetic gradient, because the shift in-
duced by the gravity is equal for Li and Cr atoms. On the contrary, in the case

of mLiw%i = mCerC +» by considering the initial (ground) states M]Ll.i = —1/2 and
M]Cl.’ = —3, for which ¥¢ = Z%2 — g and recalling that ¢ = 8.7 (and thus in
MLi HB mri

2

this specific case ::2” = 8.7), we find that the magnetic gradient that cancels the
Cr

relative sag is:

ooty
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|1#Cr/ﬂ7l KB KB ) 2.10)
—my;/m
[ :( Li Cr)(mCrg) _ 1.06(mCrg) —162—
1-lpLi/perl)\ 6usp 6B cm

Figure 2.12 shows how the potential changes for an applied magnetic gradient of
b=4G/cm, b=1.62G/cm, b =0G/cm or b = —4G/cm. For this model, I chose
quite low power value of P;p = 0.5W and P =0.17W.

In order to appreciate the small effect that different magnetic field gradients have
on Li atoms, Fig. 2.13 focuses on the potential profile for the sole Li in the Mj; =
—1/2 state, considering the same magnetic field gradients of Fig. 2.12, but lower
beam powers (P;g = 0.25W and Pg = 0.085W).

We can see that the magnetic gradient which allows the compensation of the
gravitational sag is b = 1.62G/cm, as predict analytically. The gradient chosen to
balance the gravitational potential, being positive, pushes those atomic species
that have p; > 0 towards lower values of z. In our case, both Li and Cr ground
state atoms have gM; < 0 and the gradient lifts the atoms up against gravity. Ad-
ditionally, from Eq. 2.10 one can notice how such a gradient is essentially the
optimum one needed to cancel gravity for Cr (within 6%) and its application re-
sults, for Li, in an overall effective gravity of ~ —0.54g.
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Figure 2.12: Total potential (optical, gravitational and magnetic) along the ver-
tical direction by considering the following beam parameters: Pir = 0.5W, Pg =
0.17W, wir = wg = 45um and a n polarization. In the simulation M]Ll.i =-1/2,
M]Cl.’ = —3. The trends shown refer to a magnetic gradient of b = 4G/cm, b =
1.62G/cm, b=0G/cm and b = -4G/cm.

-0.0015+ .

3

g -0.0020 : Li potential b=4G/cm

©

b= — Li potential b=1.62G/cm

8 -0.0025¢ 7 . .

g — Li potential b=0G/cm
-0.0030 - ] — Lipotential b=—4G/cm

-20 -10 0 10 20

Vertical Distance [um]

Figure 2.13: Total potential (optical, gravitational and magnetic) along the verti-
cal direction by considering the following beam parameters: Pjp = 0.25W, Pg =
0.085W, wir = wg = 45um and a nt polarization. This simulation focus on the Li
atoms in the M]Ll.i = —1/2 state. The trends shown refer to a magnetic gradient of
b =4G/cm (orange), b =1.62G/cm (red), b = 0G/cm (purple) and b = —4G/cm
(blue).
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2.3. Simulation of optical dipole potential and gravitational sag

Despite the compensation coils along the z direction switched in anti-Helmholtz
configuration generate for I = 3.5A a magnetic field gradient = 0.34G/cm, thus
not big enough to correct the relative gravitational sag for the Li and Cr atoms,
their gradient can be combined with that produced by the MOT coils to efficiently
overlap the two atomic clouds.
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Chapter 3

Lithium cooling: MOT and D, gray
molasses

This chapter provides an overview on the whole laser cooling and trapping pro-
tocols employed and optimized in this thesis to produce cold Lithium clouds.
We have already mentioned that the last step toward the realization of a degen-
erate Cr-Li mixture is the evaporative cooling in ODT. In order to optimize the
loading in ODT and to make the evaporative cooling efficient it is important to
increase the initial phase space density, i.e. increase the number of atoms and
decrease their temperature (keeping the cloud volume constant). Therefore, af-
ter the stages of MOT and compressed MOT, we developed an additional cooling
phase based on the gray molasses [33]. This routine has been already imple-
mented in previous experiments and it greatly improves the phase-space density
conditions and the loading efficiency in the ODT, enabling to produce large sam-
ples of degenerate Li mixtures [23].

In Sec. 3.1 I briefly describe the optical setup employed for the realization of
the MOT and the gray molasses for Li atoms. The whole setup (the spectroscopy
breadboard, the setup used for the amplification and the preparation of the lights,
as well as the experimental cell) was already prepared at the beginning of my the-
sis work. Then, in Sec. 3.2 I report the experimental routine and results obtained
after optimizing the MOT and the compressed MOT (CMOT) stages. I then focus
on the optimization of optical molasses based on the D, line (3.3). In particu-
lar, after a short characterization of the Fano profile (previously described in Sec.
1.5.1), peculiar of this cooling technique, I discuss the effect of the compensation
coils on this laser cooling stage. As we will see in Sec. 3.3.2, these coils, placed
in Helmholtz configuration, allow to compensate spurious magnetic fields that
detrimentally affect the optical molasses, limiting its efficiency both in terms of
final temperature and atom number.
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3.1. Optical setup

3.1 Optical setup

The optical setup that allows to collect the thermal Li atoms within the vacuum
cell and to cool them through the MOT and the gray molasses techniques is quite
complex. A block scheme of the optical setup main structure is shown in Fig. 3.1.

D1 light Cooling light
Laser sources D2|light

Amplification
Stages

Repumper light

Coolingi iRepumper
light light

 / Lights
Preparation

Mo

Tozs & To MOT
imaging X,Y,Z

Spectroscopy
breadboard |—Y

Figure 3.1: Block scheme of the Li optical setup, taken from [15].

The light sources are two commercial master lasers! at 671nm, that provide the
laser beams for the D; and D, atomic transition.

A small portion of each beam is sent to the breadboard dedicated to the laser
locking setup. Both the lights are frequency locked by means of a modulation
transfer spectroscopy (MTS) scheme?. This provides a dispersive signal, charac-
terized by a zero crossing in correspondence of the match of the laser frequency
with the atomic resonance. In our experiment, the D, and D; master laser are
locked respectively to the line 281/2(IF =3/2)) —2 P35 and 2Sy,2(|F =3/2)) —2
Py /2. The detailed description of our locking scheme is available in Sec. 3.2.2 of
E. Neri’s PhD thesis [15]. Here I only mention the presence of two double-pass
acousto-optic modulators (AOMs, both sketched in Fig. 3.8 in the following sec-
tion) that set the frequency detuning of the D; and D, master laser respectively
at —2x100M Hz and —2 x 140 M H z with respect to the atomic resonance to which
they relate.

The largest parts of the two master lasers lights, prepared with orthogonal polar-
ization, are overlapped on a polarizing beam splitter cube, hence they follow the
same optical path on the amplification and preparation breadboard. In order to
select the desired light during the experimental routine, two AOMs (both work-
ing in single pass at 80 M H z and depicted in Fig. 3.8) are placed before the beam

'Tapared Amplifier High Power Diode Laser (TA-Pro) produced by TOPTICA.
2The MTS technique is a standard saturated absorption spectroscopy with an additional mod-
ulation on one of the two counter-propagating beams.
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Chapter 3. Lithium cooling: MOT and D, gray molasses

splitter cube and act as fast shutters.

The beams are then separated into cooler and repumper lights, which are first
amplified by two independent tapered amplifiers (BoosTA) and then recombined
on a non-polarizing beam splitter (BS). The laser light runs therefore along two
paths: one for the MOT beams and the other for the ZS and the imaging lights.
The optical setup referred to the orange boxes of Scheme 3.1, i.e. the amplifica-
tion and preparation of the various lights, is depicted in Fig. 3.2.
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Figure 3.2: Optical setup developed for the amplification and and the preparation
of MOT, ZS and imaging lights.

At the output of the optical fiber delivering the light produced by the master
lasers, the 1/2 waveplate and the (1) polarizing beam splitter cube (PBS) allow
to separate both the D; and D, lights into the cooler and repumper beams with
a ~ 50—50 ratio. Both the cooler and the repumper beams pass through a double
pass AOMs centered, respectively, at 80 M Hz and 200 M H z. By accurately adjust-
ing the AOMs frequency, it is possible to set a relative detuning between cooler
and repumper light of about 228 M Hz, that is exactly the hyperfine separation of
the level Sy, (see Fig. 1.2).
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3.1. Optical setup

The lights are then independently injected into two Toptica BoosTAs and, after
being amplified, they are recombined on a 50 — 50 non-polarizing beam splitter
cube (2). The transmitted beam is further split into the ZS light and the imag-
ing one, while the reflected beam is exploited for the three MOT beams (MOT X,
MOT Y and MOT 7).

Along the ZS and imaging path a single pass AOM is placed: when itis set to about
—80M H z the light is coupled into the ZS fiber. If instead it is set to —125M Hz the
beams is injected into the imaging fiber. A shutter (3) installed in front of the ZS
fiber avoids the presence of spurious light into the ZS beam during the imaging
routine.

Fig. 3.2 also shows the imaging breadboard. Before entering into the imaging
fiber, the beam passes through a double-pass AOM which allows to compensate
the previous AOM shift and to tune the light frequency.

ZS tube ODT lights Imaging
input
direction < ( [ AW

A4
MOT Y

L3
Stingray camera /\/14

MOT X W2 ) =

ZS N4

Legend: B PBS N\ Lens W Fiber

 Mirror \Dichroic mirror \ Waveplate (\/2 where
not specified otherwise)

Figure 3.3: Experimental cell and optical setup exploited for the ZS and the MOT
beams. In light red are reported the imaging and the ZS beams, in red are depicted
the MOT lights. The image is taken and adapted from Ref. [15]: here I represent
only the Li beam paths, together with the dichroic mirrors (in green) onto which Li
and Cr lights recombine. In this picture, the vertical MOT beams are not reported.

The ZS light and the imaging one, as well as the three MOT beams, are brought
onto the vacuum table, where the experimental cell is installed. The optical setup
on the vacuum table, except the vertical MOT beam path (that is similar to those
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designed for the in plane MOT lights), is depicted in Fig. 3.3.

The fiber collimators yield an output beam waist of about 1mm, which is magni-
fied by means of a 1 + 6 telescope. The MOT beams enter in the experimental cell
through large viewports (CF40 in the plane, CF100 along z) and they are retrore-
flected with a mirror. Typical power values for the D, light are 20mW and 15mW
respectively for the cooling and the repumper light on the x-y plane, whereas
along the vertical direction, a power of about 15mW (10mW) is employed for the
cooler (repumper) light.

Also the ZS beam waist is magnified with a 1+ 3 telescope, which focuses the light
on the Li oven. The total power is set by a waveplate and a PBS placed after the
fiber output, and it is split between cooler and repumper with a 3:2 ratio.

In Fig. 3.3 I also show the absorption imaging path. The imaging beam has a
power of ~ 2mW and a beam waist of ~ 1¢m. After hitting the atoms at the center
of the chamber it is sent to a Stingray camera. A 2 + 1 telescope yields a demag-
nification of 2, which is well suited to characterized the Li clouds collected in the
MOT.

3.2 Experimental routine and results of MOT and CMOT
stages

At the beginning of my thesis, a MOT of 6Li atoms was already realized and char-
acterized. During my work I participated in the optimization of the two stages of
CMOT and in the realization and characterization of the D; gray-molasses.

For the data acquisition a Stingray camera is used. The number of cold atoms
and their temperature are determined by analyzing the cloud image after vari-
able time of flight .

3.2.1 Absorption imaging

Our imaging system is a CCD camera (Stingray F-145B) composed by a matrix
of 1038x1388 square pixels of size 6.45um. The telescope before the Stingray
(depicted in Fig. 3.3 and already mentioned in the previous section) provides
a magnification of M = 0.5. With the CCD camera we can directly observe the
density distribution of the atomic clouds, from which it is possible to extrapolate
the temperature of the atoms.

The atomic cloud image is obtained by acquiring three separate pictures: the first
detects the cold atoms absorbing the imaging light and the second, taken a few
tens of ms after, records the image of the light with no atoms. An additional third
image is then taken in order to quantify the background light and it is taken with
no atoms nor imaging light.
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3.2. Experimental routine and results of MOT and CMOT stages

The atomic density in the CCD plane is given, in the case of I} < I4;, by [34]:

A N Ii(x, y) = Ipg(x,y)
TapsM? " \14(x,y) = Ipg(x,Y)

n(x,y) = 3.1
where I, and I; are the intensity patterns with and without atoms respectively,
and I, is the background intensity distribution. A is the area of a single pixel
and o 4, is the resonant absorption cross-section, which for a transition charac-
terized by a wavelength Ay reads [32] o455 = %

Assuming an initial Gaussian distribution of the cold atoms in MOT, it is expected
that, once the beams and the magnetic fields are switched off, the initial Gaus-
sian distribution expands into a broader one. Taking a destructive absorption
image both in situ or during the free expansion, the atomic distribution is there-
fore fitted, along each direction, with a Gaussian function, as it is possible to see
in Fig. 3.4.
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Figure 3.4: Example of destructive absorption image of the °Li MOT obtained by
means of the Stingray. The atomic cloud is fitted with a 2D Gaussian distribution.
The cloud outlined in this pictures is after the C-MOT stages and it is taken after a
free expansion of 2ms.

The fit provides the total atom number. Moreover, by monitoring how the cloud
expands in different time of flight (t), it is possible to evaluate the atoms temper-
ature by means of the expression [16, 35, 36]:

o) =\|og+ ksT (3.2)
m
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Chapter 3. Lithium cooling: MOT and D, gray molasses

where o0 is the width of the distribution in sifu, namely at zero expansion time,
kg is the Boltzmann constant and m is the atoms mass.

3.2.2 MOT and compressed MOT

With a combination of ZS and MOT techniques a cold °Li cloud is realized. An
iterative optimization procedure, thoroughly described in Sec. 4.1 of Ref. [15], al-
lows to find the best experimental loading settings that provide a MOT composed
by N ~ 4 x 108 atoms at a temperature of the order of 1 —2mK.

Our MOT loading settings are:

* Loadingtime=7s
* MOT current =45A — MOT gradient=23G/cm
e ZS current=2A

* MOT beams power: MOT X=30mW, MOT Y=27mW, MOT Z=25mW
(cooling and repumper laser ratio 3 + 2)

* ZS beam power= 35mW (cooling and repumper laser ratio 3 + 2)
* MOT detunings: §coo; = =71 Orep =—8T
e 7S beam detuning ~ —22T

In order to reduce the atoms temperature, a two-step compressed MOT (CMOT)
stage is applied. As outlined in Fig. 3.5, the detuning (6¢001,rep) and intensity
(Icool,rep) Of both the cooling and repumper light are gradually decreased.

The first CMOT stage (CMOT-1) lasts 100ms, during which the intensity is re-
duced to the 70% for the cooling beams and 14% for the repumper ones of their
initial values. During this stage the detuning is decreased to —4.5I" and —6T re-
spectively for the cooling and the repumper lights.

After this first CMOT stage, we apply a second shorter one (CMOT-2) lasting 3ms,
in which the intensities and the detunings are further and more strongly reduced:
Icoor = 5%, Irep = 4%, 6coor = —1.5I' and 6 = —2.5T.

Typical TOF measurements of the atomic cloud temperatures obtained after the
single CMOT-1 and after both CMOT-1 and CMOT-2 stages are shown in Fig. 3.6.

The uncertainty is evaluated as the standard deviation of several data acquisi-
tions. At the end of the CMOT-2 the cloud has a typical temperature of about
T =500uK. Lower T values, closer to the Doppler limit, could be attained, but
only at the price of a significant reduction of the atomic population.

During the CMOT-1 stage the cloud is adiabatically transferred from the MOT
coils quadrupole to the one made by the Feshbach coils, through a 50ms long
linear ramp of the coils currents. While the gradient of the two quadrupole is
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Figure 3.5: Loading routine of MOT and CMOT stages. Here are illustrated the
reduction of the lights intensity and their detunings. The repumper light is repre-
sented in red, while the cooling one in blue. Moreover in figure appears the imag-
ing pulse after a variable time of flight (TOF).
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Figure 3.6: Time of flight expansion measurement, for the horizontal &, and ver-
tical G direction, taken at the end of the CMOT-1(CMOT-2) routine for the red-
orange(blue-light blue) dots and lines,which correspond respectively to the exper-
imental data and to the fit.

identical, hence the cloud is not affected nor modified, this transfer is important
to guarantee a fast switch off of the magnetic fields after CMOT-2. Indeed, owing
to their large inductance (see E. Neri’s PhD thesis for details) the MOT coils field
can be turned off completely only after a few ms. In contrast, the Feshbach coils
quadrupole field can be turned off within a few 100us, enabling to implement
the D; optical molasses stage immediately after the end of the CMOT-2 stage.
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Chapter 3. Lithium cooling: MOT and D, gray molasses

3.3 D, gray molasses

As already explained in Sec. 1.3.1 temperatures below the Doppler limit (Tp =
2%) are not achievable by means of the MOT and CMOT techniques. To cool the
atomic cloud below this value, that for Li atoms is 140K, a gray molasses stage
is required.

For the implementation of this cooling technique, we followed the procedure
successfully devised and discussed in Ref. [23]. The gray molasses is based on the
D -line, rather than the D,-line, whose small hyperfine splitting renders the sub-
Doppler mechanism completely inefficient. The A structure (Sec. 1.5.1 and in
particular Fig. 1.10) required for the realization of the molasses (and more specif-
ically for the VSCPT process) is composed by the 281 »(|[F = 1/2)), 2S1/2(|F = 3/2))
and 2Py 5 (|F' = 3/2)) levels.

Cooler ...
Repumper ¢ A
> 6cool AiSrep ——————
P, F'=3/2
A 126.08 MHz
F'=1/2

D

2S1/2 J —— F=3/2

F=1/2
Figure 3.7: Sketch of the laser configuration on the D, transition on SLi. The red
arrows indicate the cooling and repumper beams, both blue-detuned with respect

to the atomic transition of respectively 6 001 and 6¢p. In figure, A represents the

In particular, an overview of the laser configuration used for the D; gray mo-
lasses is shown in Fig. 3.7: both the cooling and the repumper beams frequencies
are blue detuned with respect to the atomic transitions to which they refer, i.e.
|F =3/2) — |F' =3/2) for the cooler and |F = 1/2) — |F' = 3/2) for the repumper.
The relative detuning is A = 6., — 0001 and the Raman condition corresponds
toA=0.

As already discussed, the gray molasses mechanism leads to a temperature trend
characterized by a Fano profile of typical width « I'. The temperature features
the minimum in correspondence of A = 0. It is therefore essential to carefully
determine the behavior of the atom number and the temperature as a function
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3.3. D, gray molasses

of A.
Fig. 3.8 shows a sketch of the optical setup, focusing on the AOM and on the fre-
quency shift they provide.
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Spectroscopy breadboard D1 2 X 100 MHz

Figure 3.8: Optical setup showing the AOM and their frequency settings during the
D; routine.

By changing the frequency shift produced by the AOM acting on the cooler (1) or
on the repumper (2) beam (depicted in figure before the tapered amplifiers), it
is possible to accurately tune A with a frequency resolution® of 0.2M Hz. In this
way it is possible to scan a range of detunings of ~ 8I".

Fig. 3.9 outlines the resulting frequency detuning for the cooling and the re-
pumper beams operating on the D;.

As one can see both in Fig. 3.8 and Fig. 3.9, the laser is locked at a frequency that
is red detuned of about 180 MHz with respect to the |F =3/2) — |F' = 1/2) tran-
sition. Then, the beam, before being split into cooling and repumper, is shifted
to the blue by 80 M Hz by means of the "shutter" AOM. As already discussed, the
final detunings 6.40; and 6, are determined by the double-pass AOMs before
the tapered amplifier.

3The frequency resolution of the AOM is 0.1 M Hz, but the double pass configuration leads to
aresolution of 0.2M Hz for A.
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Figure 3.9: Sketch of the frequency detuning for the D, laser beams. The light red
arrows show the AOM frequency shift, while the blue arrows refer to the consequent
Ocool and brep as defined in Fig. 3.7. The light red shadows indicate the possibility
of thoroughly tune the final detuning 6 .oo; and 6 ¢, by changing the shift provides
by Cool. and Rep. AOM.

3.3.1 Experimental results

As discussed in Ref. [25] and already experimentally observed, see Ref. [23], a
characteristic feature of the D, gray molasses is the appearance of a sub-natural
linewidth Fano profile in the A-dependence of the temperature of an atomic
cloud.

In our experimental routine the gray-molasses stage on ®Li atoms starts after the
CMOT stages described in Fig. 3.5. The cloud temperature is ~ 500K and the
initial atom number* is Ny ~ 1.6 x 108. The quadrupole field and the D; lights are
then switched off and, after 0.4ms, the D; beams, both cooling and repumper,
are switched on. A first characterization allowed to pinpoint the best settings
of intensity (I¢po; and Irep < I¢oo1), detuning (8,ep and 6401, both blue detuned)
and time duration. In particular, after analysing various configurations, I identify
the following best parameters: Icoo; = 2.75154¢, Irep = 0.045100; and tp, = 0.6ms.
Even though the tp, value is quite small, for longer gray-molasses time the atomic
temperature increases and the relative atom number N/ N, decreases.

In Fig. 3.10 I show the trends of the number of captured atoms % (blue dots)
and the cloud temperature (red dots) as a function of the relative detuning A =
Orep — 8 cool, by considering a fixed value §¢40; = 5.3I'. When 6., = 5.1T’, i.e. for
a relative detuning A = —0.2T’, very close to the Raman condition, the minimum
temperature T = 50uK is measured.

The temperature is evaluated by simply comparing the size of the atomic distri-
bution at two different TOF of 4ms and 6ms.

The number of atoms is taken after 2ms of free expansion and from the pic-

4The atom number and the cloud temperature after the CMOT-2 phase is obtained through
absorption imaging resonant with the |F =1/2) — |F' =3/2) transition, after 20us of hyperfine
pumping in the |F = 1/2) level.
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Figure 3.10: Cloud temperature (red dots) and captured atoms ratio (blue dots) of
the®Li cloud after the D, gray molasses stage. The results are reported as a function
of the relative detuning A, for a fixed 6001 = 5.3T'. The lack of data in the range
0.5’ — 1T is due to a quick heating process of the cloud for these detuning values.

ture above one can notice that for A = —0.2I" only 40% of the CMOT-2 atoms are
cooled with the gray molasses technique, namely N ~ 6.5 x 10”. The maximum
measured value of N/N, = 0.55 + 0.6 (corresponding to N ~ 9 x 10”) occurs for
A=-0.5T.

The atom number ratio reported in Fig. 3.10 is evaluated by means of absorption
imaging resonant with the |F = 1/2) — |F' = 3/2), but with no hyperfine pumping
because it would detrimentally affect the gray molasses®. As a consequence, ﬂo
is systematically underestimated.

To properly determine the true number (N ,.) of Li atoms cooled in the mo-
lasses an hyperfine pumping in the |F =1/2) level is carried out. Figure 3.11
shows the trend of N as a function of the hyperfine pumping duration, for dif-
ferent A values: A = 2.2T" (red dots), A = —0.2T" (blue dots) and A = —0.5T" (orange
dots). All these data are acquired with a fixed value of 6 .,,; = 5.3I" and a time of
flight of 2ms.

The number of atoms increases with increasing hyperfine pumping duration, but

>During the gray molasses the atoms occupy the dark state |¥p) that is a superposition of
both |F =1/2) and |F = 3/2). Therefore, an eventual hyperfine pumping on the |F = 1/2) would
decrease the gray molasses performance.
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Figure 3.11: Number of ® Li atoms composing the gray molasses measured after an
hyperfine pumping of variable duration. The data correspond to A = 2.2T" (red
dots), A = —0.2T (blue dots) and A = —0.5T" (orange dots). The dashed lines repre-
sent the saturated atom number Ny, for each data set.

it saturates to Ny ye in ~ 20us.

By comparing the saturated number N;,,, obtained from this latter measure
with that one provides by Fig. 3.10, we can observe that the atom number recorded
with no hyperfine pumping corresponds to nyue = 16(5?7XX11°()77 ~ 60% and Nf\r]ue 193XX110()77 ~
70%, respectively for A = —0.2I'and A = —0.5T".

Therefore, it is possible to conclude that the true relative number is N]t\,—’;‘e =~ 67%

in correspondence of the lowest temperature value, and it reaches a maximum

value of NZ’V—’(;” =~ 80% at A = —0.5I". These results are in good agreement with those
previously reported in Ref. [23].

3.3.2 Optimization of D, cooling with compensation coils

Even though the experimental results shown in Fig. 3.10 are consistent with what
reported in Ref. [23], the observed large shot-to-shot fluctuations in temperature
and atom number, together with the impossibility to apply the D; molasses be-
yond 0.6ms without losing substantially in phase-space density, strongly suggest
the presence of some residual magnetic field. To this end, I tested the perfor-
mances of the D; cooling stage once a non-zero compensation field was ap-
plied by means of the compensation coils setup described in Chapter 2. Ex-
amples of such characterization are reported in Fig. 3.12, for I .40 = 2.75154;,
Irep = 0.04519; and A = —0.2T.

In particular, in the left panels (a and b) I show how the atomic cloud tempera-
ture (upper panel) and the atom number (lower panel) change as a function of
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Figure 3.12: Optimization of the gray molasses by means of the compensation coils.
The temperature of the atoms (red dots, b panel) decreases by varying the current
flowing in the z coils, while the number of atoms (blue dots, a panel) composing
the molasses does not significantly change around the optimum value of 1A. In
the right panels is depicted the temperature analysis by varying the current in the
x coils (c¢) and in the y coils (d). The error bars are the maximum deviation from
the averaged temperature considering different data set.

the current value flowing in the vertical compensation coils. Starting from an
initial molasses characterized by T = 60uK, it is possible to decrease its temper-
ature (see Fig. 3.12a) without losing atoms (Fig. 3.12b). By setting 1A in the
z-coils we measure T = 50uK and N ~ 8.4 x 10”. The temperature is calculated
by comparing the size of the Gaussian atomic distribution after 4ms and 6ms
of time of flight, and N is measured by means of an absorption imaging on the
|F =1/2) — |F' =3/2) without hyperfine pumping.

In the right panels of Fig. 3.12 is shown the behavior of the cloud temperature
measured by changing the current in the x coils (upper panel) and y coils (lower
panel). The data of the x coils are taken by setting 1A for the z coils current.
Similarly, the data relative to the y coils are taken by setting I.yi;s = 1A and
Lycoirs = 0.5A.

This characterization allowed to pinpoint the optimum current configuration
and the consequent magnetic field generated by the compensation coils: I,.4i;s =
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1A— Bz = 0.6G, Ixcoils =0.5A— Bx =0.1Gand choils =0.

The compensation of the residual magnetic field is confirmed by the character-
ization of the gray molasses duration: indeed an optimum value > 0.6ms was
found in this case. In Fig. 3.13 it is shown the trend of the atom number (blue
dots) and of the temperature (red dots) as a function of fp,.
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Figure 3.13: Time characterization of D, gray molasses. The blue (red) dots rep-
resent the atom number (temperature) as a function of the switching off of the D,
light. The number is taken after 2ms of TOE while the temperature is evaluated by
the size of the atomic cloud after Ams and 6ms of TOE

The lowest temperature appears for tp, = 2ms, in agreement with previous ex-
periments, see Ref. [23]. In this configuration N = 6.9 x 107, measured, as already
emphasized, without hyperfine pumping. From previous characterizations, we
can assume that for A = —0.2I" the absorption imaging with no hyperfine pump-
ing provides ~ 60% of the total atom number. It is, therefore, possible to calculate
Nyrye = 1.1 x 108 and NfTO ~61%.

Figure 3.14 shows the temperature measurement of the D; gray molasses in this
optimized configuration. The fit yields Ty = T}, ~ 42uK.

2200, Tx=42(4)uK
2000 o Ty=43(3)uK

2 3 4 5 6 7 8

TOF [ms]
Figure 3.14: Temperature of Li atoms in the Dy gray molasses after the compensa-
tion of the residual magnetic field and the optimization in time. In red and blue

dots is reported the experimentally expansion (and the corresponding fit) of the
atomic cloud along the x and the y direction of the imaging camera.
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The same measurement, keeping the same settings and duration but with the

compensation coils switched off, leads to a temperature of about beyond T =
100uK.
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Chapter 4

Chromium MOT and simultaneous
loading of double-species °Li->*Cr
MOT

We have already stressed the difficulty of achieving the quantum degeneracy of
a %Cr sample. So far, only one laboratory worldwide has been successful in
2015 [37] in realizing small (< 10% atoms) *2Cr Fermi gases at moderate degen-
eracy by means of sympathetic cooling with the bosonic isotope (°Cr).

In our experiment we plan to independently create two MOTs of Li and Cr atoms
and then to simultaneously load them into the ODT. Successively, we plan to
bring Cr to quantum degeneracy by means of a sympathetic cooling stage, where
a binary mixture of Li atoms equally populating the two lowest Zeeman atomic
states will act as a coolant for Cr atoms. To this end, it is essential to investigate
the interspecies Li-Cr collisional properties, completely unknown so far.

Before examining the fermionic >3Cr isotope in the cold regime, a preliminary
characterization of the more known bosonic >>Cr MOT has been performed.
Despite I have not been involved in the design of the setup allowing for the real-
ization of the Cr MOT, nor to its first optimization and characterization, during
the last part of my thesis work I contributed to the investigation of the metastable
state D3 and D, of the bosonic isotopes. Moreover, I participated to the first ex-
perimental loading of a double-species MOTs of Cr and Li, and to the characteri-
zation of the D3 and D, state lifetimes in presence of Li atoms.

In this Chapter I summarize the experimental routine that allows to perform
these studies. In particular, in Sec 4.1 I briefly describe the optical scheme ex-
ploited for the main cooling transitions of both *2Cr and *3Cr and for the addi-
tional red repumper lights. Sec. 4.2 includes the experimental results attained
with the %2Cr setup, with special focus on the characterization of the metastable
states (4.2.1) and on the loading of the very first double-species Li-Cr MOT (4.2.2).
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4.1 Experimental setup

Fig. 4.1 shows a block scheme of the optical setup employed for the achievement
of a cold atomic Cr cloud.

: R1 .
850 nm Frequency RD Lights
Laser source ? doubling : preparation
Cooling
TCand| zg| XY ZMOT
imaging
Laser locking <
system Vacuum
Table
Laser locking T
Red repumper » | and lights
laser sources preparation

Figure 4.1: Block scheme of the Cr optical setup.

The blue light at 425nm required for the cooling transition is obtained from a
850nm laser source that is subsequently injected into a duplication cavity (light-
blue and blue boxes). The master source is a Toptica DL, providing an output
power of about 35mW, plus a home-made TA system which increases the power
up to 2W. The combined action of a collimator and a cylindrical telescope makes
the beam collimated with negligible ellipticity and, after passing through an op-
tical isolator, it is injected into the home-made frequency doubling cavity based
on a bow-tie configuration. Here the frequency doubling stage is obtained by a
BBO crystal which provides the second harmonic generation process. The cavity
is locked with a Pound-Drever-Hall (PDH) technique [38], and yields an output
beam of ~ 600mW at 425nm. The light is then split into two optical paths, one
devoted to the locking system (yellow block) and the other to the preparation of
the trapping and cooling lights (green box).

The atomic spectroscopy cell is a commercial hollow cathode lamp and the lock-
ing system is composed by a MTS scheme, as for the Lithium atoms. In order to
manipulate both the fermionic and the bosonic isotopes, the light can follow two
different optical paths. So, the locking point can be set by two different AOM se-
tups: the 2Cr locking point is defined by a double pass AOM at —2x95M Hz from
the boson atomic resonances, whereas the >3Cr locking point is set at +90M Hz
from the same reference by means of a single pass AOM.
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Regarding the light preparation (green block), in order to provide also the manip-
ulation of the >3Cr isotope, the beam is divided into the cooling light and the two
repumpers. Indeed, as we can see in Fig. 1.3, while for the bosonic *>Cr the cool-
ing transition is closed, for the fermionic one two repumper lights (R; and R,) are
needed. The repumper path is composed by two double pass AOMs in a cascade
configuration. The R; beam passes through the first AOM (—140 x 2M Hz), while
the R, light undergoes an additional frequency shift (—120 x 2M Hz) provided by
the second AOM. Then, both R; and R; are recombined with the cooling beam on
a polarizing beam splitter and, from then on, they follow the same path. Before
going to the vacuum table, the light is split into MOT, ZS and transverse cooling
(TC) beams. Both the MOT and the TC beams frequencies are set by a double-
pass AOM (2 x90M H z for the TC light, and 2 x 80 M H z for the MOT beams), while
the ZS light passes through a single pass AOM (80M Hz). Moreover, once on the
vacuum table, a portion of the TC beam is employed for the absorption imaging.
As we can see from Fig. 1.3, during the cooling cycle both *2Cr and %3Cr can
spontaneously decay from the ? P, state into the metastable states °Ds and °D;.
Therefore, in order to reintroduce them in the cooling transition, two red re-
pumper lights addressing the transitions |° D3) — |" P3) and |°D4) — | P3) at 654nm
and 663nm respectively, are exploited [9].

The light sources for these two "red repumpers" are two DL Pro Toptical lasers,
both locked by means of a transverse confocal cavity scheme on the Lithium
spectroscopy reference at 670nm, modulated by an EOM (red and orange blocks
in Fig. 4.1). In particular, in this scheme the primary mode of the cavity is locked
to the Li frequency reference, while the laser is locked to a secondary mode of the
cavity, distant from the primary mode of % ~1.5GHz.

The frequencies of both the repumper beams are then adjusted by means of a
double pass AOM set at —2 x 210 M H z for the 663nm laser, and -2 x 216 M H z for
the 654nm. Finally, the two red repumpers are combined on a polarizing beam
splitter and injected into a common fiber whose output is on the vacuum table.
Also all the blue lights are brought to the vacuum table by means of optical fibers,
and they are directed and aligned on the experimental cell, similarly to what al-
ready explained for the Li lights in Sec. 3.1 and Fig. 3.3. Both the MOT and the ZS
beams are magnified and collimated with a 1+2 telescope, yielding a final beam
waist of ~ 5mm. The MOT light is realized by three independent retroreflected
beams. The Z MOT and the Cr imaging beams setups, as well as the TC one, are
placed on two separated vertical breadboards. More details about the whole Cr
optical setup are in E. Neri’s PhD thesis [15].
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4.2 Experimental results

As for the °Li case, also the bosonic *>2Cr MOT was characterized and, after a
thorough optimization process, the optimum settings configuration was found.
In particular, I report the current values and the beam powers and detunings that
allows for the realization of a cold >>Cr MOT composed by N ~ 7.4 x 10° atoms.

e MOT current = 55A — MOT gradient~ 30G/cm

e 7S current = 14A

* MOT beams power: MOT X=3.8mW, MOT Y=3.8mW, MOT Z=2.0mW

* 7S beam power=60mW

e TC beam power=20mW

* MOT detunings —4T

* 7S beam detuning ~ —19I"

e TC beam detuning 1.2’

* Loadingtime < 3s
The experimental routine implemented includes an additional 2ms CMOT stage
at the end of the loading time. As shown in Fig. 4.2, the cooling beam detuning is

decreased from —4I to —2I" while its power is lowered down to 10% of its initial
value.

imaging
I pulse
A 100%
1 10%
>
S A ar time
2T
»
7s 2ms .
Loading CMOT TOF time

Figure 4.2: Experimental routine of Cr MOT and CMOT stages. Here are illustrated
the reduction of the cooling lights intensity and of its detunings. In figure appears
the imaging pulse after a variable time of flight (TOF).

The measurement of the cloud expansion, obtained with a typical destructive
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Chapter 4. Chromium MOT and simultaneous loading of double-species ®Li->2Cr MOT

absorption imaging (Sec. 3.2.1), taken at the end of the CMOT routine, yields a
temperature for the Cr atoms of 7' = 200(10) uK.

As explained for the Li atoms, during the MOT loading we adiabatically transfer
the Cr cloud from the MOT coils quadrupole into the Feshbach coils quadrupole,
to ensure a fast switch-off of the fields and to guarantee a free-fall TOE

4.2.1 Characterization of Cr metastable state |D3) and |D,)

As we have already explained, during the cooling stage the Cr atoms can decay
into the metastable | D3 4) states, which can be trapped with the quadrupole gra-
dient themselves, thanks to their high magnetic moment. In contrast with the
Cr MOT, the lifetime of these magnetically trapped states is considerably longer,
and thus their presence allows to accumulate in the magnetic quadrupole trap
a number of Cr atoms substantially higher than that attainable within the blue
MOT. The two additional red repumpers that, as already mentioned, are charac-
terized by a wavelength of 654nm and 663nm, are employed to repump D-state
atoms back into the cooling cycle.

The optimum parameters of the red-repumper lights are pinpointed by monitor-
ing the number of the collected Cr atoms as a function of the repumper frequen-
cies (set by the AOM in double pass, as outlined in the previous section), and of
their powers and pulse duration. In particular, we load the Cr MOT for 7s with
only the blue light, let the accumulation of atoms within the D states take place,
and then the cold cloud is illuminated with a 30ms long repumper pulse and
monitored with absorption imaging at 425nm. By scanning both red repumper
frequencies and powers, as well as the illumination time, we could pinpoint the

optimum parameters of the red lights. In particular, the atom number is satu-
mW

rated for a beam power of ~ 15mW and ~ 2mW, corresponding to 2.4~ and
0.3 n’?n‘fl‘/z for the |D3) — |P3) and |D4) — | P3) transition, respectively. Moreover, by

considering a loading time of 7s, the best repumping efficiency is found for a re-
pumper pulse duration ranging from ~ 15ms to ~ 30ms.

We can now selectively characterize the number of atoms that are trapped in
each D state. The result is summarized in the histogram shown in Fig. 4.3,
where the atom number observed in absence of red-repumper lights (blue) is
compared with the atom number measured by applying a 30ms pulse at 663nm
(red), 654nm (orange), and both 654nm and 663nm together (purple). This mea-
surement was carried out with a pulse of 30ms and a beam power of = 14mW
(= 15mW) for the 654nm (663nm) light.

The number of atoms trapped in the |D,) state greatly exceeds the |D3) one, in
agreement with the relative branching ratio of ~ 75% and ~ 25% associated to
the decay from the | P4) state. The total number observed with both the repumper
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lights is in good agreement with the sum of the individual contribution from each
D state. Moreover, this value depends on the loading time and it saturates at

max = 7.5 x 107 within a few seconds, in contrast to the MOT contribution that
instead saturates within hundreds of ms, owing to the strong light-assisted colli-
sions [9] and decay to the metastable states.

A

] 60(4)
60—
—~ ] 53(2)
O 50—
< 40—
o | 52.6(5.2)
: 30— 45.6(3.2)
= -
207 14(3)
10— 7.4(1.2) [.6(4.2)
.1 1l
No Only Only Both

Repumpes 663 nm 654 nm Repumper

Figure 4.3: Atom number observed without red-repumpers, with only the 663nm
(654nm) pulse and with both the repumper lights, after 7s of loading.

The rate equations associated to the atom number trapped in the MOT Nj; and
into the quadrupole Np, neglecting two-body loss contributions, read

Np(t) = al y—p Ny () = TpNp(t) (4.1a)

Na(t) = +L— (Cag—p +Tan) Npg(0) (4.1b)

where L is the MOT loading rate, I'j;_.p is the decay rate of the MOT atoms to-
wards the metastable states, I"ys is the single particle loss rate of the MOT atoms,
I'p is the single particle decay rate of atoms occupying the D states, and «a is the
collection efficiency of the quadrupole trap for the metastable states.

From Eq. 4.1, we obtain

o0
B CZFM—»DNM

N]o)o = Nmax — NX/? = T (4.2)

Given that Npax = 7.5 x 107 and N2 = 7.4 x 10°%, and considering I'p ~ 0.1s"
(as we will see below), then al'y;_.p = 0.957 1.
form distribution of the atoms among the 16 Zeeman sublevel of the D3 and D,

states, and the ideal case in which all the atoms in the 7 high-field-seeker sub-

Moreover, if we suppose a uni-
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Chapter 4. Chromium MOT and simultaneous loading of double-species ®Li->2Cr MOT

levels are captured in the quadrupole gradient, then a = 7/16. As a consequence,
T'yv—p =251, ie. of the same order of magnitude of T'y; ~ 5.757 1.

A second important result is the characterization of the metastable state lifetime.
The decay rate of the D3 (D,) state is measured as it follows. The MOT (plus
quadrupole trap) is loaded for 7s, after which both the ZS magnetic field and the
ZS light are switched off. The Cr cloud is continuously illuminated by the cooling
beams plus the 663nm (654nm) light: the atoms are therefore pumped into the
D3 (D4) state, which is dark for the applied light. Then, after a variable time, the
cloud is illuminated with a 30ms long pulse of 654nm (663nm) repumper light,
that brings the D-state atoms back into the cooling cycle. Right after the end of
the repumping pulse, we acquire an absorption image (at 425nm) of the cloud.

30

jI) O5D3; T3=6.3(8)s.
O5D4; T4=16(2) s -

25

20

N (1076)
15
o
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5

o T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35

t [s]

Figure 4.4: Atom number in the D3 (green circles) and Dy (blue circles) states as a
function of the decay time. The solid lines are the result of the fit, performed with
a single exponential decay: Np, (t) = Np, (0)e~!'Ti | where i=3,4.

Both trends reported in Figure 4.4 for the two D-states feature the expected fast
decay (t < 0.5s) contribution due to the MOT atom population. Neglecting the
MOT decay, the data follow a single exponential decay characterized by a time
constant 73 = 6.3(8)sand 74 = 16(2) s (from which we calculate I'p = 1/7; ~0.1s71).
By comparing the initial total atom number of this measurement with those ob-
tained in Fig. 4.3, we can notice a mismatch. We attribute this effect to the

63
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non-negligible light-assisted atomic losses due to the interaction with the red
repumpers light, which is switched on during the whole routine.

4.2.2 Simultaneous loading of °Li and *>Cr MOT

This section reports the outcome of the realization of a preliminary double-species
MOT of Li and ®2Cr atoms. In particular, the lifetime of a coexisting Li-Cr cloud
is characterized. This investigation is of great interest in view of the implemen-
tation of a simultaneous loading of Li and Cr atoms in ODT.

During this characterization, we focus on the lifetime of the Cr atoms trapped
in the D states, which, as we can notice from Fig. 4.3, represent about the 90%
of the whole trapped Cr sample. Even though the presence of Li atoms perturbs
both the loading efficiency and the lifetime of the Cr sample, this measurement
proves the possibility to produce a double-species MOT.

Fig. 4.5 shows an example of simultaneous loading of a Li-Cr double-species
MOT.

Figure 4.5: Picture of the Li (red cloud)-Cr (blue cloud) cold sample, not perfectly
overlapped.

Fig. 4.6 shows the lifetime of the Cr atoms in the D states in absence of the Li
cloud (already analysed in Fig. 4.4 and here reported in green and blue circles
for the atoms in D3 and D, respectively), compared with the trend of the atom
number associated to the same state in presence of a Li MOT of about Nj; ~ 108
atoms (blue and green dots for the D, and Dj state).

For the acquisition of these data we simultaneously loaded the Li and the Cr
MOT for 7s. Then the Li and Cr ZS currents and beams were switched off and
the Cr shutter oven was closed. Selective accumulation of Cr atoms in D3 (Dy)
was obtained by continuously addressing during the loading time the Dy — P53
(D3 — Ps3) transition. Finally, we illuminated the cloud with a 30ms long 654nm
(663nm) repumping pulse before performing the imaging with the 425nm light.

64



Chapter 4. Chromium MOT and simultaneous loading of double-species ®Li->2Cr MOT
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Figure 4.6: Trend of the atom number as a function of the decay time. In green
are represented the data for the atoms trapped in the D3 state, while in blue are
reported the data relative to the atoms in the D, state. Circles and dots refer re-
spectively for the Cr cloud in absence and presence of Li atoms.

From Fig. 4.6 we can notice two important features. First, by comparing the atom
number at £ = 0 one can see how the atoms trapped within the D state is reduced
of a factor ~ 2 by the presence of the Li MOT. Second, the presence of Li atoms
diminishes the lifetime of the metastable states.

Since we have checked that the presence of Cr atoms does not affect the Li MOT
atom number, nor its size, and given that the trend of the Li atom number after
the loading is well fitted by a single exponential decay with 7;; = 17.5s [15], we
can easily solve the rate equation for the D-state population:

. 1
Np, (1) = _,BDiNLi(t)NDi(t)_;aNDi(t) (4.3)

1
Indeed, assuming that these populations are mainly limited by inelastic two-
body Cr-Li processes characterized by a rate constant fp, (i.e. 7; > (BN.;)™),
one can neglect the second term in Eq. 4.3 and obtain an expected trend of Np, (¢)

that reads as
NDi (1) = NDi (0)e(NLi(O),BDl-TLi(e_”TLi—1)) (4.4)

Fig. 4.7 shows the results obtained by fitting the quadrupole decay curves with
Eq. 4.4. The fit was only applied to the data-points at ¢ > 1s since, as already
discussed, the evolution of the Cr atom number at ¢ < 0.5s accounts for both the
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contributions from those atoms confined in the MOT and within the quadrupole
field. The value of fp, is extracted from the fit and rescaled to the constant vol-
ume featured by the Li MOT cloud (B[1/s] — Blcm?®/s]) yielding 5D3 =1.6(4) x
107 cm3s~! and Bp, = 8(2) x 10~ cm®s~! for the | D3) and Dj state, respectively.
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Figure 4.7: Atom number in the D3 (green dots) and D4 (blue dots) state as a func-
tion of the decay time. The solid lines represent the fit performed with Eq. 4.4.

Even though Eq. 4.4 matches well the experimental data, we cannot determine
the specific mechanisms which cause the Cr losses from the quadrupole, because
of the low resolution of the N;; measurements. Indeed, the experimental uncer-
tainty of the Li MOT atom number is 10%, that is comparable with the Cr atom
number trapped in the quadrupole.

The experimental results reported above demonstrate the possibility to simulta-
neously produce cold Cr and Li samples within our experimental apparatus. In-
deed, in spite of a less efficient accumulation of D state Cr atoms in the magnetic
quadrupole of the MOT, the presence of ~ 108 Li atom MOT does not prevent the
loading of Cr sample comprising up to ~ 2.5 x 107 atoms at about 200uK within
a few seconds of experimental cycle. This appears as an extremely promising
starting point for the loading of the mixture in the ODT, and for the successive
evaporative and sympathetic cooling steps.

Finally, Fig. 4.8 shows the very first signal of a MOT of fermionic >3Cr atoms ob-
served during the very last days of my thesis work. The picture is taken with a flu-
orescence imaging with an integration time of 5s. The atom number is N ~ 10%,
consistently with a significantly smaller ZS flux expected for the fermion, when
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compared with the boson [9]. Moreover, since the detuning is very small ~ 1T,
also the volume of the MOT is very small.
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Figure 4.8: Fluorescence imaging of our first >3 Cr MOT.

In the lab we are currently focusing our work on the characterization and opti-
mization of the fermionic *>>Cr MOT.
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Chapter 5

Compensation of thermal lensing
effects in the optical trapping setup

In this Chapter I present a study that was carried out in the lab during my thesis
period in order to implement a high-power ODT setup free from thermal lensing
(TL) effects. TL effects, as it will be explained in the following, modify the position
of a focused beam by an amount which depends upon the laser power and wave-
length. As such, they are detrimental if one wants to perform all-optical evapo-
rative cooling, since the trap location will vary during the evaporation ramp. In
particular, TL should be minimized in the specific case of a bichromatic ODT that
combines, as in our setup, two high power laser sources at different wavelengths.
At the beginning of my thesis, the characterization of TL introduced by the em-
ployed optical components was already started, as well as the realization of the
optical setup utilized for the TL compensation. During my thesis work I partici-
pated in the data acquisition and analysis of the thermal effects and I contributed
to test the efficacy of our configuration by monitoring the ODT focused on a cold
Lithium sample. The outcome of this investigation is available as a publication
in Optic Express [7].

The chapter is organized as it follows: Section 5.1 provides a theoretical introduc-
tion to the thermal lensing effect, and discusses the possibility of its cancellation.
Sec. 5.2 presents a characterization of the thermal lensing effect introduced by
each optical element employed in our experimental setup for the IR laser ODT.
Finally, Section 5.3 outlines the optical scheme utilized in order to eliminate the
TL, and describes how it operates on an atomic trapped cloud.
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5.1 Theory of thermal lensing

The thermal lensing phenomenon originates from the modification of the light
path caused by the propagation of high-power radiation through a partially ab-
sorbing material. When a Gaussian beam impinges on an optical element, this
latter absorbs part of the light and, consequently, it heats up. In particular, due to
the non-uniform beam intensity profile, the heating of the material is inhomo-
geneous. According to the dependence of the refractive index on the tempera-
ture [39,40], this heating leads to alocal alteration of the optical path experienced
by the beam. As a consequence, the optical element acts as a lens for the beam,
and both the size and the position of the beam waist acquire a dependence on
the illumination time! and on the beam intensity.

Fig. 5.1 schematically shows this effect.

4

Figure 5.1: Schematic view of thermal lensing caused by a Gaussian beam imping-
ing an optical material with thickness €. The Gaussian profile induce a tempera-
ture gradient that changes both the refractive index (dn/dT) and the local material
dimension (d¢/dT). These two effects modify the wave propagation.

Despite TL is negligible at low intensities, it may become relevant in those ex-
periments that require the implementation of a ~ mK deep potential with large
trapping volumes, such that high-power lasers (up to a few hundreds of Watts)
focused down to few tens of micron are needed. Additionally, even though ther-
mal lensing may not be a major problem as long as monochromatic ODTs and
samples composed by a single atomic species are considered, TL can strongly
reduce the efficiency of bichromatic traps, and of sympathetic cooling between
two different atomic species. For these reasons, it is extremely important in our
setup to minimize TL effects.

The analysis of the dynamic TL effect go beyond this work, because of a restriction due to the
minimum time resolution of our sensor.
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Chapter 5. Compensation of thermal lensing effects in the optical trapping setup

Generally, a theoretical description of TL is difficult, owing to the different mech-
anisms from which it can originate (thermal expansion of the material, strain,
temperature dependence of the refractive index). However, for common optical
materials, we can associate thermal lensing to the sole temperature dependence
of n, and we can quantify its effects by defining the thermal focal length [41] as:

27K w? 1 w?
P

= = 5.1
1.3b(dn/dT)¢ mgy P ©.1)

ftn

where P is the laser power, w the beam waist, x the material thermal conductiv-
ity and b is its absorption coefficient. From Eq. 5.1 we can see that the thermal
focal length is inversely proportional to the laser intensity with a proportionality
constant my that depends only on the material properties.

In order to figure out how to eliminate the thermal lensing effect it is useful to
recall how a lens modifies the beam propagation. When a Gaussian beam im-
pinges on a thin lens of focal length f;}, positioned at a distance s from the beam
waist wy (see Fig 5.2), the lens creates a new real (virtual) waist w; at a distance
s§'>0(s<0).

fen

Figure 5.2: Sketch of a Gaussian beam impinging on a thin lens.

According to the propagation of a Gaussian beam through a thin lens [42], it is
clear that, if f;;, — too, then s’ = —s and w; = wy, hence the beam propagation is
not modified. If instead f;;, has a finite value, a new beam waist wy is created at
a distance s'. In this latter case, also the radius of curvature of the beam changes:

/ 2
R ,) ) (5.2)

zZ—S

ZR

2
R(z) = (z+s)(1+(—) )—»R’(z) :(z—s')(1+
Z+s

By monitoring the consequent variation of the beam intensity behind the ther-
mal lens as a function of the incident power it is therefore possible to quantify
the thermal lens associated with any optical component.

Animportant observation is that, when the beam waist position coincides exactly
with the thermal lens plane (s = 0), the subsequent light propagation is described
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by:

o 2/ fin Wo _ 1 (5.3)

- 2 2
1 +ZR/ th Wy 1+ (ZR/fth)z

where zg = Tw3/A.

Namely, for |f;,| > zg (condition usually met in a typical cold atom trapping
setup), the variation of the beam propagation is detectable only very close to the
lens, the outgoing beam being almost unaffected by the lens. This simple obser-
vation suggests that, in order to remove? TL effects at all distances, it is sufficient
to place the optical element responsible for the thermal lens within a focus of the
incoming beam.

5.2 Source of thermal lensing in optical setup

In order to realize an optical setup free from thermal lensing it is essential to first
pinpoint the elements that mostly contribute to this effect by estimating their
ftn- Indeed, each optical component introduces some degree of TL (it is therefore
convenient to minimize the number of elements in a high-power optical setup),
and it is crucial to identify those whose contribution onto the final focus posi-
tion of the ODT is non-negligible with respect to the axial trap dimension (few
millimeters considering our ODT).

As we have already mentioned in the previous section, a measure of TL effects
can be made by monitoring the beam axial intensity profile behind a thermal lens
versus the incident power. Fig 5.3 presents a sketch of the typical setup employed
for this measurement: after crossing various optical elements which could intro-
duce TL (in the sketch are shown all components of the final setup, i.e. fi, f>
and the AOM), the beam is split into a high-power part, sent to a beam dump,
and a low-power part, that is focused (via f3) onto a CCD camera. By moving the
CCD camera through a micrometric translational stage and recording the inten-
sity profile, it is possible to pinpoint the focus position for every incoming power
value. In this way we can estimate the focus shift (Az,;) with respect to the focus
position at low power and quantify, therefore, the thermal lensing effect.

Our laser source is a multimode fiber laser with central emission wavelength of
1070nm and output waist of about 2.2(2) mm. The AOM, realized by a TeO, crys-
tal, has an optimum diffraction efficiency around 85% for an incoming beam
waist of 550 um, hence two lenses (f; = 200mm and f, = 50mm) are employed
to demagnify the output beam. In order to avoid the CCD camera saturation

2
2Aside for correction of the order of O(%)
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Figure 5.3: Setup for thermal lensing measurements.

without introducing systematic TL effects we employed first a beam sampler®
that reflects a small portion (P < 10W) of the radiation exiting the AOM. Then, a
second attenuation without significant thermal effects is obtainable with a high-
reflection mirror. Finally, the beam is focused on the camera (with w = 45um) by
a third lens f3 = 250mm, which does not produce further thermal effects, since
the small incoming power.

Fig. 5.4 shows the trend of Az;), as a function of the laser power for various ele-
ments. Itis easy to notice that both the single lens f; and the f; - f, telescope con-
figuration lead to a very small shift* of the focus position up to power of 280W.
In both cases Az, < 100um, that is negligible compared with the ODT axial size.
Moreover, the additional presence of a quartz window, identical to the viewport
of the science chamber, on the optical path causes only a minimal change (in Fig.
5.4 black squares and red circles). The thermal shift measured with the AOM after
the telescope is instead two orders of magnitude larger than the ones observed
with the lenses (and window) alone. In conclusion, from this characterization it
is clear that the AOM crystal is the only relevant source of thermal lensing within
our ODT setup.

The predicted shifts Az, (dashed and solid lines in Fig. 5.4), obtained by a Gaus-
sian beam propagation analysis simulation and by relying on the my values of
the different materials available in literature, match the experimental data apart
from the single lens measure (yellow circles). This discrepancy is likely due to
the TL effect of the filtering stage, only sizable for the single lens measurement.
In fact, in this case the beam impinging on the beam sampler is focused, rather
than collimated, and for this reason the thermal lens associated with the filtering

3Within the considered range of powers, TL effects introduced by reflective components are
negligible.

4The results of the two dataset are not directly comparable due to the different measurement
setup.
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Figure 5.4: Thermal shift Az, as a function of the laser power recorded for differ-
ent combinations of optical elements. Right axis: Az, due to the fi — f> telescope
with f> = 50mm in Suprasil®3001 (black triangles) or UV fused silica (red dia-
monds). The shift of the f; = 200mm fused silica lens alone (yellow circles) has
been tested directly by measuring its focus shift versus the beam power. For each
data set, the dashed line is the corresponding shift calculated by Gaussian beam
propagation analysis, assuming each element to represent an additional lens with
ftn given by Eq. 5.1 and characterized by the corresponding my value found in
literature (more details in [7]). Left axis: thermal shift of the optical setup with
inclusion of the AOM crystal, with (black squares) or without (red circles) quartz
window in the beam path. The AOM was placed at daom,2 = 3(1)cm behind the
second lens f>, the last lens f3 at d3 aom = 58(2)cm from the AOM, whereas the
window (if present) was at d,in 3 = 12(1)cm after f3. Solid lines (same color code)
show the focus shift calculated by Gaussian beam propagation analysis, assum-
ing the AOM thermal lens to be described by Eq. 5.1 with the my value found in
literature and listed in [7].

stage is substantially increased, relative to all other measurements.

5.3 Compensation of the thermal lensing effect

From the characterization described in the previous section we have identified
the AOM crystal as the major and only relevant source of TL within our setup.
Moreover, as anticipated in Sec. 5.1 and in particular in Eq. 5.3, the impact of
one thermal lens on a propagating beam can be minimized by positioning the
thermal element within a focus along the optical path. We have therefore char-
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Chapter 5. Compensation of thermal lensing effects in the optical trapping setup

acterized how the focus produced by f; on a CCD camera shifts as a function of
the position 6 z40ps of the AOM crystal relative to the focus of the f; — f> telescope,
for two different values of the incident power (see details in caption of Fig. 5.6).
Fig. 5.5 shows the setup employed for this measurement.

Beam dump
S f3
CCD Camerfa‘ [} } Beam sampler
. TeOZ
—{ g
Laser source 0Zpom

Figure 5.5: Schematic view of the optical scheme employed for the characterization
of the AOM thermal lens, as a function of the crystal position. A TeO, crystal is
placed at a variable distance dzaop from the focus within the f1 — f> telescope
as shown in the picture. For this measure, fi = 300mm and f, = 75mm. The f3
lens is placed at d3 » = 47(2)cm from the second lens f», and the focus location is
monitored for different levels of incident laser power through a CCD camera.

Given that fj focuses the incident beam down to waist of ~ 45um, in this con-
figuration the power level was kept below 60W. However, this corresponds to an
intensity on the AOM crystal about 40 times higher than the one reached within
standard operating conditions, yielding f;;, ~ 30cm.

Fig. 5.6 shows the acquired data (red diamonds) and the simulated curves (black
lines) obtained from the analysis of Gaussian beam propagation. From Fig. 5.6 it
is easy to see that a small variation in the AOM position is sufficient to produce
big changes in the beam propagation, but also that there are two AOM locations
at which the thermal lensing effect is zeroed (i.e. Az;; =0). The first position is
the expected 6 z4on = 0, when the AOM is within the focus of the telescope, while
the second is 6z40p = 30mm. From the Gaussian beam propagation analysis,
this latter case corresponds to a configuration in which the radius of curvature of
the perturbed beam coincides with that of the unperturbed one only on the plane
of f3. While also this second configuration enables to strongly suppress thermal
lensing, it is however less robust than the 6 z40ps = 0 one. Given that in this case
the radii of curvature associated with different power levels coincides only at the
f5 plane, rather than throughout the whole optical path, the beam magnification
due to fj at the f3 plane may significantly differ from unity. As a consequence,
although the position of the focus produced by f3; will only weakly depend upon
the specific value of f;, (i.e. of incident power), the beam waist may sizable vary,
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5.3. Compensation of the thermal lensing effect

relative to the | f;;,| = oo case.

Although this measurement has represented an excellent proof-of-principle check
that indeed TL can be suitably canceled by placing the AOM within a focus of the
beam, in the actual configuration of Fig. 5.5, the f; focuses the beam on the AOM
with a waist of about 45um. This small beam waist value drastically reduces the
diffraction efficiency of the TeO, crystal, and yields at the highest power level of
our laser source an intensity exceeding the AOM damage threshold.

0zpom [Mm]

Figure 5.6: Thermal-induced shift Az, of the f3 focus position experimentally de-
termined (red diamonds), as a function of the AOM distance from the f focus.
Az, is obtained by comparing high and low power data acquired at P = 50(1) W
and P =9.0(5) W, respectively. The shift predicted by the Gaussian beam propaga-
tion analysis is shown as black lines for P = 55W (solid), P = 50W (dashed) and
P =45W (dotted).

In order to overcome this issue, among different solutions, we opted for a scheme
based on the same elements depicted in Fig. 5.5, with the first two lenses no
longer in a telescope configuration but rather acting as an equivalent lens with
effective focal length ffg, that generally depend upon the parameter 6z = L, —
L, - (f1+ f2). Here L; and f; denote the position and the focal length of the i-th
lens, respectively. The first lens was mounted on the translation stage with reso-
lution of 1072 mm, and the position of the focus produced by ffy;7 was determined
by Gaussian beam matrices as a function of the L, position, hence of 6z. From
our theoretical analysis we found that there exist various L; configurations, all for
small and positive d z values, yielding a focus at relatively short distances from the
second lens f,, with the beam waist ranging between 550 and 500um. Therefore,
as in the previous case, the thermal effect associated to the AOM is quantified
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by monitoring the shift of the f; focus for two values of incident power. In this
measurement the AOM is kept in a fixed position and the shift is observed as a
function of 6 z, by varying L; by means of a translational stage.

Fig. 5.7 presents the results for this latter characterization for two positions of the
AOM crystal, namely for two different distances d o2 from the second lens fa:
daom2 =232)mm and daonm,2 = 3(1) mm for panel a) and b), respectively.
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Figure 5.7: The two panels show the measured thermal shift Az, (red circles) of
the focus created by the last lens f3 as a function of the parameter 6 z for the two
different AOM locations, i.e. for two different distances daom,2 from the second
lens f>. a) The AOM was positioned at daop 2 = 23(2)cm relative to the plane of
the second lens. Az, was obtained by comparing the focus position measured at
P =75(1)W and P = 9.0(5)W, respectively. Black lines show the simulated Az,
for different high power levels: 80W (dotted lines), 75W (dashed lines) and 70W
(solid lines). b) Experimentally measured thermal shift as in panel a), but with the
AOM positioned at daon,2 = 3(1)cm. Two high power values have been checked,
relative to the low power reference at P = 9.0(5)W: 80(1)W (light red circles) and
1502)W (dark red circles). Solid lines show the simulated trend expected for the
two power levels. For both data sets, f; =300mm and f, = 75mm, and the las lens
f3 was kept fixed at ds » = 155(2)cm.

The uncertainties in both panels of Fig. 5.7 are the combination of the standard

error of the axial intensity profile fitted with I(z, zp) = Iy( w“goz) )2 = T z@ﬁ B for the
ZR

high and low power data sets.

Aside for slight quantitative changes, the observed trends of Az, qualitatively
agree with the one obtained when moving the TeO, crystal within the focus of
the f1 — f> telescope (see Fig. 5.6), and, despite the accessible § z range is experi-
mentally limited®, also in this configuration it is possible to find two L; positions
that cancel the TL effect.

50n one side from the AOM diffraction efficiency and on the other from the AOM crystal size.
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5.3.1 Thermal lensing on atoms

We finally tested the efficacy of our scheme by directly monitoring the axial po-
sition of a cold atomic cloud confined within the high power beam, employing
a configuration of the optical setup analogous to the one considered in Fig. 5.7,
with daonm,2 = 3(1)cm. The setup employed for this last measurement is sketched
in Fig. 5.8.

We produced a Li cold cloud of ~ 2.0(2) x 10® atoms at T ~ 80uK, which we sub-
sequently illuminated (for 400ms) with the ODT beam. The position of the cloud
along the ODT was obtained by a Gaussian fit of the atomic density profiles ac-
quired by means of in situ absorption imaging (see Fig. 5.8). The axial barycenter
of the atomic cloud, corresponding to the energy minimum of the optical poten-
tial, reflects the waist position of the ODT beam for any value of incident power
and of 6 z.
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Figure 5.8: Sketch of the setup employed to investigate thermal lensing by moni-
toring an atomic cloud trapped in the ODT. Typical atom number in the ODT after
400ms illumination time ranges from1x10° (P = 40W) to7x 10° (P = 220W). For
this measurements, fi =200mm and f, = 50mm while the last lens f5 is placed at
dS,AOM =200(5)cm.

Fig. 5.9 shows examples of the experimentally determined shifts of the cloud po-
sition along the beam axis, relative to the one obtained at the lowest possible
power enabling to capture a detectable atomic fraction (P = 40(1) W), as a func-
tion of the power level for different § z values. Also these data show that one can
adjust the 6z parameter to induce either positive or negative thermal shifts of
variable magnitude and, most importantly, to cancel them out.

Fig. 5.10 shows Az, as a function of 6 z, comparing the cloud position recorded
for high- (P = 220(2) W) and low- (P =40(1) W) power conditions.

Despite the qualitative agreement with the trend presented in Fig. 5.7, the data
do not match well the simulated curves in Fig. 5.10. In particular, our theoretical
model systematically underestimates the measured shifts (black squares) around
the region of maximum Az, even when allowing for a £35% uncertainty in the
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Figure 5.9: Thermal shift Az, of the focus position as a function of the beam
power P for different values of the parameter 6z: 6z = 1.7(1)mm (red squares),
0z = 1.2(1)mm (blue squares), 6z = 0.45(1)mm (green squares), 6z = 0.0(1)mm
(white squares) and 6 z = —2.3(1)mm (black circles).
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Figure 5.10: Thermal shift Az, as a function of the parameter d z at a fixed power
P =220(2)W. The solid line shows the thermal shift expected from the Gaussian
beam matrices calculation considering the f;, of the AOM crystal given by Eq. 5.1
with the my value listed in [7]. The dashed (dotted) line shows the expected ther-
mal shift for fi, + A fin (fin — Afin) where A fyy, is our estimate of f;),'s uncertainty
of around 35%. Error bars combine the statistical uncertainties of the high and
low power reference data sets on the atomic cloud barycenter, obtained for each
point from an average of 4 independent measurements.

determination of the AOM thermal lens (dashed and dotted curves). We ascribe
this mismatch to some degree of astigmatism that affected the trapping beam for
this specific 6z range, likely caused by a non-perfect centering of the beam on
the AOM crystal. Most importantly, both Fig. 5.9 and 5.10 validate the possibil-
ity to cancel thermal lensing effects from a high power optical trapping setup by
properly adjusting the AOM position with respect to the beam waist.
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Conclusions

In this thesis I have reported my contributions to a new experimental platform
for the realization of an ultracold mixture of Lithium and Chromium atoms.

In particular, I have described the design of the compensation coils setup and I
have tested its effects on a cold Lithium sample, proving that these coils can be
employed in order to controllably shift the cold atomic clouds with respect to the
initial position of the quadrupole. Moreover through a simulation I have shown
how the compensation coils switched in anti-Helmholtz configuration produce
a magnetic gradient that, combined with that one of the MOT coils, may allow to
balance the gravitational sag experienced by Cr and Li atoms in ODT.

In this work I have also presented the characterization of the gray molasses cool-
ing stage operating on the D; atomic transition, which enables the achievement
of sub-Doppler temperatures within the Li atomic sample. Additionally, I have
optimized the gray molasses stage minimizing residual magnetic fields by means
of the compensation coils. This has enable to routinely produce Li clouds of
N ~10% atoms at T =~ 40uK.

Regarding the Chromium atomic species, in this thesis [ have presented the anal-
ysis of the loading and the decay rates associated to the metastable D3 and D,
states. This characterization has been carried out both for the single species Cr
MOT and for the Cr atoms in presence of Li MOT. The main and very important
outcome of this experimental survey is the demonstration of the possibility to
simultaneously load, within a few seconds, up to ~ 3 x 107 %2Cr atoms together
with large MOT clouds of about 2 x 102 Li atom:s.

Within the very last days of my thesis, the first signal of a MOT of >3Cr atoms has
been observed, and it is currently characterized and optimized in the lab.
Finally, in this work I have described the thermal lensing effects and I have dis-
cussed a thorough characterization of this effect within a standard ODT setup.
This study has led to the design and the implementation of a totally passive and
inexpensive scheme allowing to realize high-power bichromatic optical dipole
traps free from thermal lensing effects.

The work discussed in this thesis paves the way to interesting prospectives: once
the fermionic >*Cr MOT will be optimized, we will characterize the collisional
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stability of the Fermi-Fermi >3Cr-8Li mixtures in the cold regime by following the
same approach adopted already (and described in this thesis) for the Bose-Fermi
2Cr-8Li mixtures. This will allow to devise the best strategy to efficiently load
the laser cooled Cr-Li mixture within our bichromatic ODT. Parallel to this, we
will start a thorough Feshbach spectroscopy study that will allow to identify both
inter- (Cr-Li) and intra- (Cr-Cr) species resonances, totally unknown so far. From
this investigation we will be able to pinpoint the most favorable inter-species res-
onances, that will be firstly employed to ensure an efficient thermalization dur-
ing the evaporative and sympathetic cooling stages.

On alonger timescale, the availability of heteronuclear Feshbach resonances will
facilitate the attainment of double-degeneracy for the Cr-Li mixture, and it will
pave the way to the experimental investigation of few- and many-body regimes
with such a novel system.
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