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Abstract

This thesis is devoted to the experimental study of non-equilibrium quantum
thermodynamics. In it, I describe the design and development of a system
that allowed our team to perform pioneering experiment on non-equilibrium
quantum gases close to the absolute zero. Using such a system, we achieved
the realization of long-lived non-equilibrium Bose-Einstein condensates with
condensed fractions exceeding those of equilibrium samples with the same
parameters. We achieved this by immersing an ultracold Bose gas of 8"Rb
in a cloud of 3K with a temperature difference of four orders of magnitude,
providing a controlled source of dissipation. Then, I report the state of the
current project: the implementation of a single-atom quantum engine using
a single *'K atom as the working fluid and an ultracold cloud of 8"Rb as
the thermal bath. Lastly, I show that it is possible to realize the Frenkel-
Kontorova model using a system of interacting Rydberg-dressed atoms placed
in an optical lattice. To do so, I studied the properties of the ground states of
the system and its phonon spectra for different sets of parameters by simulating

the cited system.
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Chapter 1

Introduction

Back in the 19th century, the industrial revolution brought technological advancements
that completely transformed the means of production. The most important of those tech-
nological advancements was the steam engine. The epochal changes and the huge trans-
formative potential of these advancements, attracted also the curiosity of some scientists
like Carnot, Calpeyron and Clausius. They tried to understand the limits of how efficient
an engine could be and how it could be described theoretically, laying the foundation of

the field known as thermodynamics.

Only a few decades later, a scientific revolution followed the industrial one, as re-
lativity and quantum physics challenged the then known physics as well as our concept of
time. The revolution that followed led to the creation of another field, closely related to
thermodynamics, known as statistical physics, due to the growing interest in microscopic
systems studied by quantum physics. This field provided a bridge between the micro-
scopic behavior of the particles and the macroscopic description of thermodynamics. It
was in those early years of the 20th century that Bose and Einstein also proposed the-
oretically the existence of the Bose-Einstein condensate (BEC). The BEC is a state of

matter in which a system of bosons is placed in its lowest quantum level, resulting in the
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manifestation of quantum effects, such as wave-particle interference, macroscopically.

In the following 70 years, the advances in laser technologies, together with the novel
ideas and understanding of atomic physics continued to grow, culminating in the real-
ization of the first experimental BEC in 1995 [1]. For this achievement and the related
early work, Eric Allin Cornell, Wolfgang Ketterle and Carl Wieman received the Nobel
Prize in 2001. At the turn of the century, the level of manipulation of cold atoms sys-
tems reached the single atom level [2]. Along these advancements, other fields such as
computation hardware, biology, nanoscale physics, etc... have moved progressively to the
study of systems that have reached the quantum level. Consequently, there is a growing
interest in understanding thermodynamics as such small scales, in which the concept of
temperature needs to be re-defined, as well as those of work and heat. This interest has

resulted in the creation of a new field known as quantum thermodynamics.

As with classic thermodynamics, engines are fundamental for the understanding of
quantum thermodynamics. The engines in this context are known as quantum engines.
These have been the object of different studies [3, 4, 5, 6]. There is a growing interest
in their understanding not only from a purely theoretical point of view but from an ex-
perimental too because engines using a quantum-coherent working fluid can theoretically
obtain higher powers than their classical counterparts [7]. Furthermore, for non-thermal
baths which are dominated by the many-body quantum effects instead of thermal fluctu-
ations, one can achieve more efficient regimes [8, 9, 10, 11, 12]. A remarkable example of
this is a heat engine operating an Otto cycle with a many-particle working medium that

outperformed a single particle classical heat engine [13].

The experimental realization of the previously explained theoretical advances is nowadays
a hot topic. Some recent examples are the use of nitrogen-vacancy(NV) centers in dia-
mond and ultra-cold atoms to demonstrate features related to heat engines [14, 15]. It
is here, where the original purpose of this thesis, the experimental realization of single-

atom quantum engines finds its niche. In fact, the only experimental implementation of a
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single-atom engine is reported in reference [16] in which a single atom is trapped in a Paul
trap. However, this atom is not cold enough for the quantum effects to become relevant,
making this engine single-atom but not quantum. In our case, the platform we chose is
ultracold atomic mixtures, as this system allows for the degree of control required for the
realization of arbitrary thermodynamic transformations. Consequently, we will be able to
realize the different thermodynamics cycles at the quantum level |3, 4, 5| since the typical

range of operation of this system falls in the quantum regime.

The advantage of using ultracold atomic mixtures is that the system is so flexible that
it allowed us to study one of the most paradigmatic concepts in thermodynamics, which
is dissipation. Dissipation is normally regarded as a detrimental mechanism. This applies
not only to classic systems but to quantum systems as well. One of the most remarkable
examples that we find in our day-to-day life is the friction that sometimes limits the
performance of classical engines. In the quantum world, we can find the decoherence that
destroys purely quantum effects as an example of dissipation. Despite these detrimental
effects, dissipative processes can be engineered in a way that allows for the study of
new physics. Some examples in which this has been achieved are the use of dissipation
to generate new states of matter [17, 18, 19, 20|, the manipulation of qubits |21], the
distillation of quantum features [22] and the realization of decoherence-free subspaces [23,

24, 25] as well as entangled quantum states [26].

Concerning non-equilibrium quantum thermodynamics, dissipation can be used to
drive a system out of equilibrium when applied to it with enough power so that the system
can not restore its equilibrium in the considered timescale. This allows for the study of
new regions of the parameter space [27, 28]. Some of the most relevant work related
to the understanding of non-equilibrium many-body systems, including how they can be
realized and the study of their evolution can be found in references [29, 30|. Closer to our
experiment, we found that ultracold atoms have proven to be an ideal platform to study

the dynamics of a wide range of non-equilibrium systems. This includes low dimensional
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Bose gases [31, 32, 33|, quenched quantum gases 34, 27, 35| and prethermalized states |36,
30]. In contrast with our experiment, but of interest for the study of non-equilibrium
quantum thermodynamics, we find system such as photon BEC [37] and exciton-polariton
condensates [38] in which the systems are inherently out of equilibrium instead of being

driven out of equilibrium.

Lastly, I would like to mention the Frenkel-Kontorova model, for which I propose its
experimental realization with ultracold atoms in this thesis. This model can be used to
study a multitude of physical systems involving two length-scales [39]. In particular, it
can be used to understand the effects of friction [40]. Where friction can be related to

dissipation, as it is a type of dissipative process in which energy is lost irreversibly.

1.1 Thesis outline

At the start of my PhD, I inherited the experimental setup from the previous research
group, described in [41]. T worked with the cited experiment for seven months in which I
learned the basics of ultracold gases experiments. During that period, the machine proved
to be unreliable, slow and built on somehow surpassed concepts, we thus decided to build

a completely new one.

In the following months, I worked on the design and development of the new setup.
Starting from an empty optical table, it took us one year to achieve the trapping of 8"Rb
atoms in a magneto-optical trap (MOT). Just a few weeks later, we also produced an
all-optical Rb BEC by performing evaporative cooling in a dipole trap. After this, we
started to develop the laser system to cool down the 'K atoms. It took us a half year to
trap the 'K atoms in the MOT, achieving a setup capable of working with two different
atomic species. We then attempted to produce a two species all-optical ' K-8"Rb BEC,

and then we modified our system to try to achieve this with 3°K instead of *'K.

4
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From this point, we took the first step towards the study of non-equilibrium quantum
thermodynamics (NEQT) as we started to study the growth of a BEC in a high-temperature
environment. This system was embodied by an 8"Rb BEC immersed in a cloud of *K
trapped in a MOT. The temperature of the 3K MOT was four orders of magnitude higher
than that of the 8’Rb BEC. This induced the dissipation of the later allowing us for the
production of out of equilibrium supercritical BEC samples. We named this process as

dissipative distillation [42].

The next objective we are currently working on is the development of the optical
tweezer for the experimental realization of a single-atom quantum engine. However, due
to Covid-19, we were forced to close the experiment for half a year. While I was in
lockdown, I decided to complete a theoretical work we started while I was working as a
summer student in this group. In this work, I propose the experimental realization of the
Frenkel-Kontorova model (FKM) with Rydberg-dressed atoms. This work culminated in
the publication found in reference [43|. At the end of the lockdown, we were able to go

back into the lab and we are now very close to trap single atoms of 4'K.

All of this is explained in the chapters of this thesis. The structure of the chapters

is the following:

e Chapter 2 Background theory: in this chapter, I explain the different theory
elements required to understand the model behind our supercritical BEC. It con-
tains a very brief explanation of the connection between our planned single-atom
quantum engine and the usual thermodynamic variables. Lastly, the reader can find

an introduction to the Frenkel-Kontorova model.

e Chapter 3 Experimental setup: this chapter contains a summarised explanation
of the experimental setup that I have built, including a summary of the vacuum,

laser, control, and imaging systems we built.

e Chapter 4 NEQT in a Rb-*K mixture: the main part of this chapter is
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devoted to our work to study and characterize non-equilibrium supercritical BECs.
It also includes how we obtained the 8"Rb BEC and how we attempted the two

species BEC.

e Chapter 5 Single atom quantum engine: a description of how our optical
tweezer works and its current development can be found in this chapter. Together
with this, this chapter contains a description of the planned quantum engine imple-

mentations.

e Chapter 6 FKM with Rydberg-dressed atoms: this last chapter is devoted

to the simulations of the FKM using Rydberg-dressed atoms.



Chapter 2

Background theory

In this chapter, I introduce the theory required to understand the rest of this thesis,
including the review of previous work related to the topics. The structure of this chapter

is as follows:

e Section 2.1 contains the theory needed to understand the model and the processes
concerning the BEC transition in a dissipative environment, including the cooling
techniques used to reach such state. The outcome of this is covered in chapter 4. 1
included as well a description of the equilibrium BEC transition together with the
corrections for interactions and finite-size effects. After this, I present the theory
addressing the BEC growth in the absence of dissipation and the model that de-
scribes the collisions between ultracold and cold atoms responsible for the dissipative

phenomena.

e In section 2.2, the reader can find the theory related to the single-atom quantum
engine. I cover the current state of development in chapter 5. This section explains
the parallelism between the quantum and classical variables, the possible imple-
mentations of quantum thermodynamic transformations and engines, and a brief

description of the tunable interactions used.

7
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e Finally, section 2.3 provides an introduction to the Frenkel-Kontorova model, help-
ing the understanding of chapter 6, where I present the theoretical proposal for the

realization of the Frenkel-Kontorova model with Rydberg-dressed atoms.

2.1 Non-equilibrium BEC

2.1.1 Equilibrium ideal BEC transition

A BEC is a state of matter in which all the particles of a system composed of Bosons are
in their lowest quantum state. For a system of ideal Bosons, i.e. non interacting, the Bose

distribution, f°, provides us with the mean occupation number of the different states, v,

1
0 -
f (EV) o elev—n)/(kBT) — 1’

(2.1)

where €, is the energy of the given v state, u is the chemical potential, kg is the
Boltzmann constant and T is the temperature of the sample. The mathematical definition

of the chemical potential, u, is given by the following expression,

a (%> sy 22

where U is the internal energy of the system, N the particle number, S the entropy
and V' the volume. From equation 2.2 one can interpret the chemical potential as the
energy required to place a particle in a given state. To calculate the total number of
states, G(€), we consider that the volume in the phase space per quantum state is h3,
with h being the Planck’s constant. In the phase space we have that a sphere of volume

47p? /3 will contain all the states with momentum less than p and we can consider the

8
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kinetic energy as ¢ = p*/2m, with m the mass of the particles. Thus, we obtain the

following result,

C Ampt 1 V2 (me)3?

(2.3)

The density of states as a function of the energy, g(€), can be calculated as follows,

_dG(e) _ Vm?/? /2
de 21/272p3

(2.4)

Given that our particles are confined in a harmonic trap, we calculate G(¢) for this
particular case. If we consider that the particles are trapped in a 3D harmonic potential,

U, given by the following expression,

1
Ur) = om (wiz® + wiy® + w3z?), (2.5)

where wy, wy and w3 are the trapping frequencies, the energy of a particle is,

1 1 1
€(ny, ng, n3) = <n1 + §> hewy + (?12 + 5) hws + <n3 + 5) hws, (2.6)
& P P

where ni, no, n3 are integers indicating the energy level of the particle. If we ignore
the energy at nj,no,m3 = 0 and consider the energies as continuous variables, because
of the small energy difference between the levels, the total number of states for a given

€=¢€1 +€+€3is

G 1 €1 p €—e€1 J €—€1—€2 y E3 o7
(6) N h?’wlwgw;;/o E1/0 62/0 = 6FL3W1WQUJ3’ ( . )
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from where it follows that

dG(e) € €

= = 2.8
de 2h3wiwaws  2R3037 (2.8)

gle) =

)1/3

where W = (wwaws is the geometric average of the trapping frequencies. In the

case of excited states the number of particles, N,;, is given by,

N, — / " deg(e)fole). (2.9)

When a BEC component is present there is a macroscopic amount of particles in the
ground state. Thus, to define a critical temperature, 7., in a system with N particles
we should consider the case with no particles in the BEC component or equivalently, N
particles in the excited states. At the critical temperature, the energy cost for a particle
to be in any phase should be the same, the chemical potential is essentially the cost of
adding a particle to a given component, so u = 0. Thus, we can obtain T, from the

following equation,

o 1
N = Nez(Tca,u = O) = \/0 de'g(e)eG/kBT_l (210)
This leads to the following result,
hioNY/3 hio
T.=—o " ~094—N3, 2.11
<Ok~ " 240

with ¢ the Riemann zeta function. Solving equation 2.10 for a temperature, 7', below

T, and using equation 2.11 we obtain the relation,

10
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N,, = (%)3 (2.12)

Considering that N = Ny + N,, where Ny is the number of particles in the ground

state we can obtain the following relation,

(2.13)

Where F' = % is usually referred to as the condensed fraction and 7 = T'/T,, is known
as the reduced temperature. Since the previous relation only holds for 7" < T, and taking

into account that No/N = 0 for T' > T,, it is usually written as,

F =max (1-7°0). (2.14)

This expression, depicted in figure 2.1, tells us the relation among the total number
of atoms, those in the BEC phase, the temperature, and the trapping frequencies. This
expression can be corrected to be used in our particular case. It is also useful to introduce
the phase-space density (PSD). It is defined as the number of particles contained in a
cube with a volume A\3., with A\p = \/WTBT the thermal de Broglie length. Thus,

the PSD is calculated as follows,

PSD = n\3 (2.15)

n
T3/2

with n = N/V the atomic density. Using equations 2.4 and 2.10 it can be shown
that the BEC transition occurs when PSD = 2.612 [44]|. Therefore, the PSD can be used

as the figure of interest for the BEC transition.

11
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>
T

Figure 2.1: Condensed fraction versus reduced temperature for the BEC transition. The

blue region represents the BEC phase.

2.1.1.1 Corrections to the equilibrium BEC transition

Equation 2.14 is only valid for a non-interacting and infinite gas of Bosons in equilibrium.
However, the Bosons in our system are 8"Rb atom. This makes our bosonic gas not ideal
due to the interatomic interactions and the finite size of the system. Thus, it has to
be corrected to take into account these effects. In the following, I present the required
corrections. The reader can complement this with a more extensive discussion of these
corrections in reference [45]. Reference [46] supports this corrections with extensive
experimental evidence and our data of the equilibrium BEC transition agrees as well with
these correction [42]. The shift in the critical temperature, 07, due to finite size effects

is given by [45]:

0T,
T

<0, 210

ge

where w is the arithmetic mean of the trapping frequencies. The shift due to inter-

action effects is given by [45, 47, 48|:

12
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ST,
- —1.3%N1/6, (2.17)

where a is the s-wave scattering length and ay, is the harmonic oscillator length
defined as ay, = \/W However, we also have to consider the effect of the interactions
not only in 7, but in the condensed fraction as a function of the temperature as well.
Equation 2.18, which is extracted from reference [45], can be used to calculate the total

number of atoms in the excited levels or thermal atoms,

drdp (5_2 + Ve — /“‘)
Np = - —1 . 2.1
T / 2rhy | O ksT (2.18)

where Vg is the effective potential experienced by the atoms. To calculate the last in-
tegral, we use the Thomas-Fermi approximation [44] for the effective mean-field potential,

given by the following expression,

Vet — 1o = [Vexe — (2.19)

where V., is the external potential, described by the trapping potential. This ap-
proximation holds as long as ay,/a << Nj. The chemical potential when the interaction

becomes relevant for large N, is given by [45],

hio (15Na\ ?°
MZ?( - ) | (2.20)
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Using these approximations, the integral 2.18 for T' < T, yields,

No 3 2 3\2/5
~ -l (1—7°)"", (2.21)

where 7 = T/T, and 1 = 2.15(aN'/® /ay,,)?/®. Thus, in the equilibrium situation the

BEC phase transition is given by the following expression,

173 —nr2(1 =735 for T < T,
oMo (2.22)

0 for T > T,

Here the meaning of equilibrium is that within the thermal noise the condensed frac-
tion will follow the above equation if the sample is not altered externally. The usefulness
of the last expression relies on the fact that it allows us to understand if an atomic sample

is in equilibrium or not.

2.1.2 Cooling techniques

The goal of the used cooling techniques applied in the experimental setup presented in
this thesis is to trap and cool down the atoms to a PSD = 2.612 in which the BEC
transition takes place by increasing the atomic density and reducing the temperature of
the samples. In order to achieve this, we employ two different techniques. These are laser
cooling, which allows us to reach a PSD ~ 1077, and evaporative cooling, used to achieve

the BEC regime.

14



CHAPTER 2 CHAPTER 2. BACKGROUND THEORY

2.1.2.1 Laser cooling

Laser cooling belongs to those cooling techniques that rely on the absorption of photons
by atoms to cool them. The simplest one is the Doppler cooling, where the cooling
mechanism is the transfer of momentum from a photon to an atom reducing its kinetic
energy, thus reducing its temperature. A simple example of this technique is a system of
atoms with two energy levels placed between two counter-propagating laser beams with
identical frequency, v, that is red-detuned with respect to the frequency of the transition
between the two energy levels, vy. Due to the Doppler effect, if the velocity of an atom,
v, has a component along the propagation axis of the beams, v,, it will observe the light
propagating in the opposite direction to v, to have a frequency closer to 1. This favors
the absorption of photons from this beam. Thus, causing an imbalance in the transfer of
momenta from the photons of both beams, which results in a viscous force, I’ o¢ —v,. This
mechanism is also known as optical molasses. An efficient cooling requires the repeated
absorption of photons. Thus, it requires a closed transition, meaning that the atoms are
excited from a ground state, |g), to an excited one, |e), decaying naturally to |g), so that
the absorption process can be repeated. The fundamental limit to this cooling mechanism
is the line-width of the transition, which can cause that atoms absorb photons that will
increase their kinetic energy. The minimum attainable temperature due to this effect is

known as the Doppler temperature, Tp [49].

The problem of using Doppler cooling is that it cools down but does not confine
the atoms. This issue can be solved by the implementation of a magneto-optical trap
(MOT) [50]. The MOT uses the Zeeman effect to trap the atoms in the center of a
magnetic quadrupole trap generated by a pair of coils in anti-Helmholtz configuration.
Thus, the trapping relies on the atoms being in the appropriate magnetic sublevel, which
requires the light of the beams to have the appropriate circular polarization. The resultant
force is of the form F o« —r, where r is the distance to the center of the trap. Thus,

providing the required confinement. Even if the atoms can be trapped by a restorative
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force, there are limits to the maximum attainable density of the atoms due to collisions

and interatomic interaction [51].

The Doppler limit can be overcome by using other mechanisms such as Sisyphus and
gradient polarization cooling in which the atoms lose kinetic energy as they ’climb’ the
potential generated by the light beams [52], allowing for sub-Doppler temperatures. The
density limit in the MOT can be overcome by techniques that rely on the more complex
energy level structure of the atoms. These techniques include compressed and dark MOT
(see section 4.1.3). The chosen combination of cooling techniques depends on the trade-
off between the gain in density and the reduction in temperature that maximizes the
PSD. However, the fact that the atoms rely on the absorption of photons sets another
fundamental limit. This limit is the energy transferred by a single photon and is known

as the recoil temperature, 7.

2.1.2.2 Evaporative cooling

Evaporative cooling has been the technique used to achieve the BEC state since the first
BEC experiments, which are described in [1] and [53]. In some cases, one can reach
the quantum degeneracy via laser cooling, as shown in reference [54], but this is not
applicable in our case since it requires a narrow-linewidth transition, which is not present
or at least not practical for ’Rb. Evaporative cooling relies on removing the hottest
atoms allowing the remaining ones to rethermalize. The thermalization process is crucial
to reduce the temperature of the sample. Consequently, the thermalization time should
be short when compared to the lifetime of the atomic sample. The thermalization takes
place by the elastic collision between the atoms. During thermalization atoms reach the
same temperature across the whole sample when they are thermalized. However, this does
not mean that the sample is in equilibrium, since atoms can change from one component
to the other, being the components BEC or thermal. The mathematical model behind

evaporative cooling is out of the scope of this work, but it can be found in reference [55].
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The different ways of implementing this technique are magnetic evaporation, and
evaporation in a dipole trap also known as all-optical evaporation. Magnetic evaporation
was the method used in the first BEC experiments and is still widely used. It relies on
trapping the atoms magnetically by creating a gradient in which the atoms in a particular
magnetic sublevel will be trapped. The hottest ones escape when the trap depth is
reduced. This process can be enhanced by the use of an "RF knife" as described in [56]

that pushes out the hottest atoms.

All-optical evaporation has become more and more common over the years since it
was first implemented almost two decades ago [57]. This technique allows for the creation
of BECs with atoms in all the possible magnetic sublevels. The principle behind the dipole
trap is that an electric field, E, like the one generated by a laser in our case, can modify
the charge distribution of the atoms inducing a dipolar moment, p, in the atoms. The

potential, Uy, that the atom sees is,

Uy = —=(pE) = ——Re(a)1, (2.23)

where « is the polarizability of the atom, I the light intensity, ¢y is the vacuum
permittivity and c is the speed of light. Thus, we can trap the atoms in a potential
proportional to the applied light intensity, and evaporative cooling can be performed
by gradually reducing the potential allowing the hottest atoms to escape while the re-
maining rethermalize. One can find a more complete description about dipole traps in

reference [58|.
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2.1.3 Ultracold and cold atoms collisions

As our system is composed of ultracold Rb atoms whose temperature is in the range
of tens of nK and cold K atoms in the mK range, we require a model describing the
interaction between them. The starting point for our model is the model for collisions
between ultracold atoms and background atoms described in reference [59]. In their model
they distinguish between the quantum and classical regimes. In the quantum regime, the
collisions are usually classified as s,p,d... depending on the energy of the collision adding
higher order terms for higer energy collisions. However, when the energy of the collision
is high enough, the classical treatment matches with the quantum one. In this model, the

crossover energy, E., delimits the border between the two regimes and is given by [59]

h12/5 1 15
—m— = (2.24)
03/5 mRbm}(ﬁ :

E.~2

where mpg, and mg are the masses of Rb atoms and K atoms, respectively, E.,; is the
collision energy between both atomic species, approximated here as the kinetic energy of
the K atoms because of the temperature difference and Cg is the van der Waals coefficient
of the interaction between both atoms. In our case, we do not consider the background
atoms but cold atoms instead. The typical energy of the collisions between a cold atom
and an ultracold atom is at least three orders of magnitude larger than for a collisional
process that can be considered purely as quantum, since cold atoms temperature is of
the order of mK while ultracold ones temperature is less than a muK. Thus, we tried to
understand our experimental results using this model. I report the corresponding results
in section 4.4.1. For the collision between these two atomic species Cs=4290(2)aSE},
[60], where Ej, is the Hartree Energy. Using equation 2.24 we calculated E, ~ 300uK.
To calculate the collisional cross-section, we integrate the differential cross-section, dog,

given by the following expression
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« if EtSEc

do(E,) = (2.25)

7/6
a (g—) if E,>E,

where F; is the energy transferred to the ultracold atom in a collisional process and
o = 0% (E,), with 05***(E,) the differential cross-section for a classical collision with

energy F.,

7w (9CF

a =0 (E,) = c (E_l) ETS, (2.26)

By integrating equation 2.25 we obtained an expression for the total scattering cross

section, o,

E. Enax E' 7/6
o= / adE; +/ o (—C) dE;. (2.27)
0 . Ly

The last equation contains the sum of the 'quantum’ and ’classical’ parts of o. Con-
sequently, F,,., is the maximum possible energy for a classical collisional process. Since
we can consider that the ultracold atoms are effectively at rest in comparison with the
cold atoms, due to their temperature difference, we consider F,,,, as the energy of an

elastic collision. Therefore, we calculate it as,

MRyMEK

Emax - 4—
(mRb + mK)2

Er. (2.28)

Where Fk is the kinetic energy of a cold K atom. The scattering rate, yx, due to

the collisions between Rb and K atoms is given by:

VK = NKOVK, (2.29)
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where ng is the atomic density of K and vx the average velocity of the atoms. We
calculate vg as the average thermal velocity, so vg = /2kgTx with Tk the temperature
of the K atoms. Considering that the Rb atoms will escape from the trap after one
collision with the K atoms due to the energy of the collisions being orders of magnitude
higher than the trap depth, we can model the collisional process as one body losses. In
particular, the trap depth is less than 1uK while the energy of the collision between both
atomic species is of the order of the temperature of the K, around 1mK. If we consider N

as the number of Rb atoms, we obtain the following expression,

. dN
N=="
dt

= —yN, (2.30)
We use the last equation to model the losses of Rb atoms due to the collision with K,

which in turn helps us to understand the mechanism behind the dissipation of Rb atoms.

2.1.4 Condensate growth

To understand the physics behind the BEC transition in a dissipative environment, we
firstly need a model that explains the condensate growth in the equilibrium case. Even in
the equilibrium case, this is a complicated problem. In the following, I provide a summary
of the development of such a model. The starting point is reference [61], where the
authors formulated a quantum kinetic master equation for a dilute gas of Bosons without
a trapping potential. The next step was taken in reference [62], in which the authors
added a trapping potential to the previous model, equivalently to the trapping potential
we use to trap our Rb atoms, thus providing a master equation for the condensate growth
in a trapping potential. This master equation was then used to obtain a rate equation

that models the problem [63]. The rate equation is the following,
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N = 2WH(N) [(1 — eltnm/FT) 4 1.] (2.31)

where p,, and p are the chemical potentials of the condensate and the thermal bath,
respectively. W™ is the transition probability of an atom to be transferred from the
thermal phase to the BEC phase. The authors assumed a thermalized atomic sample,
with a thermal component at a temperature 7. Formally the BEC component has no
temperature, but as it is thermalized together with the thermal component an atom
changing from the BEC to the thermal component has temperature 7. This equation
represents the particular case of the growth of a BEC component of N atoms for a
starting point of an empty BEC component. The BEC component is in contact with the
thermal bath, and the thermal bath does not deplete. However, as explained in [64],
the experimental data does not match the theory, which is particularly true for the low-
temperature case. The cause behind this is the non-triviality in the calculation of the
transition probabilities when the different energy levels in the thermal bath intervene.
Nevertheless, this rate equation was probed to be still useful as it is in good agreement
with the experimental data by adjusting the parameters to it [64]. In section 4.3.3 we
apply equation 2.31 as a starting point to develop our rate equation. In our model, we
take into account, in a simplified manner, the depletion of the thermal bath and the
dissipation of Rb atoms due to the collisions with the K atoms to model the experimental

data concerning the BEC transition in a dissipative environment.
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2.2 Single atom quantum engine

2.2.1 From classical to quantum thermodynamics

In our single-atom quantum engine, we essentially have a single particle in a harmonic
oscillator, with frequency w, immersed in a thermal bath. In the quantum regime, the
thermal energy is on the order of the energy of the harmonic oscillator kgT ~ hw, con-
trasting with a classical engine in which the thermal noise dominates. Considering a
quantum system, the energy is quantized in different levels with a characteristic energy
E,, with an associated probability P, = exp(—FE,/kgT). We can use the Boltzmann
probability distribution of occupation since we have a single particle, thus reducing Bose

and Fermi statistics to the Boltzmann distribution.

To explain the parallelism between the classic and quantum cases I first calculate the

total internal energy of our system, U, given by,

U=> P.E,, (2.32)

differentiating, we obtain the following expression:

dU = E,dP,+ Y P.dE,. (2.33)

This equation may remind the reader of the first principle of classical thermodynam-
ics, dU = d@Q + dW. To relate the terms in equation 2.33 with the classical thermody-

namics quantities, we take the von Neumann entropy [65],

S = —kgTr(plogp), (2.34)
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where p is the density matrix of the system. In the case of a harmonic oscillator, this

equation reduces to the Shannon entropy:

S=—kpy PylogP, (2.35)

we differentiate again to obtain the following expression,

Ey, 0
- E,
dS = ~kpy_logPy” " dP, - kg;,aw{ =3 ran, (2.36)

from where we can identify d() as,

B,
dQ = TdS = ZTTdPn => E.dP,. (2.37)

We conclude the following identification,

dU =Y E.dP,+Y _ P.dE,. (2.38)

(. (. /

aQ aw

The last expression shows how the heat and work are related to the energy and

probabilities of the quantum levels.

2.2.2 Thermodynamic transformations in the quantum level

To realize a quantum engine we need to understand the thermodynamics transformations
in terms of the variables that define our system, which are P, and F,,, the probability and

the energy of the different energy levels of the single atom respectively. In the following
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I explain and depict the different thermodynamic transformations. In these depictions,
the single atom is shown in its lowest level. However, the atom can move between the
different energy levels as energy is transferred between the bath and the atom. This can

be measured by using sideband Raman spectroscopy [66].

1. The quantum adiabatic transformation depicted in figure 2.2 implies a transform-
ation in which no heat is transfer from the bath to the working fluid or single atom. This
means varying the trapping potential while the interaction between the two species is
"switch off" as explained in section 2.2.3 by tuning the magnetic field to zero crossing of
the interspecies scattering length. Thanks to this, there is no way for the single atom
to interchange heat with the thermal bath, which equates to d@Q = 0 and consequently
dpP, = 0.

Figure 2.2: Depiction of the quantum adiabatic transformation. The blue particle
represents the single K atom trapped in the tweezer, represented by the blue
background, the horizontal lines represent the energy levels of the harmonic trap. The
red particles represent the Rb atoms trapped in the dipole trap, represented by the red
background.

2. The quantum isothermal transformation depicted in figure 2.3 requires the two
species to interact in order for the single atom to constantly retermalize with the bath.
If we vary the tweezer trapping potential while keeping constant the trapping potential
of the bath, i.e. keeping its temperature constant, we can keep the temperature of the
single atom effectively constant if the transformation is slow enough. The change in the

tweezer trapping potential leads then to a change in the energy levels spacing.
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Figure 2.3: Depiction of the quantum isothermal transformation. The dashed lines

represent the interaction of the Rb atoms with the single K atom.

3. The quantum isochoric transformation depicted in figure 2.4 involves no work
done in the system which in this system equates to dF, = 0. To achieve this we put the
single atom interacting with the bath and we change the temperature of the bath. This
translates into a change of the occupation probability distributions, so that dP, # 0 and
thus dS # 0. While this is done, the tweezer potential is kept constant so that dE, = 0

fulfilling the requirement of a isochoric transformation.

Figure 2.4: Depiction of the quantum isochoric transformation.

4. The quantum isobaric transformation is depicted in figure 2.5. To understand this
transformation we must understand what is the pressure equivalent to pressure in this
system. In classical thermodynamics the relation between the internal energy, U, and the

pressure, P, is,

pP=- @_‘(i)s’ (2.39)
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replacing U by its definition given in equation 2.38, we obtain the quantum pressure,

dE
I=— P, —=], 2.4
>0 () 20

where ap, is the harmonic oscillator length defined as ap, = /h/mw. Here, we
have take into account that the single atom placed in the tweezer is a quantum haromic

oscillator with frequency w and mass m. Using that,
s
U= E P.E, = E ——F, | E,, 2.41
~ P ( hw ( )

with 8 = hw/(kgT), we obtain,

_ /Esinhp
H —_— m’ (2.42)

where &€ = hmw?. We can then rewrite the last expression as,

fiw (1”—51/2) , (2.43)

e |
kT 0 \I1— ¢1/?

this provides us an expression of how we can vary & together with T to keep II
constant. We can change arbitrarily 7" by changing the temperature of the bath by
changing its trapping potential and £ by changing the trapping potential of the single

atom.
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Figure 2.5: Depiction of the quantum isobaric transformation.

2.2.3 Feshbach resonances and tunable interactions

To model the short-range interaction between a pair of atoms, we can use a molecular
potential that depends on the internal states of such atoms. We can consider the collision
as a simple two-channel model, the open and closed channels. Figure 2.6 shows such
model. For an atomic separation, R and a total energy, E, we have that V,,(R) is the
open channel potential for which V,,(R — oo) < E and V.(R) is the closed channel
potential for which V(R — oc0) > E [67]. In the closed channel, the internal states of the

atoms change as a result of the collision.

A

Energy

>

Figure 2.6: The the two channel model used to describe the physics behind the Feshbach

resonances where R is the atomic separation. [67]

We can shift the potential energy of the closed channel thanks to its dependence on

the internal levels of the atoms. In our case, we will use Feshbach magnetic resonances,
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which, as the name indicates, are dependant on the magnetic field that shifts the energy
of the magnetic sublevels. When we tune the potential energy of the closed channel close
to the open channel, we observe a change in the collisional properties. The explanation
behind this is that the system goes into a metastable molecular state. At the point in
which both energies are the same, we find a resonant behavior, and the scattering length,

as., diverges. The shape of this resonant behavior is described by:

ASC
asc(B) = apg (1 —5 Bo) , (2.44)

where B is the applied magnetic field, a4 is the scattering length corresponding to the
open channel, A, is the amplitude of the resonance, and By is the value of B at which

the resonance takes place.
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Figure 2.7: Scatering length of the interaction between 8"Rb|1,1) and *'K|1,1) as a
function of the applied magnetic field where we can observe two Feshbach
resonances [60]. The dashed line at B=71.34G marks the zero-crossing of the scattering
length.

To control the interaction between the two atomic species we take advantage of
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the presence of two heteronuclear Feshbach resonances between 8"Rb|F = 1, mp = 1) and
UK|F = 1,mp = 1). While the ground state of both species is F' = 1, in order to obtain
the atoms in the magnetic sublevel mpr = 1 we need to distillate the desired sublevel by
applying a magnetic field that favors the trapping of the required sublevel. Figure 2.7
shows the scattering length, a,., between the cited atomic species versus the applied mag-
netic field. The presence of two low-field Feshbach resonances allows for the easy control
of interaction for the easily achievable range ~50G-70G. In this range, the interaction
goes from attractive to repulsive crossing zero. Which means we can "switch off" the
interaction between the species. Previous experimental results [68] demonstrated that for
these atomic species, the losses due to three-body collisions in the required range should

not be a problem for the realization of our experiment.

2.2.4 Quantum engines

In this section, I explain the different quantum engines implementations proposed in
reference [69]. We plan to realize these implementations and we are currently working
towards the completion of the experimental setup. The current state of development
together with some discussion can be found in chapter 5. In these implementations,
we will use ultracold " Rb atoms as our thermal bath and a single *'K as the working
fluid. In this context, ultracold means that the quantum effects become relevant without
necessary reaching the quantum degeneracy, this regime is in the order of few pK. As
explained in section 2.2.3, the interaction between these two atomic species can be tuned,
which is used for these implementations. Again it is difficult to depict how the single
atom jumps between the different energy levels during these transformations. Due to the
quantum nature of the system the atom can be measured in different levels for the same

measurement. Thus, the results will have to be averaged over several cycles.
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2.2.4.1 Quantum Carnot engine

The classic Carnot cycle consists of two isothermal and two adiabatic transformations.
Analogously, the Quantum Carnot engine (QCE) consists of two isothermal and two
adiabatic quantum transformations which are realized as explained in section 2.2.2. Figure
2.8 depicts the QCE. For a realistic application we chose the temperature of the bath to
be Ty = hwa/2kp, where w4 refers to the trapping frequency of the the tweezer. T4 refers
to the initial temperature of the single atom at the beginning of the cycle, achieved by
sympathetic cooling using the thermal bath. This makes Fy + P + P, > 0.99 for a single

K atom, with P; the occupation probability of the different energy levels of the harmonic

A B C D
4@»([ *Qﬂ*qﬂ>

Figure 2.8: Depiction of the Quantum Carnot engine. [69] In here, A—B and C—D are

trap.

isothermal transformations while B—C and D—A are adiabatic transformations. The

colors represent the hot (orange) and cold (blue) baths.

While for the adiabatic transformation we only have to "switch OFF" the interactions
by tuning the magnetic field so a = 0, with a the interespecies scattering length. For the
isothermal transformations we have to take into account that in the ultra-cold regime the
heat capacity of the bath is reduced which has to be compensate by making the atom-
bath interaction stronger as we approach such regime [70]. This in turn, increases the
inelastic scattering rate which scales as oc a*. The consequence of this, is that the survival
probability of the K atom in the tweezer decreases as the strength of interaction increases.
In fact, the survival probability can be understood as an an effective friction, as only the
cycles in which the K atom survives in the trap count towards the calculation of the real

efficiency. Obviously, the real efficiency, 7,¢q;, is the product of the maximum theoretical
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efficiency, Mnqe, and the survival probability of the atom in the trap. In any case, the
required number of collision for a K atom to rethermalize with the bath is in the order
of ~4 collisions, result found following the work of reference [71|. Thus, the strength of
the interactions depend on the transformation time, ¢, as we can decrease the interaction
strength and increase the transformation time. Therefore, we have to look for the optimal
point between ¢y and interaction strength which maximizes 7,.q. Figure 2.9 depicts the
evolution of the trapping frequencies of the bath and the tweezer for the used Quantum

Carnot cycle.
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Figure 2.9: Evolution of the trapping frequencies of the bath (solid line) and the tweezer
(dashed line) for the Quantum Carnot engine. [69] The colors simply illustrate the hot
(red) and cold (blue) baths.

In figure 2.10(a) the authors report the ratio of the maximum real efficiency, 7;.cq;, and
the maximum efficiency, 7,42, versus the starting temperature, T4. Due to the correlation
between the transformation time and the efficiency, a fixed value of t; is chosen, in this
case ty =1lms. From the calculations, it can be concluded that for a T4 below 1pK the
real efficiency drops substantially. Figure 2.10(b) reports 7),cq Versus .. for different
values of ¢y and 77 = 1.1uK. As t; is increased the interaction strength can be decreased
which decreases the effective friction. One may conclude from here that the bigger ¢; the
better efficiency we get. Although, this does not take into account the photon scattering
rate due to the tweezer light. As discused in section 5.2.1, the tweezer light causes the
heating of the atom which which limits the practical value. The authors found that the
most convenient setting of parameters is T4 =1.1uK and t; =1ms for the isothermal

transformations. The information we can extract from this graph is that even if this
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Figure 2.10: Plot a) reports the ratio of real efficiencies and the maximum theoretical
efficiency as a function of the starting temperature 74 for a QCE with two isothermal
strokes of 1 ms each. Plot b) shows the maximum real efficiency versus the maximum
theoretical efficiency for a QCE with Ty = 1uK for different lengths of the isothermal

transformations. [69]

engine is not subject to the usual effects of the friction of the classical engines, it can
suffer an effective friction which can be quite detrimental. This friction is not really a

purely quantum effect since it is essential due to the atom escaping from the trap.

2.2.4.2 Quantum Otto engine

Moving to the next quantum engine, we encounter the Quantum Otto engine. The cor-
responding cycle is depicted in figure 2.11. The authors used the same initial conditions
as for the Quantum Carnot Engine to facilitate a more direct comparison. Thus, they
set Mmax = 0.75 and Tz = 2T4. The power obtained using the route in figure 2.12 is
P/kp = 2.36 mK/s, with 7 = 2.35 ms and 7).y = 0.68. Therefore a real ultra-cold QOE
is both more efficient and more powerful than a real QCE with the same initial conditions

and the same maximum theoretical efficiency.
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Figure 2.11: Depiction of the Quantum Otto engine. [69] In here, A—B and C—D are

isochoric transformations while B—C and D—A are adiabatic transformations. The
colors represent the hot (yellow-red) and cold baths (blue), and the color gradient

denotes the change in temperature of the baths.

To close the cycle it must be ensured that Ts/Tp > wa/wp [72], where w; the
trapping frequency of the tweezer. The maximum theoretical efficiency of the Quantum
Otto engine i8 Nz = 1 — Ap/As = 1 — T¢/Tp which can be attained by using super-
adiabatic transformations. Super-adiabatic means that the temperature gradient during
the transformation is sharper than for an equivalent adiabatic transformation. In this
case, the isochoric strokes are also super-adiabatic which reduces friction effects in the
bath. The length of these strokes is 1 ms for a good compromise between the required
length and the strength of the interactions. The super-adiabatic transformations are
similar to the ones in the Quantum Carnot case. However, the transformation (B—C)
one may be faster because of the reduced decompression. Also, the effective friction of
the Quantum Otto engine is reduced with respect to the QCE due to the higher average
temperature of the two baths as the interaction strength can be lowered [70]. The work

done in one cycle is

Waor = Y _[Ex(B) = E.(C)] Y _[Pa(B) — Pu(A)], (2.45)

using this expression, the power extracted is P/kp = 2.36 mK/s, with 7 = 2.35 ms.
The real efficiency is 7, = 0.68 which is higher than for the classical case and higher

than for the Quantum Carnot engine.
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Figure 2.12: Evolution of the trapping frequencies of the bath (solid line) and the
tweezer (dashed line) for the Quantum Otto engine. [69] The colors simply illustrate the
hot (yellow-red) and cold (blue) baths, the color gradient represents the change in

temperature.

2.2.4.3 Quantum Diesel engine

Lastly, the authors studied the Quantum Diesel engine, which is depicted in figure 2.13.
Similarly to the Quantum Otto engine, the authors used the same initial conditions, so
Nmaz = 0.75. They additionally imposed that wp /w4 is 0.9 times the value in the Quantum

Otto engine, which yielded wa/wp ~ 1.23.

Figure 2.13: Depiction of the Quantum Diesel engine. [69] In here, A—B is an isobaric
transformation, C—D is an isochoric transformation, and B—C and D—A are adiabatic

transformations. The colors represent the hot (yellow-red) and cold baths (blue), and

the color gradient denote the change in temperature of the baths.

The total cycle time is 7 = 2.42 ms, so the authors obtained that the power that
can be extracted is P/kp = 2.54 mK/s. The real efficiency is 1oy = 0.64, which sits
in between the efficiencies of the Quantum Carnot and Otto engines. In this case, the
transformations are the same as those of the Quantum Otto engine but the (A—B)

isochoric transormation is replaced by a quantum isobaric expansion. Transformation in
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Figure 2.14: Evolution of the trapping frequencies of the bath (solid line) and the
tweezer (dashed line) for the Quantum Diesel engine. [69] The colors simply illustrate
the hot (yellow-red) and cold (blue) baths, the color gradient represents the change in

temperature.

which the heat is transferred to the working fluid. The maximum theoretical efficiency is

given by the following expression,

(2.46)

During the isobaric stroke the temperature of the bath is varied following equation
2.43, the authors used a linear compression ramp for simplicity. In this case it is not
possible to realize a super-adiabatic transformation for the isobaric stroke. Yet again, the
authors chose 1 ms for the strokes in which thermalization is required and the corres-
ponding evolution of the trapping frequencies of the bath and the tweezer are depicted in

figure 2.14. The work done by the Quantum Diesel engine is

Wape = lapAVag = Y En(C)[Pa(C) = Po(D)] (2.47)

where AV is the change in volume during the isobaric expansion. The authors
report that the power that can be extracted is P/kp = 2.54 mK/s for a total cycle time

of 7 = 2.42 ms. The real efficiency is 7., = 0.64 siting in between the performance of

the Carnot and Otto engines.
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2.3 The Frenkel-Kontorova model

The last part of my thesis is devoted to the FKM. The FKM was introduced in 1938 by
Yakov Frenkel and Tatiana Kontorova to describe the structure and dynamics of a crystal
lattice near a dislocation core. This model uses a simple depiction of such a system. The
interaction between atoms in a lattice is an infinite-range spring interaction potential,
which is non-realistic. The potential due to the crystal lattice or substrate potential is
a simple sinusoidal potential. This model is depicted in figure 2.15. The energy of this

system, for N particles with z; and p; their position and momenta, respectively, is

N 2 N-1 N
> ]
E= Zl ;’m +5 ;(a:m —; —a)* + 2 [Vo — Vi cos (2m; /b)] (2.48)

Figure 2.15: Depiction of the Frenkel-Kontorova model.

where m is the mass of the particles, a is the natural length of the springs connecting
the particles, V; is the strength of the substrate potential, and b the substrate potential
spacing. From this equation, it is easy to conclude that there are two characteristic
length-scales, one related to the interaction, a, and one related to the substrate, b. If the
ratio between these two length-scales is rational or irrational, the particle configuration
is commensurate or incommensurate with the substrate, respectively. An ideal system,
with no borders and infinite particles, in the incommensurate phase, can undergo the
so-called Aubry phase transition. In this transition, as one increases V[ over a certain
critical value, the ground state of the system transitions from an unpinned to a pinned
configuration [39]. The increase of V{ limits the particles to the regions closer to the
minima of the lattice, meaning that the function that defines the particle position in the

system becomes discontinuous, also known as breaking of analyicity.
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The phonon spectrum of the ground state configurations shows another characteristic
of the Aubry transition. In the unpinned case, the minimum frequency of the phonon
spectrum is zero, corresponding to an excitation mode of zero energy known as phason
in which particles slide energy-free between the possible configurations. That is why the

unpinned phase is also known as the sliding phase.

The unpinned phase presents another property that requires an extension of the
Frenkel-Kontorova model known as the Frenkel-Kontorova-Tomlinson model. This model
adds an external force of magnitude F' applied to all the particles. In this system, one
can show that for an unpinned configuration, one can displace the center of mass of the
system for F' — 0. This phenomenon is known as superlubricity, and it has been the

object of different studies using the cited model |73, 74].
The Frenkel-Kontorova model can be extended to a more general form given by
2 N

N N-1
p 1
E = ; om + B ; 1 Vit (i1 — i) + Z Vo — Vo cos (2mx; /b)), (2.49)

i=1

where ¢y is the strength of the interaction and Vi, is the interaction potential. This has
been proven useful to describe a multitude of condensed matter systems. Some examples
are the study of dislocation dynamics in solids |75], surfaces and adsorbed atomic lay-
ers |76, incommensurate phases in dielectrics [77], crowdions |78|, magnetic chains |79,
Josephson junctions [80] and tribology [81] using the Frenkel-Kontorova-Tomlinson model.
Simulating this model with cold atoms will allow for a more realistic implementation and
it could be easily extended to 2D. Moreover, the flexibility of cold atoms systems will

allow to simulate a variety of systems that can be described using this model.
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Experimental setup

I devoted the second and third years of my PhD to design, build, and commission an
experimental setup able to cool down and manipulate two atomic species in the ultracold
regime. I have divided this setup into five different blocks corresponding to the sections

of this chapter:

e In section 3.1 I explain the vacuum system. It provides the environment for the
cooling and trapping of the atoms, as ultracold atomic samples would heat up in

contact with background atoms which are at a higher temperature.

e The laser system is described in section 3.2. It is used for both cooling down and

trapping the atoms to manipulate them in the ultracold regime.

e Section 3.3 explains the optical tweezer setup. The function of it is to trap and

image a single atom so that we can realize our single-atom quantum engine.

e In the following section, section 3.4, I develop the imaging system. We use the
imaging system for data acquisition. In this section, I also explain how we quantify

the number of atoms and temperature from the acquired images.
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e The last section, section 3.5, contains a description of the control system used to

control the different components of the experiment from the control computer.

3.1 Vacuum system

The vacuum system contains the sources of both atomic species in two ampoules. It is
required as the cold atomic samples would be heated up by collisions with background
atoms. These are atoms coming either from the trapped air or the atomic sources that are
at a much higher temperature than the cold atoms. To achieve the cold regime pressure
required is in the order of 10~7 mbar. To reach the ultra-cold regime the pressure required
has to be as low as 10719 mbar. Our vacuum system, shown in figure 3.2 and schematized
in figure 3.1, is divided into two chambers. The first one is known as the 2D MOT
chamber, where we precool the atoms, using a MOT (see section 2.1.2.1) that confines
and cool the atoms across two directions, from room temperature vapours, providing a
cold atoms flux. These are captured in the 3D MOT chamber, also known as the science

chamber, by performing laser cooling across the three spatial directions.

Both chambers are connected by a differential pumping stage, which is essentially
a hole with 1 mm diameter and 1 cm allowing us to keep the pressure difference of
three orders of magnitude. Thus, we can maintain the 2D MO pressure in the order of
10~ "mbar while maintaining the pressure in the 3D MOT in the order of 10~**mbar. The
higher pressure in the 2D MOT helps us to obtain a higher-density flux of atoms that we
cool to the ultracold regime in the 3D MOT. Thus, the use of two chambers allows for an
efficient trapping and cooling of the atomic species from samples at room temperature to

the ultracold regime.

The 2D MOT chamber was built from a single block of titanium. It has four rect-

angular windows glued to it, using the glue Aremco 631. The windows’ size is 4x10cm.
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This chamber is connected to the 3D MOT chamber by the already mentioned differential
pumping stage. On the other end of the 2D MOT, we have an ion pump that allows us
to keep the vacuum. On this end, we connected to the chamber two metallic bellows that
contain the Rb and K ampules. There is also a viewport used for the pushing beam and

a valve to connect the turbopump used only in the initial pumping.

We use a glass cell as our 3D MOT chamber, maximizing the optical access. In it, we
load the atoms in a 3D MOT and evaporate them into the BEC state. It is also called the
science chamber. The pressure can be as low as ~ 107'%mbar thanks to the differential

pumping stage and the ion pump it has attached.

Moving onto the technicalities of how we built the vacuum system, we firstly used a
turbopump connected to two valves placed in each of the chambers. This stage is shown
in figure 3.3, which shows the early stages in the experiment before building the laser
system. During this process, we baked the system at 100°C for two weeks by wrapping
the system in aluminum foil and heating it with heating tapes. After this, the valves
were closed, and the ion pumps connected. The next step was to test that the system
was closed. Once we did this, we disconnected the turbopump. We used two different
ion pumps to keep the pressure difference between both chambers. In the 2D MOT the
pressure was and is higher due to the vapor pressure of the atomic samples. Due to a
malfunction, the ion pump in the 2D MOT is not longer working but the pressure is stable

using only the one in the 3D MOT.

The 2D MOT chamber has four magnetic coils in anti-Helmholtz configuration placed
around this chamber provide the required magnetic field for the realization of the MOT.
In the 3D MOT, we have two coils that can we switch from anti-Helmholtz to Helmholtz
configuration using a four-way relay allowing to generate the trapping potential for the
MOT and the tuning of the scattering length via Feshbach resonances (see section 2.2.3),

respectively.
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Figure 3.1: Schematics of the vacuum system.
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Figure 3.2: Picture from the top of the vacuum system, with the 3D MOT chamber in
the left and the 2D MOT chamber in the right.
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Figure 3.3: Detail of the vacuum setup when initially placed.

3.2 Laser system

Our laser system can be better understood if split into two parts. In the first part, I
explain the laser system used to perform laser cooling that allows us to cool down the
atoms from the room temperature to few tens of uK. The second part is devoted to the
dipole trap laser system used for the trapping of the previously cooled atoms. These allow
not only for the trapping but also for performing the evaporative cooling used to reach the
ultracold regime. In section 4.1, I explain the experimental realization and the physics
behind these cooling techniques. Although the laser system is similar to the one used
in any other cold atoms experiments [82] we managed to fit all the components needed
to cool down two different atomic species in a single optical table by using smaller optic

components and fiber splitters as explained in the following.
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3.2.1 Laser cooling system

In both MOTs for both species, we perform laser cooling by using the transitions in their
respective Dy lines. The different laser cooling techniques require of a closed atomic
transition so that the atoms cycle between two levels meaning that the atoms are in their
ground state, then excited to their excited stated and then, they decay to their original
ground state. This allows for the cooling mechanism to be repeated every cycle leading to a
reduction in temperature of the sample. However, there is not a perfect closed transition
in our atomic species. Thus, we need a cooling laser addressing the transition that is
closest to the ideal closed transition and a repumper laser that puts back in the cycle
the atoms that fall out of it. Figures 3.4 and 3.5 show the structure of the atomic levels
of the Dy line of 8"Rb and 3~*'K| respectively. In both figure weoo and wye, denote the
frequency of the cooling and repumper lasers, respectively while Agyo and A, are their
corresponding detunings. The cooling laser addresses the |F' = 2) — |F’ = 3) transition
which are the ground and excited levels involved in the cooling cycle. In both cases there
is a non-zero probability of an atom to be excited from the |F' = 2) to |F’ = 2) and then
decaying to |F' = 1), which is out of the cooling cycle. To solve this, we use the repumper
laser addressing the |F' = 1) — |F’ = 2) transition. As shown in figure 3.5, the levels in
the excited manifold are very close in the K case. In fact, they are not resolved as the
frequency difference between these levels is a few MHz, being in the order of the natural
linewidth of the Dy line, I'k. In contrast, this does not happen in the Rb case, with a
difference of hundreds of MHz. Consequently, the roles of the cooling and repumper light
are not clearly delimited in the K case. Because of this, the repumper can exert force in

the atoms.

To clarify, the cooling transition is |F' = 2) — |F’" = 3), in the case of each atomic
specie this translates into [4s2S /2, F = 2) — [4p*P3e, F = 3) and 55251, F = 2) —
|5p2P3 /2, F = 3> for K and Rb, respectively. For the K and Rb the repumper addresses the

| =1) — |F’ = 2) transition, which translates as |4s>S)s, F = 1) — |4p*P3 s, F = 2)
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Figure 3.4: Structure of the atomic levels of the D, line of 8"Rb where the frequency
difference between the hyperfine levels and their corresponding fine levels is denoted

between brackets. weoo and wyep denote the frequency of the cooling and rempumper
lasers, respectively. Ay is the detuning between the cooling laser and the cooling

transition.

and }5525’1/2, F= 1> — ‘5p2P3/2, F= 2>, respectively.

Laser cooling requires that the lasers’ frequencies address the required transitions,
and they have to be stable in the long term and tunable. To stabilize the frequencies, we
use two different techniques. The first one is Doppler-free saturated absorption spectro-
scopy [84]. This technique uses an atomic transition as a reference, the signal obtained
is a peak shaped signal. However, we require a signal with a zero crossing to use a
proportional-integral-differential (PID) circuit to lock the frequency to the right point. In
order to obtain the desired signal we use a fast modulation on top of the scanning signal to
obtain the derivative of the signal by phase modulation. The PID circuit is in-build in the
laser controller (TOPTICA DLC pro). The second technique is known as sideband offset
locking [85]. This method requires a master laser, which is used as a reference to lock a
slave laser using the beating between both frequencies as the locking signal. Similarly to

saturated absorption spectroscopy, we use a PID circuit to lock to the desired frequency.
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Figure 3.5: Dy line for *K and *'K. [83] weoo1 and wyep, denote the frequency of the

cooling and rempumper lasers, respectively. Acoor Arep are the detuning between the
cooling laser and the cooling transition, and the detuning between the repumper laser

and the repumping transition, respectively.

3.2.1.1 Laser cooling layout

The laser layout I explain here is depicted in figure 3.7. In the following, I explain the

system that I divided into four parts:

e In K laser sources we have the seed laser sources for the K, a Toptica DL PRO laser,
and the required tapered amplifiers (TAs), model EYP-TPA-0765. These amplify
the power of the seed lasers laser providing enough to perform laser cooling, around
IW each. There are two double-pass acousto-optic modulators (AOMs) used to shift
the frequencies. We use the K cell to perform saturated absorption spectroscopy
to lock the K laser. We send the resulting light to K distribution system via free
space. In the case of K, the frequencies of the cooling and the repumping are close

enough that they can be obtained by using AOMs from the same laser.
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e In K distribution we have the laser distribution system for K. The light comes from
K laser sources via free space. We use the three single-pass AOMs to control the
intensity. The five fiber couplers are 1a, used for the imaging and the pushing beam,
2a, used for the 2D MOT light, and the last three, 3a, 4a, and 5a, used for the 3D
MOT light.

e In Rb laser sources, we have 3 TAs, model EYP-TPA-0780, to amplify the light
from the two New Focus Vortex lasers. In this case, we have a fiber collimator,
denoted as Rb master, that provides the master laser light from an external module.
This module contains a Rb cell used to lock the master laser by saturated absorption
spectroscopy and it is placed on top of our experiment, it is not depicted here as it is
equivalent to the one used in K laser sources to lock the K laser. This is then mixed
with the light from the Vortex lasers that provide the cooling and repumper lights
and sent to two different photodiodes (PDs) to generate the beat signal required to

lock these two lasers using sideband offset locking.

e Rb distribution is similar to K distribution but it is used for the Rb light. We use
different AOMs to control the frequency and the intensity of the laser beams. The

five fiber couplers have the same function as those in K distribution.

To deliver the light to the atoms, we use a set of optical fiber splitters shown in figure
3.6. We use 2:2 fiber splitters to output the cooling and repumper for the 2D and 3D
MOT. We use a polarization beam splitter (PBS) to mix both beams before the coupling.
This type of fibers has two inputs and two outputs. In one of the inputs we couple the
light corresponding to Rb, while we use the other input to couple the light for K. The
light from each input is splitted and output evenly through both outputs. This means

that the light from each output contains the light required to cool both species.

For the 2D MOT, we use a fiber splitter to deliver two light beams, both of which

are collimated by two cylindrical lenses of focal distance 6 cm and 20 cm placed perpen-
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Figure 3.6: Schematics of the fiber splitters layout used to mix the laser cooling light for

K and Rb. The numbers with letters denote the fiber couplers depicted in figure 3.7.

dicularly in respect to each other to achieve a elliptical beam size of 4x9 cm. To obtain
the required circular polarization, we use two A/4 waveplates. We counter-reflect both
beams using prisms to keep the correct polarization on their way back. The prisms and

the cylindrical lenses are rectangular and of the size to fit the whole elliptical beams.

Similarly, we use three fiber splitters in the 3D MOT to provide six beams. In this
case, we use six lens tubes with A/4 waveplates and 10 cm focal distance lenses to obtain

a 25.4 mm beam size. We use the last fiber splitter for the pushing and imaging beams.

The cooling process requires balanced power for all the cooling beams. In the case of
K, care must be taken to ensure that this is true for the repumper beams. As previously
mentioned, the roles of the cooling and repumper are not that clearly defined in the case
of K, so the repumper can act as the cooling beam and thus, the power of the beams has
to be balanced so that the forces are balanced. The splitting ratio of the fiber splitters
is polarization dependant, meaning that for the light to be evenly split, the polarization
has to match the slow axis of the fiber. The problem we found was that when we use a
PBS to mix the cooling and repumper lights, the resultant light beam contains both lights
with perpendicular polarizations. Thus, we have to design the layout of K distribution

accordingly. In particular, we used two PBSs in series, mixing all the cooling and repumper
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Figure 3.7: Schematics of the laser layout used for K and Rb laser cooling. Red beams

represent the cooling light, blue ones the cooling light and purple the mixing of both.
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light in the first one and splitting both components in the second one for the 2D and 3D
MOTs.

The powers and detunings used when loading atoms in the MOTs are in table 3.1.

Table 3.1: Parameters of the lasers used during the loading of the MOT.

Laser Peool (mW) Acool Prep (mW) Avep
2D MOT Rb 80 -1.5 I'rp 30 0
3D MOT Rb 80 -2.5 I'rp 8 0
Pushing beam Rb 1 0 0 0
2D MOT K 100 -3 'k 60 -2.5 'k
3D MOT K 80 -3 'k 40 -2.5 'k
Pushing beam K 1.2 -1.5 I'k 0 0

3.2.2 Dipole trap system

The function of the dipole trap lasers in our experiment is to trap the atoms previously
cooled by laser cooling. We use the dipole for the manipulation and the evaporative
cooling of the atoms to the ultracold regime. This is explained in detail in section 4.1.4.
Our dipole trap consists of two laser beams crossed in their waist, a design that is known
as a crossed dipole trap. This trap design provides a better aspect ratio of the trapping
frequencies than the one in single-beam traps in which the trapping frequency in the
longitudinal direction is tens times smaller than in the radial direction. We use two lasers
at different wavelengths in order to avoid any undesired interference effects. The first laser
is a 1070 nm Ytterbium fiber laser (model YLR-20-AC-Y14), with a maximum output
power of 20W. After all the optical elements, the maximum power is 11W with a beam
waist of 361 um in the dipole trap. The second one is a fiber amplified laser at 1550 nm
(model NuAmp PSFA-1550-01-10W-2-1), with a maximum power of 8W. In the dipole
trap the maximum power is bW with a beam waist of 40+1 pm. We measured the waists
using a knife edge mounted in a translational stage and a powermeter to get a graph of the

power versus the position of the knife edge, we then fitted an error function to obtain the
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waist. Figure 3.8 shows the optics layout for the dipole trap. In the following, I explain

the layout for each of the dipole trap lasers.

1:3 telescope

Focussin
lens

Glass

Figure 3.8: Schematics of the optic layout for both 1070 nm (top) and 1550 nm

(bottom) dipole traps.
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1070 nm: This laser delivers a continuous beam of unpolarized light. It has an integ-
rated fiber output collimator that gives a beam size of 5 mm. A 2.5:1 telescope is used to
reduce the beam size so that it fits the AOM aperture. The AOM is used to control the
power of the laser beam. We use a D-shaped mirror to reflect the high power zero-order
beam to a beam damp. The first order deflected beam goes through a 1:3 telescope that
magnifies the beam before it is focused on the atoms in the pm regime, using a lens of 10

cm focal length to obtain the desired beam waist.

1550 nm: We use an ECDL laser diode (model Thorlabs SFL1550P) to seed a Nu-Fern
fiber amplifier that output linearly polarized light. In this case, the output of the fiber
collimator has the right beam size for the AOM aperture. The zero-order beam is also
directed to beam damp. The first order beam is coupled to a high power optical fiber.
We use a 3 cm focal distance lens to collimate the light from the fiber output that is then
focused onto the atoms using a 17.5 cm focal distance lens. Both lenses and the optical

fiber output are placed in a lens tube.

3.3 Optical tweezer

To build a single atom quantum engine, we require an optical tweezer to trap and ma-
nipulate a single atom. An optical tweezer is essentially a dipole trap with a very narrow
waist (<2 pm). Due to the collisional blockade, we can achieve a regime in which we
trap only a single atom. I explain this mechanism in detail in section 5.2. To achieve the
desired beam waist, we use a long working distance microscope objective, in particular,
the 10x magnification Mitutoyo Apochromatic Objective. This objective provides a beam
waist below 2 ym and a working distance of 34 mm. Thanks to this, it can be placed

outside of the glass cell and far enough to avoid blocking any of the other laser beams.

The optical tweezer setup is depicted in figure 3.9. The light source for the tweezer
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TiSap laser

Dichroic

Glass cell mirror

Spatial

Microscope
filtering

Figure 3.9: Schematics of the optic layout for the optical tweezer. The red path is the
tweezer light, which is transmitted trough the dichroic mirror and the blue is the
fluorescence light from the atoms, which is reflected by the dichroic. The purple path
depicts the part in which the tweezer and fluorescence lights are overlapped. All light is

actually red, the colors chosen are just used for depiction.

is a Ti:Sa (Titanium Sapphire) laser (model M-Squared SolsTis) which wavelength can
be tuned from 600 nm to 900 nm. The pump laser used for it is a 532 nm laser (model
Coherent Verdi) that outputs up to 12W. The maximum power the Ti:Sa laser provides
for a 12 W input is 4 W when we set the wavelength at 789.82 nm. This is the magic
wavelength for Rb, for which no Rb can be trapped, see section 5.2. However, this light
can be used to trap K. A double-pass AOM allows for the control of the intensity of the
tweezer beam (red) that is then coupled in a fiber, after which we use a PBS to clean the
polarization of the light, as polarization fluctuations may affect the trapping potential.
After this, a telescope is used to expand the beam size, so that we can achieve the required

small waist. Then, the light is transmitted through a dichroic mirror, used to separate
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the atoms’ signal from the tweezer light. Finally, the tweezer beam is focused down into

the glass cell using the microscope.

The fluorescence light from the atom trapped in the tweezer is collected and collim-
ated by the microscope. The wavelength of this beam is 767 nm, which is reflected by the
dichroic mirror. Then, this light goes through and subsequently spatially filtered using
to lenses and a pinhole placed between them at the focal point. The first one focuses
down the beam and the second one recollimates it. The function of the spatial filtering
is to remove the reflections from the light beams used to induce the atom fluorescence
since they are partially reflected into the microscope by the glass cell. Lastly, we focus
the collected fluorescence light on a single pixel in a CMOS camera (model Hamamatsu
ORCA C-14440). We placed a bandpass filter for the 767 nm light in the camera to avoid

noise from the ambient and tweezer lights.

3.4 Imaging system

In the case of a cold atoms experiment, we sample the cloud of cooled atoms by imaging
it. We use two different cameras for this purpose, one (model Allied Vision Guppy PRO
F-031) records images across the horizontal axis, and the other one does it across the
vertical direction (model Allied Vision Mako G-040). The horizontal camera pixel size
is 5.6 mum and 6.9 pum in the vertical case. This pixel size is ideal since the size of the
atomic samples ranges from few mm to tens of um requiring only a simple telescope to
image the atoms. We connect both cameras to the so-called imaging computer through a
software interface named acquire, and the acquired data is analyzed in the same computer

by a different software called cam strip down.

The optical layout for the horizontal and vertical imaging systems is shown in figure

3.10. In the horizontal system, we use a lens to demagnify the image by a factor 3, while
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Figure 3.10: Schematics of the imaging system.

in the vertical direction, a telescope system magnifies it by a factor 2.6. In the horizontal
imaging, we can see the whole atom cloud trapped in the MOT, while the BEC is just a

few pixels in this imaging system.

To image properly the BEC we use the vertical imaging, which has a bigger magni-
fication. Moreover, the vertical orientation allow to image the atoms for different times
of flight as they fall. In both imaging systems, the calculated diffraction limit is of the
order of 5um, which is smaller than the smaller atomic samples we image. In the worst
case the depth of focus is 500 pum, this may be a problem in the vertical imaging system
as the atoms fall in the axis of the imaging. The usual displacement is around 1 mm, to
correct this we can essentially move the camera position to correct this. In conclusion,
we are not really limited by our imaging system. A flip mirror allows us to choose the
path for the imaging beam so that we can perform absorption imaging in both directions

depending on what we want to measure.

3.4.1 Imaging techniques

We use two different imaging techniques. These are fluorescence imaging and absorption

imaging.
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Fluorescence imaging This technique is based on the stimulation of the fluorescence
of an atom. To do this, we briefly illuminate the atoms with cooling and repumper lights.
Thus, the atoms are in the cooling cycle absorbing the photons from the laser that take
the atom to the excited state and emitting them when it natural decays to the ground
state. The emitted photons are then collected by a camera. The atom number, N, is
related with the number of emitted photons, NNV, via the scattering ratio, R,., given by

the following expression [49],

N T I/I
2

—s 3.1
1+ £ +45 (3.

Where I' is the natural linewidth of the transition, I is the intensity, I, is the sat-
uration intensity, and A is the detuning of laser frequency with respect to the frequency
of the transition. N, is measured experimentally. Using this technique in the horizontal
imaging system, we are to image samples as low as ~10% atoms contain in a volume of

~1 cm?3.

Absorption imaging To perform absorption imaging, we take advantage of the atoms
absorbing light close to the atomic transition frequency. Thus, we measure the intensity
profile of a laser traveling through the science chamber with, Iy, and without the atoms,
Iy. We also measure the background light, [,. From these intensity profiles, we can

calculate the optical density, OD,

Iy — 1
OD = —log (Ié — IZ> . (3.2)

To relate this amount with the number of atoms, we use Beer’s Law. If every pixel

has an effective area, A, the total number of atoms, N, is

95



CHAPTER 3 CHAPTER 3. EXPERIMENTAL SETUP

pixels
A
N =

oD;, (3.3)

Oabs

where 0,15 is the absorption cross-section given by the following expression [49]:

G 1
waa 1+ 4A2/T2+ /1,

(3.4)

Oabs =

where wy is the frequency of the transition and « is the absorption coefficient. Thus,

the total number of atoms is given by the following expression:

Awga A2 I pixels
N = (1 A+ I > oD, (3.5)

This expression gives us the total number of atoms. However, since we fit a distribution

to the optical density profile we replace (f) by the integral of the the fitted distribution.

This technique destroys the atomic samples. Thus, there is a trade-off between the
power used to image and the optical density one can measure. In terms of imaging
ultra-cold samples, using the vertical imaging system, we are able to image samples of

OD= 2.5with~10° atoms. This allows us for the imaging of the BEC.

Temperature determination The density profile of a thermal atomic sample can be
fitted by a Gaussian profile [86]. The size of the cloud depends on the temperature and

the expansion time. The expansion of the cloud follows the expression,

ke T
orop = 02 + bﬁtQ, (3.6)

where oror is the standard deviation of the cloud density profile after a certain time of

flight, ¢, and o0g is the standard deviation of the cloud density profile at ¢t = 0. Thus, we

o6



CHAPTER 3 CHAPTER 3. EXPERIMENTAL SETUP

A Image Display and Fit oo D )
Show Fit Display Results Settings

- | (IR 5o oo | Recad [Vlautoreosd [NRGEBABSEN  {oon: [yl v]re: 0 [2]me: 00

[romercoam] e ]| omane | memmremse ][ ronc.Jomm

TR T T BT g preerey pe—

X Kalum X |Rubidum x

250
B 100
300
o 150
350
& 200
250
400
100
300 2
150 450
! 350 8 8
o) © 25, 5 5
= g 500 .
28, oo : 29, : 1o,
=00 & —2000GEFI99 6 @ e
1200 56 56 1000 56
1000 a8 awy a8 200 28
800 40 o) 40 & 40
600 32 600 32 32
400 21 400 22 ooy 22
200 16 200 16 200 16
8 * 8 of ] R
—200 o —200 o —200 o
100 150 200 250 300 350 400 450 200 300 400 500 200 250 300 350 400 450 500
NOO + < BE+ 200 ++ BE+ 7200 ++ BE+
Saved Images x
sults = =
FlelD | WSr | ODSr | sxSr | sySr| TSt | MK | ODK | sxK | syK | TK  MRb ODRb sxRb syRb | TRb | Ntotal m | thoSr rhoK | thoRb dynamic user | Omit |rationM Remark
o 0 226 04 513 ®5 00m 186 05 420 45 0021 56 05 <20 45 002 E E E E E g g 0.000
1 1 222 06 s20 312 00w e 05 43 47 oo B0 05 433 48 0021 E E E E E o g 0.000
2 2 w5 06 2 24 001 148 04 47 ®6 005 145 04 407 387 008 E E E E E o g 0.000
3 3 222 08 40 3 008 113 02 48 40 0024 113 02 489 41 00 E E E E E g N 0.000
4 4 w8 07 46 310 007 02 03 421 404 000 03 03 423 406 000 E E E E E o g 0.000
5 s 23 07 422 31 0o 107 03 40 73 008 107 03 40 378 008 E E E E E o g 0.000
6 6 216 07 %2 »1 0007 75 03 %3 B0 005 75 03 364 B1 0016 - - - - - - - 0.000
7 7 150 05 40 20 0015 &1 03 388 35 0016 81 03 %8 356 008 E E E E E o g 0.000
s s 15 07 44 0 006 61 01 426 48 0024 61 01 477 43 002 E E E E E o g 0.000
s o 187 07 6 275 0015 68 02 %7 436 0024 63 02 463 43 002 E E E E E o g 0.000
10 10 152 06 41 23 0015 64 02 410 ®5 0018 64 02 410 B5 008 E E E E E g N 0.000
1 1150 06 421 25 0018 46 01 4.2 433 002 46 01 452 43 002 E E E E E o g 0.000
2 12 12 06 426 2 005 50 01 523 526 002 51 01 535 529 003 E E E E E o g 0.000
1 3 100 05 ®mO 52 002 58 02 373 ¥8 00 60 02 36 B1 0017 E E E E E g N 0.000
1a 14 16 05 41 21 0018 35 01 510 94 00® 37 01 520 504 000 E E E E E o g 0.000
15 15 96 04 m5 267 002 33 01 445 436 0023 33 01 445 46 0023 E E E E E o g 0.000
16 16 66 03 m1 24 002 49 02 30 %8 0015 50 02 352 370 0015 E E E E E - g 0.000
17 17 81 04 ®1 27 0053 35 01 446 438 0023 35 01 447 441 002 E E E E E = ] 0.000
18 15 e 03 m3 250 002 30 00 5.4 548 003 23 00 532 546 003 E E E E E o g 0.000
1 1 65 03 ®7 223 0053 25 01 31 %6 0015 25 01 356 3.3 0015 E E E E E o g 0.000
2 2 o218 07 515 26 001 133 04 416 B2 008 133 04 48 B3 009 E E E E E g N 0.000
21 21 216 06 49 313 001 138 04 42 425 000 138 04 03 40 000 = = = = = ] g 0.000

Figure 3.11: Screen-shot of cam strip down. The top 3 panels show different portions of
the absorption image and display the fit results on the side, the bottom table contains
the fit parameter that can be fitted "live" together with the value of the parameter we

are scanning.

can fit a Gaussian profile to the atom cloud images to obtain the different values of orop
and use the obtained values in a linear fit to determinate the temperature of the atomic

sample using equation 3.6.

3.4.2 Acquisition software

The acquisition software is composed of two programs written in Python that we adapted
to our system. The first one, called acquire, controls the camera and outputs the images
taken by the camera. The second one, called cam strip down, reads the pictures saved
by acquire and has in-built functionalities for the fitting of the optical density profiles for

different cases, such as Gaussian fit for a thermal cloud or Thomas-Fermi for a BEC.

Figure 3.11 shows a screenshot of this program for the case of a Stern-Gerlach ex-
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periment for an 8"Rb BEC in |F' = 1). In this case, we have three clouds corresponding
to the magnetic sublevels, my = —1,0,1. The program has the capability of fitting the
atomic distribution for the three clouds and calculating different magnitudes such as the

number of atoms and temperature.

3.5 Control system

In this section, I explain the computer control, including the hardware and software
used to control the experiment. In our experiment, we require a control system with a
time resolution of 1us. To achieve the required performance, we use PCI eXtensions for
Instrumentation (PXI), which is a standard from National Instruments. In our case, the
components of the PXI are compatible with the standard DAQmx, which is the driver
required by the software we use. Our PXI consists of four PXI cards installed in a chassis

(model PXI-1042Q),

e One card PXI-8360, it is the one that connects the rest of the PXI with the computer

that controls it.

e One card PXI-6533, this card has 32 digital channels that can output two voltage

values, OV or 3.6V. The time resolution of this card is 0.1us

e Two cards PXI-6713, each of them has eight analog channels. These analog channels

can output any voltage between —10V and 10V.

A Field Programmable Gate Array (FPGA), model Opal-Kelly XEM3001, provides
the time reference. We use the FPGA as a variable frequency clock, meaning that it
produces a clock signal which is used by the PXI. The FPGA changes the clock frequency

for the different stages depending on the required time resolution for each stage of the
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Figure 3.12: Screenshot of Cicero. The top panels show the different time slots for each
stage, the middle panel shows the value of the analog channels along the sequence and

the bottom one shows the digital channels.

experimental sequence. The variable time resolution reduces the requirement for in cards’

memory, optimizing the capabilities of our control system.

The software we use in our control system is Cicero Word Generator [87], this software
is written in C and used in the cold atoms experiments at MIT. It consists of two different
programs, Atticus and Cicero. Atticus recognizes the hardware components and provides
an interface to translate the instructions from Cicero to the hardware. Atticus essentially
lists the hardware components and some options concerning them. Cicero is the program
used to design the different experimental sequences and to run the experiment. Both
programs communicate via .NET Framework v2.0. In figure 3.12, I show a screenshot of
Cicero, in which we have sequence loaded where we can see the different time slots for the
stages of the experimental sequence at the top. Under these slots, we have the signals of

the analog channels and the digital channels’ control at the bottom.
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Figure 3.13: Schematics of the control system for our experiment.

In figure 3.13, I present a scheme of the whole control system together with the
imaging system. When we run an experimental sequence, Cicero generates the instructions
that are translated and sent by Atticus to the FPGA, connected via USB to the computer,
and the PXI via the D-sub cable that connects the PXI-8360 card with the dedicated PCI
card (model PCI-8361) installed in the computer. While the PXI runs the sequence, it
uses the reference clock provided by the FPGA. The clock signal is provided by an SMA
cable that connects the FPGA with the appropriate port in the breakout board of the
PXI-6533 card. The same breakout board and the corresponding for the other cards
contain all the input and output ports of the cards. These breakout boards also have
the appropriate current buffers used by the channels’ output. These allow us to control
some of the electronic devices that require a control current higher than the one provided
directly by the PXI cards. The imaging and control computers are connected through
the lab network so that the control computer can send the parameters of the sequence to
the imaging computer to storage it together with the data acquired by the camera. This
setup can achieve a time resolution of 1us for a sequence of 1min using a computer with

AGB of RAM [87].
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Chapter 4

Non-equilibrium quantum

thermodynamics in a STRb-*"K mixture

In this chapter, I explain the experimental realization of the BEC transition in a dissipative
environment that led to the creation of out-of-equilibrium supercritical BEC samples by
dissipative distillation. This was the starting point of the study of NEQT, exploiting the

8Rb BEC in conjunction with a 3°K MOT. The chapter is divided into the following

sections:

e Section 4.1 explains the realization of an all-optical 8’Rb BEC in our setup. This
includes the laser cooling of the ’Rb atoms from room temperature to the BEC

state and its characterization.

e In section 4.2 I explain the techniques used to cool **K in the MOT and some

preliminary results of 3K trapping in the dipole trap.

e Section section 4.3 contains the results of the supercritical 3Rb BEC that we
achieved by immersing it in the 3°K MOT. I describe as well the phenomenological

model that we developed to understand the obtained results.
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e Finally, in section 4.4 I explain the mechanism behind the dissipation and how the

dissipative environment was realized experimentally.

The last two sections of this chapter contain a partial reproduction of my first author
publication found in reference [42]. I built the experiment, took the data, collaborated in

the data analysis and in the writing the manuscript of the cited publication.

4.1 Realizing an all-optical **Rb BEC in our setup

The first milestone of this experiment was the realization of an all-optical Rb BEC.
To achieve this, we firstly cool down the atoms from room temperature to a few tens
of uK using laser cooling. The laser cooling setup is explained in section 3.2. Then
these cold atoms are loaded in the dipole trap and further cooled by evaporative cooling.
The advantage of an all-optical BEC experimental setup is that it does not require coils
carrying the high current needed to perform magnetic RF evaporation. Usually, that
type of coils require active cooling, thus increasing the size and complexity of the system.
Another advantage is that the magnetic sublevels, m, are degenerated in the absence of
a magnetic field, allowing for the atoms in any magnetic sublevel to be cooled to the BEC
state. That makes possible the study of richer systems such as spinor BEC or the effects

of synthetic magnetization [88].

4.1.1 Experimental sequence

The experimental sequence used to obtain ’Rb BEC is depicted in figure 4.1. We start
the sequence by loading the 3D MOT using the stream of cold atoms generated in the 2D
MOT. The atoms are pushed from the 2D to the 3D MOT by the pushing beam. The
3D MOT saturates in 3s after which, we switch off the lights from the 2D MOT and the
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Figure 4.1: Experimental sequence used to obtain a 8’Rb BEC.

pushing beam. After this, we obtain ~10° atoms at ~300uK. The 1070nm dipole trap

beam is switch ON full power at this stage.

The next stage is to cool down the atoms below the Doppler limit by using a temporal
dark MOT stage as explained in section 4.1.3, reaching 50puK. We found that keeping the
final values of the dark MOT stage for 10 ms longer improves the loading into the dipole
trap. After this, we switch off all the cooling lights and the magnetic field gradient, and
we start the evaporation first by reducing the power of the 1070nm dipole trap beam and

later in both traps in different stages using the values specified in table 4.1.

Finally, we hold the atoms in the dipole trap using the last parameters of the evap-
oration for 20ms allowing for the final rethermalization before we release them. In the

following, I explain in more details the different stages of the cooling process.
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Table 4.1: Dipole traps power at the beginning of each stage of the evaporative cooling.

Stage | 1550nm power (W) | 1070nm power (W) | Time (ms)
Ramp 1 0 11.5 100
Ramp 2 0 5.18 200
Ramp 3 0 4.88 600
Ramp 4 3.90 2.55 500
Ramp 5 3.90 1.50 1000
Ramp 6 0.68 0.24 2000
Ramp 7 0.345 0.073 2100

Final 0.220 0.022 N/A

4.1.2 Loading Rb atoms into the 3D MOT

The cooling process starts in the 2D MOT that confines the atoms in two dimensions
where they are cooled by Doppler cooling (see section 2.1.2.1) producing a cold and dense
flux of atoms of ~ 10%atoms/s, with a speed of ~ 10 m/s. The stream of atoms is propelled
by the pushing beam. The resultant stream of atoms obtained in the 2D MOT is then
loaded in the 3D MOT, which cools and confines the atoms in three dimensions. Typical
values for the 3D MOT are ~ 5 - 10° atoms at ~ 300K which are loaded in ~ 3s. The
combination of a 2D MOT with a 3D MOT allows for the quick and robust loading of

atoms in the 3D MOT [89].

In both MOTs, we perform Doppler cooling by using the transitions in the D5 line. As
explained in section 3.2.1, we require a cooling and a repumper laser. Trapping the atoms
in the MOT by the quadrupole magnetic field requires the correct circular polarization of

the MOT beams in order to interact with the appropriate m sublevels.

The typical values for cooling detuning, A..., are —2.5I" and —1.5T" for the 3D and
2D respectively, where I' is the natural linewidth of the Dy line of Rb. The repumper
is set in resonance with the repumper transition. The pushing beam is set in resonance
with the cooling transition. The powers of the combine beams are specified in figure 4.1.

The magnetic gradient in both MOTs is 10 G/cm.
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4.1.3 Rb dark MOT

The idea behind our Rb dark MOT is known as temporal dark MOT and it has been
widely studied [90, 91|. In this technique, the repumper light power is reduced. Thus,
the atoms fall out the cooling cycle and are "shelved" in a dark state, |F' = 1), in which
they avoid strong interaction with the cooling light meaning a reduction in rescattered
radiation and excited state collisions. The result of this process is an increase in atom
density and a reduction of temperature. The fact that the atoms are contained in a smaller
volume closer to the minimum of the magnetic field also helps other cooling mechanism

such as gradient polarization cooling.

In practice, we ramp down the total power of the repumper beams from ~ 5 mW to
~ 10 W in 50 ms and we detune the cooling light from A.o = -2.5 T' to Ageer = —10T
in 150 ms. The change of the detuning is used to address the hotter atoms since they
require a larger red detuning due to their larger Doppler shift. This ultimately reduces
the temperature from 300 pK to 50 K. The final temperature is below the Doppler limit,
Tp=146 uK.

One may ask why we do not use optical molasses, which can cool down the atoms to
the same temperature. The reason for this is that we found the dark MOT to be more
efficient and robust as the optical molasses do not provide adequate spatial confinement

of the atomic sample, which is crucial to trap the atoms in the dipole trap.

4.1.4 Evaporative cooling

We use all-optical evaporation to reach the BEC regime. This technique is explained in
section 2.1.2.2. We use a crossed dipole trap to trap the atoms from the dark MOT. The
crossed dipole trap setup is described in section 3.2.2. In our particular case, for an alkali

atom with linear polarized or unpolarized light, the dipole trap potential, Uy, is given by
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the following expression [58],

Ud<r>:“2r< 2, >I(r), (41)

3 3
2 CUQAQ’F WIALF

where wy is the laser frequency, and Ay p and Ay  are the detuning of the laser with
respect to the Dy and D, lines. For a laser red detuned with respect to both spectral lines,
Re(a) > 0, which means that the minimum of the potential is located in the maximum of
intensity. Considering that the intensity profile of the trap beams is Gaussian, atoms can
be trapped in the focus of the laser beams where the intensity is maximum. Once they are
trapped, we perform evaporative cooling by reducing the power of the dipole trap lasers
to allow the hottest atoms to escape as the trap depth decreases. As explained in section
2.1.2.2, this has to be done slowly enough so that the atoms that remain in the trap have

enough time to rethermalize.

4.1.5 % Rb BEC characterization

To characterize the BEC we meassured the critical temperature, T,, and the trapping
frequencies, wy, wo and ws. To find T, experimentally, we use equation 2.14, replacing by

its definition found in equation 2.11, obtaining:

ksT \°
Ny = max [N — (0.94hw) ,0] . (4.2)

Now, we consider the relation between the potential and the trapping potential found in

[58],

(4.3)

where U is the first order term of the Taylor expansion of the trapping potential in the

direction of the trapping frequency, m is the atom mass and w; the beam waist. U it
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is proportional to the temperature, since the trap depth defines the temperature of the
atoms. In fact, we assumed this and tested it experimentally in our case. We only used
this as a quick test to check that the condensation was working as expected. Thus, we

can write @ = STY2, where 3 is a constant. Thus, equation 4.2 can be rewritten as,

kgT ’ 3/2
Ny = max [N_ (W) ,0] = max [N — aT%/20] (4.4)

where o = [kp/(0.94R3)]>. We can use the previous equation to fit the experimental data
obtaining 7., which is the point in which Ny > 0. In that point, we can measure directly

the trapping frequencies to check that the magnitudes of our system are right.

The way we measure the trapping frequencies in our system is parametric heating.
This technique relies on modulating the power of the dipole trap with a certain frequency,
Wy When w,, =~ 2w;, the modulation introduces energy in the system, heating it and
depleting the atoms from the trap. Thus, we can observe a resonant like behaviour when
we look at the temperature of the atoms as a function of w,,. In figure 4.2, I report
the cloud size which is proportional to the temperature versus w,,, we can observe three
different peaks corresponding to the three trapping frequencies. I fitted the sum of three
Lorentzian functions to obtain the three trapping frequencies. The results of the fit are

w; = (60.2+£0.4,91 + 1,128 + 2) Hz.

However, the effects of anharmonicity, due to the trap being only perfectly harmonic
in the center, cause the measured frequencies to be shifted with respect to the calculated
values [92]. In our case, we use the real values calibrated to take into account this. In
appendix A I provide a further discussion of this as well as the comparison between the
real and calculated values. The potential at the end of the evaporation can be calculated

using the experimental parameters in equation 4.1.

In figure 4.3, I show the 2D optical density profiles for the 8"Rb cloud after 20 ms

time of flight, for different temperatures across the phase transition. As soon as T' < T,

67



CHAPTER 4 CHAPTER 4. NEQT IN A 8RB-*K MIXTURE

0.11

0.10 1

u.)

5 0.09 -

0.08

cloud size (a

0.07 +

0.06 - .

T T T T T T T T T T T T
50 100 150 200 250 300 350
o, (Hz)

Figure 4.2: Cloud size versus the modulation frequency of the dipole trap.

OD

T =380 nK

5

T=310nK

Figure 4.3: Optical density profiles obtained by absorption imaging for the 8Rb cloud
at different stages of the evaporation for 20 ms of expansion time. The approximate size

of each image is 90x120 pm.
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Figure 4.4: Optical density across the horizontal axis for the 2D profiles shown in figure
4.3. The blue dots are the data, the green lines represent the Thomas-Fermi distribution
corresponding to the BEC component and the red lines represents the Gaussian

distribution corresponding to the thermal component.

which is T, &~ 350 nK, the optical density profile changes from a thermal distribution to a
bimodal. This can be clearly seen in figure 4.4, where I have plotted a transversal cut of
the previous figure across the horizontal dimension. The bimodal distribution is the sum
of a Thomas-Fermi distribution that describes the BEC and the Gaussian describing the
thermal component. We can observe in figure 4.3 how the BEC component is asymmetric,
this is another signature of the BEC, and it is due to how the BEC component expands
when released. Finally, when no thermal component is left, the distribution is simply a

Thomas-Fermi one.

69



CHAPTER 4 CHAPTER 4. NEQT IN A 3RB-*K MIXTURE

4.2 Cooling and trapping of K

Our apparatus was designed with the purpose of trapping a single 'K atom in a bath of
ultracold 8"Rb, as this is required for the realization of the single-atom quantum engine
(see chapter 5). The ultracold bath of 8Rb is already within our reach since, as explained
in the previous section, we are even able to reach the BEC regime. To trap a single atom,
we plan to use an optical tweezer, explained in section 5.2. In order for the atom to
be trapped in the optical tweezer, we need to cool down the *'K. Similarly to the case
of 8Rb, we use the MOT and other laser cooling techniques to trap and cool down the
atoms. These techniques are explained in sections 4.2.1 and 4.1.3, respectively. As the
MOTs of both species were (and are) overlapped and the dipole trap lasers are far-red
detuned with respect to the D; and D, transitions of both species, we were in the position
of trapping both atomic species in the dipole trap. In principle, this should have allowed
us for the evaporative cooling of 'K to the BEC regime and the consequent realization
of a two-species all-optical BEC, a system that has not been previously realized. This
system is of interest because it would combine the rich physics of all-optical BECs with

the phenomena of two species BECs [93].

However, we were not able to trap enough *'K atoms in the dipole trap. After
this, and considering that 3°K is ten times more abundant in the atom source used in
the experiment and that it can be cooled further down using optical molasses in the D,
line [94], we decided to change our laser system to cool 3K instead. Doing this only
involved the change of the order used for some of the AOMs due to the small frequency
difference between the cooling and repumper transitions of both K isotopes. Nevertheless,
we were not able to load enough atoms in the dipole trap to start the evaporation since
we lost all of them in few hundreds of ms after they were loaded, way before the BEC

regime. In section 4.2.3 I explain this phenomenon.

As we only obtained a good enough signal from the atoms in the dipole trap for *K,
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this section is limited to it. This species is also used for the realization of the BEC in a
dissipative environment. More details about the cooling of 'K can be found in section

5.2.4.

4.2.1 K MOT and dark MOT

Similarly to the cooling of 8"Rb we use the same cooling and repumper transitions to
obtain a closed cooling cycle in the Dy line that allows for Doppler cooling. As explained
in section 3.2.1, the roles of the cooling and repumper light are not clearly delimited in
the K case, the repumper needs to be detuned. Because of this, the most efficient cooling
of 3K in the MOT is achieved when the detuning for the cooling and the repumper are
Acoolk = -3 'k and Ao,k = -2.5 I'k, respectively, I'k is the natural linewidth of the D,
line of K. The power of the cooling is similar to the ’Rb case. While as mentioned, the
repumper power is half of that of the cooling. As the repumper is red detuned, it exerts

a force on the atoms. Thus, the repumper power for the beams has to be balanced.

As a result of the difficulties of cooling *°K, the Doppler cooling process is hampered,
leading to a 3K MOT with a temperature of ~ 1mK. Similarly to the Rb case, we
implemented a dark MOT stage (see section 4.1.3). In this case, we bring the repumper
to resonance and reduce its power by a factor twenty of its value in the MOT stage,

allowing us to cool down the sample to the Doppler limit, T = 125uK.

4.2.2 K Sub-Doppler cooling with D, molasses

In order to further cool down the atoms before trapping them in the optical trap, we
implemented a molasses stage. There are two different strategies to implement them.
The first one is to implement a gray-molasses using light close to the D; line [95] that

allows for temperatures as cold as 6./ . The second strategy is to use molasses close to the
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Figure 4.5: Determination of the temperature after molasses performed using the D,

line of K. The obtained temperature from this fit is 80+3uK.

D5 line [94], allowing for sub-Doppler temperatures as low as 25uK. We chose the latter
implementation as it did not require any additional laser. In our case, following the recipe
found in [94], we were able to reach the sub-Doppler regime cooling with (3.44-0.4)-107
atoms at 80+3uK. Figure 4.5 shows the size of the atomic cloud as a function of the
expansion time. We used this measurement to determine the temperature. These were
preliminary results in which we tuned the parameters over a large range. To do this in
a reasonable time-scale, we only took a data point per set of parameters. Consequently,

this figure does not have error bars and the error is the standard error of the fitting.

4.2.3 Loading K atoms in the dipole trap

When compared with the typical Rb values at the end of the dark MOT stage (see
section 4.1.3), we found that the K atom number is one order of magnitude lower and its

temperature is four times lower. Considering that the PSD, which is the figure of interest
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Figure 4.6: Absorption imaging picture of Rb (top) and K (bottom) atoms when loaded
separately in the dipole trap. The dashed line is only a guide for the eye, placed at the

same position.

to obtain a BEC, scales as PSD o« NT%/2, we obtain a *°K atomic sample with similar
PSD to the one of 8"Rb prior to the loading in the dipole trap. One may expect then a
similar behavior in the dipole trap loading and evaporation. However, we observed strong
atom losses, being particularly evident in figure 4.6 where we compare both atomic species
in the 1070nm dipole trap beam for the same dipole trap powers at the beginning of the
evaporation. In the 8"Rb case, the main part of the atoms is located in the focus of the
dipole trap beam, contrasting with the 3°K atoms that are avoiding the region with the
highest intensity. This indicates the presence of light-induced losses due to the 1070nm
dipole trap beam. To avoid this effect, we tried different ways of loading the trap, such as
switching ON the trap during the different laser cooling stages (K MOT, dark MOT, K
molasses) and ramping up the power of the trap. We also check the effect of the K cooling
ligh in the Rb BEC and we observed some loses but for a time-scale longer than the usual
of the experiment. The best 3°K loading results, shown in figure 4.6, were obtained when

we ramped up the trap power during the molasses stage.
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We found two other experiments, described in references [96] and [97], in which the
authors obtained an all-optical K BEC. In reference [96], the authors observed enhanced
losses for high powers of a 1070nm dipole trap beam. The possible explanation the author
describes is the existence of a Raman transition to a bound molecular state (a process
also known as photoasociation). In this process, the binding energy of the molecule gets
converted into kinetic energy, and the molecule itself is lost from the trap. However, I
have not been able to find any spectroscopy measurement concerning the cited transition.
It is important to note that in our experiment, the beam waist is less than half than in
the cited experiment. Consequently, we have a higher atomic density that may favor the
collisions in the photoasociation process contributing consequently to the observed losses.
In the experiment described in reference [97], they used a 1550nm laser, and they did not
observe any of these phenomena even for a trap tighter than ours. Inspired by them, we
tried with our 1550nm laser to trap the K atoms. However, our laser power was lower and
so was our trap depth. This together with the fact that we can not perform D; bright
molasses that can achieve temperatures of ~4uK, 20 times lower than ours, made the
performance in this case worse than when we tried to trap the K atoms using the 1070nm

laser.

4.3 Study of NEQT in a dissipative environment

As explained in the previous sections, we are able to experimentally realized a 8Rb BEC
and a **K MOT, the temperature of the K MOT is 1mK whose temperature is four orders
of magnitude higher than that of the Rb BEC. We can overlap the K MOT with the Rb
BEC, which leads to the dissipation of Rb atoms, since any collision between a K atom

and a Rb atom results in the Rb atom being kick out of the optical trap.

In this section, I show how an experimental realization of a supercritical BEC by

immersing it in a dissipative environment can be achieved. In the following, I discuss
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how the obtained samples deviate from the BEC in equilibrium, how these supercritical
states are longlived, the theoretical model behind the formation of such states, and the
experimental implementation. The characterization of the collisions between both atomic

species is described in section 4.4.

4.3.1 Supercritical BEC

As shown in section 2.1.1.1, the condensed fraction in an equilibrium situation, taking
into account finite size effects and interactions is provided by equation 2.22 that I recall

in the following expression,

N 1— 73 —nr2(1—73)2%° for T < T,
=20 _ (4.5)

0 for T > T,

where 7 = T/T, and 1 = 2.15(aN"/%/ay,)?/®. A supercritical BEC will be above the
line described by equation 4.5. As it turns out, we can achieve a supercritical Rb BEC
by immersing the Rb atomic sample in a cloud of cold K atoms while the evaporation of
the Rb takes place. The experimental realization is depicted in figure 4.7. In essence, we
use the same evaporation sequence for Rb as the one explained in section 4.1. The only
difference is that we start to load the K MOT at a fixed time ¢y, for which we measured

the condensed fraction at different times.

The resulting data is reported in figure 4.8. We used the calibrated trapping frequen-
cies shown in appendix A to calculate T, in every point. In this figure, the open symbols
represent the cases with no dissipation i.e. the equilibrium case in which the K MOT is
not present. For open diamonds and circles, the waiting time, which is the time we keep
the dipole trap at a constant power before imaging, is 4 s. In all the other cases, this

time is 20 ms. For the data in the absence of dissipation, we varied the number of atoms
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Figure 4.7: Experimental sequence used to obtain a supercritical BEC by dissipation.

from 70x10% to 25x10? at 3s before the evaporation end by changing the Rb MOT load
time. We did this to double-check that the equilibrium case matched the theory for a
wide range of parameters. The theoretical curve for the equilibrium case is the blue curve.

We can observe how the data for the no dissipation case matches it perfectly.

In the dissipation case, represented by the filled points, we took two sets of data.
For the filled circles the dissipation rate is four times the dissipation rate of the filled
squares. The dotted lines are the results of the rate equation model that we developed to
explain to model the physics behind the formation of the supercritical BEC. This model

is explained in section 4.3.3.

Figure 4.9 compares the evolution of different parameters as a function of the evap-
oration time for the dissipation case (red circles), represented by the filled squares in
figure 4.8, with the equilibrium case (blue triangles). As we can observe, for similar tem-
peratures, we are able to obtain condensed fractions in the dissipation case higher than
the expected values, represented by the dashed line in figure 4.9(c). We also calculated
the chemical potential using the method explained in appendix B. Figure 4.10 shows the
same but for the dissipation case, corresponding with the filled points in figure 4.8. In
this case, the dissipation rate is four times stronger, and we can observe again the differ-

ence between the actual values of the condensed fraction and the theoretical ones for the
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Figure 4.8: Phase diagram for the condensed fraction, F', versus the reduced
temperature, 7 = T'/T.. Open symbols represent the data points in the no dissipation
case and the filled ones with dissipation. For the filled circles the dissipation rate is four
times the dissipation rate of the filled squares. The error bars are the standard errors of
the mean of the measurements. The solid line represents the calculated equilibrium
fraction while the dashed lines represent the calculated trajectories of the

non-equilibrium situation, calculated using the model described in 4.3.3.

dissipation case.

4.3.2 Relaxation towards equilibrium state

To understand how the system restores to the equilibrium situation, we performed the
experiment shown in figure 4.11. We switch off the K MOT at a time t,s¢, and we keep
the dipole trap with the same parameters. Supposedly, under these circumstances, we
should observe the usual situation that should follow equation 4.5. Following this idea,
we measured the difference between the measured F' and that expected using equation 4.5
for different times after switching off the K MOT, being d F’ this difference. The obtained

results are in figure 4.12. In this case, we switch OFF the K MOT at ¢,;;= 1.5 s. We
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Figure 4.9: Different parameters for the experiment depicted in figure 4.7 versus
evaporation time for a BEC with (red circles) and without dissipation. (a) is the atom
number, (b) is the temperature, (c) is the condensed fraction where the dashed lines

denoted the theoretical values in the equilibrium case and (d) is the chemical potential.
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Figure 4.10: Same as figure 4.9 but for a dissipation four times stronger.
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can observe how the system goes back to equilibrium as 0F' tends towards zero. We
fitted an exponential curve in good agreement with the data to quantify the magnitude
of the relaxation time. We found that the supercritical state has a lifetime in the order
of seconds, as in this case, the time constant of the exponential fit is 3.9 £ 0.3 s. As for

the evolution of the different experimental parameters, one can refer to figure 4.13.

Rb dipole trap
power

K MOT loading
signal

Imaging

variable
H time H

Figure 4.11: Experimental sequence used to study the relaxation of the supercritical

BEC back to equilibrium.

4.3.3 Modeling the system

In section 2.1.4, I introduced a dynamical equation that describes the behavior of the con-
densate growth during evaporation. As explained, this is a complex many-body problem,
and the microscopic theory behind it is quite complex. In fact, it has only been solved
for a particular set of settings (constant temperature and infinite atom reservoir) with
partial success |62, 64]. In our case, not only the atom reservoir is not infinite and the
temperature variable, but we also have dissipation due to the K MOT. However, starting
from equation 2.31, we developed a phenomenological rate equation that allows us to
describe our experimental data and derive important information that might be used to
develop a rigorous microscopic theory. Our model, depicted in figure 4.14, describes our
system as a two-mode system, with one mode being the BEC and the other the thermal

component. If we denote the condensate and thermal parts as Ny and Ny, respectively,
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Figure 4.12: Difference between the measured F' for the experiment depicted in figure
4.11. The line shows an exponential fit to the data after the dissipation is switched off.
The time constant is 3.9 + 0.3 s.
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Figure 4.13: Different parameters for the experiment depicted in figure 4.11 versus
evaporation time for a BEC with (red circles) and without dissipation (blue triangles).
(a) is the atom number, (b) is the reduced temperature, (c) is the condensed fraction
where the dashed lines denoted the theoretical values in the equilibrium case and (d) is

the temperature.
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we get the following rate equations,

No=W {(1 — %) Ny + 11 — K(Ny, 4+ 1) — v (t) Ny, (4.6)
Ny = -W {(1 — %) Ny + 1] + K (N + 1) = [y (t) + 7] Ny, (4.7)

where v is the dissipation rate coming from the K MOT, calculated in section 4.4.1
and ~ the dissipation rate due to the evaporative cooling. The term proportional to
Ny in the square parenthesis and the one proportional to Ny, account for the bosonic
stimulation 62, 64, 63|. The introduction of the effective number of thermal atoms, Nip,
accounts for the reduction of the non-condensed energy band to a single state. Indeed,
if we were considering such a state as populated by Ny, atoms, its bosonic stimulation
would be enhanced by a factor Ny,. However, we need to take into account that the non-
condensed energy band is not uniformly populated and that the more energetic levels are
less involved in the exchange of particles. These two effects effectively reduce the bosonic
stimulation. The amount of such reduction is difficult to evaluate. Therefore, Nth is used

as a free time-independent fit parameter.

For the BEC state, the exponential implies that the steady-state is reached when
the chemical potential of the condensate equals the equilibrium chemical potential. In
our model, we have made the approximation that the energy levels are time-independent.
To account for the reaching of the steady-state in absence of dissipation, we replace the
exponential in equation (2.31) with ¢/t;, where t; is the time at which the steady-state
is reached and all the atoms are in the BEC. In general, the coefficients W and K are
complicated functions of T', i, Ny and N [62, 64, 63] and an expression for them exists only
for the case of constant temperature and infinite reservoir of atoms. Even in this case, as

mentioned above, the coefficients can be wrong up to an order of magnitude. For these
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reasons, in our model, we drop the functional dependence and treat them as constants
having average values W and K. In references [62, 64], the growth of the condensate is the
result of the unbalancing between the two-body scattering process that transfers atoms
from the thermal component to the BEC and the opposite process, without creation or

absorption of quasiparticles. Using quantum kinetic theory, the authors found that

W o elen—co)/keT | (4.8)

meaning that for a given temperature, the larger is the energy gap the harder it is to
excite an atom to the thermal component and the easier is to promote an atom in the
condensate. The exploitation of this effect allows us to drive the system out of equilibrium.
The energy gap, €;, — €9, can be roughly estimated from the energy spectrum obtained
with a first-order treatment of a uniform Bose gas with contact interactions. For 7 < 1,

this reduces to [98, 99|

(4.9)

The last term of this equation is of quantum mechanical origin and accounts for bosonic
stimulation. From equation 4.9, it follows that once an atom is in the condensed phase, it
needs an amount of energy A = 2rh*aNy/mV to leave the BEC, yielding an unbalancing
between W and K. More detailed calculations including higher-order perturbation theory
[98, 99] and the effect of the mean-field potential of the BEC [64, 63] show that the
spectrum exhibits a strong modification of the density of states right above the condensed
state. Therefore, equation 4.9 is valid only for low values of F. Regardless, for 7 ~ 1, in

our experimental conditions, €, — € is already of the same order of magnitude as 7T'.

Concerning the data shown in figure 4.15, to derive W we fit the curve Ny(t) in
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Figure 4.14: Depiction of model used and described by equations 4.6 and 4.7.

absence of dissipation with the solution of

No=W {(1—}) N0+1] (4.10)

f

with ¢ty = 1.4 s the time at which the evaporation ends (please note the origin of time is
shifted by 0.6s in this data analysis), obtaining W = 3.4540.1 Hz. We derive K = 0.254+
0.03 Hz from an exponential fit of the relaxation curve in figure 4.12. The evaporation
loss rate 7 = 0.95 4+ 0.03 Hz is obtained by fitting with an exponential the decay of the
total number of atoms in absence of dissipation. Finally, vk (t) is obtained as explained in
the next section. The only free parameter of our model is = = Ny, / Nth, which determines
the effective occupation of the thermal energy band. We found that we can reproduce our
data, as shown in figure 4.15, by imposing = = 25 + 5, value obtained by fitting the data
of the mentioned figure. The result of our model is also reported as the dotted trajectory
in the 7 — F plane in figure 4.8. By increasing the dissipation rate vx by a factor of
four, leaving all the other parameters unchanged, we obtain the second trajectory that

reproduces well the open circle data in figure 4.8.
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4.4 Inducing dissipation in the Rb BEC

As the dissipation is caused by the collisions between the K and Rb atoms, it is important
to understand the physics behind them and characterize them. Thus, in this section, I
explain how we determined the scattering rate between both atomic species and the
corresponding experimental measurements. Before this, I would like to mention that we
measured the effect of the K cooling light in the Rb atoms and we did not observe relevant

Rb losses in the considered time-scale due to the K cooling light.

4.4.1 Measuring the interspecies scattering rate

We used the model described in 2.1.3 to model the collisional process between both atomic
species. Following this model, we consider the background atoms to be the K atoms and
the ultracold atoms to be the Rb atoms. We first calculate E., using equation 2.24, where
Cs=4290(2)a$ Ey, value that we extracted from [60]. This yields E,. ~ 300 uK allowing us
to calculate the collisional cross section, oy, using equation 2.27. The result we obtained
is o ~ 5.61 x 1071"m?. We can then obtain a theoretical prediction of the scattering

rate, vx, using equation 2.29 as,

VK = NKOKVK, (4.11)

where the density of K atoms, ng, is measured directly in the experiment and vk is
obtained from the measured temperature*. To obtain the experimental value of vx we
can use equation 2.30. We include as well the losses of Rb atoms in absence of the K
MOT, characterised by its scatering rate, vg,. These losses can be simply modeled as one

body loses processes. This means that the rate equation can be rewritten as,

*We consider the average kinetic energy to be the thermal energy, so vg = /2kTx /m.
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Ngy = —(Yry + vx)Nro = — (Vo + K OKVEK ) NRb. (4.12)

In plain evaporation’, g, is constant while vk is not, since nx increases with time.
From the experimental data we determined that this increase is linear in time, so we can

write 7k = at. Thus, we obtain the following equation,

Nry = —(vry + at) Ngy, (4.13)

differential equation which solution is,

Nio(t) = Nio(0) exp (—fbet - gﬂ) . (4.14)

The experimental sequence used is depicted in figure 4.16. We evaporate the Rb
following the recipe explained in section 4.1. At a certain point in the evaporation, to,
we stop the evaporation by keeping the dipole trap power constant, and then, we start
loading K atoms in the MOT. We then image the Rb cloud for different times after we
switch on the K MOT. In the case with no K atoms, we impose a = 0 obtaining vz, by
fitting equation 4.14. Then, we repeat the measurement with the K atoms allowing us
to obtain a by fixing the value of g, to the one previously obtained. One question that
emerged was if 7k depended on the possible Rb states (BEC or thermal). To answer
this question we repeated the experiment for both cases, a pure Rb BEC and a pure
Rb thermal cloud by simply changing t,. The data and the corresponding fits of this
measurements are shown in figure 4.17. We concluded that within experimental error of
the data shown in figure 4.17, the value of vk is the same for a given ng regardless of the

Rb state.

TPlain evaporation refers to the evaporation that takes place for constant intensity of the dipole trap
beams.
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K MOT loading
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Figure 4.16: Experimental sequence used to measure the scattering rate between the two

species.
160 , ; 50+
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Figure 4.17: Rb atom number as a function of time with and without K atoms, for both

Rb thermal cloud (bottom) and Rb pure BEC (top).
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Figure 4.18: Theoretical prediction and experimental values for the scattering rate, vx.
The shown ng is the K atom density that we used for the theoretical predictions. (a)
corresponds to the case of all the Rb atoms in the thermal component and (b)

corresponds to the case with all the Rb atoms in the BEC component.

Finally, in figure 4.18 we compare the theoretical prediction with the obtained ex-
perimental values. From it, we conclude that the model explains the observed losses in
Rb atoms. The error in the theoretical prediction is large, since it depends on ng, which
depends on the cloud volume. Considering that nx oc 1/r3, where r is the radius of the
cloud, any small noise in the determination of » magnifies when determining nyx. We per-
formed the measurement for a pure thermal and a pure BEC, the corresponding results are
shown in figures 4.18(a) and 4.18(b), respectively. In both cases, the experimental data
obtained by fitting the rate equation found in equation 4.14 agrees with the theoretical

value calculated using equation 4.11.

4.4.2 Why non-equilibrium quantum thermodynamics?

Before discussing about non-equilibrium, we have to clearly distinguish between the two
types of equilibrium in our system. Firstly, we have thermal equilibrium, we consider
our system to be in thermal equilibrium when we perform the measurements as we wait

for it to rethermalize for few ms before taking our measurements. Then, we have the
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dynamical equilibrium, this equilibrium refers to the equilibrium between the different
phases in absence of external perturbations. As shown in this chapter, when we stopped
applying the dissipation, the system restored its dynamical equilibrium in few seconds.
This means that the system was out of equilibrium or equivalently in a non-equilibrium
situation. It is also important to note that even considering that the dissipation is a
mainly classical mechanism in this case, it affects the formation of the BEC by affecting
the Bosonic stimulation that occurs when the condensation takes place. The Bosonic
stimulation is in fact a quantum process, being the reason why this chapter is called

non-equilibrium quantum thermodynamics.
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Chapter 5

Towards the realization of a single atom

quantum engine

In this chapter, I describe the planned design to build our single-atom quantum engine.
Some of the required concepts and the corresponding background are presented in section
2.2. Considering that this realization is still under development, I provide a description
of the current state of the system and the challenges encountered, and the proposed
solutions. In this case, we use the same experimental setup but with the addition of an

optical tweezer that allows for the manipulation of a single atom, which is presented here.

5.1 Components of the single-atom quantum engine

To understand a quantum engine, one needs to establish the parallelism between the

components of a classic and a quantum engine. Thus, the components are:

e The working fluid, which undergoes the different thermodynamic transformations.

In our case, the working fluid is the single 'K atom trapped in an optical tweezer,
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see section 5.2, and cooled down via sympathetic cooling using the thermal bath.

e The thermal bath has to be large when compared with the working fluid so that
the transfer of heat between it and the working fluid does not affect its temperature.
This role is played by an ultracold cloud of 8Rb that we are able to cool down by

evaporative cooling to the quantum level, see section 4.1.

e The piston drives some of the thermodynamics transformations of the working fluid.
The optical tweezer is the piston in our system. It is species selective, allowing for
transformations of the working fluid without affecting the thermal bath, see section

5.2.

e Tunable interactions between the working fluid and the thermal bath,
this allows for the implementation of other thermodynamic transformations. In our
case, we use the hetero-nuclear Feshbach resonances between both atomic species,

see section 2.2.3.

5.2 Developing a species-selective optical tweezer

To develop a species-selective optical tweezer, we require a laser wavelength that only

affects one of the atomic species. We recall the expression from section 4.1.4,

7T 2 1
= I(r). 1
o) = "3 (ogaer + oy 10 ol

Using this expression, we calculate the dipole potential as a function of the wavelength.
In figure 5.1 we report this calculation for both Rb (red) and K (blue). In this plot, for
a wavelength of 789.820nm, marked by the dashed line, there is no dipole potential for
the Rb but there is for the K. This allows for the manipulation of the K atoms without

affecting the Rb.
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Figure 5.1: Dipole potential for both Rb (blue) and K (red) as a function of the dipole
trap laser wavelength. The vertical dashed line is the magic wavelength for Rb

(789.820nm).

For the cited wavelength, for a power of 25mW and a beam waist of w =2um the
calculated trapping frequencies are (f;, fy, fz)=(15.7,153,152) kHz. Where the x direction

is the direction of the propagation of the tweezer trap light.

5.2.1 Heating rate

Despite the fact that the trapping potential for Rb is zero by design, the heating rate due
to the dipole is not. Thus, we calculate it, using the equation extracted from [58|, the

heating rate, T, in a harmonic dipole trap is,

. 2 _
T = Tl (5.2)

where T is the recoil temperature of the atom and Iy, is the mean scattering photon
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rate that we estimate as the scattering photon rate in the center of the trap, this is fact
provides us with an upper limit of the heating rate as the scattering photon rate reaches

its maximum in the centre of the trap,

212
[ et (wgiéf . w%iiF> I(xo). (5.3)

The resulting heating rates are 132 uK/s and 664 pK/s for the K and the Rb,
respectively. The desired regime we want to reach is of the order of 1 uK and the time
scale of part of the experiment in which the two species interact is of 10 ms. This means
that the atoms will be heated up by 1 uK. However, the tweezer has to be ON when the
K MOT is loaded, this takes around 100ms. This light is not affecting all the atoms as
the beam waist is smaller than the atomic cloud and we do not know yet how this will
work. In any case, if the heating effect is excessive, we could move the tweezer as it is

loaded and then move it back using a piezo transducer in the microscope.

5.2.2 Collisional blockade

As explained, the tweezer is essentially a dipole trap. However, it is designed to trap a
single atom. The physical mechanism that allows for the single atom loading is known as
collisional blockade. This guarantees the existence of a loading regime of atoms into the
tweezer in which it is only possible to load a single atom. This regime can be explained
using the model of atom loading into a dipole trap found in reference [100]. In this model,

the number of atoms into the trap is described as,

AN 3
/8/
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where R is the loading rate, —yN describes the one-body decay and —3/V N(N — 1) the
two-body decay where [ is independent of the volume, V. The volume is approximated

as [101],

1 5.5
— AT (5.5)

V = mwizgIn 1
with wy the tweezer waist, zg its Rayleigh length and n = kgT/|Uy|, where Uy is the
potential depth. Thus, the volume depends on the waist which modifies the value of g3
allowing for different loading regimes of the trap. In reference [101], the authors report

the loading of a single atom for a big range of possible the possible parameters in a tweezer

with a waist of 0.9um.

5.2.3 Tweezer loading

To load the atoms in the tweezer, we have to prepare the atomic sample by cooling it
down and increasing its density. We start by loading the 'K MOT for two seconds. We
then do a dark MOT stage similar to the one for 3°K, explained in section 4.2.1, this
allows for the cooling of the atoms from ~1mK of the K MOT to the Doppler limit of
K, 125uK. Then we compress the MOT by increasing the magnetic field gradient from
10G/cm to 20G/cm. We also, tune the set of compensation coils so that the center of
the compress MOT overlaps with the focus of the tweezer beam. In this stage, we switch
ON the tweezer light and it is overlapped with the compressed MOT for 50ms. This

overlapping time is enough to load the tweezer. This is still being optimized.

5.2.4 Fluorescence imaging of a single atom

We perform fluorescence imaging to measure the single atom. In standard fluorescence
imaging, like the one perform in the MOT, we set the cooling and repumper lights at

resonance to maximize the scattering of light by the atoms. However, this heats up
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Figure 5.2: Signal from the atoms trap in the tweezer versus the detuning of the cooling
in the fluorescence imaging stage. The error bars are the standard errors of the signal

measured for 10 shots.

the atoms which escape from the trap. Thus, the detunings are red-detuned as in the
molasses. This keeps the temperature low and prevents the atom from escaping the trap,
allowing for a long interrogation time. Using this technique, we can collect atoms for
~50 ms, which is long enough to obtain a signal strong enough. The scattered photons
are collected by the same microscope objective used to focus the tweezer light and focus
down in the camera, see section 3.3. We optimize the signal in the camera for different
detunings of the cooling and repumper, the corresponding results are shown in figures 5.2
and 5.3, respectively. For the power used in the cooling and the repumper beams and
their detunings we estimated that there were around 15 atoms in the tweezer during these
measurements. In this case, we could not distinguish different peaks in the histogram of
the signal counts. Normally for few atoms, less than 5, we should be able to distinguish
different peaks. In this particular examples, the trap waist is ~7um and we wait 320ms
after we switch the K MOT lights before imaging so that the atoms from the K MOT can

escape, imaging time is 50ms.

Another important point is that the presence of tweezer light shifts the energy levels,

which is detrimental for the imaging especially considering the small frequency difference
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Figure 5.3: Signal from the atoms trap in the tweezer versus the detuning of the
repumper in the fluorescence imaging stage. The error bars are the standard errors of

the signal measured for 10 shots.

between the hyperfine energy levels in the excited manifold of 'K (figure 3.5). This can
cause dipole force heating, inhomogeneous detunings, and the inhibition of laser cooling
that is required to perform the fluorescence imaging of the single atom. Inspired by the
method developed in [102]|, we chop the fluorescence and tweezer lights. To do so, we
switch on and off both lights alternatively so that when the fluorescence light is on, the
tweezer is off, avoiding the undesired light shifts. The chopping frequency has to be much
larger than the trapping frequency of the tweezer, which is in the order of tens of kHz.
Thus, we set the chopping frequency at 700KHz for all the measurements presented here.
In this case, the frequency is so fast that can be considered as an adiabatic process, which

translates into the effective trap depth of the tweezer being half of the original one.

5.3 Future steps

Since the completion of this thesis, single-atom trapping has been achieved. The future
step is to study the rethermalization of the single atom with the Rb bath, and the effect

of the tunable interactions in this process. The current team is trying to avoid the heating
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of the Rb bath by the tweezer light using a nanopiezo controller to move the tweezer light

away when not required, avoiding unnecessary heating.
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Chapter 6

Realizing the Frenkel-Kontorova model

with Rydberg-dressed atoms

In this chapter, I present the work related to the proposal of an implementation of the
FKM with cold Rydberg dressed atoms in an optical lattice. In this work, we show that
by using Rydberg dressing and realistic experimental parameters, it is possible to realize
at least two different variants of the FKM. As shown in section 6.1, we concentrate on a
springlike interaction potential, similar to the original FKM, and a repulsive potential. In
section 6.3, we calculate the phase diagrams of the system for both cases, which feature
the characteristic incommensurate and commensurate configurations. We show how the
equilibrium configurations take the form of different devil’s staircases as the amplitude of
the lattice potential is varied. In section 6.4, we focus on the system in the incommen-
surate configuration. We show that depending on the interaction potential, it is possible
to observe either an Aubry-like transition or a crossover from an unpinned phase to a
pinned one. Interestingly, the crossover is characterized by the excitation of a soft mode,

resembling the phason mode typical of infinite systems.

Although its qualitative results are useful, the FKM uses a non-realistic infinite-
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range spring interaction potential. It is therefore beneficial to develop a fully controlled
system where the effect of realistic interaction potentials can be tested. Cold atoms
systems are ideal candidates for this purpose due to their high degree of control and
flexibility. The introduction of optical lattices allowed for the study of several models
that explain different condensed matter phenomena such as the Superfluid-Mott insulator
phase transition [103, 104], Anderson localization [105, 106] and the effects of quantum
magnetism [107]. Furthermore, long-range interactions can be achieved using atomic
species with high permanent dipolar moments [108], dipolar molecules [109] or Rydberg-
dressed atoms [110]. In particular, Rydberg-dressed atoms have the advantage of enabling
the control of the range and functional dependence of the interaction potentials, using
various Rydberg states for the dressing. These dressed states are achieved by weakly

admixing excited Rydberg states with the ground state, using near-resonant light [111].

This chapter contains a partial reproduction of my first author publication found in
reference [43]. I made the simulations, collaborated in the data analysis and wrote the

manuscript of the cited publication.

6.1 The system

The system studied is portrayed in figure 6.1. It consists of N atoms arranged in a 1D
chain placed in a tunable optical lattice. In this case, tunable means that we can tune
the lattice spacing and depth. A dressing field is used to produce the desired Rydberg
dressed states. For the particular cases studied here, we checked explicitly that any n-
body potential is a sum of 2-body potentials. To do so, we checked the effect of adding
the n-body interactions in the cases were particles are the closest and we concluded that
there was not observable effect. Thus, we only consider nearest neighbors’ interactions in
our calculations. Considering that the positions and momenta of the particles are x; and

P; respectively, our system is described by:
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P2 N—1 N
E = ; v + 3 ; 1 Vine (i1 — ;) + ; Vo — Vp cos (2mz; /b)], (6.1)

In this equation, Vi (2,11 —2;) is the normalized nearest neighbor interaction between
the particles, Vj is the depth of the lattice potential control by the lattice power, b is the
lattice spacing, m is the mass of the atoms and c¢; is a coefficient that scales the strength
of the interaction between particles. In this particular case, it is equivalently to say that

c1 accounts for the amount of Rydberg admixture in the dressed state that varies the

interaction strength.

Interaction potentials
|7, 7)
>
o
< |ga ’l“>
L
19, 9)
R

™ Dressing fields

Figure 6.1: Depiction of the schematics of the model. The atoms are placed in a
monodimensional optical lattice. The inset depicts the interactions between the atoms

that are realized by dressing the atoms’ ground state with Rydberg levels.

This model has been widely studied. Reference [112]| contains a theoretical study
of Rydberg atoms in optical lattices focusing on the quantum dynamics of the system.

They show that this system can be experimentally realized, allowing for the experimental
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study of a system with long-range interactions. Reference [113] is another theoretical
study of this type of system. In this case, the authors discuss the effect of disorder and
its band structure. Although they do not directly mention the FKM, they characterize
their system by two length-scales. A similar system has been realized experimentally by
placing a BEC in an optical lattice and exciting its atoms to the Rydberg level [114].
This last publication focuses on the effect of Rydberg interactions in the BEC and how

it affects the coherence of the BEC.

In our calculations, we chose two different interactions potentials that can be realized
experimentally. In what follows I will refer to them as the springlike and the repulsive
potentials, which are depicted in figures 6.2 (a) and 6.2 (b), respectively. The way we
calculated the interaction potentials from the chosen Rydberg dressed states is shown in

section 6.2. The springlike potential is described by the following expression:

Vi —1 e~ 2o 6.2
int — + 3 .
T (L4 co(r —10)?) 1 (6.2)

where rg, co, ¢1, co and r{, are parameters obtained by fitting last expression to the
calculated interaction potential. In the case of the repulsive potential, the interaction

potential can be described as:

1 e~ (r—rg)

‘/in:
e ) T g

, (6.3)

and again ro, o, ¢1, ¢ and r(, are parameters obtained by the fitting.

In our case, to provide a feasible experimental implementation we chose " Rb atoms.
These are dressed with different Rydberg levels depending on whether we are interested

in the springlike or in the repulsive potentials.

In the springlike case we use the Rydberg levels 60, ;. In this case, the dressing can

be achieved by single photon transition, 55,2 — 60 2 which can be driven by an UV
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Figure 6.2: Normalized interatomic potentials obtained by dressing the atoms with
Rydberg states, as explained in the text. (a) The springlike potential (b) The repulsive

potential.

laser at 297.11nm. This results in the following values of the parameters of equation 6.2,

ro = 2.440 pm, ¢y = 12.951 pm™', ¢; /kp = 783.6 nK, ¢y = 263 pum™', rj = 1.8127 pym.

The repulsive case requires the atom to be dressed with the Rydberg level 605 ;.
In this case, it is not sufficient with a single photon transition. It requires a two-photon
transition to reach the desired Rydberg level. The first transition takes the atom from
5512 to 6P/ using a 421.67 nm laser and the second transition is 6, — 605 /2, which
requires a laser at 1013.76 nm. This results in the following value of the parameters of
equation 6.3, ro = 3.494 um, ¢y = 1.382 pm™!, ¢;/kp = 248.9 nK, ¢, = 145 um~' and

ro = 1.811 pm.

The already mentioned tunable optical lattice can be realized by interfering two lattice
beams at a certain angle. The lattice spacing will vary then as the angle is changed. This
technique allows for the required tunability to study our model, and it has already been
experimentally realized, like the examples shown in references [115, 116]. In this work,
the lattice spacing is varied in the range 1.9 — 4.5 pym, which is experimentally feasible.
Furthermore, Rydberg-dressed atoms can be used in conjunction with optical lattices as

they have proven to be stables against losses when placed in them, reference [117] is an
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example of such implementation.

6.2 Rydberg-dressed states

In this case, the criteria to choose the Rydberg-dressed states was that they present an
interaction potential that interests us. Thus, we chose 8"Rb dressed with the Rydberg
levels 60S;/2 and 60P,; /. Appendix C contains the basic theory to describe a system of
two Rydberg-dressed atoms. As in that appendix, we define A; = w; —wy, as the detuning
of the laser used for the dressing with respect to the transition between |g) and |r;), which
are the ground and Rydberg states, respectively. We define 7, as the target Rydberg that
we want to couple the laser light to. Assuming that the laser wavelength is large detuned
respect to the transition, so that A; >> A, for all i # t we can neglect all levels |g, 74)
and |r;«;, g). Thus, we only keep |r;,7;) as D (R) is of the same order of magnitude as

A;. Under these assumptions, we obtained that the Hamiltonian for this system is,

Hy =h | Ai(lg,m4) (g, il + [re, g) (res g) + Y (D + D) (|5, m3) (ryy il + |ri ) (i i)

4,J
+ 2Qi(lg, 9) (9,7l + 19, 9) {re, 9l) + 225 (|9, 7¢) (9, gl + ¢, 9) (9, 9])

+ > 2(lg, 1) (i vl + [res g) (reral) + 29 (176, 7) (g, el + e, 7) (e, g1)

+ > Diga(R) |ri;r5) (i, il + Dy (R) e, ma) (sl | -

i’j7k’l

(6.4)

In order to obtain the interaction potential, we diagonalized the Hamiltonian from
equation 6.4 to get the dressed eigenstate and extract the eigenvalue closest to the state

lg,g). The results of this calculation are shown in figure 6.3. Figure 6.3(a) shows the
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energy of the state dressed by 60S;,, Rydberg level for ®Rb atoms as a function of the
interatomic distance. In this case, the Rabi frequency is €;/2m = 8 MHz and A;/27 =
30 MHz. In this calculation, 243 Rydberg states were used, and the Rydberg-Rydberg

interaction included dipole-dipole, quadrupole-dipole and quadrupole-quadrupole terms.
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Figure 6.3: Top panel, (a): The energy of the state dressed by 605/, Rydberg level for
87Rb atoms as a function of interatomic distance. Lower panel, (b): The energy of the
state dressed by 60P; » Rydberg level for ¥ Rb atoms as a function of interatomic
distance. Inset shows how the interaction between Rydberg atoms changes as a function

of interatomic distance. The dressed line shows where the dressed laser is resonant.

Figure 6.3(b) shows the energy of the state dressed by 60, Rydberg level for 8TRb
atoms as a function of interatomic distance. In this case Q;/2m = 15 MHz and A,;/27 =
—70 MHz. In this calculation we used 282 Rydberg states, and the Rydberg-Rydberg
interaction included dipole-dipole, quadrupole-dipole and quadrupole-quadrupole terms.
For the numerical diagonalization, we modified the Python library ARC [118] to include
the dressing field. Considering these results, we named the two interacting potentials for

60512 and 60, /3 as repulsive and springlike, respectively. In both cases, we fit a function
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to obtain an analytical expression for the potential. In these particular cases, we used

following the equations to fit the calculated values of the interaction potentials,

248.9 —145(z—1.811
Urepulsive = 1+ e1.382(z—3.494) te ( ) (65)
783.6
Uspringlike = + 6_263($_1'813) (66)

1+ 12.95(z — 2.44)2

6.3 The phase diagrams

This section is devoted to the calculated phase diagrams for the ground state configura-
tions of the system for the springlike and the repulsive cases. As already mentioned, the
FKM presents two length scales. In this case, the lattice spacing, b, is one of them. The
other one is the distance that minimizes the interaction potential, denoted by a. As a
result of the competition between these two length scales, we obtain a mean interatomic
distance a that results from the minimization of E in the case Vj # 0. @ may present a

complicated dependence with respect to the different parameters of the system.

The different values of a characterize the two possible phases of the system, commen-
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Figure 6.4: Phase diagram showing a/b as a function of a/b and Vj/¢; for (a) the
springlike potential and (b) the repulsive potential. Each color represents a different

lock-in region, characterized by a commensurate configuration where a/b is rational.
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surate and incommensurate. A configuration is commensurate if for two integers, () and R,
the positions of the atoms can be described by the following expression, zg4+; = x; + R-b
where ¢ is the index of the atom. Evidently, if this equation holds then the ratio a/b
is rational since a/b = R/Q. On the contrary, if a/b is irrational the configuration is

incommensurate.

The way we calculate the phase diagram was by calculating the different ground
states. This problem is not trivial to solve numerically since the energy function has
many variables, which are the particle positions. Consequently, there are many local
minima, so a gradient descent algorithm will not work in this case. After some trial and
error, during which we tried the particle swarm algorithm, the simplex method, and other
minimization algorithms from the Fortran NAG library, we finally used the generalized
simulated annealing algorithm described in reference [119]. To find the ground states
we minimize equation 6.1, imposing P; = 0 so that the particles are at rest. We then
minimize the function for different values of V5 and b, which are the parameters that
can be tuned in a possible experimental realization of this model. The number of atoms
in all the calculations we made was N = 50 since a smaller number of particles means
border effects become too strong and a larger number is out of the order of magnitude
of what it is experimentally achievable. In the case of the repulsive potential, we added
hard walls to the system since otherwise the particles will separate indefinitely. In this
case, the hard walls will fix a. We chose a = 3.17um so that the particles sit where
the interaction potential is approximately half of its maximum value. These hard walls
could be implemented using the method described in reference [120]. However, this is
not required in the case of the springlike interaction, since a is fixed by the position of

the minimum of the interaction potential, in our case, this results in a = 2.44pum.

As a result of our calculation, we obtained the phase diagrams shown in figure 6.4. In
these phase diagrams, we show a/b as a function of both, a/b and V. The commensurate

phase is indicated by the colored regions. These regions are the largest lock-in regions in
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which a/b is rational. On the other hand, the smaller lock-in regions and incommensurate
configurations are represented by the white regions in the phase diagrams. It is important
to note that considering that we have a finite system, a/b will always be rational. That
is why we consider the commensurate phase to be only the largest lock-in regions. In
both cases, when Vj = 0, the system is in the floating phase where a/b can take any value
since there is no competition between both length scales. Commensurate configurations
start to appear as we increase Vj since they become more energetically favorable. This
causes the phase diagram to break into lock-in regions, resulting in intervals with the
same rational value for a/b in the neighborhood of each rational value of a/b. As shown
in the phase diagrams, the amplitude of these lock-in regions increases with V4. In the
limit when Vj/¢; > 1, the particles are pinned to the minima of the lattice allowing only

for commensurate configurations.

6.3.1 The springlike case

We can start analyzing the springlike case. This case is quite similar to the FKM in
which the interactions between particles are modeled by springs. Figure 6.5 (a) shows
a/b as a function of a/b for three values of Vj/c;, indicated as black horizontal lines in
figure 6.4 (a). In figure 6.5 (a.1), for small but finite values of V;/c¢; we can observe small
intervals of zero slope start to appear in the curve a/b versus a/b around a/b ~ 1, because
a/b =~ 1 is very energetically favorable as in this point a ~ b, meaning that there is no

competition between the lengthscales.

The zero slope intervals, which belong to the locking regions, are centered around
commensurate values of a/b and correspond to a/b taking the same rational value (ho-
rizontal dashed lines). This curve is a combination of zero and non-zero slope regions.
This type of curves is called incomplete devil’s staircase in contrast with the devil’s stair-

case that looks similar, but its slope is zero in its whole domain. The transition from
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Figure 6.5: (a.1,2,3) and (c.1,2,3) show the mean interparticle distance with respect to
the ratio a/b for springlike and repulsive potentials respectively. (b.1,2,3) and (d.1,2,3)
show the energy per particle (F) with respect to the ratio a/b. Here
Vo/c1 = 0.006,0.03,0.09 and 0.0015,0.015,0.04 for springlike and repulsive potentials

respectively. The horizontal dashed lines show the locations of a few rational values of

a/b.
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commensurate to incommensurate requires the creation of a discommensuration with its
associated energy cost. The energy cost causes the formation of the different locking re-
gions. This effect is clear in graph 6.5 (b.1), in which we report the energy per particle
as a function of a/b. When we move away from a/b = 1, the energy per particle increases
until we reach an energy value higher than the required to create a discommensuration
when the transition to the incommensurate phase takes place. Figures 6.5 (a.2 and a.3)
show that if we increase Vj/c; we can observe the emergence of more lock-in regions since
the energetic cost of a discomensuration increases as shown in figures 6.5 (b.2 and b.3).
In these figures and figure 6.5 (b.1), we can see how the energy cost of a discommensura-
tion increases as the energy dip in a/b = 1 is deeper as we increase V/cl. The result is
the widening of the lock-in regions and the consequent narrowing of the incommensurate
regions. When V;/c; reaches a high enough value, the curve a/b vs. a/b becomes a com-
plete devil’s staircase, which is clear in figure 6.5 (a.3). This effect is interesting since this
transition from an incomplete to a complete devil’s staircase is of special interest for some
condensed matter systems like, e.g., polymers. We can also observe how every locking
region has a minimum of energy, the depth of which defines how much energy we need to
create a discomensuration, which is why the larger lock-in region is at a/b = 1 where we

can find the deeper energy dip.

6.3.2 The repulsive case

Moving into the repulsive case, we show in figures 6.5 (c¢) and 6.5 (d) results similar to
the ones shown in figures 6.5 (a) and 6.5 (b) but for the repulsive case. The first thing we
notice is that in this case, the lock-in regions do not present a zero slope but some curved
shape instead, resulting in an anomalous incomplete devil’s staircase. Thus, in every lock-
in region, there is a mixture of commensurate and incommensurate configurations. This
result is compatible with the corresponding phase diagram in figure 6.4 (b) in which a

large portion of it is white since the commensurate configurations do not extend as much
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in our range of parameters. These anomalous lock-in regions increase as their counterparts
do in the springlike case when V;/c; is increased. However, it does not matter how much
Vo/c1 is increased that the slope of the lock-in regions remains finite. Thus, in this case,
the devil’s staircase is always incomplete. As shown in figure 6.5 (d), the energy signature
of the lock-in regions is similar to the springlike case with an energy dip in the center of
each lock-in region, although in this case, the energy around the minimum is asymmetric,

being compatible with the observation of the anomalous lock-in regions.

6.4 Incommensurate configurations

As previously mentioned, our system is incommensurate when the ratio a/b, or equival-
ently the ratio between the interatomic distance and the lattice spacing, is irrational. The
effects of the incommensurations are more evident as we choose higher irrational numbers.
A higher irrational number means that we need higher integer values (p,q) to approximate
it by a fraction, p/q. It is important to recall that our system is finite and consequently,
a rational value with high enough values of p and ¢, in the order of N, will exhibit an
incommensurate behavior. This type of system shows a transition from an unpinned to
a pinned configuration as Vj/c; is increased. In the pinned phase, the possible positions
of the particles with respect to the lattice potential are limited to certain values given
the compromise between the interactions and lattice strengths. This phase transition also
affects the phonon spectrum of the configurations. When it takes place, a gap opens
in the minimum value of the phonon spectrum [121]. The original Frenkel-Kontorova
model presents a similar phase transition. In the case of infinite particles, this transition
is known as the Aubry transition [122]. The signatures of the phase transition in our
system and in the original FKM are almost identical. However, the type of system is not
formally the same, as a finite chain can not be perfectly incommensurate. Thus, the phase

transition in our system is named as Aubry-like transition. A clear Aubry-like transition
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is only observed in the springlike case, which is more similar to the FKM. In the repulsive
case, we observe a crossover regime rather than a phase transition. The signatures for

each of the phases are similar in both cases.

6.4.1 Incommensurate ground states

As previously mentioned, as we cross to the pinned phase, the particle positions can only
take certain values with respect to the lattice minima. Thus, we plotted x;/b mod 1 for
the different values of V;/¢; in figure 6.6. ;/b mod 1 is the function modulus, and in this
context, we use it to obtain the normalized distance between a particle and the closest
lattice minima found before such particle. We chose a/b = 0.873 since we required an

incommensurate configuration, and the results were clearer for this particular value.

Starting with the springlike case, which is reported in figure 6.6(a), the transition
is clear and takes place at the critical value Vy/c; = 0.19. Below the critical value, the
particles can take almost any position. Above the critical value, the particles are pinned
to the regions near the lattice minima. The reason behind this is that the springlike
potential is short range. Thus, when the lattice is deep enough so that it is energetically
favorable for them to scape the potential dip of the interaction, the particles will roll to

the bottom of the lattice potential.

In the repulsive case, shown in figure 6.6(b), although we indeed observe a transition
between the two phases as Vj/c; is increased, the transition itself is not abrupt, and it
is a rather smooth crossover region between the two phases between Vy/c; = 0.03 and
Vo/c1 = 0.04. The repulsive interaction is long-range, so the competition between the
lattice and the interaction is more complicated to depict than for the springlike case.
However, this opens the window of the study of systems whose features are intermediate

between the pinned and unpinned phase.
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Figure 6.6: Particle position with respect to the lattice potential for each value of Vg /¢y
for (a) the springlike and (b) the repulsive case, respectively. Here the system is

incommensurate with the ratio a/b = 0.873.

6.4.2 Phonon spectrum

Moving to the study of the phonon spectrum, we have already mentioned the gap opening
for the minimum frequency. In the FKM, when considering an infinite incommensurate
system, it can present a gapless Goldstone mode known as phason. This so-called phason
corresponds to the zero-frequency mode. As this system goes from the unpinned to the
pinned phase, undergoing the Aubry transition, this mode disappears. To understand
why this happens, we need to take into consideration that phasons are associated with
the invariance of the uniform relative translation of the phases of modes with relatively
irrational periodicities. As the system undergoes the Aubry phase transition, the particles

start to be pinned to certain positions relative to the lattice potential. Thus, particles
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can not move following the dynamics of the zero-frequency mode. Thus, this mode dis-
appears, and the minimum frequency in the phonon spectrum is non-zero, which causes

the emergence of the mentioned gap.

Our system is not infinite, and thus we can not observe a perfect phason. However,
we can observe an almost-zero frequency mode that disappears as we go across the Aubry-
like transition or the cross-over region in the springlike or repulsive case, respectively. In
particular, the cross-over region in the repulsive case is interesting since it allows for the
observation of soft modes. A soft-mode is an excitation about the ground state that

becomes a phason as N — oo [123], limit in which the energy of such excitation vanishes.

In order to calculate the phonon spectrum, we assume that they correspond with small
displacements respect the ground state configuration. Thus, we can write the following
expression:

T = :z:lG + u, (6.7)

where z; is the position of a particle, & is the position of the same particles in the ground
state and wu; is a small displacement. Then, the energy of the system can be expressed as

a Taylor expansion,

E~ E0+Z(9E

6.8
{6} Zaxk(’)xz ey (6.8)

where E is the total energy, Ey is the total energy of the groundstate and {z{'} denotes
the ground state configuration. The linear term vanishes as F({z{'}) is a minimum. Thus

we can write a change in energy due to small displacements as:

{IG}
We consider that for a small displacement every particle behaves like a harmonic

113



CHAPTER 6 CHAPTER 6. FKM WITH RYDBERG-DRESSED ATOMS

oscillator. We then recall the usual expression to calculate the harmonic oscillator energy,
E= §ku2 = —mw-u®, (6.10)

where w is the frequency, m is the mass of the particles and u the displacement. Thus,

the total change in energy of the system, AFE, for small displacements is:
AE ~ Emezug (6.11)
2 - (a2 ‘

where we have considered that the variation of energy respect the ground state for small
displacements is simply the sum of the energy of each particle considered as if they were

in a harmonic oscillator. Now we can replace AE by the expression given in equation 6.9:

Z 0°F Uy = mZu}zu2 (6.12)
— 0,0 {20} — '

The last expression can be rewritten as,

> (D — wid)ui =0, (6.13)
l

which is an eigenvalue problem where the matrix Dy, is called the dynamical matrix,

defined as,
B 0*FE

kl (6.14)

and the eigenvalues, A;, of such matrix are the squared frequencies of the possible phon-
ons that can appear in the system, w]z. In this case, for convenience, we introduce the

adimensional phonon frequency, @;, as,

(IJJ' = wj —_—. (615)
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Figure 6.7: (a.1) Adimensional frequencies for the 15 lowest modes of the phonon
spectrum for the springlike case for V/c; = 0.180 (blue dots) and V;/c; = 0.201 (red
triangles). (b.1) is the same for the repulsive case for V/c; = 0.01275 (blue dots) and

Vo/c1 = 0.024 (red triangles). (a.2) and (b.2) show the frequency of the lowest mode as a

function of Vj/c1. In all cases the system is incommensurate with the ratio a/b = 0.873.

Using the dynamical matrix, we calculated the phonon spectrum of our system. We
chose a/b = 0.873 for the repulsive and springlike cases. In the springlike case, we report
the frequency of the 15 lowest phonon modes in figure 6.7 (a.1) for V/cl = 0.180 (blue
dots) and Vj/c; = 0.201 (red triangles), which correspond to the unpinned and pinned
phases, respectively. In this case, we can observe how the gap opens for the minimum
frequency, which is almost zero in the unpinned phase. In figure 6.7 (a.2) we plotted
the frequency of the lowest phonon mode, @y, as a function of V;/cl. In this case, we
can observe an abrupt transition for Vy/c; ~ 0.19, as wy increases abruptly. This is in

agreement with the conclusions of section 6.4.1, as the transition is located in the same
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value of Vj/cl and we observed an Aubry-like transition.

We performed the same analysis in the repulsive case. In this case in figure 6.7 (b.1)
we chose the values Vj/cl = 0.01275 (blue dots) and Vy/c; = 0.024 (red triangles) for
the unpinned and pinned phases respectively. We again observe how the gap opens for
the frequency of the lowest phonon mode. However, in this case, we observe a different
behavior in figure 6.7 (b.2) in which we again report wy as a function of V4 /c;. Firstly, in
this case, we observe how wy decreases as we increase V;/c; until we reach Vy/c¢; =~ 0.32,
point in which it reaches almost zero and after which it increases again. This point
is due to the already mentioned soft mode, which is similar to the one present in the
infinite FKM. As V;/c; is increased, the system crosses-over to the pinned phase. The
cross-over behavior and smooth change of @, is compatible with the observations made

in section 6.4.1

In both cases, we observe how the frequencies of the phonon modes form a staircase
in the pinned phase. This is compatible with the results of the original FKM, in which
the phonon spectrum also forms a staircase in the incommensurate pinned phase [121].
The critical value of V;/c; at which the phonon gap opens in both cases depends on a/b.
The critical value decreases as we approach a rational value of a/b. When a rational value
of a/b is reached, a commensurate phase is reached and thus, the pinned to unpinned

transition is not observed.

6.5 Experimental implementation

While the required Rydberg-dressing can be implemented using the details from section
6.2. As for the experimental realization of the ground states, one can cool down the
atoms in a lattice. The lattice depth will have to be set to the required value depending

on which part of the phase diagram is of interest. Then, the Rydberg dressing fields will
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be switched on, introducing the inter-atomic potentials. Some examples corresponding
to experiments in which this is achieved can be found in references [111, 124|. In these

experiments, many-body dynamics due to the Rydberg dressing has been observed.

Another problem is the temperature, as thermal noise may prevent from distinguish-
ing the ground states. As for our case, temperatures ranging from a few nK to tens of nK
should be sufficiently low to distinguish between the different locking regions. In figure
6.5, we show that the typical energy difference between the lock-in regions is in the order

of the mentioned temperature requirement.

Concerning the observables of our proposal that can be measured directly in an
experiment, one would be interested in the particles’ position that would allow obtaining
experimentally @ and z;/b mod 1, which is the variable used in our phase diagrams. To
achieve this, microscopic techniques for quantum gases as the ones used in the experiments

found in references [111, 124| could be used.

The production of Rydberg dressed atoms with lifetimes long enough to observe the
FKM physics is also a challenging task, mainly due to unwanted off-resonant scattering.
Considering the parameters of our calculations, a realistic timescale for the dressing of
each atom in an experimental implementation would be limited to ~ 10 ms. However, a
stronger repumping to the Rydberg dressed state could extend the survival time of the
Rydberg state, as it would allow for keeping the average number of Rydberg dressed atoms
constant. Another option would be to increase the detuning, but this would require more

power.

The possible problems do not end here, as phenomena such as ionization by black-
body radiation and avalanche ionization can be detrimental in the possible experimental
implementation. However, the blackbody radiation can be strongly suppressed by differ-
ent methods, such as using cryogenic systems [125, 126]. While the very low densities

required should prevent the onset of avalanche mechanisms like the one discussed in [127].
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Conclusions and Further Remarks

In this thesis, I presented and discussed a new apparatus that I have built and how I used
it to take pioneering steps in the study of NEQT. This apparatus is able to produce Bose-
Einstein condensates of 8"Rb and cold samples of #K and °K. Exploiting the potential of
this new machine, we have achieved the dissipative distillation of supercritical quantum
gases. In order to achieve this, we immersed our ¥Rb BEC in a cold gas of *°K atoms
trapped in a MOT. This effectively realized a controlled open many-body quantum system,
where the 8"Rb BEC could be manipulated by the external environment embodied by the
3K atoms. Due to a temperature difference of four orders of magnitude between the
8Rb BEC and the 3°K MOT, the 3°K MOT resulted in a dissipative environment for the
8"Rb BEC since the collisions between both atomic species resulted in the "Rb atoms
being heated up out of the BEC regime. The combination of the dissipation with the
evaporative cooling, used to cool down the 3Rb to the quantum degeneracy, allowed for
the realization of states out of reach for usual BEC experiments operating in equilibrium.
This made it possible to create supercritical BECs, meaning that the condensed fraction is
higher than in the equilibrium case and that they can exist above the critical temperature.
Furthermore, we demonstrated that these supercritical states are long-lived and exhibit

the quasistatic behavior typical of prethermalized states. Consequently, they can be used
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to perform experiments with high condensed fractions at temperatures out of range for the
usual BEC. I hope that the experiments presented in this thesis will attract the interest
of the theory community since a microscopic description of out-of-equilibrium quantum
gases is required to completely understand the physics of this system. Moreover, the high
degree of control can be a useful tool for distilling environmentally resilient states and

engineering quantum phases in an open quantum system.

I have also reported on a proposal to experimentally realize the FKM using a system
of Rydberg dressed atoms placed in an optical lattice as a possible experimental realization
for the study of the FKM. In this system, we can change the interaction between particles
by changing the Rydberg level used to dress the atoms as well as the lattice spacing. In
order to prove that it is possible to realize the FKM with this system, we calculated the
ground states of the system and studied their properties. We did this for two different
interaction potentials, springlike and repulsive. Although in both cases we observed a
pinned and an unpinned phases, characteristic of the FKM, we observed differences in the
transition between them. While in the springlike case we observed a sudden transition,
in the repulsive case we observed a smooth crossover. This proved not only that the
FKM model can be studied with the proposed system in the springlike case but that this
system can be used to study other physical systems, such as those of soft matter physics
in the repulsive case. Furthermore, if other interactions are used, which only requires
changing the Rydberg levels used for the dressing, it may be possible to extend it to the
study of other systems. Another possibility is to study the Frenkel-Kontorova-Tomlinson
model, which will require the addition of an external force to the particles, opening the
possibility of studies of tribology, as the unpinned phase should theoretically allow for the

observation of superlubricity.

The next step is the experimental realization of the single-atom quantum engine. For
now, our experiment is able to provide the thermal bath of ultracold 8"Rb. Moreover,

we are able to trap few atoms in the optical tweezer that we are currently optimizing to
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trap reliably a single 'K atom that will act as our working fluid. Once this is done, we
will need to characterize the interaction between both atomic species and set a Raman
side-band spectroscopy setup to measure the energy level of the #'K atom. Using all these
ingredients we will be able to realize the three possible quantum engines: Carnot, Otto
and Diesel. This realization will allow for the direct comparison between the performance

of quantum engines and their classical counterparts.
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Appendix A

Calibration of the trapping frequencies

During the evaporation, the trap depth is reduced slowly. This changes the trapping
frequencies (we indicate with w the geometric mean of the trapping frequencies) of the

dipole trap and hence the critical temperature according to kg7, = 0.94hwN'/3.

In equilibrium, the BEC fraction is F' = 1 — 7° — n72(1 — 7%)%/5. We use this
fact to estimate the trapping frequency at each time during the evaporation by equating
experimentally observed BEC fraction to this formula and numerically solving for w. The
mean trapping frequency calculated using the data of no dissipation cases is shown in
figure A.1. We verified that all the data without dissipation correspond to equilibrium
configurations by waiting a variable amount of time after the evaporation is finished. Data

with the same evaporation ramp but different waiting times share the same value of w.

After having estimated w we perform a linear fit to the frequency versus evaporation

time data reported in figure A.1.

We also measured the trapping frequencies in a few points along the evaporation
ramp. The blue triangles in figure A.1 show the geometric mean of the trapping frequencies

measured using parametric heating of the thermal Rb cloud. The measured values are
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Figure A.1: The red dots are the mean trapping frequency w/27 calculated using the
method described in the text. The blue triangles are the mean trapping frequencies
measured using parametric heating and centre of mass oscillations. The lines are linear

fits to the data, the coefficients are reported in the legend.

consistent within ~ 15% of the values used for calibration. This is expected as it is
known that the frequency measurements using parametric heating lead to a systematic
underestimation due to trap anharmonicities [92]. The calibration also accounts for effects
of systematic errors in the data like, e.g., a systematic over- or under-estimation of the
total number of atomss. The linear drop in frequency along the evaporation approximately
matches the frequencies change we expect from the lowering of the power of the dipole
trap lasers. The values we used in the calculation in chapter 4 are the measured ones,

corresponding to the blue line in figure A.1.

The values for Ny and T are obtained by fitting a combination of two-dimensional
Thomas-Fermi and Gaussian distributions to the atomic density image obtained from
time of flight absorption imaging. The value of N is obtained by integrating the atomic

density obtained from the image.

This appendix contains a partial reproduction of my first author publication found
in reference [42]. I built the experiment, took the data, collaborated in the data analysis

and in the writing the manuscript of the cited publication.
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Appendix B

Chemical potential calculation

To calculate the chemical potential of the thermal component p, we used the semi-classical

distribution as described in [44]:

Now = g5(2(0)) (%) (B.1)

Where T is the temperature, Ny, is number of thermal atoms, w is the geometric mean

of the trapping frequencies and z is the fugacity defined as,

z(r) = el V)/ksT (B.2)
Combining B.1 and B.2 and considering that V' (0) = 0 we are able to obtain p from
our experimental data.

This appendix contains a partial reproduction of my first author publication found
in reference [42]. I built the experiment, took the data, collaborated in the data analysis

and in the writing the manuscript of the cited publication.
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Appendix C

Rydberg-dressed atoms

Rydberg-dressed atoms have the advantage of enabling the control of the range and func-
tional dependence of the interaction potentials, using various Rydberg states for the dress-
ing. These dressed states are achieved by weakly admixing excited Rydberg states with
the ground state, using near-resonant light [111]. Here we show the theory we used in the
Rydberg dressed states calculations and their corresponding interaction potentials. These
interactions between Rydberg dressed atoms has been previously calculated under the as-
sumption of a simple dipole-dipole interaction between atoms excited to the Rydberg
levels, this calculation can be found in reference [128]. However, in the cited reference,
they only consider a single Rydberg level. This results in an inter-atomic potential which
scales as 1/R? of resonant dipole-dipole interaction, where R is the inter-atomic distance.
The problem of this is that it is not realistic, as in reality the Rydberg levels are so close
spaced that we have to take into account the levels close to the targeted one. In our case
we calculate the interaction potential taking this into account. Our starting point is the
Hamiltonian for a system consisting of two atoms which interact with a light field nearly

resonant with a Rydberg level,
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H(t) =h Zwi(!g, ri) (g, il + 1ri, 9) (i g) + (@i @), i) (g il + Iy 1) (riy )

i?j

+ > 2% (g, 9) (g, il + 19, 9) (riv gl) + 2" (g, 75) (g, 9] + |14, 9) {9, 9])

1

+ 2% (g, 1) (ray il + g, g) (g mil) + 295 € ([, 1) (g, vl + g, va) (i, )

i,J

+ Y Dyja(R) [ri, ) (rie, il + D (R) |, ) (riy il |

1,5,k,1

(C.1)

Here the state, |g,7;) denotes that the first atom is its ground state (|g)) and the
second atom is in the i® Rydberg state (|r;)). hw; is the energy of the i*® Rydberg state
with respect to the ground state, wy,/(27) is the frequency of the dressing laser, €2;/(27)
is the Rabi frequency induced by the dressing laser for the transition |g) — |r;), and
D;;ii(R) is the interaction between Rydberg level pairs (r;,7;) and (ry, ;) as a function

of interatomic distance R.

For convenience we use the following unitary transformation to change to the rotating

frame,

U(t) = lg,9) (g, 9] + Ze’w(\g,w (9,75 + Iri, g) (i, 9])

)

' (C.2)
+ e (g, ry) (il + g rs) (o))
]
The Hamiltonian in the rotating frame is given by,
H, = U)H (U (t) +ihU(t) dUT(t)/dt, (C.3)

and using it together with equation C.2 yields,
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H, =h | > Aillg,ra) (g,ril + [riy g) (s gl) + > (A D) ([, ra) (rgmil + i rg) (riyrg)

/[:7j

+ > 2%(g,9) (9. ril + 19, 9) (ris gl) + 2% (|, 73) (g, 9] + |74, 9) {9, 9])

(2

+ D 2(lg,75) (il + Py g) (g ral) + 295 (i) g, il = [y i) (i g1)

0,3

+ > Diju(R) ri,r3) (ries il + D (R) rey 1) (il |
1,5,k,1

(C.4)

where A; = w; — wy, is the detuning of the laser used for the dressing respect to the
transition between |g) and |r;). We define 7 as the target Rydberg that we want couple
the laser light to. In order to do this we choose a laser which wavelength is large detuned
respect to the transition, so that A; >> A, for all ¢ # ¢. Due to the large detuning we can
neglect all levels |g, riz) and |riz, g). We only need to keep the levels |r;, 7;) as D;ju(R)
is of the same order of magnitude as A;. This will provide us with the R dependence.

Considering these approximations, the Hamiltonian reduces to,

Hy =h | A(lg,me) (g, il + [res ) (res g) + ) (D 4 ) ([rg, 73) (g il + [ray ) (i)

1,7
+ 2Qi(lg, 9) (9,7 + 19, 9) {re, 9l) + 2925 (|9, 7¢) (9, g + e, 9) (9, 9])

+ > 2(lg, 1) (ri vl + [res g) (reral) + 29 (176, 74) (g el + e, 7) (e, 91)

+ > Dign(R) [rivr) (rieomil + Dy (R) i) (i | -

i’j7k?l

(C.5)

This appendix contains a partial reproduction of my first author publication found
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in reference [43]. I made the simulations, collaborated in the data analysis and wrote the

manuscript of the cited publication.
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