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Exploring a Third Spin Species in Ultracold Fermi Gases: Beyond
Conventional Two-Component Systems
by

Juan Pablo Lemus Saldivar

Abstract

At the Ultracold Matter Laboratory (LMU), the properties of degenerate Fermi gases of SLi
are studied at temperatures below the micro-Kelvin range. This fermionic isotope features
a broad Feshbach resonance around 30 mT, which allows for the modulation of interactions
between its two lowest-energy hyperfine states through the scattering length as. This fact
enables the exploration of regimes from a Bose-Einstein Condensate (BEC), where molecular
pairs are formed, to a BCS regime, characterized by extended Cooper-like pairs, as well as
the crossover region between these two, known as the BEC-BCS crossover.

In this thesis we investigate the accessibility of a third hyperfine state, |F' = 3/2, mp = —3/2)
|3), resulting from Zeeman splitting in the resonance region of the states |[F' = 1/2, mp = —1/2)
|1) and |F =1/2,mp = +1/2) = |2). The region is centered around 70 mT, where the
energy separation between the states |1) — |2) and |2) — |3) is on the order of 80 MHz.

The third state from the two existing ones is populated through radiofrequency (RF)
antenna emission. The design and construction of this RF antenna, adapted to the experi-
mental conditions of the LMU, to realize the |2) <+ |3) transition, is presented in this work.
Additionally, we present details about the design, construction, and implementation of two
antennas.

Finally, we present the measurements of Rabi oscillations between the hyperfine states
conducted in different interaction regimes. The formation of new pairs, [1) — [3) and |2) — [3),
is also studied, taking advantage of the proximity of the Feshbach resonances of any pairs
possible. To conclude, we analyzed the behavior of a fermionic sample of three species, which
is such a promising platform for advanced physics research.
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Exploring a Third Spin Species in Ultracold Fermi Gases: Beyond
Conventional Two-Component Systems
por

Juan Pablo Lemus Saldivar

Resumen

En el Laboratorio de Materia Ultrafria (LMU), se estudian las propiedades de los gases de
Fermi degenerados de ®Li a temperaturas inferiores al rango micro-Kelvin. Este is6topo
fermiénico presenta una amplia resonancia de Feshbach de alrededor de 30 mT, lo que
permite modular las interacciones entre sus dos estados hiperfinos de menor energia mediante
la longitud de dispersiéon as;. Esto permite la exploracién de regimenes que van desde un
Condensado de Bose-Einstein (BEC), donde se forman pares moleculares, hasta un régimen
BCS, caracterizado por pares extendidos de tipo Cooper, asi como la regiéon de cruce entre
estos dos, conocida como cruce BEC-BCS.

En esta tesis investigamos la accesibilidad de un tercer estado hiperfino, |F' = 3/2,mp = —3/2)
= |3), resultante del desdoblamiento Zeeman en la regién de resonancia de los estados hiperfi-
nos |FF=1/2,mp=+1/2) =|1)y |F =1/2,mp = —1/2) = |2). Laregion se centra alrededor
de 70 mT, donde la separacién energética entre los estados |1) — |2) y |2) — |3) es del orden de
80 MHz.

El tercer estado, a partir de los dos existentes, se pobla mediante la emisién de una antena
de radiofrecuencia (RF). En este trabajo se presenta el diseno y la construccién de esta antena
de RF, adaptada a las condiciones experimentales del LMU, para lograr la transicién |2) <> |3).
Ademads, presentamos detalles sobre el diseno, la construccion y la implementacién de dos
antenas.

Finalmente, presentamos las mediciones de las oscilaciones de Rabi entre los estados
hiperfinos realizadas en diferentes regimenes de interaccién. También estudiamos la formacién
de nuevos pares, |1) — [3) y |2) — |3), aprovechando la proximidad de las resonancias de
Feshbach de cualquier par posible. Para concluir, analizamos el comportamiento de una
muestra fermiénica de tres especies, una plataforma prometedora para la investigacién en
fisica avanzada.

xviii



Introduction

Within the framework of the second quantum revolution, the development of quantum
technologies emerges from the ability to manipulate systems governed by the principles of
quantum mechanics. Among these platforms, we have quantum macroscopic wave matter
systems that obey quantum mechanical properties known as ultracold atomic gases. Atomic
gases such as superconductors [4], topological materials [5], semiconductors [6], quantum dots,
and NV-diamonds [7] appear on the list as strong promising systems for quantum technology
platforms. Each one has advantages and disadvantages that align with the application

perspectives.

In ultracold quantum systems, controlling internal degrees of freedom is the most im-
portant property. In this form, the cooled gases represent an exceptional promising system
for pulling up to useful quantum devices. In particular, the control of the geometry and
collectivity interactions, while the controlled study of such systems has unraveled fundamental
phenomena like Bose-Einstein condensation [8-10], superfluidity [11], and thermodynamical
phase transitions depending on the dimensionality of the trapped gases [12]. In this form,
superfluidity remains an enigmatic property that can be used in quantum materials and
technologies. In this thesis, we point out one of the possibilities of integrating another degree
of freedom.

Quantum gases fall into two fundamental categories: bosonic and ferminic, according to
whether the constituent atoms obey Bose-Einstein or Fermi-Dirac statistics. Their specific
internal degrees of freedom, such as spin, determine which of these statistics applies to a
given atomic species. In fermionic many-body and macroscopic systems, the Pauli exclusion
principle plays the central role, determining the characteristic behavior of these systems. In
this work, we focus on the ultracold Fermi gases because we cooled an isotope of Lithium,
6Li. We emphasize the experimental accessibility of this fermionic system and open up a new
perspective on controlling and manipulating the quantum properties.

The community of ultracold gases has been working to optimize the routines for generating
samples below 500 nK. There is a great diversity of experiments on Bose gases, but the
Fermi gases are more complicated in producing a quantum degenerate state [13,14]. Until
today, different atomic fermionic species have been brought to quantum degeneracy: “°K [15],
OLi [16], 173YDb [17], 161Dy [18] and 17Er [19).

The Laboratorio de Materia Ultrafria (LMU) is an experimental setup designed to work
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in topological defects and density structures in Fermi gases. The first stage at this laboratory
is the generation and precision control of a degenerated fermionic isotope sample of Lithium
(°Li). This laboratory was born in response to the global context of quantum physics research
and is dedicated to studying and developing technologies that contribute to the growing
scientific knowledge. This national project is known as LANMAC (Laboratorio Nacional de
Materia Cudntica).

The LMU degenerated Fermi gas was produced in 2018, and a few months later, the first
molecular BEC in Mexico and the Latin American region [20], just 15 years after the pioneering
work by D. Jin and her team [13]. D. Jin also realized the first Fermi degenerate gas [15] and
produced for the first time, ultracold molecules from a Fermi gas [14]. In this context, the
LMU has demonstrated the ability to realize with an ultracold cloud of %Li ground-state, with
the possibility to tune the interactions allowing to access both the molecular Bose-Einstein
condensate (BEC) or the Bardeen-Cooper-Schrieffer (BCS) state or a unitary-crossover state.

The degenerate Fermi gas of the LMU consists of two hyperfine states of the ground
state of SLi. Given the conditions under which the ultracold sample is manipulated, a topic
developed in detail throughout this work, it is possible to access a third hyperfine state. The
third state is populated by applying a radio-frequency (RF) signal that excites one of the
initial states. Around the world, laboratories working with these fermionic states have access
to the third using the technique mentioned above [21-24]. Obtaining a system of three species
allows us to verify known results. It opens the door to many other phenomena unexplored
or less explored in physics, such as Efimov states, Fermi impurities, balanced samples with
strong interactions, and similar three-body problems.

This work focuses on generating the third spin species by studying its properties and
constructing the antenna required to drive the transition between states. The purpose is
to broaden the scope of LMU’s methods and research directions. In this manner, we can
establish the current context and briefly describe the content structure of the chapters of this
thesis.

We introduce in Chapter 1 the SLi system, starting by studying its hyperfine levels, and
we determine the ground state (225), giving the principal elements used for cooling. Then, we
discuss some properties of the fermion nature of 6Li, preparing to describe the experimental
setup of the LMU.

In Chapter 2, we explore the behavior of neutral fermions trapped at very low temperatures.
We explore two spin-fermionic species in a harmonic trap interacting at low energies. Here, we
use the scattering theory to remark the principal highlights of indistinguishable fermions and
to bind pairs. The scattering between pairs and bound states are described by a parameter
known as s—wave scattering length, as, which depends strongly on the magnetic field. For the
special case of SLi, we manipulate the interactions via an external magnetic field produced by
a current source. This phenomenon is called Feshbach Resonances.

In Chapter 3, we review the Zeeman effect to find a third state accessible using a

radiofrequency (RF) excitation. The technique to obtain the third species is applying an RF
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emission from an antenna designed and developed in this work. The antenna was made to
meet the required conditions of the experiment. We present the final and functional model of
the antenna and the experimental protocol to add to the experimental setup of the LMU.

All measurements performed with the RF antenna are presented in Chapter 4. We start
the test of the antenna in the non-interacting region (52.7 mT) for the two lowest hyperfine
states, in other words, the zero-crossing value of the scattering length. In the next sector in
the BEC region (73.0 mT), two of the three available pairs exhibit identical scattering lengths.
We explore RF transitions for this magnetic field and show the spectroscopy results for the
transferred states and the representative Rabi oscillations.

The closing of this work is presented in Chapter 5, which highlights the most important
results and gives an overview of the perspectives that can be applied. We emphasize that the

results presented here correspond to the specific conditions of the LMU.




Chapter 1

Lithium system in the LMU

The study of macroscopic quantum systems began not so long ago [25], and the first feasible
experiments in this area are even closer. We will briefly explore the primary concepts and
preliminary aspects of atomic physics, statistical physics, and the experimental procedure. We
start the chapter by introducing the fermionic atom of Lithium, which is a fundamental tool
for developing the research at LMU. It is important to note that in this chapter, we discuss

how this alkaline atom is considered, following the answer to why LMU selected ®Li.

1.1 Lithium-6 as hydrogen-like atom

The lithium atom is the second element in the periodic table with a unique valence electron.
With its n = 1 shell fully occupied, it becomes the first neutral alkali atom with a nucleus
containing more than one proton. For this reason, lithium is a suitable candidate for
applying hydrogen-like atom model to determine its ground state and electronic configuration.
Consequently, the ground state of the lithium atom is 25, s2- The presence of a filled inner
shell results in an effective shielding effect.

In nature, there are two stable isotopes of lithium, “Li with four neutrons and %Li with
only three. The basic difference between these isotopes is the statistics that follow: 7Li is a
boson, while ®Li is a fermion, whose relative abundance for “Li is 92.2% and Li is 7.8%. Due
to the imbalance, our samples are enriched. Table 1-1 summarizes some fundamental physical

properties of atomic ®Li taken from [26,27].

1.1.1 The Fine Structure

The electronic configuration of the ground state for %Li is 1s22s!, while the first excited state
configuration is 1s22p'. The difference in energy between both states is accessible optically,
around 671 nm, a red transition in the visible spectrum. The standard framework to obtain
the energy levels of this atom is through the central-field approximation, which refers to the
valence electron as independent and assumes that the nucleus and the closed inner electron

shells generate a spherically symmetric electric field.

4
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’ Property ‘ Symbol Value ‘ Reference ‘
Atomic Number Z 3
Nucleons (Number Mass) A=7Z+N 6
Natural abundance n 7.59(4)% [28]
Atomic Mass m 9.988 341 4(2)x107%" kg [29]
Total electronic spin S 1/2
Total nuclear spin I 1
Nuclear magnetic momentum ,u 0.822 044 63(37)un [30]

Table 1-1: Recap of physical properties of 5Li.

The first consideration is the effect of the spin from the valence electron, S, on the orbital
momentum of its orbit, L, better known as the spin-orbit coupling. In simple terms, we can
simplify the interaction by dipolar approximation. The Hamiltonian term that describe this
interaction in the mentioned approximation is [31]:

~ e 1dd\ » 4
Hso=—%55(—-——)L-S 1-1
S0 2m2c2h? (r dr) ’ (1-1)
where m, is the mass of the valence electron, c is the speed of light, and 7 is Planck’s constant.
r is the relative position of the electron in the central field, and ® is the electric potential

given by the Coulombian interaction with the effective presence of the nucleus and electron
shell.

Following the hydrogen atom treatment, we define the total electronic angular momentum,
J, as a sum:

J=L+S. (1-2)

The eigenvalue associated with JisJ , which is given by the sum of angular momentum (1-2),
and satisfies the restriction
|IL—-S|<J<L+S. (1-3)

L and S are the quantum numbers associated with orbital angular momentum and electron

Spin.

In this basis, the spin-orbit coupling term can be expressed through the operator J2:
JP=12+S8?+2L-S. (1-4)

Using this relation, we can identify that the set of operators J 2, flz, S? and the projection
J3 define the complete set of a commuting system in the coupled basis |L, S; J,m;)!. We
conveniently substitute the form of (1-4) into (1-1) and used the perturbation theory [32], we

'The uncoupled basis take in count the squared operators L? and QQ, with its respective projections f.;3, §3,
and the basis in the ket representation is |L, S;mr, ms)
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obtain the shift of energy:

ABgo = g J(J+1)— L(L+1) — S(S + 1],
where,
e (1)
©2m2c2h? \rdr/’

We are interested in the ground and the first excited states of the Li. In the spectroscopy
representation, the ground state (L = 0 and S = 1/2) corresponds to the term 225, and the
excited state (L = 1 and S = 1/2) is 22P. Using (1-3), we check that the fine structure
for the ground state has a shift, and the spectroscopy representation adds the J-value:
J=L+S=0+1/2=1/2; therefore we have 2251/2. In the other case, the 22P state, where
a degeneracy exists, and the fine structure separates into two levels given by the two possible
values given by (1-3), J = 1/2,3/2. Then, the spectroscopy nomenclature for these two states
is 22P1/2 and 22P3/2, respectively.

As we depicted in the sketch of Fig. 1-1, both possible transitions 225’1/2 > 22P1/2 and
225, /2 < 22 P, /2 are the D—lines spectroscopy transitions. These two spectral lines are used
to calibrate the laser frequencies employed in the experimental cooling of the atoms. The

main properties of transitions D; : 2251/2 > 22P1/2 and Ds : 2251/2 > 22P3/2 are collected

into the Table 1-2 and Table 1-3 respectively .

Property ‘ Symbol ‘ Value ‘ Reference ‘
Wavelength (vacuum) A 670.992 477 nm T
Wavenumber (vacuum) | k/27 14 903.296 792(23) cm ™! [33,34]

Frequency v 446 789 596.109 4(8) MHz [35,36]

Lifetime T 27.1055(10) ns [34]
Natural Linewidth r 5.872 4 MHz 1
Saturation Intensity Lot 7.59 mW/ cm? 1

Table 1-2: Optical properties of the spectroscopy Di-line of Li. The t symbols represent

quantities analytically derived from measured values

Property ‘ Symbol ‘ Value ‘ Reference ‘
Wavelength (vacuum) A 670.977 380 nm T
Wavenumber (vacuum) k/2m 14 903.632 116(18) cm™* [33,34]

Frequency v 446 799 648.889 8(16) MHz [35, 36]

Lifetime T 27.1025(5) ns [34]
Natural Linewidth r 5.872 4 MHz T
Saturation Intensity Tt 2.54 mW /cm? T

Table 1-3: Optical properties of the spectroscopy Dy line of ®Li. The f symbols represent

quantities analytically derived from measured values

2We omit some uncertainties because they are orders of magnitude smaller than those presented here.
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1.1.2 The Hyperfine Structure

The presence of the nucleus introduces a new correction to energy; it is known as hyperfine
structure. In this form, the structure arises from J , and the nuclear angular momentum, I

The following Hamiltonian gives the hyperfine term,
Hyp = AL-J. (1-7)

The constant A is determined by measuring this coupling. As in the fine structure, we define
the total atomic angular momentum F as the sum J + 1. Thus, the eigenvalue F' is restricted
by the expression

|J—I<F<J+1I. (1-8)

We can apply the same treatment in fine structure, which gives the general expression for the

energy shift correction and has the following solution

A
AEhf:§[F(F+1)—J(J+1)—I(I+1)]. (1-9)
Considering the 225, /2 state, then J =5, and FF =1 +1 /2. Furthermore, particularly
the YLi has a nuclear atomic spin I = 1. For this reason, the degeneracy of the ground state
breaks into two energy levels labeled by the quantum numbers F' = 1/2 and F' = 3/2. The

separation between these states is
AEw(F =3/2) — AEw(F =1/2) = (I +1/2)A = 3A. (1-10)

Following these ideas in the °Li ground state, we can establish the value for the splitting
AEhf(22Sl/2) = 228.205 259(3) MHz and the hyperfine constant A = 152.136 839(2) [37, 38].

1.2 The influence of electric and magnetic fields

External electric and magnetic fields are essential in atomic experiments, as they influence the
energy states of atoms. This section briefly reviews how these external potentials affect atomic

energy levels, a crucial consideration when working in the ultra-low temperature regime.

1.2.1 The Electric Field

The natural response of the atom is to be polarized under the influence of an external electric
field E, such as those generated in laser cooling and trapping techniques. This condition
represents the existence of an atomic electric dipole moment d. The interaction term, under

the dipole approximation, is given by the expression [31]

Hsg = —d - E. (1-11)
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Figure 1-1: Diagram of the splitting energy for the states of 6Li in the consideration of the
fine and hyperfine structure.

This Hamiltonian modifies the energy levels of the atoms; this effect is known as the Stark
effect [39]. When the contribution is smaller than the kinetic or potential energies, the
treatment to obtain these energy shifts is through the perturbation theory. In the absence
of an external field, there is no dipole moment; for this reason, the first-order correction
vanishes [40]. Then, the first non-vanishing correction is the second-order term for the ground
state, which is given by

AE = Z ‘ nJEZ{SE’m) , (1-12)

where the energy of the ground state is Ey, the subindex n represents all the excited states.

The atomic polarizability, denoted by «, corresponds to the expectation value of the electric
dipole moment operator. While polarizability is generally a tensor quantity, it reduces to a
rank-0 tensor, i.e., a scalar, for the ground states of alkali atoms. In these cases, the dominant
contribution arises from the valence electron. Compared to hydrogen, whose polarizability is
given by ag = (47¢p) - (9a3/2), alkali atoms exhibit polarizabilities that are approximately 30
to 90 times larger [40]. This increase is primarily due to the greater number of electrons in
the filled inner shells [41].

On the other hand, when an atom is placed in an electric field gradient, specific properties
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of the field, such as intensity, polarization, and detuning, become crucial for controlling
confined atoms. In particular, by employing electric fields that are far red-detuned from
atomic transitions, one can generate a dipole force that can be used for the confinement and

manipulation of atomic samples.

1.2.2 The Magnetic Field

We emphasize the effect of a magnetic field and use this to determine the transition shifts to
manipulate the confined atoms. External magnetic fields are used in different stages of the
experimental sequences, e.g., in the laser cooling process or the interaction tuning.

All the responses of atomic samples are called the Zeeman effect® [42,43]. We can describe

this interaction with the Hamiltonian term
ﬁZE =—0-B, (1-13)

where operator [1 represents the total magnetic moment of the atom, which is related to the

sum of the electronic and nuclear moments, as follows
fo = —gsusd + grunl. (1-14)

The correction of the energy levels by comparing the strength of the interaction term
between the magnetic field Hz, and the hyperfine coupling term Hyg given by the eq. (1-7).
Thus, the interaction term (1-13) as modified by the following term

A

. 1 . .
Hzp = ~ (MBQJJ - MNQII) - B, (1-15)

where pp is the Bohr magneton, uy is the nuclear magneton, and gy and g; are the Landé
factors for the electron and nucleus, respectively.

We separate the study of this effect into three parts [32]. In the first case, we have the
weak strength region of the magnetic field, characterized by the relation |Hz| < |Hp¢|. For
this case, we use the coupled basis |F, J, [;mp) and take Hy as a perturbation. The energy
shift is AE = (up/h)grmp|B|, where the coefficient [44]

F(F+1)+JJ+1)—I(I+1)  F(F+1)+II+1)—J(J+1)
2F(F+1) to SF(F + 1)

gr = gJ .
In the opposite case, where |Hz| > |Hnt|, we have the strong limit known as the Paschen-
Back region. As a consequence, the Zeeman term dominates the dynamics; therefore, the
appropriate basis is the uncoupled basis |J,I;my,ms). Here, the energy shift becomes
AE = (up/h) (ggmy + grmy) |B|. At last, the intermediate case that connects both extremes

corresponds to the Breit-Rabi regime, where |Hz| ~ |Hyn¢|. There is no general analytical

3Zeeman has won the Nobel Prize for his studies on the effects on the energy levels of atoms under an
external magnetic field.
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solution to the shift energy for cases where any of the quantum numbers are different from
1/2 [41]. Fortunately for our purposes, in the ground state of Lithium (L = 0,5 = 1/2), as
well as for any hydrogen-like atom, there exists an analytical solution known as the Breit-Rabi

formula [45]:

AVIN:

AE(F, mF) = —m

(1-16)

AFE dmpe 1/2
—|—g1,u,N|B]mF + b (1 r + 62) .

2 2I +1

Note, that we use the dimensionless quantity ¢ = (upgs + ungr)|B|/AEys, and the hyperfine
energy shift AFys = A(I + 1/2) presented in (1-10).

1.3 Working with a fermion isotope

We have discussed the natural analysis of a hydrogen-like atom, which is a main property
of the Li. However, we need to check the other characteristic of this isotope, which is its
fermionic nature. For indistinguishable particles, we identify two classifications: boson and
fermion. The former, bosons, possess a symmetric wave function and purely integer spins.
The latter, fermions, their wave function is antisymmetric and has half-integer spins. This
classification is the connection between spin and statistics proposed by Pauli [46]. In statistical
physics, we use the Bose-Einstein (BE) distribution for bosons and the Fermi-Dirac (FD)
distribution for fermions.

This work focused on fermionic atoms. Their statistic, in this case is determined by the
number of neutrons and protons in the nucleus and the valence electrons [40]. Considering
only the valence electron in the atomic structure for an odd number of nucleons, i.e., the sum
of neutrons and protons, we have a fermion.

One of the most relevant differences between fermions and bosons is the degeneracy of
their ground state. There are no limitations for bosons for two or more identical bosons to
occupy the same quantum state, which can derive in the macroscopical phenomena of BEC.
This phenomenon does not occur for fermions because the Pauli principle of exclusion forbids
it. The result of this occupancy of every energy level under the Fermi energy, Er, which is

the last occupied energy state. This state is called Fermi Sea.

1.3.1 Free Fermi Gas

We consider a system of NV identical fermions that satisfy the FD distribution, which in the

Grand canonical ensemble is [47]

1

FEwT) = G pmr 1 (1-17)

This expression describes the occupation probability with energy F, a chemical potential u,

and temperature 1" of the system. The chemical potential p is fixed by the condition of the

10
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conservation of the total number of fermions NV, which is given by the expression:
N = [ 1Eyg(E)E, (1-18)

where ¢g(F) is the density of states with energy F.
At zero temperature, the chemical potential corresponds to the energy of the last occupied

state, i.e., Fr, and has the following form
Ep ~ u(N,T =0). (1-19)

The Fermi energy defines a natural energy of the system, which allows us to compare different

physical properties. For example, we can define the Fermi temperature as
Ty = Ey/kp, (1-20)

or the Fermi wave number,
k‘F =1/ (QmEF)/ﬁ (1-21)

In this limit, eq. (1-17) is a Heaviside (step) function

1, E<u

1-22
0, E>pu. ( )

n(E,T=0)= {
To find an explicit form of eq. (1-18), we need to consider a homogeneous system®*, and the
consideration of the spin s given by our fermions. Taking as volume V and taking V' — oo to
replace the sum for an integral over all the space®.

Thus, integrating the density of states g(E) oc v/E, and multiply by the distribution (1-22),

we obtain

25 +1 3 25+ 147V _4
N=""_"vV = - k2. 1-23
(27)3 /|k|<|kF| (2r)3 3 " (1-23)

Reordering this equation, we can write the Fermi moment as:

1/3
672n
ke (28+ 1) , (1-24)

with n = N/V. Therefore, the Fermi energy is

K2 672n 2/3
B — 0 . 1-25
F= om <2s + 1) (1-25)

The expression for Er is just an introduction to the next chapter, considering two species

“In Chapter 2 we study the harmonic trapped case.
"We are substituting Z = (2s+ 1) /d3k~

r

11
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for fermions distinguishable by their spin projections. As we mentioned, the LMU can explore
the properties of superfluidity through interactions between pairs of fermions. At this point,
we do not consider two non-identical species of fermions.

The following describes the experimental setup and explains how we obtained these two
components. Then, in the following chapter, we discuss the properties of the interactions

between the fermionic atoms of Lithium below the critical temperature.

1.4 The experimental sequence in the LM U

Obtaining a degenerate Fermi gas requires a rigorous process, which takes only 14 seconds,
which is the time duration of a conventional routine to create a quantum gas of Lithium. This
section explains the experimental sequence from the cooling process to the imaging system.
We begin with an oven with a total thermal classical gas. At the final stage, we obtain an
integrated density distribution of the quantum cloud by the absorption imaging process [48].
The shadow of the samples shows a cigar-shaped geometry, and we load it in imaging software
developed for this proposal. After that, we analyze and obtain the physical parameters, such

as temperature, number of atoms, optical density, widths, etc.

1.4.1 Zeeman Slower

The SLi are supplied by an oven operating at a temperature of approximately 720 K. This oven
releases the atoms in a gaseous state, which are expelled and accelerated through a nozzle
(~ 400 pm) to form a highly directional atomic beam. The atomic flux, initially moving at the
velocity near 800 m - s~!, enters the first cooling stage: the Zeeman slower [49]. This device
consists of a set of magnetic coils arranged along a tube with 56 cm of length, generating a
maximum magnetic field of 80 mT. The primary function of the Zeeman slower, as its name

implies, is to reduce the atomic beam velocity to 15 m -s~!

, enabling efficient capture of the
atoms for the next stages in the main chamber or “science chamber”.

The Zeeman slower works by combining an inhomogeneous magnetic field with a counter-
propagating laser beam relative to the atomic motion. The laser interacts with the atoms so
that their internal structure is in resonance, inducing gradual deceleration. As the atoms are
in motion, they present the Doppler effect, and to compensate for it, the magnetic field adjusts
the resonance frequency via the Zeeman effect. The inhomogeneity of the magnetic field
allows the atoms to remain in resonance with the laser frequency throughout the deceleration
process. Additionally, the laser frequency is red-detuned by approximately ~ 70", where I"
is the natural linewidth of the atomic transition shown in Tables 1-2 and 1-3. Appendix A
discusses the significance of frequency shifts for accommodating the specific requirements of
each process.

Upon completion of this cooling stage, the °Li atoms reach a mean velocity of 15 m -s™!,

corresponding to a temperature of approximately 150 mK.

12
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1.4.2 Magneto-Optical Trap

In the outside science chamber, a pair of coils arranged in anti-Helmholtz configuration is
positioned, i.e., the current is counter-flowing in each coil. These coils carry a current of
approximately 40 A. They are submerged in a water flow to maintain their room temperature
at around 290 K and prevent them from heating up and affecting their functioning. Anti-
Helmholtz configuration creates an inhomogeneous magnetic field featuring a zero-point at its

center, with an axial gradient of about 0.30 T - m™".

At the null region magnetic field, the geometric center between the coils, six counter-
propagating laser beams intersect, each with a diameter of approximately 2.54 cm. This
combination of magnetic fields and laser light forms a magneto-optical trap (MOT). Each
laser beam incorporates two frequencies: a repumping and a cooling beam in the Do transition
(225, /2 = 22 P, /2); as shown in Fig. 1-1. The repumping beam is red-detuned by approximately
10", while the cooling beam is red-detuned by 8I'.

This configuration allows for confining the cloud in configurational and velocity spaces,

and producing a sample of 10° atoms at the temperature of 5 mK.

1.4.3 Bright and Gray Molasses

The magneto-optical trap (MOT) is constrained by a cooling limit imposed by photon
scattering, known as the Doppler limit [50], which in our case is around the 150 pK. In this
form, additional techniques must be implemented to overcome this barrier. The first method,
although inefficient, is named Ds bright molasses. This technique involves the free expansion of
the MOT atoms for 0.5 ms, using a red-detuned frequency from another cooling laser relative
to the Do-transition. Counter-propagating laser beams generate a polarization gradient that
induces Sisyphus cooling®. However, a critical physical limitation arises because the hyperfine
splitting of the excited state in the Ds-line is comparable to the natural linewidth (I'), i.e.,

around 6 MHz, which makes bright molasses inefficient [52].

A second cooling stage is implemented using the D; transition (225, /2 = 22 P, /2); see Fig.
1-1. This technique, known as gray molasses, reduces the temperature of the atoms previously
cooled in the bright molasses. In this form, the gray molasses combine Sisyphus cooling and
velocity-selective coherent population trapping (VSCPT) [53,54]. The tuning of the light

beams prepares the sample to obtain exclusively the ground state of SLi: 225 /2-

This technique for ®Li has been reported in the literature [55,56], with similar results
achieved at LMU [57,58]. After implementing gray molasses, the temperature of 10% atoms

can be reduced to approximately 50 uK.

5Optical pumping technique based on the transfer of population between the different sub-levels of the
ground configuration [51]
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1.4.4 Optical Dipole Trap

At the end of the last stage, the atoms are in optimal conditions to be transferred to a
conservative trap, which, in our case, corresponds to an Optical Dipole Trap (ODT) combined
with a curved magnetic field. After multiple sub-Doppler cooling, the ODT is charged to a
maximum power of around 200 W of a far-detuned laser beam. The detuning concerning any
transition of the hyperfine structure of °Li, in this case, an infrared (IR) laser beam with a
wavelength of 1069 nm.

The ODT is not a collimated laser beam; it is tightly focused at 50 um centrally inside
the science chamber, and aligned with the cloud to maximize transfer efficiency. In order to
optimize this transference, the cold cloud is positioned with coils that generate a magnetic
field compensation. When the atoms interact with ODT, they behave as induced dipoles
and become confined within the focused region characterized by the Rayleigh length [59],
approximately 7 mm in this setup.

The curvature of the conservative gradient arises from the field generated by the Feshbach
coils. In fact, the magnetic field has two goals: to confine the sample in the center and to

manipulate the interactions.

1.4.5 Evaporative Cooling

We finalize with a process known as evaporative cooling, which is implemented for a harmonic
trap [60]. Evaporative cooling consists of ramping down the ODT high-power intensity to a
low power to reduce the potential bowl and obtain only the most cooled atoms; the rest is
evaporated, i.e., the “warmed atoms” are let off the trapping.

The ramp process consists of two parts: the first is an exponential decrease ramp from
the high-power 195 W to 6 W, executed by the ODT during 2 seconds; the second is an
exponential decrease ramp, from the ~ 6 W to the last power around 30 mW. This sequence
takes 1.5 seconds to obtain the quantum degeneracy with typical equilibrium phase parameters,

including temperatures < 100 nK and a population of approximately 10* atoms.

1.4.6 Feshbach coils

As mentioned, to manipulate the quantum gas interaction, a magnetic field is tuned for
OLi sub-Zeeman states of the ground state 225, /2, particularly F' =1 /2 with projections
mp = £1/2. The coils in the Helmholtz configuration, i.e., currents flowing in the same
direction, produce the required magnetic field. Beyond the central plane between the coils,
the magnetic field displays a slight curvature that can confine atoms in one spatial dimension
of our interest, in this case, the direction of propagation of the ODT beam, a feature exploited
for the conservative trap [2].

The Feshbach coils are placed along the gravity axis of the science chamber. The magnetic
field at the center of the chamber is, for the ultracold atomic sample, constant and aligned

with the vertical axis, B = Bpe,. The target value of the By is selected during the last
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Chapter 1. Lithium system in the LMU

evaporative ramp described above. It corresponds to the resonance value of the interactions
of the two atomic hyperfine projections mg, By = 83.4 mT, corresponding to a flux current
of ~ 160 A. The collision rate is high because the gas at this magnetic point has a stronger
interaction.

Moreover, to reach other values of By, in other words, to reach other interaction regimes,
we execute a magnetic field sweep during 100 ms. The current values that set the magnetic
fields were calibrated considering the Breit-Rabi formula (1-16), which allows us to observe
the degenerate atomic gas in different regimes. Since Feshbach resonances are linked to the

nature of interactions, we will explore their origin in Chapter 2.

1.4.7 High resolution Imaging System

Currently, the LMU utilizes two imaging systems:

o Diagnostic imaging determines the atomic number, temperature, and spatial geometry.
This imaging system consists of a CCD camera and optical elements placed perpendicular
to the axis of gravity. This setup was mounted over the platform with the optics, with
horizontal access to the science chamber. The layout comprises optical devices that
obtain the destructive image of the sample. This action is destructive to the state of the
cloud because we use the absorption technique image [48]. The CCD camera acquires

the light pulses of ~ 4 us.

e High-resolution imaging, customized for research objectives. This image has optical
access on the vertical axis, i.e., along with gravity, and another CCD camera is located
on a platform over the science chamber. A custom high-resolution microscopy system
was designed and implemented by LMU [61]. This system achieves high magnification
(x7) and required spatial resolution (< 2 pm), enabling precise observation of collective
excitations within the Bose-Einstein condensate (BEC) [62].

As seen in Fig. 1-2, the image requires a mathematical computation of three matrix arrays
for each shot image. The first is light with a shadow given for the absorption of the atoms;
the second array consists of light without atoms (previously removed by the first light); and
one last array is the background (no light present), just a picture of the environment light
received by the CCD. The analysis of these arrays is described in the thesis of LMU [62].

The physical parameters of the cloud are extracted through image processing. Here, we
have just mentioned the fundamental concepts and techniques used. The relation between
the incident light intensity Iy and the transmitted I is given by the Beer—Lambert law [51],
which allows us to determine the optical density (OD) of the sample, i.e., the amount of light
absorbed. This is expressed as OD = —In(I/1).

The optical density is directly related to the atomic density along the propagation axis of
the imaging beam via n(z,y) = OD(x,y)/o, where o is the absorption cross-section. In this

form, we obtain the two-dimensional density distribution of the atomic sample. Then, the
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Chapter 1. Lithium system in the LMU

Figure 1-2: In situ absorption image of a molecular Bose-Einstein condensate (BEC) formed
from ®Li. The side panels show the integrated optical density (OD) profiles along the vertical
and horizontal directions.

total number of atoms is determined by integrating the density profile n(z,y) across the two
spatial dimensions of the imaging plane.

Another fundamental property of the system is the temperature, which to be measured
requires releasing the cloud from the confinement potential, a procedure known as time-of-flight
(TOF) [63]. As shown in Fig. 1-2, the density distribution in the image can be projected
onto each axis, yielding one-dimensional profiles from which the widths s, , can be extracted.
The evolution of these widths over the TOF provides an estimate of the expansion velocity.

. _m dsyg,
Consequently, the temperature can be approximated as T = by ( dtToyF) .

1.4.8 Control System

Every field, light beam, laser, and electronic device forming the Fermi degenerate gas is
controlled via a custom program developed in LabVIEW® for fermionic superfluid experiments.
The program synchronizes sequences of instructions through routines that include analog
signals (e.g., ramps for the ODT or magnetic field sweeps) and digital signals (e.g., triggers for
devices requiring operational commands, such as shutters). These instructions are compiled
into a synchronized sequence within the control software [64].

The digital and analog signal-generating cards are homemade in a rack as a control hub.
The timing resolution between sequential instructions is 1 us, ensuring precise coordination,

from tenths of us to hundredths of s in all experimental parameters and sequences.
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Chapter 2

The two body interactions in the

dilute sample

Our interest is focused on how the hyperfine fermionic species interact at low temperatures
inside an external potential. For this reason, we will explore in this chapter the main ideas
that allow us to understand how the atoms behave in these conditions. We start by reviewing
an ideal Fermi gas trapped in a harmonic potential. Then, we will consider a two-component
system where the parameter of collisions governs the interactions. After that, we will identify

the accessible regions for two non-identical fermions across the Feshbach resonances [2].

2.1 Trapped Fermi Gas

Before we turn our attention into the two-body interaction problem, we will make a technical
stop to address the boring case of the non-interacting system called Fermi gas'.
Then, we start with a set of IV neutral fermions that in first quantization have the following
Hamiltonian,
= g: (—h2v2 +V(r t)) (2-1)
—\ 2m " A
Considering a system of identical fermions, each with mass m.
It is important to keep in mind that this is a many-body problem. Therefore, we employ
statistical physics, a powerful tool for treating many-body systems. We already presented
the fermionic density distribution (1-23) but only considered a single spin species. Now, we

present the version for non-identical species identified by the subindex o,

1
e(EV*NG)/kBT + 1 ’

<nu,0> = (2-2)

Reducing the calculations, two species were used without interactions. Here the chemical

!This is a habitual joke because in physics, the most closer to reality are situations where everything
interacts with everything else. However, this simplified system provides us with much information.
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Chapter 2. The two body interactions in the dilute sample

potential, 1, is fixed by the normalization condition [65,66]
No =Y (o). (2-3)
v

In this manner, if the system has two spin species, they are usually represented as up-1T and
down-{, then o =1,]. We consider the system in contact with a reservoir [1], which lets us

impose that the atom number N; | is conserved in the trap.
The following expression describes the depth of confinement

_mo 9 2,2 2.2 i
Vi(r) = 5 ( 2T+ wyy +wzz). (2-4)

The prolate trap in the LMU follows the relation between the trapping frequencies: w, =

wy > w;. The ratio of cloud size is around 15 : 1. We define the geometric mean frequency as

w= (wxwywz)l/?), (2-5)
a relation that continuously appears along the expressions.

We use an approximation, where the thermal energy 8 = kgT is much larger than the
level spacing of the harmonic external potential hw; , .. Then, considering a phase space cell

{r,p}, we obtain the occupation

1
e(§%+vuyﬁw)5

f(r,p) = (2-6)

+1

Note that we consider T' # 0 in this approximation, a thermal gas, which has a density

distribution

®p 1
— — i _plta—=V(r))B _
nth,a’(r) - / (27Th)3 f(r7p) - )\313 L13/2 ( € ) . (2 7)

We omit the subindex o; the expression is for every spin. We have three important elements,

the first one is the de Broglie wavelength given by

2mh?
AdB = . 2-8
o = | 2202 25)

The second one is the Polylogarithm of order n, which is defined by the integral®

00 (n—1)
U“”:Iéwé ﬁ;ﬁ_l. (2-9)

Another useful expression is the sum Li, (z) = 332, (z*/k™). The last term to mention is the

fugacity: z = e"?, representing the occupancy tendency of the particle to be in the state with

2Other notations in the literature use the letter f to express these functions from fermions (f(z) = —Lin(—2)).
We prefer to use the Li,(z) form to avoid the excess or confusion with the notation of this work.
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energy E = p.
If we take the T' = 0 approximation, the function (2-6) becomes the step function, and
(2-7) has the following form

d’p 1 [2m 3/2
n(r) — /|p<m 2rh)? 62 {7—12(#— V(r))} . (2-10)

We need to integrate over the entire configuration space to obtain the Fermi energy:

Ep = hiv (6N)Y/3. (2-11)

The calculation at T' = 0 serves as a reference for the case of finite-temperature. For the
ultracold systems, the finite-temperature is considered 7' < Tw. In this situation, the spatial
profile of a trapped Fermi gas depends on the ratio kgT'/ep(r), where ep(r) is the local Fermi
energy. In the outer regions of the trap, where kT > ep(r), the gas behaves classically,
n(r) oc e VT In the inner regions kT < ep(r), the density follows the zero-temperature
form (2-10), i.e. quantum behavior. The transition between these regimes is smoothly captured
by the Polylogarithm function (2-7) [1].

We seek to understand under what conditions these interactions occur for systems with two
interacting fermions. The following section explores the conventional treatment for interactions

between two particles under an ultralow temperature in a dilute sample.

2.2 Scattering problem at low temperatures

The next step to consider is that the particles interact in the case of two-body interactions.
AdB is comparable to the interparticle distance in ultracold gases. Then, given a contact
collision, the effects of the interacting potential decrease, making it a good approximation for
the interactions of a dilute ultracold sample.

To study the quantum mechanical scattering of two neutral distinguishable bodies, we
propose the time-independent Schrodinger equation for the two particles described by the
wave function ¥ (rq,ry). Using the standard procedure for the two-body system, we use the
center-of-mass (CM) and relative coordinates frame. The reduced mass is m/2 because the
two atoms have the same mass. The free particle formalism governs the CM motion.

The ansatz wave function V¥ (ri,re) is transformed so that we consider only the relative
coordinates in the laboratory frame. In this form, the wave function v (r) describes a free
particle approximation where the asymptotic region will see the short-range scattering effects

(see Fig. 2-1). Then, we can propose the wave function after the collision as

h(r) = €T+ Pou(x). (2-12)

Far from the interaction region, the outgoing wave function component is described by

a spherical wave multiply by a function f(k’,#) called the scattering amplitude. The k’ is
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Figure 2-1: Schematic representation of the scattering problem, indicating study regions
located far from the scattering zone (blue gradient).

the resulting scattered wave vector, and 6 is the observation angle defined by the incident
particle direction. Selecting the axis of motion of the incident wave as z and assuming that the
interaction between the atoms is radially symmetric, then, the dependence of k’ is negligible

and the scattering wave is

ezkr

gy = 4 f(0)° (2-13)

Another relevant quantity to take into account is the differential cross-section do/dS2,
defined as the ratio of the current of probability per unit solid angle in the scattered wave
divided by the current of probability per unit area in the incoming wave [66]. The relation

with the scattering amplitude is given by

do

o= FO)F (2-14)

The following procedure considers several approximations about the interaction, allowing
the partial waves method to be used. This technique suitable for obtaining the explicit form
of the scattering amplitude. However, it is only convenient in cases where the interaction

potential is central and the kinetic energy is comparable to the interaction energy [67].

Expanding the wave function (2-13) in Legendre polynomials Py(cos#), as follows
p(r) =) APy(cos 0) Rie(r). (2-15)
=0

where Ay are the expansion coefficient fot the {—term of the sum; Ryy(r) is the radial function

in the relative coordinate 7, which satisfied the radial equation [67]

Rir) + 2R+ 12 = T 20| Rt =0, (216)

with U(r) the interaction potential. If we consider the asymptotic case of r — oo, the solution
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of the radial function is
Rké(r) = Azjg(k?“) + Bgng(r). (2—17)

The polynomials j,(r) and n,(r) are known as the spherical Bessel functions of first
and second kind [68], respectively. Rewriting this last expression in terms of the phase
shift, produced by the scattering potential for each ¢ component of the orbital angular
momentum [67]; ; = arctan(—By/Ay). Then,

Ry(r) = % sin (kr — 50+ dp) . (2-18)

Using the expansion in Legendre polynomials of eq. (2-13) and the expression obtained
for the radial function (2-18), we can identify that Cy = ¢ (20 + 1) €*¢ and

+o0
£(0) = ﬁ (26 + 1) (2% — 1) Py(cos ). (2-19)
=0

Thus, the cross-section is obtained by integrating over the solid angle after making the

substitution of (2-19) into (2-14). The cross-section has the following expansion

4 o
o =15 > (20+1) (% 1) Py(cos). (2-20)
=0

For a finite-range potential, the phase shift is proportional to k21, being k small compared
with the inverse of the effective range of the scattering potential 1/r¢, called the limit of low
energies [69]. Thus, all the partial amplitudes f, with ¢ # 0 are smaller than ¢ = 0. The

lowest order is called s—wave scattering. Then, neglecting £ > 0, the total amplitude is

L s
J0) = fo = 5 (e 1). (2-21)
Expanding the phase shift for £ = 0 (see reference [67]), in a power series of k?, takes the
form -
kcotdp = —— + §r0k2 + O(k%). (2-22)
Qs

ro is the effective distance of the scattering potential. Under the low energy approximation
krg < 1, creating as a consequence one of the most relevant parameters for this work:

scattering length of s—wave, defined by

as = lim (_mn(éo)> . (2-23)

k<ry k

The scattering amplitude (2-21), and the total cross section (2-20) can be expressed as follow

as 4ra?
_, o=——""=.
1 + 2kas 1+ (kas)?

7(6) = (2-24)
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In the case of kas < 1, typically for ultralow temperature gases, the total cross section is
determined only by the scattering length.

The wave function 1 (r) must reflect the symmetry character of the particles involved in
the collision because the particles are identical. For the fermions case, the wave function is

antisymmetric. The anti-symmetrized version of ¢(r) give the modification of (2-14) into

do 2

— = |f(0) — f(m—0)|". 2-25

=110~ f(x —0) (2:25)
Integrating this expression for s—wave scattering, we obtain that the total cross-section of
the two identical fermions vanishes®. In this situation, the following term of the partial wave
expansion is the p—wave £ = 1. Here, the interaction of two identical fermions is possible.

However, the p—wave scattering is suppressed due to the ultralow temperature regime.

2.3 Interaction of two distinguishable fermions

Back to the idea of having trapped fermions, now we can consider a balanced system of two
fermionic species differing by the spin projection ¢ =1,]. As we studied before, these two
classes of fermions can interact, and the scattering length of s-wave describes their interaction.

Obtaining a single parameter that describes the interaction is useful for classification
and manipulation. For this task, it is more convenient to use the dimensionless parameter
to measure the strength and sign of the interaction. The ratio* of the interatomic distance
related with the scattering length is (kpas)™!.

Note that the cross sections are always positive, and it is zero only in the case of non-
interacting channels. However, the as; can take any sign, even be infinite, but the cross section
remains always finite and positive. We discuss some limits to classify the main regions to

form bound states.

2.3.1 Weak Repulsive Interactions

We begin with (kpas)~! — 400, in this region, the fermions of opposite spin form weakly-
interacting molecules, and their ground state is the BEC. This molecule behaves as a boson. For
the weakly interacting gases of molecules, the system can be described by the Gross-Pitaevskii
equation (GPe) [71,72]

h2v2
oM

Zhgwr’ t)= ( + Var(r) + glt(x, 7f)|2> w(r,1). (2-26)

The many-body wave function ¥(r,t) in the equilibrium condition can be rewritten into a

product of a time-dependent phase and a local-dependent wave function, i.e., ¥ (r,t) = x(t)p (r).

3Opposite case for identical bosons, whose value is 87a?2.
“In the literature usually use the negative value, ¢ = —(krpas) ™", to describe this classification [70].
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The mass M corresponds to the sum of the masses of the two fermions. Here, Vj/(r) is the
confining external potential that the molecule feels.

The non-linear term of the GPe corresponds to the term of the mean-field. Factor g relates
to the intensity of interactions between molecules, with a correction factor, and is given in

terms of the s—wave scattering length as follows [73]

Arhlag

—0.6
g M

(2-27)

The analysis and study of the GPe to describe condensates is one of the most explored areas
of many-body physics. However, we focus on the fermionic case, so the discussion of the
BEC with the GPe formalism concludes here. For more information, we recommend the

reference [66].

2.3.2 Weak Attractive Interactions

When the collision is weak and has a negative value in ag, it means (kpas)~! — —oo, the
result is described by the BCS theory [74,75]. The difference with the BEC interacting region
is that the fermions with opposite spin and momentum form states called Cooper pairs [76].
The analogue of the mean-field GPe is the BCS Hamiltonian.

The cooling techniques limit the experimental accessibility of this region because it is
necessary to drastically reduce the temperature below the Fermi temperature to obtain this
superfluid state. The transition temperature 7. becomes exponentially small as one decreases
the value of T, ~ 0.285—;6_”/ (2kelasl) [77]. Moreover, one of the most significant results of the

BCS theory is the gap equation (A). The gap tends to A oc e~/ (2kras) [70,77].

2.3.3 Strongly Interacting

When the scattering length diverges as — +00, which corresponds to krpas — 0, the fermions
exhibit a universal behavior; for this reason, it is commonly called Unitary. In the universal
quantum gas, the interatomic distance, given by n~1/3, and the Fermi energy is the unique
relevant quantity [78]. Remarkably, the resulting equation of state for this region is identical
to the non-interacting Fermi gas (2-10) [1].

Recapitulating, Fig. 2-2 shows a phase diagram of the interactions between fermions
distinguishable as a function of the temperature (compared with the Fermi temperature). The
dashed line represents the temperature of molecule formation: above the line, the fermions
are unpaired, and below the line, they start to form pairs. The full line represents the
characteristic temperature to present superfluidity behavior in the ultracold sample.

We can observe that both lines of the diagram are different in the repulsive interaction
region, describing three sections: above the pair formation temperature (a Fermi gas of two
components), between pair formation and the presence of superfluidity (thermal molecules),

and the region below the critical temperature (molecules that can form a BEC). The diagram
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Figure 2-2: Phase diagram of interacting Fermi trapped mixtures as a function of the dimen-
sionless temperature T'/Tr. The solid line shows the critical temperature T, for superfluidity,
while the dashed line marks the pairing formation limit. Adapted from Ref. [1].

was originally constructed by [79], and this version is taken from [1].

2.3.4 Mean-Field Shift

We cannot ignore that we are working in the domain of many-body systems. Then, the

interactions between atoms cause an energy shift, which is usually described by the mean-field

effect. In other words, the atom interacts with the others in an effective interaction [22].
Thus, in a fermionic sample of two species (labelled as 1 and 2) in the low-energy regime,

where s-wave collisions predominate, the energy difference between these two species will be
AFE13 = hvig + hvpgs. (2-28)

v19 is the natural resonance frequency for a non-interacting system, while the frequency vps
corresponds to the mean-field shift effect.

A formal deduction of this correction can be found in [66], but it will be sufficient to follow
the qualitative deduction of [80]. As we have seen in the section on scattering, it is important
to know that the colliding particles are distinguishable. The potential felt by a fermion with

mass m is proportional to the atomic cloud of density

dmhag
m

U=

n. (2-29)

Turning back to the two species, the potential given in (2-29) leads us to know the explicit

form of vp,¢, which is

Arh
Vinf = %“mna. (2-30)
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Subindex ¢ indicates the population opposed to the state where the energy is corrected. We
assume that the mass is the same in any case. The mean-field shift correction is relevant to

this work because it will be applied when generating a species from an existing one.

2.4 The Feshbach resonances

As we have seen in the development of this chapter, fermions trapped in the ultra-low
temperature regime will behave differently depending on the intensity and sign of their
interaction.

One of the appealing features of lithium is its broad ability to modify the interactions
through a magnetic field. This phenomenon is known as Feshbach resonance, also Fano-
Feshbach resonance [2]. Feshbach described this phenomenon from the point of view of nuclear
physics [81,82]. On the other hand, Fano simultaneously described this behavior from the
atomic physics perspective [83].

A good first approach to understanding Feshbach resonances is to take the results from the
scattering problem for a spherical well potential. It is important to mention that Feshbach’s
resonances are not equivalent to potential resonances, but this analogy allows us to understand
the essence of this phenomenon [84].

We remark on one of the fundamental results using this approach, and we refer to the
relation between binding energy and the scattering length near the resonance in the positive

case, that is
h2

Ey=—-——.
mas

(2-31)

This result is essential to the experimental formation of pairs because it is more convenient to
form a pair in the region where as diverges on the Unitary regime, and the binding energy is
too small, i.e., no greater cost to form pairs.

We need to consider that the atom has a more complex structure, and in the presence
of magnetic fields, this plays a relevant role in the interactions. More specifically, the two
internal structures of atoms, electronic and nuclear spin, form a potential hyperfine structure
with the following form

Ve = A(sy -1 +s2 - 12), (2-32)

where the constant A is analogous to the case of the hyperfine structure of only one atom.
The total spins are obtained by the sum of angular momentum formalism S = s; + s9 and
I =i; + i2, electronic and nuclear respectively.

The total electronic spin S results are not convenient for the interaction given by V. As
a consequence, we rewrite (2-32) as the sum of two potentials, where one of these contains the

singlet and triplet split [85]:

A A . _
Vhf = ES -1 + 5 (81 - Sg) . (11 — 12) = Vh—"f_ + Vhf' (2—33)
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Figure 2-3: Two channel diagram of an atom-atom collision with energy E. The Feshbach
resonance occurs when F =~ E.. Image taken from [2] and edited.

In an explicit term V,;, we have the coupling of the triplet (symmetric electron states) with
the singlet (antisymmetric electron state). Note that, its dependence on s; — sg, it means the
relative spin orientation [1]. If there were no coupling between the singlet V. and the triplet

potential Vj4, the atoms would scatter off each other in Vj4(r), changing their phase shift.

We can use Fig. 2-3 to sketch the behavior of the interaction. The singlet potential
constitutes a closed channel (red potential in Fig. 2-4), meaning its continuum states are
energetically inaccessible as scattering final states due to energy conservation constraints [1,86].
A Feshbach resonance emerges when the incoming scattering state, the open channel (black
potential in Fig. 2-4), becomes resonant with a bound state in this closed-channel singlet
potential. The energy of the colliding atoms F aligns with the energy of the closed-channel

bound state.

In the absence of inelastic collision channels, the s—wave scattering length can be tuned

by the magnetic field near the Feshbach resonance, followed by the equation [85]

0B =, (1- 20, (2-34)

where ap, corresponds to the existing background; AB is the magnetic resonance width, and
By is the magnetic value of the center of resonance or the divergence of scattering length.
We omit the derivation of this model; then, we require Scattering Theory in its most formal
form [84].
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2.5 Tunability of the interactions

As mentioned, we can tune the interaction between atoms by using a constant magnetic field
over the sample. This configuration was described in Chapter 1 and consists of two coils in
a Helmholtz configuration [87], providing a resolution close to 0.02 mT in the region of the
ultracold cloud. Its manipulation is through an analog signal that allows the current values
to be ramped.

Remembering that the initially atomic sample consists of the two hyperfine states of the
2231/2 state for F' = 1/2 and F' = 3/2 allows us to form two other types of pairs. We will use

the compact version to denote the accessible low-seekers hyperfine states:

|F=1/2,mp =+1/2) = 1), (2-35)
|F=1/2,mp =-1/2) =|2), (2-36)
|F'=3/2,mp =-3/2) =|3). (2-37)

We establish the other notation based on RGB colors (red-green-blue), see Fig. 2-4. This

color convention will become relevant later in identifying the pairs graphically.

0= =2 @=0

Figure 2-4: Convention for the three lowest hyperfine states of Li used throughout this work,
identified with an RGB color code: |1) (Blue), |2) (Green) and |3) (Red).

After the molasses process, exposed to the section of the experimental setup in Chapter 1,
we arrive at the last cooling stage with the atoms in the |1) and |2) states in a 52(1) : 48(1)
proportion, close to having a balanced sample. These atoms present a Feshbach resonance
around the 83.2 mT with a width of AB ~ 30 mT [52].

We define the interaction strength between two fermions, g;;, as follows

47 h?
Gij = Tas”’ (2-38)

where m corresponds to the mass, our advantage is that, in every case, the mass is the same.
We specified the scattering length with the subindex ij = {12, 23, 13}.

Fig. 2-5 shows the Feshbach resonance for the |1) — |2) mixture. This figure use the
reported data in [3]. The positive region of gi2 (between 55 and 75 mT) corresponds to the
BEC region (light purple zone), and the pair formed are diatomic molecules of size of the
order of as,,. The negative values for g12 (between 85 and 100 mT) corresponds to the BCS
region (light orange zone). The pair formed is the Cooper pair, and its characteristic size
in the position space is much greater than the sample because the binding is formed in the

momentum space. Finally, the divergence region of gi2 (near 8 mT) corresponds to the
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Figure 2-5: Feshbach resonance for the two lowest hyperfine states of °Li. The resonance has
a width of ~ 30 mT, with the scattering length diverging at 83.2 mT. The data plotted was
obtained from [3].

Unitary region (light green zone) where the pair formation is a superposition between the two
other regions.
A correction for the Lithium case to fit the Feshbach resonances is proposed in [88]. The

addition is a factor (a) that increases when the magnetic field is far from the resonance By

a5(B) = ay, <1 - BA_BBO) (1+ a(B - By)). (2-39)

The curve shown in Fig. 2-5 results from complex numerical computations; in this form, the

equation presented before is a rough approximation.

2.5.1 Three hyperfine states of 5Li

Introducing the third state, in the conditions of pair collisions, we have three accessible
Feshbach resonances, which are depicted in Fig. 2-6. The summary of the principal quantities
are collected in Table 2-1, which is considered the most recently measurements in the 6Li
case [3].

We note the proximity between the three possible Feshbach resonances. This implies that
the same experimental configuration can be employed to investigate the remaining two pairs
that are not utilized. This particular condition motivates our interest of have access to the

third species.
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Chapter 2. The two body interactions in the dilute sample

Figure 2-6: Feshbach resonances for the three possible pairings of the lowest hyperfine states
of SLi. Main parameters are summarized in Table 2-1.

’ Paired states ‘ apg (a0) Bop (mT) AB (mT) a (mT!) ‘ Reference ‘
1) — [2) 1582(1)  83.218(8)  26.23(3) 0.004
12) — [3) J1642(5)  80.976(5)  20.02(5) 0.002 3,52, 88]
1) —[3) | -1770(5) 68.968(8)  16.66(3)  0.003 95

Table 2-1: Properties of the Feshbach resonances for the three pairing combinations of the
lowest hyperfine states of SLi. apg is the background scattering length (in Bohr radii, ag); Bo
is the resonance position; AB is the resonance width; and « linear correction parameter (in
mT1).
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Chapter 3

RF Transitions

In the context of ultracold gases, various techniques are used to study the properties of these
rich systems. For this work, RF spectroscopy is central in generating the third state and
performing various measurements and adjustments on our laboratory sample.

The first applications of RF spectroscopy in ultracold atoms emerged simultaneously
with the development of techniques for manipulating ultracold matter [89]. Several examples
highlight the power and versatility of this technique: measuring the pairing gap in a strongly
interacting Fermi superfluid [90,91], determining thermodynamic and geometric quantities
[92-94], and preparing spinor Bose-Einstein condensates (BECs) through evaporative cooling
processes [95,96].

Following Térmé [97], we could consider RF spectroscopy a two-level system, where the
ultracold gas has a suitable transition between two internal states. To have consistency with
our notation, we represent these two states as |i) and |j) (for 4,5 = 1,2,3). A fundamental
characteristic of RF lithium spectroscopy is that the wavelength of the applied RF field
significantly exceeds all other characteristic length scales within the system, typically surpassing
the size of the experimental setup. Consequently, the associated momentum of the RF field is
negligible compared to other relevant momentum scales, such as the Fermi momentum. In
the development of this Chapter, we will review each of the characteristics mentioned above.

Then we will study the response of the atomic sample to the presence of the Feshbach
magnetic field, particularly the Zeeman effect on energy splitting. Then, we will mention the
possibility of performing RF spectroscopy to occupy the third state and how to implement
it, which will be through an antenna based on the one built by the Roati group [21] and
adapted to our experimental setup. In the last part, we will detail the construction and

characterization of this electronic device.

3.1 SLi under the B-Feshbach field

In Chapter 1 we explored the influence of magnetic fields on the electronic structure of an

atom. Then, we discussed in Chapter 2 the Feshbach resonances as a particularly useful
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Chapter 3. RF Transitions

Figure 3-1: Zeeman splitting of the (a) ground state (a) 2251/2 and the first excited state
(b) 22P, /2 and (c) 22 Py /2 of OLi, calculated for the range of magnetic fields accessible in the
experiment.

property of SLi. In this case, it involves a constant magnetic field in the region of the sample.
As a consequence of the presence of the magnetic field, the energy levels will suffer a shift,
which can be studied through the Zeeman effect in the hyperfine structure.

The range of the magnetic field with optical access for imaging, i.e., the possibility of
taking an image by absorption method, is given by the frequency shift produced by the
Zeeman effect. The accessible range is from 50.00 mT to 100.00 mT, which means we use the
Breit-Rabi formula (1-16). We need to consider some constant values to obtain the behavior
described by the eq. (1-16). In the case of the Landé coefficients for the electron and nucleus
for Lithium, we have g; = 2.002 301 4(7) and gr = —0.000 447 654 0(3), respectively [37].

Following these ideas, we show the Fig. 3-1 with the Zeeman effect for the states (a) 225, /2
(b) 22P, /2 and (c) 22 P, /2- This last state cannot be solved with the Breit-Rabi formula, so it
is solved numerically diagonalizing the complete Hamiltonian.

Using the values of properties for the ground state of Li, we can obtain the difference of
the two lowest hyperfine levels, AEys = 228.205 259(3) MHz [37,38]. This value is relevant
for the computation of the frequency for imaging. Another consideration is the energy change
for the state 22P; /2; this is the level we use to excite the ground state for the image process.

We focus on three specific magnetic regions, as previously shown in Fig. 3-2. The first
region corresponds to the non-interacting |1) — |2) at 52.7 mT}; the second at 69.0 mT, and
the last at 73.0 mT. In all three cases, the transitions between |1) and |2), as well as between

|2) and |3), occur at frequencies on the order of ~ 80 MHz in the RF range.

3.2 Magnetic-dipole transitions

As mentioned above, the RF wavelength is significantly larger than the ultracold cloud.

Specifically, the wavelength of an 80 MHz RF wave is approximately 3.75 m in free space. In
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Figure 3-2: Left: Zeeman shift of the ground state hyperfine levels of °Li.(Breit-Rabi solution).
Dashed vertical lines mark four magnetic fields of interest. Right: Schematic representation
of the interaction regimes at these fields: (a) Zero-crossing for the pairs at 52.7 mT. (b) BEC
regime for the |1) —|2) and |2) — |3) pairs at the |1) — |3) resonance in 69.0 mT. (¢) Region
where ag,, = as,, at 73.0 mT. The RF transition frequency for |2) — |3) is indicated.
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Chapter 3. RF Transitions

comparison, the size of the atomic sample is typically three orders of magnitude smaller, on
the order of 1074 m or less. This large disparity of scales allows us to assume that, at the
position of the atomic sample, the effective RF field is spatially uniform. This assumption is
analogous to the dipolar approximation, where the spatial variation of the field over the size
of the atomic system is negligible.

In this scenario, the magnetic dipole transition mediates the interaction between the RF

field and the atoms. The Hamiltonian that can describe this interaction is:
Hrp = —p- B (1), (3-1)

where p is the magnetic dipole atomic vector given by eq. (1-15). Consider that the RF field
is polarized in the region of the atomic sample, i.e., B (t) = Bgry cos (wt + J)ec, with e, the

polarization unitary vector. Then, the interaction (3-1) will take the following form

N 1 ~ ~
Hrr = _ﬁBRF cos (wt + ) (,UBQJJ - MNQII) - €, (3-2)

where w is the RF angular frequency, and 0 is a general phase. In the experiment, § is chosen
by a function generator, but for simplicity, we choose it in the sequence to be zero.

At the end of the experiment sequence explained in Chapter 1, we turn a magnetic field
on, and the quantum samples are generated in the presence of this field. Therefore, a constant
offset defines the quantization axis as aligned with the vertical (gravity direction) axis. For
convenience, we label this axis as z.

In this form, we must ensure that the component of the RF field orthogonal to the Feshbach
magnetic field is non-zero and maximizes the transitions more effectively. For this reason,
working with a polarization e, Le,, the only permissible transitions are the o [41]. Then, we
need to verify that the desired transitions are of this type.

Using the representation of the coupled basis |F,mp) into the uncoupled |mj, mr), we
obtain that

1) = al=1/2,1) = B[1/2,0)
2) = B[-1/2,0) —a[1/2,-1) (3-3)
3) =1-1/2,-1)

where o = /1/3 and 3 = 1/2/3 are the Clebsh-Gordan coefficients. With this information,
we can verify that the two transitions |1) — |2) and |2) — |3) are possible only with the
polarization e_ and satisfy the selection rules AF = 0, mp = 1 and AF =1, mp = —1,
respectively.

In this type of matter-field interactions, the Rabi frequency characterizes the population

exchange between the two states [31,41] and has the following form

p“BRrr
Or = . 3-4
p= b (3-4)

33



Chapter 3. RF Transitions

Therefore, the main task for this experimental project is to construct the appropriate electronic
element to generate a field with these characteristics. This device has an antenna that aims

to optimize the emission amplitude in the component orthogonal to the Feshbach field.

3.3 Generating the RF-field

As already mentioned, the design, construction, and characterization of an antenna that can
emit frequencies around 80 MHz will be our target for the rest of this Chapter. The antenna,
in principle, is an electronic device that uses the surrounding medium as a propagation
medium. The most relevant properties of antennas are the radiation pattern, polarization,
gain, and impedance [98]. For our purposes, we adapt the characterization and geometry
using information from groups such as Roati [99], Jochim [100], and Grimm [101], who use

similar RF antennas for the same purposes.

3.3.1 Design of the antenna RF

We know now the specific values of the RF transitions between |1), |2), and |3), which are of
the order of 80 MHz, and result as a possible value to obtain through an RF signal produced
by an antenna. We must consider some elements and characteristics that we explore in this
section.

The efficient radiation of an antenna depends on the size of the radiative element [102,103].
For our case, taking as a reference, the antenna length must be approximately 3.75 m, which
corresponds to the wavelength in a vacuum. This length in a medium as a coaxial cable is the
order of 2 m. For the dimensions of the fermionic lithium experiment, it is impossible to put
an antenna of this size, and it never works efficiently. For this reason, the size of our antenna
is far from an efficient radiation of RF. We must compensate for these restrictions with high
power.

In this form, we design an amplifier circuit for an RF signal, whose scheme is presented in
Fig. 3-3. In the sketch, we show the antenna and its connections. This circuit is a peripheral
device, integrated into the control system described in the Chapter 1.

The wave generator used to obtain the pulses of the desired frequency is the KEYSIGHT®
wave generator 33600A, controlled by an external trigger digital signal'!. To send a selected
frequency, we define the waveform as sinusoidal. The amplitude of the signal cannot be higher
than 20 dBm, and for the limitations and efficiency of the amplifier, we operate under 10
dBm. The trigger is selected as external?. We must be careful not to have a delay; otherwise,
in the trigger menu, it can be omitted.

This signal output comes from channel 1 in the wave generator and is sent to an ultrafast

response attenuator of Mini-circuits®. This attenuator is a switch triggered® to turn off the

!Channel 8C of the control console
2back of the device
3channel 4C
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Figure 3-3: Sketch of the diagram generating and amplifying the RF signal. The Wave
generator is controlled by an external trigger (8C), which crosses the switch controlled by the
control system (4C) and arrives at the amplifier.

signal more efficiently. The output signal continues arriving at an amplifier through an SMA
cable.

We use the Mini-circuits® Amplifier ZHL-100W-GAN+, powered by a power source,
Delta Electronics®, with 30 V at 8 A. When introducing a signal under 7 dBm, the output
signal amplifies +41 dB. In the range between 7 dBm and under 20 dBm*, the output signal
is lower than +41 dB. This characterization was measured using an attenuator of +40 dB
and seeing the upper signal in the ZVL Network Analyzer (Rohde & Schwarz®).

Finally, the RF signal travels through an SMA cable from the output of the amplifier
to the antenna near the atoms. The terminals were connected to a PCB board so the SMA

cables could be connected.

3.3.2 Antenna

The antenna must be placed as close to the atomic sample as possible because the magnetic
dipole decays as the cube of the distance [102,104,105]. This condition requires us to place
the antenna at the window of the vertical axis, the closest to the sample. This restriction has
another tiny detail: The window of the vertical axis is for the optical access to the MOT and
the imaging beam. Furthermore, this vertical access consists of a cylinder that contains the
MOT coils refrigerator system. Then, the antenna must be adequate for these conditions.
An antenna loop is the most convenient option. However, a ring loop is not the solution
because the required magnetic field must be orthogonal to the Feshbach field and oriented

toward gravity. The best candidate for our antenna is a loop with bean form [21].

4This is the maximal value that can be used in the input; we recommend operating under 18 dBm.

35



Chapter 3. RF Transitions

Figure 3-4: Design and assembly of the RF antennas. (a) Final antenna structure with
soldered PCB boards and antenna wires. (b) Bent copper wires forming two-loop (left) and
three-loop (right) designs. (c¢) 3D-printed mount for the antennas. (d) 3D model (Autodesk
INVENTOR) of the complete assembly, showing the support, cover, and height-adjustment
accessory.

Fig. 3-4 presents the final antenna form and the sketch made in the (e) 3D modeling
software INVENTOR® and (c) then printed with a 3D printer PRUSA® . (b) The copper
wires were bent using a lathe. Each loop has a length of 37.70(5) cm, comparable to the
A/10 in the vacuum. We are in the range of a short antenna for this case. This particular

characteristic gives us a high inductive reactance, and its behavior is that of a magnetic dipole.

3.4 Characterization of the antenna

To optimize the orthogonal projection field of the antenna, we need to ensure a maximal
signal radiated. The first option is to use a balun(balanced-unbalanced lines transformer), an
impedance transformer designed to couple a balanced transmission circuit and an unbalanced
transmission circuit [98]. Instead of having the antenna referenced to the ground, the balun
creates a signal with a half-period phase shift, which improves the emission by balancing
it. We can generate the phase shift using a cable of the appropriate length to achieve the
required imbalance, a half-wave balun (A/2 balun).

Figure 3-5 shows the connection circuit diagram. Here, the cable labeled \/2 corresponds
to the measured lengths once the phase velocity of the RF wave in the coaxial cable is known.
This extension of the antenna provides the effect of a balun. The second factor that optimizes

the antenna radiation is the impedance matching of the circuit to 502, which is achieved
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Figure 3-5: Circuit diagram for the RF antenna system. The signal from the amplifier passes
through an impedance-matching network (grey box) containing a phase-shifting BNC cable
and capacitor circuit. It is then split by a T'—junction, with one path leading to the antenna
and the other to a A/2 balun for impedance matching.

using a circuit with variable capacitors.

3.4.1 Phase velocity of an RF wave

The current feeding of the antenna is transmitted through an SMA coaxial cable, so it is
important to know the propagation velocity of the RF wave in this material, i.e., the phase

velocity:

vp(”) = ﬁa (3-5)

where v corresponds to the frequency and e the dielectric constant of the material. Then, we
measure the proportion in terms of a free propagation ¢, and the procedure is detailed below.

The RF signal generated by the KEYSIGHT was sent through a 2-meter BNC cable to
an oscilloscope with a bandwidth of up to 2 GHz. The signal was fed into one oscilloscope
channel, where a signal T-splitter was connected. The SMA cable under test, which was
assembled for us in the LMU, was then attached to the T-splitter, and its output was sent to
another channel of the same oscilloscope.

It is important to remark that the signal was not completely split because the oscilloscope’s
input impedance is 1 M2, while the SMA cable has a characteristic impedance of 50 2. The
phase difference between the two received signals was measured and is shown in Fig. 3-6. To
verify the results, another cable was tested with a length of 2 meters. The SMA cable used
for the measurement had a 1.010(5) meters length and produced a phase shift of 7 radians.

In our case, it was calculated for the characteristic frequency at the transition between
states |2) and |3) for a Feshbach field of 73.0 mT, 82.406 9 MHz. We can determine our

material’s phase velocity scaling factor. Since the phase shift corresponds to half a period,

37



Chapter 3. RF Transitions

Fun Trig'd a Muoise Filter Off

A0y

EBF-FE

Figure 3-6: Oscilloscope screenshot showing the test of a dephased wave propagating through
a coaxial BNC cable.

we multiply the frequency 1o3(73 mT) = 82.406 9 MHz by the length of the whole period
2 x 1.010 m and divide by the speed of light in free space c¢. This calculation yields a scaling
factor of 55.53(5)%.

We discarded the possibility of a 37 phase shift because, under this assumption, the scaling
factor would be around 30%, which is inconsistent with the material’s properties and would
result in inefficient signal propagation.

Substituting the frequency with the |1) — |2) transition v12(73 mT) = 76.102 5 MHz, we
find that the required cable length for a half-wavelength balun is 1.094 meters for this case.

We have reviewed the balance of the transmission line. However, it is also crucial to
ensure that the impedance of the circuit is matched to 50 Q with zero imaginary part (purely
resistive); these parameters are the optimal efficiencies of any antenna. This adjustment is
important to minimize power reflection in the circuit, which can degrade signal integrity or
damage the RF amplifier [106].

To demonstrate the significance of impedance matching, we performed measurements in
an ez-situ configuration, maintaining the approximately same distances between the antenna
and the atomic sample. The magnetic field component of interest was measured using the
TekBox EMC Probe Set test antennas. The results of these measurements are shown in the
adjacent Fig. 3-7, highlighting the impact of proper impedance matching on the maximum
efficiency of the system and the reduction of reflections.

The signal received by the test antenna is amplified using a ZFL-500LN+ amplifier
(Mini-Circuits), which has a response of +28 dB for the frequencies corresponding to the
transitions we are working with. The amplitude and waveform of the signal were verified
using an oscilloscope with a maximum bandwidth of 2 GHz. The emission frequency was also
monitored using the Network Analyzer (Rohde & Schwarz) in spectrum analyzer mode, with
a bandwidth of 300 Hz.

Fig. 3-7 shows the effect on the emission in the ex-situ measurements, where for a matching
system, the emission is notably more than the non-matching case. The data in the graphic

presents a linear response from the circuit of the antenna, but in the case of the non-matched

38



Chapter 3. RF Transitions

Figure 3-7: Comparison of antenna emission without impedance matching (blue dots) and
with impedance matching (orange diamonds). Data were obtained using the antenna probe
setup.

antenna (blue dots), presents a saturation in the higher power set emitted by the function
generator.

To integrate the half-wave balun, we had to extend the antenna terminals to bring them
closer to the position of the amplifier (located under the main optical table). Figure 3-5 shows
the resulting circuit design for the antenna.

The circuit’s response was examined using the network analyzer by evaluating the scattering
matrix’s Soo parameter for this configuration [102,107]. This component contains the reflection
coefficient data.

We extracted the impedance data, including its real and imaginary components. With
this information, we determined the circuit modifications needed to minimize the imaginary

part and obtain an almost purely resistive impedance 50 €2.

Reduce the Imaginary Impedance

The imaginary part of the impedance corresponds to the reactance X of the circuit. This
value is formed by the inductive part Zj, (positive value) and the capacitive part Z¢ (negative

value) of the circuit, both given by

7

75, = wl Zo=——.
L WL, C wC

(3-6)

The frequency of the alternating current (AC) is w, the inductive response of the circuit L,
and the capacitive response C'. Using the network analyzer. If the value of the reactance is

negative, we know that we need to integrate an inductor device equivalent to the negative
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Figure 3-8: Smith charts of the Sos parameter for the antenna circuits. In both maps, the
red trace shows the original impedance values from 70 (M1) to 90 MHz (M3), while the green
trace represents the matched impedance at 50 €. The marker M2 is set at (a) 76.11 MHz and
(b) 82.43 MHz.

value. In the other case, we need a capacitor element to set the imaginary part to zero.

In our case, the value was negative and around to 100 — 200 2. The solution contemplates
the elaboration of a dephase BNC cable. This cable helps us to set the imaginary part in the
region values of 100 mf2. The cable length corresponds to the dephase angle for the frequency
of interest to rotate the curve on the Smith Chart. Also known as the Reflection-coefficient

chart, it is a conform mapping of the passive impedances [98].

Set the Real Impedance

To obtain a signal with a 50 €2 in the real part of the impedance (resistance),
Z R = R. (3'7)

We use a circuit of variable capacitors (GZC12100, Sprague-Goodman) ranging from 9 to 120
pF. By adjusting the capacitance, we obtain the value of 50 2. This procedure was realized in
both antenna circuits. The differences are shown in Fig. 3-8, where the two curves represent
the signal obtained by the Network analyzer and mapping into a Smith chart in a 20 MHz

range centered in the mean frequency for each transition.

3.5 Antenna Mounting

After integrating the antenna into the experimental setup, we observed the radiation’s true
effects in the ultracold lithium cloud. This test provided valuable information on the radiated

power since the signal was detectable in all electronic devices. We took advantage of this
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observation and placed a test antenna over the analog and digital terminal consoles. We could
verify the emission’s realization by monitoring the RF pulse on an oscilloscope.

Fig. 3-9 presents the final version of the antenna. This figure consists of four images:
(a) shows a 3D scheme of the position of the antennas in the science chamber system; we
used the post holder PHGE of Thorlabs to reach the necessary height to be close to the lower
vertical window of the science chamber. The upper window was not a possibility due to the
presence of the microscope objective for the high-resolution imaging system. Chart (b) shows
a photograph of the antenna assembly before being inserted into the optical access cylinder.

The antenna was placed as carefully as possible, neither disrupting optical access nor
misaligning in the vertically propagating beams system. Fig 3-9(c) shows the measures used
to avoid those mentioned above; (d) is the final position of the antennas.

Two antennas were inserted into the plastic mold: one designed for the |1) —|2) transition
with a two-loop configuration, and the other for the |2) — |3) transition with a three-loop
configuration. The number of wire turns was optimized based on preliminary observations
to reduce low-efficiency challenges. Furthermore, impedance matching analysis confirmed
that the two-loop antenna performed best at 76 MHz, while the three-loop configuration had
optimal response at 82 MHz.
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Figure 3-9: Final antenna installation. (a) 3D schematic of the antenna position relative
to the science chamber. (b) Photograph of the antenna assembly before insertion into the
vertical access port. (¢) Key dimensional constraints of the mount to avoid obstructing optical
beams. (d) Final installed position of the antennas.
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Measurements with RF emissions

At this point, we are ready to observe the first results of the use of the RF signal to access
the third state |3), but also to adjust the antenna prepared for the transition to excite the
|1) to |2) state. In this sense, this Chapter compiles the main results of the first tests of
the antennas installed in the LMU experimental system, and we will highlight many of the
operational considerations.

Observing the initially unpopulated state is the most basic indication of antenna perfor-
mance. For this purpose, we will present the protocol for observing the population of interest.
Finally, we will show the Rabi oscillation observed with both antennas.

The magnetic field of choice for this investigation was 73 mT. Unlike most third-state
transfer experiments implemented (in other groups) around the BCS regime ~ 87 mT [21,22].
We specifically explored the regime where the |1) —|2) and |2) — |3) interactions share identical
scattering lengths (see Fig. 2-6).

4.1 First Considerations

The first step is to ensure accessibility of the state, which means that the imaging light we
send must be suitable for exciting the state. Following the idea of the imagining process, we
remove it using light in resonance with the excited state, 22P; s2- This frequency of light is
controlled via the software control, which in particular operates the imaging AOM!' centered
at 200 MHz or the other at 350 MHz, each with a tuning range of £50 MHz. The choice of
AOM depends on the total energy shift required to excite the target state (see Appendix A).

In Table 4-1, we present the frequency center value of the absorption imaging process
used to observe the required state. This table only shows the case of the two projections of
F =1/2 from the ground state. Note that the first test with antennas produced a balanced
sample of |1) and |2) states.

'The Acusto-Optic Modulator is a device that can control the transmitted power, frequency, and/or spatial
direction from a laser beam.
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Frequency (MHz)
State | AOM
52.7mT 69.0 mT 73.0 mT 83.4mT

rep — 200.0 200.0 -
i cool — — — 94.0

200 MHz — — — —
350 MHz — 307.9 337.25 302.0

rep 190.0 200.0 190.0 —
cool — - — 94.0

12 200 MHz 223.5 — — —
350 MHz — 345.2 365.5 369.7

Table 4-1: Center frequency settings (in MHz) for the acousto-optic modulators (AOMs) used
to image specific spin states at various magnetic fields. rep and cool refer to the repumper
and cooling laser beams, respectively. A dash (—) indicates the setting was not used for that

specific state and field.

4.2 The non-interacting system

As we have mentioned in Chapter 1, we prepare the atomic gas during the evaporative cooling
stage at the 83.4 mT field; then, to arrive at the 52.7 mT field, we need to achieve a magnetic
sweep crossing to the weakly repulsive interacting region, where the atoms paring as diatomic
molecules. For this reason, we have a limitation in obtaining an ideal gas because the formation
of pairs is highly probable in the positive scattering lengths.

Our solution for breaking these pairs is the execution of two magnetic sweeps. The first
is from 83.4 mT to 50.0 mT, arriving at this last magnetic field value, where the scattering
length is negative and “weak”, such as the dissolution of any pair formed throughout the
positive range. A second sweep is executed from 50.0 mT to arrive at the 52.7 mT where
the interactions are null, in the literature known as zero crossing (Fig. 4-1). Both sweeps
during 100 ms, and the separation between both is similar to the time sweep duration, and a
thermalization time of around 90 ms.

It is worth mentioning that on October 18, 2024, we reached for the first time at LMU
the realization of an ideal atomic gas. Fig. 4-2 shows the first image of this new accessible
regime for the LMU with a good noise signal.

Working with the ideal fermionic gases mixture |1) — |2). In this condition, we apply the

following protocol for the antenna |1) — |2) (see a diagram of Fig. 4-3):

1. Make an image of the atoms in both states, verifying the presence of these two states.

We concentrate on the state |2), monitoring the presence of the state |1) in intervals.

2. Execute a shot of resonant light for 4 us to eliminate every atom at the state |2). This

action is called blast and would be a recurrent technique to prepare the system and
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Figure 4-1: Zero crossing for the three types of pairs formed with the lowest hyperfine states
of OLi.

Figure 4-2: First realization of a non-interacting |1) — |2) Fermi gas mixture at LMU. The
image was obtained at the final stage with a high-power ODT. The side panels show the
integrated density profiles, shown here as references.
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Figure 4-3: Implemented protocol for the realization of the first transference |1) — |2) in
the gas ideal condition. See the more detailed procedure in the algorithm described in the
text.

’ Parameter ‘ Symbol ‘ Value ‘
Magnetic Field By 52.3(2) mT
Transfer Frequency V12 75.600 9(7) MHz
Shift Frequency' Avyo ~ 300 kHz
Pulse Time tRF 500 ms?

Power set Px —2 dBm

Table 4-2: Parameters used to see the first transference |1) — |2) (see Fig. 4-4). TThis
shift is to respect of the theoretical value. This extended pulse damages the amplifier; we
recommend omitting it to operate at these times. The power set is the KEYSIGHT output.

probe the re-population of the state to evaluate. Then, check the presence of the atoms
in [1).

3. Verify the effect of the blast by seeing the image of the state |2). There must not be

any atoms.

4. Activate the RF emission. Controlled by the subroutine: RF-constant.sub® in the control

system program. The duration, tgw, of this pulse, is shown in the table 4-2.

5. Make an image of the state |2). To observe the transferred atoms, we perform a sweep
of the frequency sending for the KEYSIGHT, moving in the scale of 1kHz in the vicinity
of the 112(52.7 mT) = 75.32 MHz.

Fig. 4-4 shows the first transference of atoms in the non-interacting regime. We select
this regime to avoid the mean-field shift. We expected to verify the theoretical values, but
the signals could not distinguish any population fluctuation in each state. Then, we cannot
perform detailed RF spectroscopy in this region, but we have guaranteed the antenna’s
functionality |1) —|2).

Until this point, the efficiency of the antenna was not optimal. We reaffirm this sentence
for the instability number after the transference. The following results were obtained with all

the considerations described in Chapter 3.

2Consists of the sequence 4C-ON, 8C-ON, 8C-OFF, 4C-OFF, with the separation of the time pulse.
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Figure 4-4: Absorption image demonstrating the first successful [1) — |2) RF transfer
observed in the ideal gas regime at LMU (February 18, 2024). The side panels show the
integrated density profiles, shown here as a reference.

As a comment, we can implement another technique consisting of the automated sweep
to excite the sample under the Landau-Zener transition, usually called adiabatic transition
[69,108].

4.3 Optimizing the RF spectroscopy

Operating with the antennas in the optimal condition described in Chapter 3, we were able to
observe more stable transfers; the oscillations in the number of the newly populated state
already fluctuated by 10%. Because the RF emission had been optimized, we could see the
transfers for orders of less than a millisecond (< 1 ms).

The sequence for verifying reduced transfer times involves two key steps: First, we establish
successful state transfer with 20 — 50 ms pulses, an order of magnitude shorter than initial
attempts. Subsequently, we progressively decrease the pulse duration while monitoring the
transfer efficiency.

A critical experimental consideration is that the time-image realization must be delayed
by at least 500 us after the RF pulse termination. This delay is necessary because the 100
MHz AOMs are affected by the proximity in terms of time between the RF-antenna signal
and the RF range operation of the AOMs.

Fig. 4-5 displays the results for the shortest achieved pulse durations (~ 800 us), demon-
strating how transfer efficiency varies with output emitted power, which is controlled via input
power settings in the KEYSIGHT. The observed oscillatory behavior confirms Rabi dynamics;
for fixed pulse durations, the transfer probability follows the expected Rabi oscillation profile
as a function of applied RF power, described by (3-4).

Then, each emitted power has a different period of the Rabi oscillation. The optimal
power corresponds to the maximal transferred atoms in the minimal duration of the pulse.
For this reason, if we see the transferred atoms after a long RF pulse, the transferred number

has fluctuations around the 80% because the emission of a non-optimal condition antenna
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Figure 4-5: Transfer efficiency as a function of RF power. (Top) |1) — |2) transfer at a
final ODT power of 50 mW. (Bottom) |2) — |3) transfer at a final ODT power of 70 mW.
The fraction transferred is calculated relative to the initial population of the initial state.

is unstable. At the same time, it allows us to discard the fact that the fluctuations in the
number of transferred atoms originate in an unstable Feshbach magnetic field.

We observe a tendency to saturated transference after the 10 dBm; we refer this factor to
the response of the amplifier. With this information, we work with the interval between 7
and 10 dBm, the amplifier increases +41 dB, which means ~ 100 W. Although we cannot
measure the radiated power directly from the antenna at the current position, atoms are the

best sensor of its efficiency.

4.4 A strong-interacting system

The selected magnetic field to work with this phenomenon is 73.0 mT, value for which the
interaction strength of two types of interactions |1) —|2) and |2) — |3) are equal, as we can see
in Fig. 4-6. Performing a sweep like the one conventionally done at 69.0 mT is enough for this
interaction regime. At 73.0 mT, the frequency between the |1) and the |2) is 79.109 96 MHz.

The initial attempt to perform the |1) — |2) transfer followed the same protocol developed
for the non-interacting case. Modifying the blast parameters, i.e., intensity and duration, with
the caution not to destroy both states simultaneously. The solution instead emerged from
optimizing the blast timing within the experimental sequence. Before presenting our developed
protocol for strongly interacting systems, we explain the blast characteristics beyond the

weakly interacting regime.
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Figure 4-6: Image of the Feshbach resonances for the pairs |1) — |2) and |2) — |3), which
have the same scattering length. The Feshbach resonance for the remainder pair is not shown
because it is located in the BCS region.

The blast sequence is our primary method for state-selective removal, achieved by exciting
atoms to a non-ground electronic state. This procedure constitutes the first light pulse in our
imaging subroutine. We modified the standard imaging sequence for this specific operation by
eliminating the two subsequent light pulses and turning off all camera triggers. The required
frequency for this operation corresponds to the AOM frequency imaging specified in Table 4-1.
For the interacting regimes, the blast is performed before being below the critical temperature
and before the magnetic field sweep. It is important to note that the blast is done at an offset
of the Feshbach field of 83.4 mT, because the binding energy is small compared with other
positive values of the as; > 0.

Therefore, the protocol to obtain the first optimal transference at 73.0 mT is the next:

1. Realize the blast of the state |2) during 15 us. This blast is made when the atomic gas

is purely thermal.

2. Make an image of the atoms in both states. We watch the image of the state |2) without

losing view of the presence of the state |1).

4. Activate the RF emission. Controlled by the subroutine: RF-constant.sub in the control

system program. The characteristics of this pulse are shown in the Table 4-3.

5. Perform a sweep of the frequency sending for the KEYSIGHT, moving in the scale of
1kHz in the vicinity of the v12(73.1mT) = 76.109 96 MHz.
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Parameter Symbol ‘ Value ‘
Magnetic Field By 73.1(3) mT
Transfer Frequency V12 76.116 7(2) MHz
Transfer width Ly, 2.6(1) kHz
Shift Frequency Avio ~ 7 kHz
Pulse Time tRF 0.800(10) ms
Power set Pk +10 dBm

Table 4-3: Parameters used to see the transference |1) — |2) at 73.0 mT (see Fig. 4-7). The
power set is the KEYSIGHT output.

Here, the distribution of atoms along the confinement trap is optimal for adjusting the
frequency by observing the transferred number. Similar to the imaging process, we scan the
frequency and save the population data of each state. We obtain the following graph (Fig.
4-7) with a Lorentzian fitting.

In table 4-3, we change the value of the magnetic field after a recalibration of the magnetic
field. Adding Fig. 4-7 reveals a transition with a width of 2.6 kHz, which could be associated
with the final temperature value [90]. Some references [21,22,109] indicate that the effect of
the mean-field is suppressed or in the order of the ~ 5 kHz (in our case). We can consider that
the Avqs comes from the mean-field effect, but it may also include the effect of fluctuation in
the Feshbach magnetic field magnitude Bj.

The error bars shown in Fig. 4-7 are obtained with the standard deviation of a set of
around seven measures for frequency, being more stable at the top of the transference and in
the lower values. The main reason is that the noise difficult counting the minimal transferred

atoms.

4.5 Rabi Oscillation in |1) — |2)

Once we obtained the transference central frequency |1) — |2), the next step is to study the
full transference, duration of the RF signal emission is called m—pulse, given by the period of
the Rabi oscillation, with the Rabi frequency (3-4).

Following the results of the measurements given by Fig. 4-5, the optimal power emitted by
KEYSIGHT is 10 dBm. Using the same protocol to observe the first transference, at the 50 mW
as the final value of the ODT power, we obtained a Rabi frequency of Qg,,/2m = 1,329 £ 13
Hz and a period of 752 us. This oscillation is presented in Fig. 4-8, where we selected two
images from the imaging software to illustrate the difference in the population observed.

The m—pulse of the RF transfer corresponds to the full transference, while the 7/2—pulse
sends the atoms into a superposition between the two states. All these values are measured
and presented in the table 4-4.

We conclude the results of the first measurements for the transference |1) — |2) realized
in the LMU. One of the most important results of this procedure is that we can balance the

sample in a portion of 50% of each state, which is important to maintain the superfluid state
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Figure 4-7: RF spectroscopy of the |2) state population after a |1) «— |2) transfer pulse at
By = 73.0 mT. The data is fit with a Lorentzian function (orange line)), yielding a center
frequency of 19 = 76.116 68(2) Hz and a width of I" ~ 2.6 kHz.

Parameter Symbol Value ‘
Power set Py +10 dBm
Rabi Frequency Qr,, 27 x 1,329(13) Hz
Period T12 752(4) ps
m—pulse tr 376(4) us
m/2—pulse Lr/2 188(4) s

Table 4-4: Principal parameter from the Rabi oscillation for the transfer |1) — |2) measured
in the LMU (see Fig. 4-8).
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Figure 4-8: Rabi oscillation of the state |2) at the final value of the evaporation ramp
associate to 50 mW in control. We identify two images of the cloud (a) for a few transferred
atom numbers and (b) one image of the higher transferred.
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Frequency (MHz)
State | AOM | o0 7 71.0mT 73.0 mT
rep 200.0 180.0 —
13) cool — — 90.0
200 MHz — — —
350 MHz 325.0 370.0 307.5

Table 4-5: Center frequency settings (in MHz) for the acousto-optic modulators (AOMs) used
to image the |3) state at various magnetic fields. A dash (—) indicates that the specific laser
beam configuration was not used for imaging at that particular field value

’ Parameter ‘ Symbol ‘ Value ‘
Magnetic Field By 73.0(3) mT
Transfer Frequency V12 82.346 8(4) MHz
Shift Frequency Auvsg ~ —25 kHz
Pulse Time tRF 180(4) ps
Power set Pk 10 dBm

Table 4-6: Parameters used to see the transference [2) — [3) at 73.1 mT (see Fig. 4-9). The
power set is the KEYSIGHT output.

for a long time. The next section explores the first manipulation of the third lower hyperfine
state of OLi.

4.6 The third state

We calculate the energy shift required to observe the state |3) at 73.0 mT. We obtain the
central frequency for making an image at this magnetic field using the Breit-Rabi formula.
The optimal frequency values for the AOMs are presented in Table 4-5.

We do a similar procedure to obtain this state, explained with the following protocol:

1. Realize the blast of the state |1) with a light shot of 15 us. This blast is made before

crossing the critical temperature for the offset By = 83.4 mT.

2. Make an image of the atoms in both states. It means, that we watch the image of the

state |2) and in some iterations verify the presence of the state |1).
4. Do not forget to set the frequency and amplitude of the signal in the wave generator.

5. Activate the RF emission. Controlled by the subroutine: RF-constant.sub in the control

system program. The characteristics of this pulse are shown in the table 4-6.

6. Perform a sweep of the frequency sending for the KEYSIGHT, moving in the scale in
steps of 1kHz in the vicinity of the v93(73.0 mT) = 82.382 4 MHz.

RF spectroscopy for the state |3) is shown in Fig. 4-9. Here, the shift Avos is negative

compared to the theoretical value, which is negative and of the order of 20kHz. For this final
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Figure 4-9: RF spectroscopy for the transfer to the |3) state at By = 73 — 0 mT. The
Lorentzian fit gives a center frequency of vo3 = 82.346 8(4) and a width of 11.78 kHz.

value of the power in the last evaporation ramp, we could assume three relevant aspects: (1)
the frequency shift of the mean-field, (2) the final temperature of the atomic sample, and (3)
the real offset of the magnetic field By.

Another aspect to note is the size of the error bars in Fig. 4-9, which, as in Fig. 4-7, are
of the order and can represent the fluctuation of the magnetic field. Proceeding as in the case
of transfer |1) — |2), the next step is the measurement of the Rabi oscillation.

The Rabi oscillation for the state |3) is a fundamental part of integrating this technique
in the experiments where the mean times are in the order of milliseconds. Then, with a power
set in the output of the wave generator of +10 dBm, more or less 100 W in the output of the
amplifier, the Rabi oscillation is present in Fig. 4-10.

In Fig. 4-10, we integrate a series of four images that correspond to four distinct moments
into the Rabi oscillation, from (a) a transfer of less than 30% to (d) a complete transfer. For a
final value of 50 mW of the last evaporation ramp, the Rabi frequency is Qg,, /27 = 2,800 £ 30
Hz and a period of 103 = 357 us.

Other characteristic values for this phenomenon are collected in the Table 4-7. We highlight
the maximum transfer time, w—pulse, t; = 178.5 us. This short time, in comparison with the
lifetime of the ultracold sample (~ 500 ms), was obtained thanks to all the improvements
presented in this work. It is ideal for integrating into the future routines of the collective
excitations or exploring problems with impurities or balanced samples of three species.

The last figure contains two Rabi oscillations in the same system but from two possible
perspectives: the transferred state and the complementary state, where the atoms are
transferred. In the following, we discuss the most important elements of Fig. 4-11.

The two measurements show the Rabi oscillation for the transfer |2) — |3). The red data
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Figure 4-10: Rabi oscillation of the state |3) at the final value of the evaporation ramp
associate to 50 mW sent in control program. We use four images to depict (a) a poor
transference, (b) a transference in the near of a w/2—pulse, (c¢) a transference of more than
the 75%, and (d) a fully transferred |3) system.

Parameter Symbol Value ‘
Power set Py +10 dBm
Rabi Frequency | Qg,, 27 x 2,800(31) Hz
Period To3 357(4) us
m—pulse tr 178.5(4) ps
7 /2—pulse tr/2 89.3(4) us

Table 4-7: Parameters from the Rabi oscillation for the transfer |2) — |3) measured in the
LMU (see Fig. 4-10).
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Figure 4-11: Rabi oscillations for the |2) — |3) transfer at By = 73.0 mT, showing the
complementary populations of state |2) (green, 36 mW ODT) and state |3) (red, 50 mW
ODT). The oscillations are counter-phase and share the same frequency Qpg,, /27 = 2.8 kHz.
Damping in the green data is attributed to increased interactions at lower temperature.

is for the population of the state |3), while the green data is for the population of the state
|2). The most important difference is that the final evaporation value conditions are not the
same: for state |2), the value is 36 mW, while for state |3), it is 50 mW. However, the RF
pulse condition is the same in both.

The error bars correspond to the standard error and are therefore shown differently
compared to Fig. 4-10. We can observe that in both cases, the pulse increases, and the data
dispersion also increases. This effect is attributed to both the amplifier and the antenna
output.

We can notice the attenuation in the state |2) population oscillation, which is not noticeable
with state |3). This effect is caused by the fact that when we reach a lower temperature, the
interactions between the states start to complicate the transfer.

A final factor to rule out is that both events show the same frequency, with the respective
counter-phase. Both Rabi frequencies are ordered at 2.8 kHz. This result is appropriate
for the times manipulated in the experiment. It shows that the proximity of the antenna
(overcoming the decay of the radiated magnetic field) and impedance optimization (reducing

reflections in the signal) were crucial.

4.7 Remarks

We need to clarify some details to bring a successful RF transfer:

e We need to pay attention to and exercise caution regarding the loads in the input
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and output of the amplifier. In principle, in the output we have a short circuit with
an antenna terminal by its very low impedance, around tenth €2, but connecting any
element of high power radiation is necessary. In the input, checking that the amplifier is
turned on before applying any signal is necessary. These cautions are very important to

avoid damaging the device.

e The position of the antenna is critical due to the physical conditions of the experiment,
in particular, the framework in steel. 5 cm marks the difference between transfer and

not.

e We recommended only one antenna for any RF frequencies. We implemented a dual-
antenna configuration because we do not have a commercial balun optimized for the

operating range.

« We note that the originally used long pulse durations (~ 107! s) pose risks to high-power
amplifiers, even when driven with low input power from the KEYSIGHT source. The
pulse duration can disturb the electronics involved in the experimental sequence. We

emphasize avoiding such extended pulse durations in future operations.

e From the beginning, it is necessary to design an antenna inside the science chamber,

with an orthogonal position related to the quantization axis.

Following these technical considerations, we realized operational tests with the antenna system
described in Chapter 3.
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Chapter 5

Conclusions and Perspectives

5.1 Conclusions

The main objective of LMU is to manipulate and control quantum matter, specifically with
ultracold Fermi gases. The selection of the fermionic isotope of lithium is far from arbitrary;
rather, it reflects its profound potential for revealing complex quantum phenomena. Although
this work provides the fundamental tool and technique to perform transitions in the hyperfine
Zeeman states accessible in the LMU experiment, it underscores the significance of lithium-
based systems. Working with lithium presents substantial experimental challenges, and this
text exposes the use and function of the RF technique to incorporate into the LMU. A
summary of the main results follows, accompanied by a brief discussion and a forward-looking
perspective on promising avenues for future research.

In Chapter 1, we provide a brief overview of the lithium atom, treating it as a hydrogen-
like system and using concepts accessible to an advanced undergraduate or graduate physics
student. The second part introduces the lithium-6 isotope and its fermionic nature, reviewing
the case of a free Fermi gas and delving into the experimental setup capable of cooling the
lithium gas to some of the lowest temperatures in the known universe.

Then, we introduce the physical foundations that make up the lithium system. In Chapter
2, we briefly explain that a fermionic system at ultra-low temperatures has enabled LMU
to explore the behavior of degenerate systems at low energies. The formation of molecular
pairs in the context of BEC or Cooper pairs within the BCS interaction regime, covering the
crossover between both. This ability to transition between interaction regimes for pairs of
distinguishable atoms is known as Feshbach resonance tuning.

Feshbach resonances play a crucial role. Lithium presents a particularly compelling case due
to the broad Feshbach resonance observed between the hyperfine states commonly employed
in experiments. Furthermore, as demonstrated in this work, including the next accessible
hyperfine state gives rise to two additional resonances, corresponding to the remaining pairwise
combinations. These resonances are located nearby and exhibit comparable widths.

The main results obtained in the laboratory system are presented from Chapter 3 onwards.
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Chapter 3 highlights one of the most significant infrastructure advances at the LMU: the
development of radio frequency (RF) antennas. This Chapter details the design and fabrication
of two antennas optimized to efficiently emit within the 75 — 83 MHz range while minimizing
signal reflection. Unfortunately, their simultaneous operation is currently limited by the
absence of a high-power RF switch or secondary amplifier. However, the results are from
manipulating only the waveform generator integrated into the control system.

As we demonstrate in this work, the LMU already has access to a third hyperfine state, as
well as manipulation of transference between state |1) and |2) through the RF signals emitted
by the antennas developed in Chapter 3. That is, the antennas work. It should be noted that
the results presented here reflect the final optimized configurations, the product of extensive
iterative refinements that ultimately produced the central satisfactory results of this study.

RF spectroscopy has a well-established history in cold and ultracold systems [22,89,94-96],
particularly in LMU, with initial efforts documented in [110]. While this work builds on
the fundamental concepts and impedance matching circuits described therein, our present
project has been developed independently, with substantial modifications and new components
designed from scratch.

With Chapter 4, we can conclude several aspects of relevance: We have shown the first
non-interacting Fermi gas of two species observed. For the 73 mT case, we have access to the
third state as well as the concrete manipulation between state |1) and |2). With these results,
we can establish the beginning of the manipulation of three states in the quantum sample of
the LMU.

We have achieved the effective transfers |1) — |2) and [2) — |3) for the 73 mT magnetic
field offset with the frequencies of v12 = 76.116 7(2) MHz and o3 = 82.346 8(4) MHz
respectively. Also, we have measured the Rabi oscillations for each transition, obtaining
frequencies of a few kilohertz: Qp,,/2m = 1,329(13) Hz and Qg,, /27 = 2,800(31) Hz.

As a last comment about the experimental work performed, we emphasize that the RF
pulses should be emitted according to what we established in the comments of Chapter 4,
seeking to have less than one-millisecond emission. Another consideration is the possibility of
the visualization of the third state, which reveals a shift in the frequency image comparable
with the molecular binding of the initial states |1) — |2), and the possibility of the suppressed
mean-field effects is carried on this shift. This last observation opens more possibilities
for exploration and new opportunities to understand the behavior of systems with three

components.

5.2 Perspectives

Under the current conditions at LMU, the outlook is promising and with a wide range of
opportunities, particularly with the recent accessibility of the third hyperfine state. In what
follows, we outline several ideas and prospective directions for investigating the controlled

manipulation of three hyperfine states of 6Li within the framework of quantum matter.
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5.2.1 Exploration in other Regimes

When writing this Thesis, we successfully characterized population transfer to state |3) for
the 73.0 mT Feshbach magnetic field, one of the three fields of interest mentioned in Chapter
3. Due to experimental constraints, we have excluded the 52.7 mT from further consideration:
the resulting atomic cloud geometry would require significant modifications to the high-
resolution vertical imaging system. The next natural step is to extend the visualization of this
phenomenon to other accessible magnetic field regions through the anticipated limitations
imposed by the available AOM frequency ranges. Characterizing the feasibility of observing
the state |3), our advantage in such cases lies in the remainder of the optical molasses process,
which allows us to determine the regions accessible by the current system.

As mentioned above, one of the closest applications is the characterization of magnetic
field stability [3] because these transitions are a more accurate tool for determining the value
of the magnetic field. Following our results, the shift frequency Awves ~ —20 kHz present in
the state |3) transfer would reveal a field uncertainty of up to 0.4 mT, taking into account of

a mean-field shift of the order of the saw in transfer [1) — |2).

5.2.2 Inheritance of excitations

This work was conceived in parallel to the main focus of the LMU: the study of turbulence in
superfluids of fermionic origin. The middle step, the current position, is the study of collective
excitations in superfluids [111]. Furthermore, access to a third spin species and manipulation
of the populations for the case where a single antenna can be optimized for the entire required
frequency range would provide insight into one of the phenomena that have been recently
explored.

Faraday waves are one of the excitations currently being studied in the LMU [111], and
the objective is to study this phenomenon in the non-repulsive regimes (unitary and BCS).
One technique is to perform population transfers without requiring ultrafast magnetic field
sweeps. The ability to transfer the populations should be considered when at least two of
the three accessible states are present. That is, studying the transition of a molecule to a
non-localized pair.

Soon, the LMU will be able to perform confinement in an oblate trap. In addition to
manipulating the optical potential, it gives control over the confinement and behavior of the
sample. In these geometries, the study of excitations in the density of the sample has already
been studied [112]. Therefore, studying with three species in this new geometry enriches the
possibilities of exploring the inheritance of the collective modes produced in the superfluid

system.

5.2.3 Impurities

By manipulating the duration of the RF pulses, which are in the time resolution range of the

experiment, the portion of transferred atoms can be controlled, thus having a third species
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playing the role of impurity. The technique consists of transferring a little part of any state
into another vacuum state, for example, having a mixture |1) — |2) apply the RF signal to
excite a few of the existing |2) into the |3).

Integrating a fermionic impurity into a bosonic superfluid gas could be studied from
quasiparticle polaron theory [113,114], whose experimental realization is not far off. In the
same direction, an experimental realization in a system of composite of bosons, formed by

bound fermions, and a fermionic impurity could reproduce the observations by [115].

5.2.4 Mixtures

Research with three distinguishable fermion species opens the potential to arrive at balanced
populations, no impurities, and broad-tuning interactions along the Feshbach resonances (see
Fig. 2-5), making the combinations BEC-Unitary (69.0 mT) or BEC-BCS (73.0 mT).

Turning the sample from a weakly interacting |1) — |2) into a strongly repulsive Fermi gas
|1) — |3) was explored in [116], this realization made at the 69.0 mT magnetic field offset,
the Feshbach resonance for the |1) — |3) interactions. Since the LMU system shares the
fundamental conditions with the cited experiment, we could perform the higher transfer from
state |2) into the state |3), obtaining a different mixture for the initial conditions.

Another possibility to reproduce is the study and measurements of binding pair energy
through the Feshbach resonance, as in [90]. Having this result, we can translate to a system
with a balanced mixture of atoms in the three accessible spin species of °Li [23].

In all cases, it is necessary to investigate the experimental implementation of the corre-

sponding protocols adapted to the requirements of the LMU.

5.2.5 Superfluidity

The superfluidity phenomenon for an ultracold fermionic system is related through the critical
temperature crossing, as shown in Fig. 2-2. The LMU has experience producing superfluids by
the mixture [1) — |2). Therefore, the next step may be exploring the superfluidity in a three-
component spin system. In the actual panorama, work explores this physical behavior [77,117].

Limited by the range of the image given by the AOM system, the LMU can explore the
formation of tripartite bonds of three distinguishable fermions creating Efimov states. An
estimate of this possibility is presented in [118].

Within the framework of tripartite bonding, it is instructive to draw analogies with
quantum chromodynamics (QCD), adopting the nomenclature of color charge and baryon
formation to describe interactions in three-species ultracold atomic systems [119]. In such
systems, the notion of color superfluidity has been proposed [120]. This frontier area of physics
is emerging as a promising theoretical landscape that can be realized using a three-species
system such as the one envisioned in future experiments at LMU.

Under the conception of the formation of tripartite bonds, it is practical to associate this

structure with those of QCD, using the nomenclatures of color and the baryon formation,
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but applied to three-species ultracold systems [119]. For this type of system, the concept of
superfluidity of color is determined [120]. This field of frontier physics is emerging as a theory
that can be explored from a three-species system like the one that can be prepared at LMU
in the future.

Then, the access and manipulation of the third species have a whole range of applications
and fields of knowledge where we can contribute and continue to advance the quantum matter

domain.
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Appendix A

Imaging detuning considerations

We use absorption imaging to measure the properties of ultra-cold or cold samples. This
laser beam is separate from the light used in the molasses process. Its frequency is precisely
controlled using acousto-optic modulators (AOMs) [121], which diffract the beam into multiple
diffraction orders. The appropriate order is selected to obtain resonant light to transition
between the state we wish to observe and some hyperfine state of 22P /2-

The imaging transition frequency is computed by considering the sample under a constant
magnetic field, using the Breit-Rabi formula and the numerical diagonalization method for the
Hamiltonian that includes the Zeeman effect. In Chapter 1, we reviewed all these conditions.

The imaging frequency must match the contributions of all frequency shifts provided by

the AOM mounted in the experimental setup, as follows:
AVtransition =2X (_Vzero—B + UMOPA — Vslower — Vimg) 5 (A'l)

where the frequency v, represents the value at the zero magnetic field transition, which
is circa 216.2 MHz; the vnopa is given for the cooling or repumper configuration centred
at 80 MHz and 200 MHz respective; vgower is the frequency of the Zeeman slower optical
configuration, fixed at 194.8 MHz; finally, the viyg corresponds to the frequency proper of the
imaging optical setup. The signs represent the orders selected in each AOM, and the 2 factor
is for the double-pass configurations.

Fig. (A-1) outlines the frequency shifts applied by the AOMs used in the last expression.
The leftmost gray block denotes the set frequency used throughout the experimental sequence.
Subsequent frequency adjustments are made for cooling and repumping configurations shown

in the gray boxes, calibrated to match the shift requirements.
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Figure A-1: Diagram of the use of the AOM shifters. The preparation is divided into two
parts: Set configuration (left gray block), the red arrow represents the light emitted by the
laser, and the (1) orange little arrow is the correction made by the AOM of SAS (Saturated
Absorption Spectroscopy) and helps to fix the line transition in the laser; (2) green arrow is
the action of the switch AOM before separated the cooling configuration (middle gray block)
or the repumper configuration (right gray block). In both options, we have the (3) election of
the AOM (cooling-blue trace, repumper-red arrow), and then the next change in the frequency
is given by the (4) Slower AOM identified by the purple arrow. Finally, the compensation is
obtained by the (5) black arrow that corresponds to the AOM centered in 350 MHz or 200
sume.
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