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Abstract

The current thesis is divided into two main parts, each dedicated to exploring differ-
ent aspects of ultracold atomic gas research. The first part describes the development
of a new experimental setup for producing and studying ultracold atomic gases of
bosonic lithium. This work primarily involves constructing and optimizing a trans-
verse field Zeeman slower that utilizes permanent magnets, as well as designing a
magneto-optical trap (MOT). The second part focuses on investigating the effect of
background scattering on the Efimov scenario in the context of overlapping narrow
Feshbach resonances.

The first part details the innovative design, optimization, and assembly of a spin-
flip Zeeman slower that employs permanent magnets, a pivotal component in the
production and study of ultracold atomic gases. Traditional methods of decelerating
atomic beams for cooling and trapping often rely on electrically powered, wire-wound
configurations that require continuous water cooling. Our approach diverges by uti-
lizing a permanent magnet-based Zeeman slower, eliminating the need for electrical
power and water cooling, thereby simplifying the operational complexity and mainte-
nance requirements. The proposed design facilitates vacuum maintenance by allowing
easy assembly and disassembly of the Zeeman slower.

Focusing on “Li atoms, the developed spin-flip Zeeman slower is capable of effi-
ciently reducing the velocity of a hot atomic beam from several hundreds meters per
second to tens of meters per second. This significant reduction in speed enhances
the loading efficiency and maximizes the achievable atom number within a magneto-
optical trap (MOT). The adoption of a Halbach configuration for the magnets ensures
a smooth magnetic field. The overall magnetic field can be fine-tuned by the strategic
addition of Halbach rings around the Zeeman slower if necessary.

A key advantage of our approach is providing a stable and adjustable magnetic
field, for operating the slower near theoretical deceleration limits. This results in a
more compact and efficient system. Utilizing 3D printing technology for the construc-
tion of the Zeeman slower, we present a cost-effective solution that can be readily
adapted by other research groups for various cold-atom experiments. Our novel use
of permanent magnets also paves the way for future advancements in creating highly

uniform and stable magnetic fields around a science chamber, achieving a remarkable



stability of less than 1 mG within a field strength of 850 Gauss.

Sharing our mechanical design and insights, we aim to facilitate broader research
endeavors in the field, enhancing the understanding and application of permanent
magnet-based systems for ultracold atomic studies. Additionally, this work extends
to the design and optimization of a magneto-optical trap (MOT).

The second part deals with theoretical modeling of the Efimov physics in the vicin-
ity of two overlapping narrow Feshbach resonances, which can be explored within the
framework of a three-channel model where a non-interacting open channel is coupled
to two closed molecular channels. Here, we determine how it compares to the ex-
tended two-channel model, which includes an open channel with finite background
scattering and a single molecular channel. We identify the parameter range in which
the three-channel model surpasses the extended two-channel model. Furthermore,
the three-channel model is extended to include background scattering, and then both
models are applied to the experimentally relevant system of bosonic lithium atoms
polarized on two different energy levels, with an isolated and two overlapping narrow
Feshbach resonances, respectively. We confirm, in agreement with previous studies,
that being small, the background scattering length in lithium has a negligible effect
on the Efimov features in the case of isolated resonance. However, in the case of
overlapping Feshbach resonances, the inclusion of background scattering improves the
performance of the theory with respect to the experimentally measured position of

the Efimov resonance.

ii



Chapter 1

Introduction and Motivation

First Part

Ultra-cold atoms are a very useful physical platform for many areas of research, such as
atomic clocks, precision metrology, quantum simulation, quantum chemistry, quantum
entanglement, Bose-Hubbard physics, matter wave solitons, and Efimov physics [1-6]
are only a few of a long list of different research fields.

An essential first step in the production of these ultra-cold atomic gases is rapid
loading of a magneto-optical trap (MOT) followed by an evaporative cooling step in a
magnetic or optical dipole trap allowing the quantum degeneracy regime to be reached.
During evaporation, a very large fraction of the atoms initially trapped are lost. It
is therefore essential that the cloud captured by the magneto-optical trap contains
enough atoms so that the condensate has an appreciable size. The MOT loading time
can be dramatically reduced, and much larger MOT atom numbers can be reached
by adding a separate source of pre-cooled atoms; this is done in general by adding 2D
MOT or Zeeman slower.

Zeeman slowers are a popular widely used technology. It uses a position-dependent
magnetic field to shift the energy levels of the atom to compensate for the Doppler shift,
so the atoms remain in resonance with the laser and continue to be slowed. In most
cases Zeeman slowers are made using currents running in wires, where numerous coils
with differing numbers of turns of wire create a spatially varying axial magnetic field.
Such slowers often require significant currents and therefore large power supply, which
causes heating that necessitates using a water cooling to regulate the temperature.
However, this could introduce noise into the atom sample. In addition, the field
profile can be difficult to tune, and the coil windings fully enclose the atomic beam
tube, restricting both optical access and the ability to remove the slower from the
vacuum apparatus without disassembly.

To overcome these constraints, designs based on permanent magnets have recently

been suggested and implemented [7-14].
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Permanent magnet Zeeman slower (PMZS) designs do not require a power source
or cooling water, do not heat the chamber (which can lead to vacuum degradation),
and can be easily attached and removed without breaking the vacuum of the experi-
mental enclosure. They offer robustness, ease of maintenance, tunability (which can
be achieved by adding or subtracting individual magnetic elements), no perturbations,

low cost, and, above all, provide a very smooth and homogeneous magnetic field pro-
file.

PMZS can be classified on the basis of the direction of the magnetic field relative
to the beam axis, either longitudinal or transverse, which depends on the positioning

of the magnets.

In this thesis, we examine a transversal spin-flip Zeeman slower for Li atoms
utilizing a Halbach configuration. We provide a comprehensive analysis of the Zeeman
slower, its optimization process, detailed mechanical design, and its performance. We
chose spin-flip Zeeman slower, or zero crossing design, due to its advantages, which
will be emphasized later in this thesis. It is worth mentioning that no design similar
to ours has been found in any publications, making our design potentially the first of
its kind to be suggested. We believe that such designs have not been proposed mainly
due to two reasons. First, from the laser system’s perspective, as mentioned in [15],
lithium has an essential splitting of the ground state, thus a transverse Zeeman slower
prevents it from optically pumping atoms to the correct (slowed) magnetic substate
in the region where the magnetic field turns to zero, leading to a loss of decelerated
atoms in that region. This issue was resolved and is explained in detail in the chapter
on Zeeman performance. The second challenge arises because lithium is a very light
atom, causing it to reach very high thermal velocities. To slow it down, a very high
amplitude as well as a high magnetic field gradient are needed, which makes the design

challenging. This issue will also be explained in detail later in the thesis.

Second Part

In this part we theoretically consider the Efimov scenario in the vicinity of two over-
lapping narrow Feshbach resonances. Magnetic Feshbach resonances are one of the
most salient features underlying ultracold collisions [16]. Intuitively, they can be un-
derstood within a simple two-channel model. Consider a pair of atoms that interact
in an open channel at such a low kinetic energy that their scattering is fully described
by the s-wave scattering length a. If a closed channel with a nearly degenerate bound
state is coupled to the open channel, the scattering length is resonantly enhanced.
The relative energy between the closed and open channels is tuned by the external

magnetic field, and the functional form of a(B) assumes the following form [16]:

2
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AB
a = Qpg (1—m) y (11)

where a4 represents the off-resonant background scattering length, and AB indicates
the magnetic field interval between the position of the resonance B**) and a = 0 (the

resonance width).

Ultracold atoms exhibiting Feshbach resonances have opened a new avenue for
studying the universal spectrum of three-body Efimov states. This effect was first
proposed by Efimov in the context of nuclear physics [17], and predicts that near-
resonant two-body interactions induce an infinite ladder of three-body bound states
separated by a universal scaling factor. Consequently, a single three-body parameter
determines the entire three-body spectrum. The three-body parameter is often de-

(0)

termined by the scattering length value a*’ at which the lowest Efimov trimer state

meets the three-body continuum and leads to an Efimov resonance. Extensive exper-
(0)

imental efforts across many ultracold atomic species have focused on measuring a

and mapping the Efimov spectrum [18-20].

The basic phenomenology of an isolated s-wave Feshbach resonance and Efimov-
related physics can be described within the framework of a two-channel model. In its
simplest form, an open channel with no background scattering (ay, = 0) is coupled to
a closed channel that can be fine-tuned by a magnetic-field-dependent binding energy
level [21]. Although a,, = 0 leads to the absence of the magnetic field at which a = 0,
Eq. (1.1) remains valid because when ay, — 0, the resonance width AB — oo such
that A = ay,AB remains finite. The two-channel model has been intensively studied
in the past, and various few- and many-body scenarios in bosonic and fermionic gases
have been investigated within its framework [22-27]. The model can be extended
to include background scattering in the open channel [28-30], thus reintroducing the

a = 0 condition and improving its performance in the low scattering length limit.

The two-channel model remains a simplified framework for a generally multi-
channel two-body scattering problem. For example, a frequently occurring situation of
overlapping Feshbach resonances is already beyond the scope of the two-channel model.
Detailed incorporation of all possible channels in different theoretical approaches usu-
ally leads to heavy numerical calculations [31-38]. In contrast, the simplest way
to extend the phenomenology of the two-channel model to three channels has been
suggested in [39] and successfully applied to the Efimov scenario of two overlapping
Feshbach resonances in %Li-'*3Cs mixture [40]. Although an open channel with no in-
teraction is used in this model, an additional close channel regenerates the a = 0 limit

between the overlapping resonances and improves the performance of the model [39].

A direct question which arises from these studies is to what extent the results of

the three-channel model can be reproduced by those of the two-channel model ex-
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tended to include the background scattering. In what limits does the three-channel
model go beyond the latter? Here, we investigate these questions by directly compar-
ing the results of both approaches. We identify the region where the three-channel
model surpasses the performance of the extended two-channel model. Moreover, we
generalize the three-channel model to include the background scattering and apply it

to the relevant scenario in lithium atoms.
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Chapter 2

Laser Cooling and Trapping of

Atoms

Investigating the cooling and control of atomic particles reveals a deep engagement
with the interplay between light and matter. This intricate dance is driven primarily
by two forces: the dipole force, which emerges from the coherent absorption and
stimulated emission of photons, and the scattering force, derived from spontaneous
emission events. This chapter offers a concise review of these fundamental forces and

the associated techniques critical to the laser cooling and trapping of atoms.

2.1 Spontaneous Force

The spontaneous force emerges due to the interaction between an atom and the pho-
tons of a laser beam. When an atom absorbs a photon, it transitions from the ground
state to an excited state and later emits a photon to return to the ground state. The
absorption process is directional, aligning with the incoming laser, while the emission
is isotropic. The accumulation of such events results in a net force in the direction of
the laser, termed the spontaneous force.

The scattering rate I'y for this absorption-emission process is expressed as:

T I/
214 )Ly + (26/1)%

where I' is the decay rate of the excited state, I the intensity of the incoming light,

(2.1)

I, the saturation intensity, and ¢ the detuning of the laser frequency from the atomic
transition.
The spontaneous force, F., that acts on the atom is then given by the momentum

exchange associated with the emission and absorption of photons.

—

F, = hkT,, (2.2)
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with Ak representing the photon momentum.
For a laser intensity much greater than the saturation intensity (I > Ig), the

spontaneous force reaches its maximum:

hkD’
Fymaz = ——. (2.3)
2
This force is pivotal in the domain of laser cooling, a technique instrumental in

reducing the kinetic energy of atoms.

2.2 Doppler Cooling

2.2.1 Doppler Shift

In laser cooling applications, the directionality of a laser beam in relation to an atom’s
motion is crucial due to the Doppler effect. If the propagation of the laser beam is
parallel to the atom’s velocity vector, denoted by k and U, the atom experiences a
decrease in the perceived light frequency, leading to a Doppler shift quantified by —kwv.
In contrast, if the laser beam and the atom’s velocity are antiparallel, the resulting
Doppler shift is quantified by +kv.

————————————————————

! lab frame |
v L
/\\//\\_/ ._) ‘[\\_//\V

le)

lg) l9) lg)

Figure 2.1: A two-level atom subject to red-detuned counter-propagating laser beams in
the lab frame and in the atom rest frame. (From [41]).

The laser cooling technique employs a configuration (see Fig. 2.1) in which the
atom is simultaneously exposed to two laser beams from opposite directions. The
frequency of these lasers is set slightly below the atomic resonance frequency, w; < wy,
optimizing the Doppler effect to favor the absorption of photons from the beam moving
counter to the atom’s trajectory. This selective absorption induces a net force in
the opposite direction of the atom’s motion, effectively slowing it down due to the
conservation of momentum.

The Doppler shift thus introduces an additional term to the effective detuning of

the laser frequency as it interacts with the moving atoms, described by the equation:

§=0—k-7, (2.4)
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where ¢’ denotes the adjusted detuning, ¢ is the initial detuning, and k represents the

wave vector of the laser.

2.2.2 Optical Molasses

In the case of two laser beams with k-vectors k, the spontaneous force of both beams

add up to:

[/[sat I/[sat
2 2
1+[/]8at+<w> 1+]/Isat+<w>

r
F=F, +F =hk—

; (2.5)

For an atom, the total force is then ﬁmolasses = ﬁ+ + F_. For small velocities k - 7 < I,

this term can be expanded to

ﬁ B 8hk2(5.[/]sat
molasses — F(l + ]/Isat + (25/F)2>2

U~ —f. (2.6)

Because this combined force damps motion in a way similar to that of a viscous fluid,

it is called optical molasses.

| F[7kTT]
402
0.1
8 o 2 4 5 8
v[I[/k]
01 -
-0.2

Figure 2.2: The addition of the spontaneous force from two counterpropagating laser
beams results in a force F' = —% forming an optical molasses. (From [42]).



CHAPTER 2. LASER COOLING AND TRAPPING OF ATOMS

2.3 Zeeman Shift

The Zeeman effect plays a crucial role in manipulating the behavior of fast-moving
atoms, particularly in two key applications: compensating for the Doppler shift within
a Zeeman slower and confining atoms in a magneto-optical trap. This phenomenon is
a direct consequence of the presence of a magnetic field, which induces a shift in the
energy levels of an atom, known as the Zeeman shift.

Valence electrons in atoms without nuclear spin exhibit a magnetic moment that
is a function of orbital angular momentum (L) and spin (S). This magnetic moment

is described by :

gLiB gsiB
= L— S
/’L FL h )

where pp is the Bohr magneton, g, =~ 1 is the electron orbital g factor and gg =~ 2 is

(2.7)

the electron spin g factor. When the energy of the Zeeman shift is less than that of
the spin-orbit coupling, the first-order energy perturbation due to the Zeeman effect

can be represented by:

EZeeman - ngJ,uBBa (28)

here, J denotes the total angular momentum operator, and g; is the Landé g-factor,

determined by the following relationship:

3J(J+1) — L(L+ 1)+ S(S + 1)
2J(J + 1)

97 = : (2.9)

The magnetic field in this scenario has magnitude B and is assumed to be aligned

along the Z-axis.

For atoms with non-zero nuclear spin I, and in low external magentic field, the

Zeeman shift is similarly given by:

EZeeman = gFmF,uBBa (210>

with the Landé g factor for the total angular momentum F' defined as:

FIF+1)—-II+1)+J(J+1) FIF+1)+I(I+1)—J(J+1)
2F(F + 1) tor SF(F 1 1)

gr = 07 - (2.11)
Since 5—1] = Z—; < 1, the second term can be ignored. This Zeeman shift is referred to
as the Zeeman effect of hyperfine splitting.

In a strong external-field regime, the magnetic interaction exceeds the hyperfine

structure splitting. Consequently, the quantum number F' cannot be used as a good

9
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quantum number. The strong magnetic field disrupts the coupling between the orbital

and the spin angular momentum. Instead, J becomes a good quantum number.

2.4 Zeeman Slower

The Zeeman slower is a pivotal device in ultracold atoms experiments, designed to
decelerate high-velocity atoms to speeds suitable for trapping in a magneto-optical
trap (MOT). This deceleration is crucial; in our system, atoms are emitted from an
oven at a mean velocity of 1500 m/s, a speed that exceeds by far the capture velocity

threshold of most MOTs, which is around 50 m/s.
By applying a spatially varying magnetic field, the Zeeman slower exploits the

Zeeman effect to precisely counterbalance the Doppler shift. This shift occurs as the
atoms decelerate, altering their resonance frequency with respect to a counterpropa-
gating laser beam. The magnetic field is carefully adjusted along the atom’s path to
maintain resonance, ensuring effective deceleration. This process effectively brings a
significant fraction of the atomic beam within the MOT’s capture velocity, thereby

enhancing the overall efficiency of atom trapping.

2.4.1 The Magnetic Field Profile in a Zeeman Slower

In a two-level atom, the mean radiation pressure force resulting from the absorption-
emission cycles reads:

I

PRL Lot (2.12)
> T LA

F =

where the detuning ¢ takes into accounts the Doppler and Zeeman shifts:

d =wp —wa =0+ kv(z) — 1/ B(z)/h, (2.13)

where d, is the shift-free laser detuning from the transition.

We can see from Eq. (2.12) that the deceleration is most efficient when atoms are

in resonance with the laser beam:
6 =060+ kv(z) — i B(2)/h = 0. (2.14)

In addition, when Iit > 1 deceleration becomes independent of the laser parameters

and reaches its maximum:

hkl’

om

(2.15)

Omax =

10



CHAPTER 2. LASER COOLING AND TRAPPING OF ATOMS

We assume a constant deceleration in the Zeeman slower which is equal to:
a = —N0max, (2.16)

where 7 < 1 quantifies the fraction of the scattering rate-limited maximum decelera-
tion —amax required for the atoms to remain at resonance and continue the slowing

trajectory.

To meet the condition in Eq. (2.14) the magnetic field along Zeeman slower should
be: "
B(z) = [0 + kv(z)]z, (2.17)

where:
= ((mrgr)e — (Mrgr)y) e = —pp-. (2.18)

The subscripts g and e indicate the ground and excited state, and g is defined in Eq.
(2.11).

Following Eq. (2.16), we can write the well-known kinematic equation for velocity

v(z) = v/2az + v2, (2.19)

where v, = v(z = 0) is the capture velocity (the largest velocity class addressed by

in constant deceleration as:

the slowing process). Substituting this in Eq. (2.17) gives:

B(z) = 5[50 + ky/2az + v2], (2.20)

we can rewrite Eq. (2.20) as:

ho hkuv,
B(z) = "2 4 e J1- 2 (2.21)
% M Lstop
where Lo, = —%. Lgiop is the distance required to bring the atoms to rest with

constant deceleration —nayax.-

However, it is necessary for the atoms to be extracted from the slower at a non-zero
2

final velocity v¢. The slowing length required to reach vy is L = Lgop — MZ—f < Lgtop-

Finally, we can write the magnetic field as:

By+ By, f1— =, if0<z<L,

B(z) = stop (2.22)
0, otherwise.

The degrees of freedom of the design are the offset of the field By = Zi,o and the
amplitude By, = h’;—? The field profile is truncated to z = L < Lg, to extract the

11
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hk
“oat 2= L.
2%

slow atoms. The field therefore varies from By + By, at z = 0 to By +

2.4.2 Zeeman Slower Types

By selecting the detuning of the slowing laser, three distinct types of Zeeman slowers
can be implemented, each having its distinct benefits and disadvantages. Magnetic

fields of these different types are shown in Fig. 2.3.

1. Decreasing Field Zeeman Slower: In a decreasing field Zeeman slower, the
initial magnetic field strength is maximized to offset the Doppler shift of the
fastest atoms, ensuring that the slowing laser, operating at a slight red detun-
ing, resonates with atoms reaching their final velocity under zero-field condi-
tions. This configuration, characterized by a gradual reduction in magnetic
field strength toward the trap center, allows for efficient deceleration of atoms
with a minimal magnetic field near the magneto-optical trap (MOT), thereby
reducing the need for compensation of stray magnetic fields and minimizing heat
production near the experimental chamber. The disadvantage of this approach
is the small detuning necessary to achieve low final velocities; as the slower laser
beam must traverse the MOT region, it can perturb the trapped atoms due to
additional light pressure, leading to potential overheating and reduced availabil-
ity of light for further deceleration. This issue can be mitigated by adjusting
the detuning of the slowing laser and applying offset fields, yet the undefined
end of the slowing length poses a risk of over-slowing and pushing atoms in the

opposite direction.

2. Increased Magnetic Field Zeeman Slower: In an increasing field Zeeman
slower, the magnetic field starts at zero and intensifies towards the end, peaking
at the exit near the MOT chamber to counteract the Doppler shift of the fastest
atoms. This setup necessitates the slowing laser to be significantly red-detuned,
ensuring that atoms quickly fall out of resonance once they exit the slower.
The configuration facilitates the extraction of slow atoms due to a well-defined
field maximum, allowing for a swift transition out of resonance. However, a
significant disadvantage is the generation of strong residual magnetic fields at
the MOT (Magneto-Optical Trap) location, necessitating the use of powerful
compensation coils to mitigate potential disturbances. Despite the substantial
distance between the end of the Zeeman slower and the center of the MOT in
some setups, which minimizes the impact of leaking fields, the need for care-
ful compensation remains crucial to prevent disruption to the trapped atoms.
Moreover, increasing the distance between the MOT and the Zeeman slower can

cause the atomic beam to diverge, thereby reducing the flux into the MOT.

12
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3. Spin Flip Zeeman Slower: This type merges the benefits of both increasing
and decreasing field configurations by initially deploying a decreasing magnetic
field that transitions through zero (zero-crossing) and then reverses direction,
culminating in a maximum value. This design is characterized by a red-detuned
slowing beam and necessitates lower initial magnetic fields. The crucial ad-
vantage of the spin-flip approach is its ability to minimize high magnetic-field
gradients near the MOT, facilitating a controlled conclusion of the slowing pro-
cess while allowing for adjustments in the final velocity of the atoms. The
precise placement of the zero-crossing point, critical for maintaining resonance
conditions without unintended deviations, is determined by the available laser
detuning. Despite these benefits, the spin-flip slower introduces challenges, par-
ticularly in maintaining effective cooling transitions in regions of low magnetic
field strength. Specifically, in such regions, atoms are prone to transitions into
dark states, necessitating the use of a repumper laser to maintain them in the
bright state. However, the effective magnetic moment for the repumping transi-
tion differs from that of the slowing transition, complicating the task of keeping

the repumper beam in resonance across the entire magnetic field range.

1000

800 -

Spin-flip slower (§ = -600 MHz)
Decreasing field slower (5 = -40 MHz)
600 - Increasing field slower (§ = -1300 MHz)

400

200

-200 -

-400 |

-600

-800 -

1000 . . . . )
0 0.1 0.2 0.3 0.4 0.5
Z [m]

Figure 2.3: Zeeman slower types (for negative detuning).

2.5 Magneto-Optical Trap

The optical molasses technique, as detailed in Section 2.2.2, is highly effective in
cooling the atoms. However, the force acting on the atoms exhibits only a velocity-
dependent component. To confine the atoms spatially, a force dependent on the
spatial coordinates becomes necessary. Interestingly, this requirement can be met by

employing a straightforward magnetic field configuration along with the same laser

13



CHAPTER 2. LASER COOLING AND TRAPPING OF ATOMS

setup as in optical molasses. This realization is commonly referred to as a magneto-
optical trap (MOT). The following section describes the principles and characteristics
of MOT.

meg = +1
mg=0 5
- — == -
me = -1
—_— W -
mg=0 - Z
-R R

Figure 2.4: A simple 1-dimensional model of a magneto-optical trap with a single ground
state and triplet split excited states. Atoms at positive (negative) positions relative to the
zero of the magnetic field are tuned into resonance with the red-detuned laser. The oT
polarised laser only acts on the Am = +1 and the —o~ polarised laser on the Am = —1
state according to the selection rules. (From [43]).

In the MOT setup, a quadrupole magnetic field created by anti-Helmholtz coil
dB

configuration produces a linear gradient B, = B’ - z, where B’ = %=, ensuring that
the magnetic field at the trap’s center (z = 0) is zero.

To understand the mechanism by which a magnetic field induces a position-dependent
force in the MOT, refer to the energy diagram depicted in Fig. 2.4. This figure illus-
trates a one-dimensional MOT employing two counter-propagating laser beams with
opposite circular polarizations (¢ and ¢~) and red-detuned (§ < 0) from resonance.
For simplicity, consider the atom’s energy levels as being reduced to an F' = 0 ground
state and an F' = 1 triplet excited state. At the trap’s center, where § = 0, atoms
resonate equally with both beams. As an atom drifts towards the positive z-axis, the
magnetic field causes the energy of the mp = —1 excited state to shift further from
laser resonance, whereas the mrp = +1 state shifts closer. Given that the ¢~ beam
cannot excite the mp = +1 state, atoms predominantly absorb photons from the o™
beam. This asymmetry in photon absorption exerts a scattering force that pushes the
atom back towards the magnetic field’s center. In contrast, for atoms moving towards
z < 0, the 0~ beam becomes more effective, directing the force towards the center of
the trap.

The Doppler shift of the red-detuned optical molasses and the Zeeman shift result

in a total detuning:
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/B/
6fOT:50$k~v:|:’uhz. (2.23)

The effective magnetic moment of the transition p’ is defined in Eq. (2.18).
When incorporating the spatial dependence due to the Zeeman effect, Eq. (2.5)

undergoes a modification to

— hkr I/[sat [/[sat
d - 25, \2 25_\?2
1+ 1)1+ (%) L+ 1/ Isa + (?)

(2.24)

When both the Doppler and Zeeman shifts are small compared to the laser detun-

ing &y, the dominator of the force can be expanded and the force becomes:
F = —kZ— j0, (2.25)
with the spring constant x of an harmonic oscillator

K= i/B’ﬁ. (2.26)
hk

Extending the MOT into three dimensions is achieved by adding similar beams

and magnetic fields from the z and g directions. The magnetic field can be generated

by a set of anti-Helmholtz coils, which produce magnetic fields B (x,y,2) = Bo(zz +

gy — 22z) near the zero in the center of the structure (see Fig. 2.5)

Figure 2.5: Principle of the magneto-optical trap: A pair of anti-Helmholtz coils generates
a spherical quadrupole magnetic field. Three pairs of red-detuned counterpropagating beams
of circularly polarized laser light provides the trapping force. (From [44]).

15



Chapter 3

Overview of Lithium Experimental

Setup and Key Considerations

(b) Lithium experimental design - isometric view.

Figure 3.1: Lithium experimental design from different views.
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CHAPTER 3. OVERVIEW OF LITHIUM EXPERIMENTAL SETUP AND KEY
CONSIDERATIONS

3.1 Experimental Setup Overview

Figure 3.1 displays our Lithium experimental setup, which comprises several key com-
ponents to manage and control lithium atoms throughout the experiment. The setup
begins with an oven that heats lithium to create a beam of lithium atoms. These
atoms are injected into a four-way chamber, where a shutter mechanism controls the
flow of the atoms, allowing precise timing for their entry into the subsequent sections.

Following the four-way chamber, the atoms pass through an aperture that limits
their angular distribution. This serves as a collimation setup for the atomic beam,
effectively aligning the atoms to move primarily in the axial (z) direction and mini-
mizing their velocities in the x and y directions.

This collimated beam of atoms then enters the Zeeman slower, which uses a mag-
netic field produced by permanent magnets to gradually reduce the velocity of the
lithium atoms. After the Zeeman slower, the atoms enter the octagonal chamber,
which houses the Magneto-Optical Trap (MOT).

The entire setup is maintained under high vacuum conditions, which is essential for
high-precision atomic experiments. An ion pump, along with a rotary pump initially
used for rough pumping, ensures the required vacuum level by removing unwanted
particles and contaminants from the system.

The detailed design and operation of the Zeeman slower and MOT will be covered

in the subsequent chapters of this thesis.

3.2 'Li Level Structure & Properties

Lithium (Li) is the third element in the periodic system with its three electrons (or the
nuclear charge of Z = 3). Lithium is the lightest alkali-metal atom, with a standard
atomic weight of 6.94 amu. Lithium has two stable isotopes: "Li, a boson with nuclear
spin of [ = %, and SLi, a fermion with nuclear spin of I = 1. Both isotopes exhibit a
hyperfine structure and have been cooled to quantum degeneracy. “Li has a natural
abundance of approximately 92.5% while %Li has 7.5%. We are constructing a new
apparatus capable of trapping and cooling 7Li.

As an alkali metal, "Li has a single valence electron, which exists in a 2s shell
when unexcited, so S = %, L =0, and J = %, giving a Russell-Saunders term
2512 The ground state of "Li splits into two hyperfine levels, denoted as F = 2 and
F =1, with a frequency difference of 803.5 MHz between them. Optical transitions
of interest typically occur between the hyperfine manifolds of the 2s and 2p levels.
These transitions are closely spaced, within about 10 GHz, at a wavelength near 671
nm, and exhibit linewidths of 5.9 MHz.

The energy level (2p) splits into two fine-structure states, separated by 10.052 GHz.
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This separation has historically been observed as a double peak in atomic fluorescence
spectra. Transitions from the 251/2 state to the 2P1/2 state are designated as D1
transitions, while transitions to the 2P /2 state are referred to as D2 transitions. The
’p /2 state is further divided into hyperfine levels F’ = 2 and F’ = 1, and the 2P, /2
state into four hyperfine levels, marked F' = 0,1,2, and 3. The hyperfine splitting
in the 2P, )5 level amounts to 92.03 MHz, while the splittings in the 2P/ level are
significantly smaller.

Hyperfine levels F’ = 2 and F’ = 3 are the most experimentally relevant states that
exhibit a separation of 9.39 MHz. This gap is of the same magnitude as the linewidths
associated with these transitions, making it indistinct in measurements. For a visual

representation of these energy levels in “Li, refer to Fig. 3.2, which encapsulates these

specifics.
F'=0
S F=1
2 ,,’/ F'=2
2P, _._'{:_: _________ A
: N , 9.39 MHz
| L i F'=3
) Y
10.05 GHz Pump
F'=2
22P ///’ i
= | 92.03 MHz
~~~~~ w |F=1 |
671 nm
Repump
’ F=2 I
2%
v 803.5 MHz
:
™. | F=1

Figure 3.2: A level diagram depicting experimentally relevant energy levels in "Li.

The only pumping transitions available are the oy D2 transitions between %Sy 5 | F' =
2, mp = £2) and 2Py 5 |F’ = 3, mp = £3) hyperfine sub-levels. However, in practice,
since the splitting between the F” = 3 and F” = 2 manifolds in the 2P;, state is only
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9.39 MHz, imperfect polarization leads to the population of the F’ = 2 sub-levels,
which introduces a leak into the ground-state F' = 1 manifold. In order to scatter
sufficient photons off of “Li atoms to slow, cool, or image them, a “repump” laser is
required. Resonant with the D2 transition from 25, el =1-= 2P3/2 F' =2 and
812.9 MHz detuned from the pump.

3.3 Li Oven: Velocity Distribution

The oven is meticulously engineered to hold about 5 grams of lithium, which is placed
inside at an initial temperature of 25°C. Then it is heated to 400°C' to enable the
evaporation process. The oven’s dimensions are precisely calculated; its length is
designed to contain the entire amount of lithium in one single rod form, with a diam-
eter of 1.27 cm, and the length of the oven at room temperature measures 7.39 cm
(approximately 2.91 inches). This ensures that the lithium, once introduced, is fully
accommodated within the oven. When lithium is heated and melts, its volume ex-
pands from 9.363 mL at 25°C' to 10.204 mL at 400°C'. The design incorporates an
oven depth that is calculated to be sufficiently deep to prevent any spillage of the
molten lithium over the edges, ensuring safety and efficiency throughout the evapora-

tion process. The design considerations are depicted in the accompanying Fig. 3.3.
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Figure 3.3: Cross-sectional view of the lithium evaporation oven design, with dimensions
provided in inches [mm)].

The "Li atoms are extracted from the oven in the form of an atomic beam with

the modified Maxwell-Boltzmann velocity distribution [45]:

2 2
_ m 3, hpT
flv) =2 (Qk‘BT) v’e BT, (3.1)

where f(v,T)dv gives the probability for an atom to have a velocity between v and

v—+dv at a temperature T', m is the mass of the atom and kg is Boltzmann’s constant.
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Figure 3.4: (a) Velocity distribution for an escaping effusive atomic jet from the oven
at temperature 7' = 300°C. The blue zone marks the velocity classes slowed down by
our Zeeman slower, assuming a capture velocity of v, = 850ms~! and an exit velocity of
vy = 30ms~!. (b) The distribution function of velocities. The proportion of atoms slowed
in the Zeeman slower amounts to approximately 10 %

By integrating Eq. (3.1) on the velocities, we obtain the distribution function F'(v)

which corresponds to the fraction of atoms whose velocity is less than or equal to v:

muv? mu?
Flv)=1- (1 + 2k3T> exp (_QkBT) : (3.2)

The functions P(v) and F'(v) are shown, respectively, in Figs. 3.4 (a) and (b) for

an effusive jet leaving the oven at a temperature 7" = 300 °C. By the definition of the
distribution function, the portion of the slowed atoms is given by F'(v.) — F(vs). For
T = 300°C, assuming v, = 850ms™' and v; = 30ms™!, approximately 10% of the

atoms are slowed down to the final velocity vy.

3.4 Loading Rate

We can determine the MOT loading rate f, by calculating the flux of atoms that are

slowed to a velocity less than or equal to the MOT capture velocity, vMOT.

To calculate the loading rate I follow the the equations presented in the Friedhelm
Serwane Diploma thesis [46]. We begin by estimating the atomic flux of atoms exiting
the oven. This flux is limited by the oven’s aperture, which has an area A. In our

2

case, A = (2mm)“m, and the flux can be estimated as follows:
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nvA
j%ven - 4 bl (3.3)
where
p
= — A4
el (3.4)

and the atomic density n at vapor pressure p is derived using the ideal gas law. The
mean atomic velocity, represented by v, is determined by the equation v = \/%.
For a temperature of T' = 400 °C, this results in a mean velocity for 7 = 1263 m/s,
resulting in the following atomic flux:

016 atom

foven =117x1 (35)

sec

The number of atoms exiting the oven per second with both longitudinal and

transversal velocities, and in directions specified by angles € (polar) and ¢ (azimuthal),
is given by:

. A 2
Ny = %v exp (_—Z> cos 0v? sin 0 dv df) d¢. (3.6)
T v v

53 tq ta

Figure 3.5: Trajectory of the atoms.

Because only the atom’s axial velocity v, decreases as it moves through the slower,
the atom does not follow a straight trajectory through the slower. Rather, the tra-
jectory curves increasingly outward during deceleration, as shown in Fig. 3.5. This
leads to a divergence of the atomic beam after a certain time of flight. When the di-
vergence is larger than the capture radius of the MOT r., the flux of trappable atoms
is reduced: Only atoms with a small transverse velocity can be trapped in the MOT.
The maximum transverse velocity v, depends strongly on the atom’s time of flight:

(3.7)

< 1 C
v v =
r = r,max tb td ta

where r. &~ 1lem, and the atom’s time of light: (b)efore, (d)uring, and (a)fter deceler-
ation which depends on the radial velocity. Specifically, the time of flight from the

end of the slower to the MOT is defined as ¢, = -9, where d, is the distance between

Vend

the Zeeman slower’s endpoint and the center of the MOT. The atom’s flight duration

within the slower, ¢4, can be calculated using kinematics:
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tg = % (MU%—%—%L—W) : (3.8)

This formula accounts for the atom’s final velocity vy, the acceleration a, and the

length of the slower L, to determine t,4, the time spent during the deceleration.

1
tg = —(y/v? + 2aL — vy). 3.9
d a< vyt 2a vy) (3.9)

Following the above equations, we can rewrite the maximum radial velocity as:

Te

Ur,max = 4 ) 5 P (310)
/—v?+2aL + 2 <1 [VF + 2al — Uf) + vg
where a is the deceleration given by:
hkl -

Isat

The total number of atoms per second trappable by the MOT can be calculated
by calculating the integrals of Eq. (3.6) over angles and velocities using the limits for
max and ,Umax

7 z

Zeeman slower (the Zeeman-slower capture velocity).

f = foven - (1 — e_(2m>> : (1 - e_<2m)> : (3.12)

Eq. (3.12) is crucial in determining the optimal length of the Zeeman slower, a key

max

2% is the maximum axial velocity that can be slowed in the

v , where v

component in achieving a high atom loading rate in MOT. This equation allows us
to understand the relationship between the Zeeman slower’s length and the MOT’s
loading rate. After establishing the Zeeman slower’s length, the equation helps identify
the optimal distance between the MOT and the Zeeman slower, including how much
deviation from this distance can be tolerated without significant atom loss. In addition,
it provides information on the impact of varying capture velocities on the loading rate.
Furthermore, the equations presented in this section will be utilized subsequently to

assess the performance of our Zeeman slower.
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Chapter 4

Permanent Magnets Zeeman
Slower (PMZS): Design &

Simulation

4.1 Magnetic Field of Cuboid Permanent Magnets

Permanent magnets, particularly rare-earth magnets such as neodymium (NdFeB),
have become increasingly affordable and compact. Due to their superior magnetic

properties, they are widely used across various industries.

(@) y (b)

2a

RN

Figure 4.1: Left: conventions and notations for a block magnet. Right: equivalent rectan-
gular solenoid. (From [7]).

Given cuboid magnets with dimensions 2a x 2b x 2¢ and magnetization oriented
along the y-axis, as shown in Fig. 4.1(a), the magnetic field produced by these magnets
can be calculated. By applying Biot-Savart’s law to a single coil and integrating along
the y-axis, we determine the magnetic field characteristic of a rectangular solenoid.

The expression for this field is provided by [7]:

Bai(2,y,2) = poJs Y (=1)"7PHB(x — (=1)%a,y — (=1)"b, z — (=1)%), (4.1)

n,p,q=0
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where B is a vector field whose coordinates are:

1 XTIV 22— 7
B(X.Y.Z) = tlog [ YAV ,
VX2+Y2+ 2724+ 7

2

YVX2+Y24+ 22 4.2
By(X,Y,Z):—arctan< VXY ), (4.2)

XZ
B.(X.,Y,Z) = B,(Z,Y, X).

In Eq. (4.1), Js is the surface current density whose magnitude in our considered
cuboid case ( see Fig. 4.1 (b)) is given by uJs = poM where ug represents the
magnetic permeability of the vacuum.

Egs. (4.1, 4.2) show that the field produced by a permanent magnet is not uni-
form and exhibits components along the three spatial directions. Consequently, it is
essential to devise a configuration of multiple strategically placed magnets to achieve
the uniform field required to construct an ideal field profile for lithium. This topic

will be explored in the following section.

4.1.1 Halbach Configuration

Drawing on the principles outlined by K. Halbach [47] and further explored by P.
Cheiney [7], we consider a Halbach array to create a uniform magnetic field in a
transverse cross section. This configuration involves a hollow magnetic cylinder with
an internal radius R, and an external radius R.., where the magnetization M at a
given point, defined by the angle 6 from the y-axis, is oriented at an angle 26 with
respect to the same axis, as shown in Fig. 4.2(a). Such an arrangement is essential
for applications like the Zeeman slower, where a highly uniform field is critical. The
Halbach cylinder, leveraging the rotational symmetry of magnetization, ensures that
the magnetic field within the cylinder is homogeneous and decreases to zero outside,
adhering to the desired field characteristics for optimal operation. The expression for

this field is given by:

0 for r > Rt

(4.3)
Brln <g‘?—x:) y for r < Ry,

where BR is the remanent field of the magnet, which is given by: Br = uoM
Adopting the eight-pole Halbach configuration, inspired by [7] and shown in Fig.
4.2(b), we arrange eight magnets at 45-degree intervals. This setup produces a mag-
netic field with the same properties as the Halbach cylinder, as detailed by Eq. (4.3).
It generates a strong and homogeneous field with an intensity that quickly drops out-

side the magnetic ring. This behavior is verified in the right panel of Fig. 4.3, which
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(@) y
R DD
>
int

Figure 4.2: (a) Schematic representation of the Halbach configuration making it possible
to create a homogeneous magnetic field oriented along the y-axis inside the hollow cylindrical
magnet, and nothing outside. (b) The transverse section shows the configuration adopted
in our setup to produce the magnetic field, which takes Halbach geometry by reducing the
continuous magnetic cylinder to a set of discreet eight permanent magnets. (From [7])

displays the magnetic field created by this type of setup in a plane perpendicular to
the atomic jet. Furthermore, as shown in Fig. 4.3, the field’s strength rapidly falls
from several thousand gauss to just a few gauss within a few centimeters. This rapid
decrease in field strength is particularly important as it ensures that the magnetic

field does not interfere with the operation of a nearby magneto-optical trap (MOT),
especially when Halbach rings are positioned close to the MOT.
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Figure 4.3: Left: representation of the magnetic field’s magnitude in the x, y plane. The
squares indicate the positions of the magnets, arranged on a circle with a radius of R = 3 cm
around the axis. The field decreases rapidly outside the system composed of eight magnets,
diminishing within a few centimeters. Right: cross-section of the magnetic field along the
x-axis in the area close to the atoms, showing excellent homogeneity.
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4.2 Spatial Arrangement of Permanent Magnets

In this section, I provide an in-depth explanation of the Zeeman slower design process,

including the following:

o Defining the precise spatial arrangement of the magnets.

« Establishing the connection between the magnets’ positions based on their re-

spective rotational angles around the x-axis.

o Identifying the essential parameters required to create a magnetic field that

closely aligns with the theoretical magnetic field.

In our general setup, we consider a sequence of N consecutive Halbach rings. Figure
4.4 illustrates one such Halbach ring, labeled as 'n,” comprising eight magnetic bars.
These magnets are strategically placed along a circular path with a radius denoted as
R,. Within this ring, each magnet center is located at a specific angle 6 relative to
the y-axis, where 6; = (i — 1) - 2 for i =1 to 8.

To specify the center of each magnet relative to the laboratory frame, we use the
coordinates (z;, y;, 2, ), where:

x; = R, - sin(6;),

y; = Ry, - cos(6;),

and z, is the same for all magnet centers within the same Halbach ring.

Furthermore, we have opted to employ a left-handed Cartesian coordinate system.
In this system, the positive z-coordinates are directed inwards into the page. This
choice ensures that the z-coordinates of the magnets within the Zeeman slower are
regarded as positive.

After analyzing the transverse cross-section in the zy-plane and establishing the
positions of each magnet within the Halbach ring, we now turn our attention to
the longitudinal cross-section in the zy-plane. In Figure 4.5, we depict two of eight
magnets that belong to four consecutive Halbach rings. We have chosen to illustrate
only two magnets from each Halbach ring for the sake of clarity.

In the construction of the Halbach ring, we utilize identical permanent magnets
characterized by dimensions [a, b, ¢|. These magnets are uniformly rotated by an angle
a with respect to the z-axis, as shown in Fig. 4.5. With knowledge of the angles «
for all N Halbach rings, as well as the initial radius R, and its corresponding z-axis
position z, for the first Halbach ring, our objective is to determine the radius R, 1
and the position z,,; for the subsequent Halbach ring.

To achieve this, we consider two adjacent magnets within each Halbach ring, specif-
ically magnets n and n+1, each positioned at angles o, and v, 1, respectively, relative

to the z-axis. Our calculations cover all possible scenarios, accounting for whether
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L A

Figure 4.5: Magnets design parameters.

o, is greater than, smaller than, or equal to .1, while also considering the signs of
these angles, as detailed in Table 4.1.

Given the initial values of R, and z, for magnet n, we determine the values of
R, 1 and z,,, for the subsequent magnets. We present a comprehensive calculation
for one specific case — for clarity and brevity — in which o, is greater than a,,

both angles are positive. The methodology is visually illustrated in Figs. 4.6 and 4.7.
We begin by expressing the radial coordinate of the Halbach ring number n, de-
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Figure 4.6: Illustration of R, calculation given R, for a,+1 > «, with positive angles.
noted as R, relative to the reference point R;, based on Fig. 4.6, as follows:

1 1
R, =R; + 5Cn sin(a,) + ébn cos(ay,). (4.4)

Additionally, the Halbach radius of the next loop, R, is given by:

R,.1 = R; + p1 + p2 + p3, (4.5)

where:
p1 = ¢y sin(ay,),
1 ) 1
P2 = GCnt18I(@n41) + Shntr cOS(nta), (4.6)
p3 = ps — ps = by cos(ay) — by cos(ay,11).

By substituting Eqs. (4.6, 4.5) in Eq. (4.4) and arranging the equation, we obtain:

1 1 1 1
R,.1=R,+ 5Cn sin(ay,) + §bn cos(ay,) + 3Gt sin(ay1) — §bn+1 cos(apy1). (4.7)

To determine the Z coordinate of Halbach ring number n, denoted as z,,, we extract

it from Fig. 4.7 relative to the reference point z; using the following expression:

1 1
Zn = Zi + §cn cos(ay,) — §bn sin(ay, ). (4.8)

we also deduce the expression for z,.1:
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d, An+1| |

Figure 4.7: Illustration of Z, 1 calculation for a1 > a,, with positive angles.

Znt1 = 2i + cp cos(ay,) + dy + dy, (4.9)
where:
dl = dg — d2 = bn+1 SiIl(an+1) — bn SiH(Oén>, (410)
1 1 )
dy = Cnt1 cos(p11) — §bn+1 sin(a,11)- (4.11)

Substituting Eq. (4.11) and Eq. (4.9) into Eq. (4.8) and reorganizing the terms

yields the following expression:

1
Znal = Zn + §cn cos(ay,) — §bn sin(ay,) + §cn+1 cos(av,11) + ébnﬂ sin(ap41). (4.12)

4.3 Magnetic Field Calculation of the PMZS

In Section 4.1, we discussed the equations for calculating the magnetic field vector B
with respect to the permanent magnet’s reference frame. To compute the magnetic
field at an arbitrary point (z,y, z) in the laboratory frame, we must first transform to
the magnet’s reference frame and subsequently reverse the transformation to return
to the lab frame.

Here is a step-by-step summary of the process for calculating the magnetic field:

29



CHAPTER 4. PERMANENT MAGNETS ZEEMAN SLOWER (PMZS): DESIGN

& SIMULATION

Angles

sign

size

Radial Coordinate

Axial Coordinate

ant1 >0, 0, >0
ant1 >0, a, <0
ont1 <0, ap, <0
ant1 >0, >0
Qp4q < 0, ay < 0

Q41 > Qn
Qn41 > Qn
Qn41 > Qp
Op41 = Qp
Apt1 = Oy

1 1
Ryy1 =R, + 56n sin(ay,) + §b” cos(ay,)

1 . 1
+§cn+1 sin(ap41) — ibn+1 cos(ap+1)

1 1
Zn41l = Zn + 56n cos(au,) — ibn sin(aw,)

1 1 .
+§Cn+1 cos(apnt1) + §bn+1 sin(ap41)

On41 < 07 Qp > 0
Q41 > 0, Qy > 0
ant1 <0, <0

Q41 < ap
Qn 41 < ap
ant1 < Qp

1 1
Ryy1 =Ry + 5Cn sin(ay,) — §bn cos(ay,)

1 . 1
+§cn+1 sin(@pt1) + §bn+1 cos(nt1)

1 1
Znt1 = Zn + 5ln cos(a,) + §bn sin(av,)

1 1 .
+§cn+1 cos(nt1) — ibn_i'_l sin(@pn41)

Table 4.1: Radial and axial coordinates for the Halbach rings

e Defining the Transformation Matrix from Lab Frame to Magnet Frame:

The Halbach configuration employs a sequence of three rotational matrices for
each magnet: an initial rotation about the z-axis by #;, which aligns the magnet’s
magnetization vector, followed by a rotation about the z-axis by «,, and a
subsequent rotation about the z-axis again by 6;. The angle 6; is defined as
0; = (i —1) - 2, where i ranges from 1 to 8, corresponding to the eight magnets
in a single Halbach ring. The angle «, is defined for each of the N Halbach

rings, where n varies from 1 to V.

In the adopted left-handed coordinate system, the composite transformation
matrix for the nth ring and the ith magnet, denoted as R, (i), is constructed as

follows:

cos(0;) sin(6;) 0 1 0 0 cos(#;) sin(6;) 0
—sin(6;) cos(6;) 0 0 cos(ap) sin(ay,)| - |—sin(6;) cos(6;) 0
0 0 1 0 —sin(ay,) cos(ay) 0 0 1
cos?(0;) — cos(ay,) sin®(6;) cos(0;) sin(6;) + cos(av,) cos(6;) sin(6;)
— cos(6;) sin(6;) — cos(a,) cos(6;) sin(6;) cos(a,) cos?(6;) — sin®(6;)
sin(avy,) sin(6;) — sin(a,) cos(6;)

This matrix effectively transforms vectors from the lab frame to the magnet
frame.
Expressing the Translation Vector T:

For the nth ring and the ith magnet, the translation vector T n (1) is essential for

understanding the location of each magnet’s center in the Halbach ring relative
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to the lab frame:
sin(60;) R, (1)
T (1) = |cos(6;)Ry(i)

Zn

o Calculating the Distance Vector d: To determine the magnetic field at a
point r = (x,y, z) in the lab frame, the distance from this point to the center of

the magnet is represented by the vector d:

) x — sin(0;) R, (7)
dn(i) = |y — cos(0;) R, (7)

zZ— zp,

o Transforming d to the Magnet Frame: The transformation of d to the

magnet frame is achieved by:

« Substituting d™(i) into Magnet Frame Equations (see Section 4.1): The

magnetic field equations from Section 4.1 are applied using d™ (7).

o Transforming the Magnetic Field to the Lab Frame: The resulting mag-

netic field in the lab frame is given by:

élab = Rn(l> . Emagnet

4.4 Optimization Procedure for the PMZS

Starting with an ideal magnetic field graph, our objective was to simulate a Zeeman
slower constructed from permanent magnets, aiming to closely match the resulting
magnetic field with the ideal one. This journey was marked by numerous challenges,
but we persevered in our search for an effective solution. Notably, we are not aware of
any other laboratories worldwide that have developed a Zeeman slower for “Li using
permanent magnets. Although we drew insights from prior research on other elements,
adapting existing designs proved challenging due to the specific requirements of our
lithium Zeeman slower. Namely, our choice to employ a spin-flip Zeeman slower further
compounded the complexity, and given the need for a considerably high magnetic field
Amplitude, around 1000 Gauss, to achieve our objectives.

Initially, we adopted the design concept proposed in [7], their design was built

to cool rabidium 8"Rb which mainly revolves around the utilization of elongated per-
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manent magnets set at a single angle, in order to simplify mechanical construction.
You can refer to our initial design in Fig. 4.8, which visually illustrates the concept

outlined in the paper.

Figure 4.8: Conceptual representation of the initial design inspired by [7].

The construction of a Zeeman slower for rubidium is notably facilitated by the
possibility of employing a single angle in its mechanical design. However, this approach
is not as effective for lithium as a result of its significantly lower mass.

To understand how mass impacts the design of a Zeeman slower, consider the
relationship that governs the amplitude of the magnetic field in such a device, derived

from Eq. (4.13): Ak )
Ve — Uy

1295

This equation indicates that the amplitude of the magnetic field in a Zeeman

AB = (4.13)

slower directly proportional to the capture velocity.

For "Li, assuming a capture velocity of 900 m/s at a temperature of 300°C and
employing Eq. (3.2), we find that the Zeeman slower will decelerate approximately
12% of the atoms that leave the oven. In contrast, for ¥Rb with the same capture
velocity, the Zeeman slower can slow down about 99% of the exiting atoms.

This substantial difference is mainly due to the mass of 8"Rb, which is about 12
times higher than that of lithium. Consequently, when a Zeeman slower for rubidium is
designed, opting for a lower capture velocity can still result in a significant proportion
of atoms being slowed, which simplifies the mechanical design process considerably.

Subsequently, we explored an alternative design inspired by [8], which centered on
the use of a long permanent magnet rotated at an angle relative to the x-axis. This
design was originally developed for ytterbium atoms and also incorporated a spin-flip
Zeeman slower, aligning with our objectives. However, the magnetic field amplitude
generated by their Zeeman slower was limited to 600 Gauss, significantly lower than
our required amplitude. After making efforts to optimize this approach, we found
that the resulting magnetic field deviated considerably from the ideal configuration.

Our innovative approach involves utilizing a large number of cuboid small mag-

nets, introducing an increased flexibility that allows us to attain the desired magnetic
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field configuration effectively. However, it should be noted that this approach also
introduces a greater mechanical complexity to the structure, which will be discussed

further in this thesis.

4.5 Simulated Magnetic Field Parameters

To commence the optimization process, it is essential to familiarize ourselves with the
parameters required for simulating the magnetic field of the Zeeman slower. These

parameters include:

o N: The total number of Halbach rings.

e B,: The remanent magnetic field strength for each Halbach ring.
e «a: The angle of rotation of each Halbach ring around the z-axis.
o Zy: The axial coordinate Z for the first Halbach ring.

e Ry: The radius of the first Halbach ring.

o The size of the magnets within every Halbach ring, including their length (a),
width (b), and height (c).

Note that after determining the values of R; and Z;, along with the angles « for
all magnets, we can easily calculate R, and Z,, for the remaining magnets using the
expressions provided in the previous chapter; see table 4.1.

We have design constraints that limit the options for our optimization parame-
ters. First, we restrict the angle o to be within the range of —7/2 to /2 for ease
of manufacturing. Additionally, due to the limitations of available cuboid permanent
magnets in the industry, we source our magnets from the company "HKCM Engineer-

)

ing,” which provides a predefined list of magnet sizes. You can find the list at the
following link: HKCM Engineering Cuboid Magnets. This list contains 904 options.

To ensure a more uniform magnetic field, we intentionally select cuboid magnets
with identical width and length, denoted as (a = b). Moreover, we seek magnets
with small heights (c), which significantly reduces the number of available options
and simplifies the optimization process.

During optimization, we explore all the options available for the sizes of the mag-
nets within the given constraints. The magnets within the same Halbach ring are
identical but not necessarily identical to magnets in other Halbach rings. As part of
the optimization process, we consider the magnet sizes and their remanent magnetic
field strengths (B,) obtained from the company and adjust the values of z; and R,
for the first magnet, along with the angles a for all N Halbach rings. Our goal is to

achieve a magnetic field configuration that closely matches the ideal magnetic field.
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4.6 Ideal Magnetic Field Parameters

In this section, we discuss the parameters that need to be optimized—uv,, n, and 6—
to calculate the ideal magnetic field. These parameters are specified and defined in
Table 4.2 below.

Our goal is to minimize the divergence of the atomic beam following the Zeeman
slower, thereby enabling effective capture by the magneto-optical trap (MOT). This
involves reducing the transverse velocity, with the considerations for this detailed in

the following subsection.

4.6.1 Considerations Regarding Transverse Velocity

« Ballistic Expansion at the Final Stage (After the Slower): The distance
dprop =~ 10 cm represents the propagation length from the Zeeman slower to
the MOT region, and the radius of the MOT region ryor =~ 1 cm. For atoms
exiting the Zeeman slower with a final velocity vy ~ 30 m/s, the transverse
velocity vy, is determined by equating the time for longitudinal travel over dpyop

and transverse travel over ryor, resulting in:

MOT
d

Uy = Uy ~ 3 m/s.

prop
Selecting vy = 30 m/s ensures a minimized transverse velocity.

o Transverse Heating During Propagation in the Zeeman Slower: The
recoil velocity is vpee = fn—k = 0.085 m/s. Assuming capture velocity v. = 900
m/s, the number of photons N, required to decelerate the atoms to vy is given
by Npw = =—L ~ 10*. Consequently, the transverse velocity v;, due to heating
is:

Uty = \/ NphUree = 8.5 m/s.

These considerations are crucial for fine-tuning the operational parameters of the

Zeeman slower to ensure compatibility with the MOT’s capturing efficiency.

4.6.2 Parameter Flexibility in Ideal Magnetic Field Calcula-

tions

In the design of the Zeeman slower, we are afforded a measure of flexibility in choosing
certain parameters that define the ideal magnetic field. Notably, within the proposed
range, variations in these parameters do not markedly affect the Zeeman slower’s
overall efficacy. Such flexibility is instrumental in fine-tuning the congruence between

the simulated and ideal magnetic fields. The parameters under consideration include:
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1. Security Coefficient 1: This coefficient accounts for the imperfections in the
Zeeman slower. We can adjust 1 between 0.45 and 0.6, but it must remain below
1. In prior experiments with a conventional wire-based Zeeman slower, we used
n = 0.7. This value was less than optimal, considering the various imperfec-
tions encountered in constructing the Zeeman slower. A lower 7 value aligns
better with theoretical predictions while compensating for these imperfections.
However, a reduced 7 increases the length of the Zeeman slower, which requires
careful consideration to avoid impractically long slowers, as they occupy too
much space on our optical table and adversely affect the angle at which atoms
are captured by the MOT.

2. Capture Velocity v.: The chosen capture velocity of 900 m/s results in a rel-
atively low transverse velocity, which can be further diminished with pre-slower
collimation. Opting for a higher capture velocity increases not only the trans-
verse velocity but also the required length of the Zeeman slower. Conversely,
a velocity that is too low impedes the number of atoms that can be effectively
slowed. We have determined that a capture velocity within the range of 800
m/s to 900 m/s results in a minor difference in the number of the slowed atoms,

thus allowing flexibility in selecting this parameter.

3. Detuning (d): The laser is tuned to a point 401.5 MHz away from the atomic
transition frequency. We utilize Acousto-Optic Modulators (AOMs) set to
80 MHz. This sets the detuning value § to 401.5 — 2 x 80 = 241.5 MHz. We
can also fine-tune the AOM to adjust the detuning by +10 MHz, providing us
the option to select a detuning within the range of 231.5 MHz to 251.5 MHz for

our ideal magnetic field calculations.

In conclusion, these parameters offer a level of adaptability that is crucial for
optimizing the performance of the Zeeman slower amidst practical limitations and
imperfections, thereby improving the alignment with the ideal magnetic field model.

The final optimized parameters for the ideal magnetic field are outlined in Table 4.2.

4.7 Optimization Results

The central objective of our optimization process was to minimize the difference be-
tween the ideal magnetic field and the simulated magnetic field, which is produced
using an array of permanent magnets within the Zeeman slower. This optimization
process involved iterative adjustments to critical parameters during the calculation of
the ideal magnetic field, encompassing variables such as 7, vegpture, and 6. Simulta-

neously, we fine-tuned parameters governing the simulated magnetic field within the
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Parameter Symbol Value

Mass m 1.1650341 x 10~ 20 kg
Wavelength A 670.975 [nm]
Magnetic moment L —1.3996 [MHz/G]
Wavenumber k=2t 9.3643 x 10 [rad/m]
Linewidth of the transition r 21 % 5.87123 MHz
Maximum deceleration Amaz = % 1.5635 x 105 ms—2
Capture velocity Ve 850ms !
“Security” coefficient to allow imperfections 7 0.48
Detuning 0o —244.93405 MHz
Final velocity vf 30ms~!
Length of Zeeman slower L = ;;;;:i 47.3 cm
Length of Zeeman for vy = 0 Lgtop = 27);}3”’96 47.36 cm
Field offset B, = Mo 175G

Field amplitude Br = % —905.1102 G

Table 4.2: Zeeman slower design parameters

Zeeman slower constructed from permanent magnets, specifically, we varied the di-
mensions (R; and z;) of the first Halbach ring and manipulated the rotation angles («)
of the Halbach rings. This procedure was carried out across multiple iterations, each
time with different sizes of cuboid permanent magnets, to select the set of parameters
that resulted in the minimal difference between the calculations of the ideal and simu-
lated magnetic fields. In the final iteration, detailed parameters for the ideal magnetic
field calculations are summarized in Table 4.2. Our optimized design comprised a to-
tal of 19 Halbach rings, each ring composed of eight individual magnets, resulting in a
requirement for a total of 152 permanent magnets. The precise specifications of these
magnets are documented in Table 4.3. Figure 4.9 provides a visual representation of
the composite design formed by these permanent magnets, illustrating the intricate
and challenging nature of constructing such a complex structure. The development of
this Zeeman slower has provided invaluable insights, and in the subsequent chapter,

we will delve into a comprehensive explanation of the mechanical structure of the
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Zeeman slower.

Figure 4.9: Two views of permanent magnets design.

4.8 Analysis of Magnetic Field Profiles in the PMZS:

Simulated vs. Ideal Comparisons

This section introduces two graphical representations derived from the optimization
process within the context of a Zeeman slower. The first graph, shown in Fig. 4.10,
presents the profiles of both the simulated magnetic field (Bsjmulatea) and the ideal
magnetic field (Bjgea1). These profiles are plotted as functions of the axial coordinate
7, which corresponds to the direction of atomic propagation within the Zeeman slower.

The second graph, illustrated in Fig. 4.11, is dedicated to highlighting the discrep-
ancies between these magnetic field profiles along the axial coordinate. This graph
offers a focused view on the magnetic field error up to the point where Z = L, marking
the end of the Zeeman slower—a region of particular interest for evaluating field accu-

racy. An analysis of the second graph reveals an average deviation of 0.4142 G between
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the simulated and ideal magnetic fields along the axial length Z. This finding leads to

a crucial consideration: determining the acceptable level of error between these two

magnetic field representations, a topic that will be further explored in section 5.2.

Halbach ring o, (°) 2z, (mm) R, (mm) Sign a (mm) b (mm) c (mm) Br
1 16.68 -21.32 41.51 -1 10 10 30 1.28
2 3.66 9.59 47.05 -1 10 10 30 1.28
3 1.31 39.85 48.36 -1 10 10 30 1.28
4 2.72 70.00 49.42 -1 10 10 30 1.28
) 2.84 99.98 50.88 -1 10 10 30 1.28
6 -1.28 130.47 51.29 -1 10 10 30 1.28
7 7.76 161.44 53.04 -1 10 10 30 1.28
8 -4.87 192.80 53.84 -1 10 10 30 1.28
9 13.51 224.59 56.24 -1 10 10 30 1.28
10 -7.54 256.62 57.91 -1 10 10 30 1.28
11 19.04 288.91 61.16 -1 10 10 30 1.28
12 0.01 320.39 66.44 -1 10 10 30 1.28
13 15.90 351.75 70.82 -1 10 10 30 1.28
14 23.46 380.82 81.22 -1 10 10 30 1.28
15 -19.49 413.89 82.36 -1 10 10 20 1.17
16 21.91 442.31 81.19 1 10 10 20 1.17
17 -76.35 463.46 70.32 1 4 4 25 1.17
18 -67.02 474.97 49.66 1 10 10 20 1.17
19 28.01 494.60 37.71 1 10 10 20 1.17

Table 4.3: Geometric arrangement parameters for the PMZS
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Figure 4.11: Deviation between simulated and ideal magnetic fields.
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Chapter 5

Constructing the PMZS:
Mechanical Design and Resulting

Magnetic Field Measurements

5.1 Mechanical Design

We use permanent magnets in a Halbach configuration to produce the magnetic field
required for the Zeeman slower. A three-dimensional model of the Zeeman slower
based on permanent magnets is illustrated in Fig. 5.1. The model was created using
the SolidWorks CAD environment. It comprises two side holders supporting eight
magnet holders, divided into four of type I and four of type II, ensuring the Halbach
symmetry. Here, types I and II respectively denote the non-rotated and 45°-rotated
magnets. FEach magnets holder accommodates 19 rectangular cuboids permanent
magnets arranged according to the optimized position and orientation, as detailed
in Table (4.3) above. The optimized configurations of the magnets result in a total
length of the Zeeman slower of 555 [mm]. To address the intricate design complexity
and minimize manufacturing costs while maintaining minimal tolerances, the holders
components were 3D printed using PLA material. The design, manufacturing and
assembly processes involved several challenging phases, which will be discussed in the
following sections.

The primary challenge in Zeeman slower design is enabling attachment to the fixed
vacuum tube while maintaining Halbach symmetry. This was achieved by dividing
the Zeeman slower into upper and lower parts, as shown in Fig. 5.2. The upper part
comprises five magnet holders, while the lower part incorporates three magnet holders.
These two sections are pressed against each other using four M3 bolts to achieve the

desired configuration.

The eight magnets holders were affixed to the side holders with a 0.5 [mm] clear-
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Magnets holder I

Magnets holder II

Side holders

Atoms tube

Figure 5.1: 3D model of the total assembly of the permanent magnets-based Zeeman
slower.

Figure 5.2: Upper and lower sub-assemblies of the permanent magnets-based Zeeman
slower.

41



CHAPTER 5. CONSTRUCTING THE PMZS: MECHANICAL DESIGN AND
RESULTING MAGNETIC FIELD MEASUREMENTS

ance in each direction. The assembly of the side holder, along with an exploded
view, is illustrated in panels (a) and (b) of Fig. 5.3. The design of the side holder
posed a challenge in supporting the combined weight of the magnet holders and the
152 permanent magnets (8 * 19=152). This consideration is crucial, especially given
that the side holder is divided into upper and lower parts. The solution involved
strengthening the side holder by increasing its thickness to compensate for the limited
material between the eight windows. The critical components of the Zeeman slower
based on permanent magnets are the magnet holders, responsible for hosting magnets
in their optimal locations and orientations. Three distinct rectangular cuboid perma-
nent magnets were used: 10 mm x 10 mm x 30 mm, 10 mm x 10 mm x 20 mm,
and 4 mm x 4 mm x 25 mm. These rectangular cuboid permanent magnets were
adjusted differently for each magnet holder on the basis of its position in the Halbach
array. This customization ensured the desired directionality of the resultant magnetic
field.

Figure 5.3: Side holder assembly: (a) Isometric view, and (b) exploded view.

The front and back views of magnet holder type I assembly are depicted in panels
(a) and (b) of Fig. 5.4, respectively. The axial location for each permanent magnet
is qualitatively labeled in the front view, as presented in panel (a) of the figure. Due
to the length exceeding the available space of the 3D printer, manufacturing the
magnet holders as a single unit was impossible. Consequently, each magnets holder
was divided into two parts, right and left parts, as illustrated in panel (c) of Fig. 5.4.
These left and right subassemblies were aligned using centering pins and holes and
subsequently connected through a Teflon connection stick, as seen in panel (c) of Fig.
5.4.

Fully detailed front and back exploded views of magnets holder type I are presented
in panels (a) and (b) of Fig. 5.5 respectively. In these views, the optimal location

and orientation of the permanent magnets are clearly visible, with the positions of the
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magnets on the holder base plate engraved. The assembly process involved identifying
the magnetization direction for the 19 permanent magnets in each holder, maintaining
minimal manufacturing tolerances (0.1 mm) to ensure a secure assembly. To achieve
the desired configuration, each magnet is secured against its cover using two M3 peek
bolts.

The overall thickness of the magnet holders is constrained by the physical space
available between the eight holders. Consequently, using a uniform thickness would
result in bending failure due to the strong magnetic forces exerted between neighboring
permanent magnets. This challenge was addressed by incorporating two reinforcement
ribs on the base of the left and right parts of the magnets holder, as depicted in Fig.
5.5(b). These reinforcement ribs significantly improved the bending strength of the
holders.

Similarly, Fig. 5.6 provides a comprehensive description of the assembly process
for the magnet holder type II, where each magnet undergoes a 45-degree rotation
around its axial axis. To complete the visual representation, an exploded view is

presented in Fig. 5.7, offering similar insights as for magnets holder type I.

(a) -

(c) Connection beam
\,

L -

Left side Right side

Figure 5.4: Assembly of magnets holder type I: (a) front view, (b) back view, and (c)
exploded isometric view.
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(b) .
Reinforcement
ribs
Magnets’ Magnets’ Magnets’ Ma\g@‘

location covers location covers

Centering pins (&
and holes

Figure 5.5: Exploded isometric view of magnets holder type I: (a) front view, and (b) back

(b) -

Connection beam

(©)

Left side Right side

Figure 5.6: Assembly of magnets holder type II: (a) front view, (b) back view, and (c)

exploded isometric view.
(b) Reinforcement
ribs

Magnets’ Magnets’
location covers

(@)

=

Magnets’ Magnets’
location covers

Centering pins
and holes

Figure 5.7: Exploded isometric view of magnets holder type II: (a) front view, and (b)
back view.
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Figures (5.8, 5.9) shows the actual assembly of the holders and Zeeman slower.

Figure 5.9: Total assembly of the permanent magnets-based Zeeman slower.
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5.2 Tolerable Measured Magnetic Field Deviations

In Chapter 2, we discussed the force acting on atoms, which can be expressed as:

F— ks 5(2)

21+S(z)+4<5‘%)2’

here, dcfr = do + 2w — “(é(z and S(z) =

Iy, is the saturation intensity.

(5.1)

I , where I represents the intensity, and

In an ideal scenario where the magnetic field profile perfectly compensates for the
Doppler shift, d.¢s remains zero at any position z, resulting in the highest attainable

force. We enforce this condition in Eq. (5.1)

F é nFma)o (5.2)

where, Fl.x = hkg S“(g <7, and 7 serves as a ’security’ coefficient, accounting for po-
tential imperfections, where n < 1.

One such imperfection is the deviation of the magnetic field from the ideal profile,
denoted as 6 B. To assess the tolerable extent of this deviation, we consider the total

detuning:

WB(z)  poB(z) | WSB(:)
h + h =+ h

To establish the criteria for acceptable magnetic field deviations, we substitute Eq.
(5.3) into Eq. (5.2), leading to:

5:5effj:6dev :50+%w— (53)

' S(z) r S(z)
fik— ..
14 5(2) +4 (—i“'gf(z>>

hk—————
TS +1 2
After rearranging Eq. (5.4), we find that the magnetic field deviation is expressed

VAN

(5.4)

as:

SB(z) = ig—; (5() +;)(1 - (5.5)

Upon substituting our design parameters and constants of nature (¢’ = 1.4 MHz/Gauss,
['=5.9, and S(0) = 25), we calculate:

R
|0 Binax(2)| = 5V 26 =~ 10 Gauss (5.6)
i
It is important to note that the value of S(0) corresponds to the beginning of the

Zeeman slower. As we progress through the Zeeman slower, this parameter gradually

decreases, indicating that the maximum deviation occurs at the starting point.
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We find that the potential deviation of 10 Gauss is notably greater than the actual
average deviation of 0.4 Gauss between the simulated magnetic field and the ideal field
obtained through optimization. This strongly indicates the successful outcome of our

optimization efforts.

5.3 Comparison of Measured and Simulated Mag-
netic Field Profiles in the PMZS

Here, we compare the actual and simulated magnetic field behaviors within the Zee-
man slower. Figure 5.10 illustrates both the measured and the simulated magnetic
field profiles as functions of the axial coordinate, Z. In addition, Fig. 5.11 high-
lights the difference between the simulated (Bsimulated) and the measured (Byjeasured)
magnetic fields.

A notable observation from these graphs is the discrepancy at the beginning of
the Zeeman slower. Here, the error margin exceeds the maximum permissible error
established in Subsection 5.2. However, beyond this initial region, the error within
the remainder of the Zeeman slower is observed to be within acceptable limits, as per
the previously calculated threshold.

In the next section, we will explore the factors causing these discrepancies. In the
following chapter, we will examine in detail how these initial discrepancies impact the

overall performance of the Zeeman slower using Monte Carlo simulations.
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Figure 5.10: Simulated magnetic field vs Measured magnetic field.
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Figure 5.11: Deviation between simulated and measured magnetic fields: AB =
BSimulated - BMeasured

5.3.1 Factors Influencing the Discrepancy Between Simulated
and Measured Magnetic Fields in Zeeman Slower Con-

struction

The construction of a Zeeman slower involves numerous factors that can significantly
influence the precision of the resultant magnetic field. This section delineates these
critical factors, highlighting their potential impacts on the accuracy of magnetic field

measurements.

o Impact of Halbach Ring Radius Variations: A primary and previously
unaccounted factor in our optimization model is the sensitivity of the magnetic
field to changes in the radius of the Halbach ring. Given that manufacturing
precision is within 1 mm, even marginal alterations in the radius of the initial
Halbach ring (which consequentially affects the radii of subsequent rings) can
critically modify the magnetic field. For instance, increasing the first Halbach
ring’s radius by 0.5 mm results in a reduction of the magnetic field strength by

approximately 17 Gauss at z = 0.

o Manufacturing Tolerances of Permanent Magnets: The fabrication of
cuboid permanent magnets, according to the manufacturer’s stated tolerances,
presents another influential factor. The dimensions of these magnets (width a,
length b, height ¢) are subject to a manufacturing error tolerance of 42 mm,

which could lead to significant variations in the magnetic field.
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e Magnet Placement and Physical Damage: During the assembly of the
Zeeman slower, the placement of cuboid magnets into their respective holders
can be disrupted due to magnetic attraction to adjacent magnets. This occa-
sionally results in physical collisions and subsequent scratching of the magnets,

potentially impairing their magnetic performance.

o Attractive Forces Between Adjacent Halbach Rings: The significant at-
tractive force between magnets located in adjacent Halbach rings is another

factor that might affect the uniformity and strength of the magnetic field.

o Limitations in 3D Printing Precision: An additional overlooked factor in
our optimization process is the precision limitations of 3D printing technology,
particularly in achieving specific angular measurements. Although our opti-
mization model could suggest angles with two decimal points, such precision is
beyond the capability of standard 3D printing, impacting the accuracy of our

magnetic field calculations.

In conclusion, considering these multifarious factors that can influence the preci-
sion of the magnetic field, the results obtained from the construction of the Zeeman
slower are satisfactory. These insights not only underscore the complexity of accu-
rately simulating magnetic fields but also highlight the importance of accounting for

practical manufacturing limitations in theoretical models.
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Chapter 6

Testing and characterization of the
PMZS: Monte-Carlo Simulation

The purpose of a Zeeman slower is to decelerate a large fraction of atoms from a
thermal beam with different, high initial velocities to the same low final velocity.
The dissipative nature of the spontaneous force becomes evident, since the atoms are
not decelerated by the same velocity but effectively ’bunched’ into a particular final
velocity. To assess the effectiveness of our Zeeman slower and to predict the final
velocity distribution of atoms passing through a Zeeman slower, we want to apply the

three-dimensional Monte Carlo simulation as suggested in [9].

6.0.1 The Differntial Equations

The acceleration given to an atom by many photons is given by:

_ RkD S(2)
214 5(2) + () (8 + kv, — £52)°

ay

(6.1)

Notice that I kept the intensity-to-saturation intensity ratio, denoted as S(z),
constant at a value of Sy = 25. Nevertheless, there are slight variations in S, along

the Zeeman slower. Importantly, these changes have minimal impact.

We start by rewriting the Eq. (6.1) in the following second order differential form:

d*z hkD’ So

—2 _= , 29

dt 2m 1+So+(%) (50—1—/{:%—”32(5’%'2))

Az _0 (6.2)
ez

d*y 2
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Initial Conditions

The atoms leaving the oven are distributed according to a Maxwell-Boltzmann distri-
bution.
To simulate the system, we begin by determining the number of atoms, denoted

by N, that will participate in the simulation.

1. Velocity Selection: We implement a Maxwell-Boltzmann distribution for N
atoms, considering only those with velocities up to v = 880, m/s. Our focus
is primarily on atoms with velocities at or below the capture velocity (v. =
850, m/s), which are the ones that can effectively be slowed down. However, by
applying the Maxwell-Boltzmann distribution to velocities as high as 830 m/s,
we aim to demonstrate the impact of the Zeeman slower on atoms whose initial

velocities exceed the capture velocity.

2. Position Initialization: Set the initial conditions for the system, denoted by

Z0, Yo, 20, V0,2, Vo,y, Vo,z, 10 solve Eq. (6.2).

(a) Radial Position Selection: Randomly choose a radius, 7, in the range 0 <

7 < Toven, Where roen = 2mm is the radius of the oven aperture.

(b) Angular Position Selection: Randomly select angles § and ¢ satisfying the

conditions:

0< ¢ < 2m,

v
0 < 6 < arctan <M)

Vz,max

where v, e = 850 [m/sec| is the capture velocity and the max radial

velocity is given by Eq. (3.10)

(¢) Initial Position Calculation: Compute the initial position coordinates:

xo = 1 cos(),

Yo = rsin(g).

3. Initial Velocity Calculation: After choosing random angles and radius 7, ¢, 0,

calculate the initial velocities:

V0,2 = Voyen SIL(A) cos(¢),
V0,y = Voven Sin(#) sin(¢),

V0,2 = Voven COS<9)7
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where vyyen is the initial velocity at the output aperture of the oven.

Now that we have figured out all of the initial conditions, we can solve Eq. (6.2)

6.1 Numerical Solution Along the Z Axis

To initiate the simulation of velocity profiles, we begin with an on-axis calculation.
This simulation assumes that the atom travels exclusively along the z-axis so we
assume the magnetic field is a function only of z. We focus on a range of velocities
sampled from the Maxwell-Boltzmann distribution.

In this context, we simplify the calculation without considering the radial velocities
(vy) and (v,). We also set z = 0 and y = 0, highlighting that the motion is confined

to the z-direction.

Solution Using the Simulated Magnetic Field

The velocities as a function of z were determined through a solution of differential
equations using the simulated magnetic field. It is important to note that the sim-
ulation results closely match those obtained with the ideal magnetic field, with the

difference between them negligible, as demonstrated in Fig. 4.11.

900
800

700

600 = ——
-
500
z -
& 400
300 £ _
200
100 F —)
ol s
100 . . ( . .
0 0.1 0.2 03 0.4 05

z [m]

Figure 6.1: Velocity vs. z coordinate with simulated magnetic field, assuming on-axis
motion.

Figure (6.1) shows the atom’s velocity as a function of the position in the Zeeman
slower for different initial velocities. As the Zeeman slower is designed for vy = 850m/s
which determines the length of the Zeeman slower, atoms with this initial velocity are
resonant with the laser photons all along the Zeeman slower so the deceleration is

constant until these atoms are stopped. Atoms with initial velocities larger than 850
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m/s are far out of resonance with the laser, as a consequence of the Doppler effect. In
these cases, the Zeeman effect is not able to compensate for the Doppler effect at any
time, and there is practically no photon absorption. As a consequence, the velocity of
these atoms does not vary in the Zeeman slower. The situation is completely different
for atoms with initial velocities of less than 850 m/s, in this case, the interaction
is non-resonant at the beginning of the Zeeman slower but at a particular point of
the Zeeman slower the compensation of the Zeeman effect and the Doppler effect is
perfect such that the interaction becomes resonant. From this point on, the interaction
is always resonant until the atom stops. This is the explanation for why all the curves
with initial velocities less than 850 m/s end up fitting each other.

As we observe, once the atoms reach the end of the Zeeman slower, they undergo
acceleration in the negative direction, resulting in a negative velocity. This change
in velocity can potentially cause the atoms to reverse their direction of motion. To
prevent this undesirable outcome, it becomes necessary to make precise adjustments
to both the power of the laser and the detuning parameters as we approach the end of
the Zeeman slower. These adjustments are essential to ensure that we retain control

over the atoms and avoid their loss.

Solution Using the Measured Magnetic Field.

In the following section, I employ the measured magnetic field data for the Zeeman
slower. I create an interpolated function for the magnetic field using the measured
results, which I then use to solve the differential equations. The objective here is to
investigate the impact of the deviation between the simulated and measured magnetic
fields, as depicted in Fig. 4.11, on the final velocity distribution at the end of the

Zeeman slower.
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Figure 6.2: velocity vs. z coordinates with the interpolated magnetic field function, as-
suming on-axis motion.
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Note that the velocity profile as a function of z is almost the same for both the
measured and simulated magnetic fields, except that in the case of the measured
magnetic field, the Zeeman slower initiates cooling for atoms at speeds of 845 m/s

and below, whereas, for the simulated magnetic field, this process begins at 850 m/s.

6.2 General Numerical Solution (3D Motion Con-
sidered)

While previously neglecting the radial velocity, here I take it into account and see how
the off-axis motion affects the slowing procedure.

The initial radial velocities are given in Fig. 6.3
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Figure 6.3: Random initial velocity v, vy
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Figure 6.4: velocity vs. z coordinate with simulated magnetic field (3D motion considered)
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Considering the negligible initial radial velocities, we obtain a velocity profile that

closely resembles the one obtained when considering only on-axis motion.

95



Chapter 7

Zeeman Slower Performance:

Velocity Measurements

The evaluation of the Zeeman slower performance is done by measuring the velocity
distribution of the atoms at the MOT location. We perform this measurement using
absorption spectroscopy and compare the results with and without the presence of

the slowing laser beam.

7.1 Optical Density

For a weak laser beam passing an infinitesimal distance dl through the atoms, its

intensity decreases according to Beer’s law I = I, e"9? where
OD(d,v) = n(v)o(v,0)dl, (7.1)
is the optical density per unit velocity, n(v) is the atomic density per unit volume per

unit velocity in the beam’s direction, o is the absorption cross section

o(v.8) = T T e R (7.2)

where o9 = % is the resonance cross section, I, is the saturation intensity (for
"Li equal to 2.56 mW /cm?). This measurement is done at zero magnetic field, so the
detuning is only affected by the laser frequency and the velocity component in the
beam’s direction § = wy, — wy — k - 7. The laser frequency is scanned at 50 Hz over
some relevant section and its power is picked up after passing through the atoms by an
amplified photodetector. We can make an approximation that the velocity distribution
is sufficiently uniform over the beam path, and thus obtain the expression for its total

power:
P="r e—Lfdv n(v)o(v,6) (73)
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where L is the total path length.

7.2 Measurement Apparatus

Figure 7.1 shows the configuration of the measurement apparatus. We define  as the
angle between the probe laser and the general direction of propagation of the atoms
z, where 8 > 0 denotes the probe laser with positive z component of its wave vector.
In theory, it would be optimal to have = 0 to fully resolve the z component of
the atoms’ velocity. However, in this limit, the atomic density per velocity resolution
range tends to zero and disappears below the measurement noise. In the other limit,
as [ approaches 90 degrees, the distribution compresses, and it becomes impossible
to resolve small velocities that are relevant for our system evaluation. In order to
have sufficient vapor pressure in the oven, and consequently a high flux of atoms, we
heat the oven to 450°C The distribution of velocities in the Z direction is based on

a probability distribution function of the beam f(v) o< v2 exp <—727;:7§> which, at this

temperature, has a width of o,, = \/kT/m ~ 925m/s. For the case of |5| > 0, the

measurement is sensitive to the velocities as follows: vg = cos()v, + sin(f)v,, where

v, is the velocity in the x-y plane. In the experiments we work with 80° > 5 > 67°,
and since the expected distribution of v, in the beam is much narrower than that of
v, (even in this range of () it can be approximated as a delta function and, therefore,
we neglect it’s contribution to vg. In addition, the natural linewidth I' is also much
narrower than the width of the velocity distribution when taken to the frequency
domain &, = cos(f)0,, /A and therefore the Lorentzian lineshape in the optical density
can also be approximated by a delta function, such that the resulted convolution gives
simply the atomic density function. By making these approximations and working
with weak intensity such that I < I,,; we obtain the following expression for the

optical density per unit velocity (for a given laser frequency):

OD(v) = n(vg)ogL (7.4)

We measure the power P of the beam after its passage through the octagon twice.
Once with the mechanical shutter which blocks the atomic beam open, so the atoms
are present in the octagon. And once with the shutter closed, so the atoms are blocked,
making OD = 0. With these two measurements we can extract the optical density as

following;:

OD = lOg (Pclosed/Popen> ) (75)

Where "open”/”closed” refer to the shutter configuration.

In order to calibrate our measurement we split the beam and pass one of them
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2
rﬁ. <—L Vapor cell =

Figure 7.1: The measurement apparatus. Most of the laser power is directed for the probe
beam through the octagon. Less than 1% of the light goes to the vapor cell for Doppler free
spectroscopy for calibration.

through a vapor cell using Doppler-free saturation absorption spectroscopy, as shown
schematically in Fig. 7.1. For each measurement, we capture the vapor cell signal in
addition to the probe passing through the octagon. An example of such a measurement
is shown in 7.2. The location of both D2 transitions (|F' = 1) — |F’ = 0,1,2) and
|FF = 2) — |F' = 1,2,3) which will be denoted from now on as vy and vop) is
recorded, and the horizontal axis of the measurement is calibrated to the known
frequency difference of Av;s = 803.5 MHz. In the case of § > 0 the atoms see the
laser frequency red shifted setting the threshold to vop transition. All relevant signals
are expected to appear at v > vop. The opposite occurs for 5 < 0 when the threshold
is set to v and the signals appear at v < v1p. Notice that if 5 is sufficiently small,
the contribution of atoms populating the |F' = 1) and |F = 2) states can overlap
and therefore interfere with our ability to observe low-velocity populations. For that
reason, we must place the probe beam in the direction relevant for the state in which
the atoms are in. Figure 7.3 shows the optical transitions caused by the slowing
beam from the ground state |F' = 2,mp = —2) to the excited state for 0", o~ and
7 polarizations of the laser along the propagation axis of atoms. The transitions are
plotted in the form of velocity group that is in resonance with that specific transition
for each laser (pump and repump). Each light polarization takes the atom into a
different state according to the excited state m;. The implication is that o™ and 7

transitions push the atoms into a dark state, while 0~ keeps the atoms in the closed
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cycle. It can be seen that around z = 50 cm, the magnetic field overshoots and creates
a depumping transition for atoms with velocities up to ~ 200 m/s. This takes place
after the slowing process ended, so it does not have any negative implications; however
this means that we expect to find the slow atoms in the |F' = 1) state in contrast to
what is expected from a conventional Zeeman slower. This is caused primarily by the

entrance of parasitic polarizations.
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Figure 7.2: An example of a measurement. The blue line is the power of the vapor cell
beam. The 2 sharp maxima are the frequency of F=1 and F=2 transition (see markings).
Red and green lines are the probe beam power for closed and open shutters respectively. All
data is shown as a voltage on the photodetector as a function of time, so all numbers here
do not have any physical meaning prior to calibration.

7.3 Measurement Results

We present the results of a measurement for a probe beam that passes through the
atoms at f = —67.5°. We choose negative 5 because we expect the atoms to be at the

|FF = 1) state, therefore, we want the signal to start at F=1 and go to lower frequencies
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(toward the |F' = 2) transition). The beam is gaussian with a waist w = 2 mm, and
total power Py.pp = 5uW. This means peak intensity Ipear = 2 % Poope/(T0?) =
0.031,4;. We pass the beam five times through the octagon in order to increase the
path it takes through the atoms L, thus increasing the optical density according to Eq.
7.4. The slowing beam laser is prepared in a different optical table, and is transferred
to the main table using an optical fiber. The light entering the fiber is composed of
two frequencies, a pump laser detuned ¢, = —244 MHz from the 155 transition, and a
repump laser detuned 9, = —244 MHz from the v transition. These frequencies are
compared to a locked master laser with a Fabry-Perot interferometer (ThorLabs SA30-
73). The 2 lasers are combined on a PBS and then mixed in order to have them both
with the same polarization. The power of each frequency is set by A\/2 wave plates.
Figure 7.4 shows the optical density for different configurations of the pump/repump
power. Without any laser, there are 2 "Beam-Maxwell-Boltzmann” distributions, one
for the |F = 2) state and another for the |F' = 1) state. They go one on top of the
other, so it is not so clear to see. When there is only a pump laser, the atoms slow
down until the magnetic field zero crossing, and then they are all depumped into the
dark state (|F' = 1)), and so they accumulate at a velocity of ~ 160m/s as predicted
for that specific detuning. When adding power to the repump, it is possible to see
that they continue to slow down further and reach velocities as low as 100m/s. This
proves that the atoms pass the zero crossing and manage to continue slowing beyond
it.
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Figure 7.3: Transition of the slowing laser beam. The lines show the velocity in resonance
with the laser for both pump and repump and every polarization. The positive velocity is
considered to be going against the laser (in the positive z direction). Red lines are for the
pump laser, and purple lines are for the repump. Solid lines are ¢, dashed lines 7, dotted
lines ™. The yellow dotted area marks the place where depumping occurs for slow atoms
after the end of the Zeeman slower because of the repump o™ transition.
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Figure 7.4: Optical density for § = —67.5°. The OD is ploted as a function of velocity
starting from the F=1 transition. Note that for atoms in the F=2 state, the value on the
horizontal axis does not reflect their velocity since there is a shift of AjsA.
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Chapter 8

Magneto-optical trap (MOT)

8.1 Exact Field of a Circular Current Loop

As depicted in Fig. 8.1, the magnetic field components for a circular current loop with

a current [ and radius R, displaced by a distance D from the origin, are given by [48]:

_ 1 o RE—p*—(2—D)?*
o BT PTG Dr [K(k ) + (R—p)Q—i—(z—D)QE(k )], (8.1)
wl z—D R2+ p* — (2 — D)2

[—K(k;z) + E(kQ)] , (8.2)

2o/ (R+p)+ (z— D)2 (R—p)*+ (2 — D)2

where
4Rp

(R4 P+ (- DF
Here, K(k?) and F(k?) represent the complete elliptic integrals of the first and

k? = (8.3)

second kind, respectively.

8.2 Anti-Helmholtz Coil Configuration

An optical trap is formed by adding a quadrupole magnetic field that is zero at the
center of the intersection and varies linearly with the distance from the center. The
field can be produced by an anti-Helmholtz coil consisting of two coils with opposite
currents.

The core equations for computing the magnetic field are initially applicable to a
singular loop. For each loop, one must specify its dimensions, spatial location, and
orientation. The magnetic field is then calculated at any given point in the space,

represented by the coordinates (z,y, z). To determine the magnetic field generated
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Figure 8.1: Cylindrical coordinates for the magnetic field of a single circular current loop
centered at axial position z. (From [48]).

by a thick circular coil, the coil is discretized into a series of individual loops. In the
context of a quadrupole trap, this involves dividing the coil into discrete N, x N,
loops.

Each loop in this arrangement is characterized by a radius R, and is located at
r,. Here, r, denotes the center of the loop, which in our specific design is located
at (0,0, 2,). The magnetic-field contribution from each loop is calculated and then
cumulatively summed. This summation accounts for the magnetic field contributions
from all individual loops, culminating in the comprehensive magnetic field profile of

the entire quadrupole trap.

8.3 MOT Design

In the final iteration of our magneto-optical trap (MOT) design, we adopted a specific
set of parameters that proved to be the most effective in achieving key operational
objectives. The primary goal was to minimize the inductance of the system, a crucial
factor in reducing switching times. Rapid switching is essential in this context, as it
helps prevent atom loss during trap operations.

In addition, reducing the resistance of the coil was a significant consideration.
Lower resistance mitigates the heating of the wires, thereby enhancing the efficiency
of the cooling process. This aspect is vital to maintain the stability and longevity of
the MOT.

Furthermore, in the interest of power efficiency and thermal management, we opted
for a configuration that allows the use of lower currents. This approach not only

conserves power but also minimizes the increase in temperature of the coil relative to
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Figure 8.2: Magneto optical trap.

the surrounding air. This thermal control is paramount to ensure the effectiveness and
safety of the MOT system. Importantly, the selection of these parameters was also
constrained within the limits set by the trap’s octagonal geometry. In our magneto-
optical trap design, we utilized copper wire with inner and outer diameters of 0.24 cm
and 0.478 cm, respectively, coated with a 0.04 cm insulating layer. The configuration
consists of five vertical loops (Ny = 5) and two radial (Ngp = 2) loops, operating
at 180 A. Key design choices, including an inner radius (R;,) of 8.12 cm and the
lowest layer distance (djpyest) of 4.08 cm from the center of the vacuum chamber, were
selected to optimize performance.

Using the specified design parameters, we calculate the resistance of the coil as
R = 0.0068 2 (ohms), the power dissipation as approximately 221.1376 W (watts) and
the inductance of the coil as L = 0.0107 H (henries).

Our design is depicted in Fig. 8.2. Using the design parameters mentioned above,
Figs. (8.3, 8.4) depicts the magnetic field (B,) and its gradient as functions of the

Z-axis.
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Figure 8.3: Variation of the magnetic field B, across the Z-axis in the MOT.
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Figure 8.4: Gradient of the magnetic field along the Z-axis in the MOT.
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Chapter 9

Resonant Regimes in Few-Body

Physics

9.1 Feshbach Resonances

Feshbach resonance is a powerful tool in quantum gas experiments, allowing tuning
the strength and sign of interatomic interactions by adjusting the scattering length a
through a simple change of an external magnetic field.

This resonance arises in a colliding two-atom system when the energy of the in-
coming open elastic channel is magnetically tuned into resonance with the bound
molecular state of an energetically closed channel, as depicted in Fig. 9.1. The ability
of tuning arises from the difference in the magnetic moments of the open and closed
channels [49].

Closed (bound) channel

/ vV
c(R)
_@_ o 0 iE

\/ Vig(R) | r

N

Open (scattering) channel

Figure 9.1: Basic two-channel model of a magnetically tunable Feshbach resonance. A
resonance occurs when two free colliding atoms in an open channel potential with energy £
resonantly couple to a bound state in the closed channel.
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This resonant effect allows for large tunability of the scattering length from positive
to negative infinity. In the case of an isolated resonance, the dependence of the
scattering length a on the applied magnetic field strength B can be parameterized in

the following relation:

a(B) = ang (1 -3 _ABO) : (9.1)

where By and A are the pole and the width of the resonance, respectively, and apg is

the background scattering length of the open channel (see Fig. 9.2).

E/éun)

0
(B-B, /A

Figure 9.2: Feshbach resonance properties. (a) shows the scattering length’s divergence
and (b) the binding energy near a Feshbach resonance. The inset captures the universal
regime with a notably large, positive scattering length and the quadratic behavior of the
bound state near the resonance. (From [49]).

In the vicinity of the resonance position at By, where the two channels are strongly
coupled, the scattering length is very large. For large positive values of a, a "dressed”

molecular state exists with a binding energy given by:

h2
 2ua?’

where p is the reduced mass of the atom pair. In this limit E, depends quadratically

E, = (9.2)

on the magnetic detuning B — By and results in the bend shown in the inset of Fig. 9.2
(b) In this “universal” range, the physics is fully described by a as a single parameter.
Away from resonance, the energy varies linearly with B with a slope given by du, the
difference in magnetic moments of the open and closed channels.

It is instrumental to distinguish between two types of Feshbach resonances. These
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are differentiated by the dimensionless resonance strength parameter s.s, which is

defined as [49]:

s = 5 (510, (9.3)
where @ = 0.956 R qw is the mean scattering length of the van der Waals interaction
[50], and du represents the difference in magnetic moment between the closed and
open channels.

A broad resonance (sys > 1) emerges from a strong coupling to the bound state,
with the scattering amplitude mainly influenced by a. In contrast, a narrow resonance
(Spes < 1) is the result of weak coupling, and the scattering amplitude is characterized
by a large effective range in its vicinity.

When multiple bound states are present in one or more closed channels, it is possi-
ble to have overlapping Feshbach resonances. In this case, Eq. 9.1 can be generalized

as following:

a=ap [ [(1 = Ai/|B - By), (9.4)

(2

where A; and B; are the resonance position and width for each Feshbach resonance.

9.2 Efimov Resonances

In 1970, Vitaly Efimov showed that, for a system of identical bosons with divergent
s-wave scattering length, an infinite series of three-body bound states exists [17].

In Figure 9.3, the Efimov scenario is illustrated by a series of trimer states that
exhibit a geometric series. This set of states is plotted against the inverse scattering
length, 1/a, where the zero energy level aligns with the three-atom continuum. Below
this energy threshold (F < 0), one can identify two different regions. For positive
scattering lengths (a > 0), there exists a dimer-atom continuum. On the other hand,
the negative scattering length realm (a < 0) is referred to as the Borromean region,
distinguished by the formation of trimer states even though the constituent two-body
subsystems remain unbound. The intersections with the three-atom continuum are

(”), while the points where trimers descend into

)

denoted by the scattering lengths a

the dimer-atom continuum are marked by al" , with n > 0 representing an integer
sequence. The most tightly bound Efimov state is identified as the ground state,
designated by n = 0.

The Efimov spectrum exhibits a universal geometrical scaling law in various prop-
erties, such as binding energy and trimer size. The length scales tend to scale as a
single scaling constant e™/*° = 22.7, with sy = 1.00624, while the binding energy scales

as 1/22.7%, as one probes Efimov resonances associated with higher energy levels.
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Figure 9.3: Illustration of the Efimov energy spectrum (green dashed lines) and the corre-
sponding three-body parameters, a4, a—, and a*. For a < 0, Efimov states are bound below
the three-body continuum (F = 0), while for a > 0, they are bound below the atom-molecule
threshold (solid red line). The Efimov trimer states exhibit a universal scaling separated by
factors of exp(J7), and their binding energies scale with the factor exp(i—g). ( From [51]).

9.3 Two-Channel Model

The physics of the Feshbach and Efimov resonances in the two- and three-body sectors,
respectively, can be described within the framework of the minimalistic two-channel
model [21]. In this model, we neglect the van der Waals (vdW) interaction and
consider a simplified scenario involving a spherical potential with a cutoff radius k!
to avoid divergence. All system parameters are normalized according to this cutoff,
making them dimensionless, denoted by a tilde, except for the magnetic moment pu,
which is renormalized to units of 1/G.

This section will summarize the two-channel model as reviewed in [39], which will

be instrumental in understanding the following chapters.

9.3.1 Hamiltonian

The Hamiltonian of the system consists of two parts, H = Hy+ Flint, where

- Pk [h2k% B2E2N oy -
describes an open and a closed channel, and
; Ck [ dq [, ot ot 7
Hiy = A/ (271’)3 / (271')3 [bga(ﬂga_qug -+ a_q+§aq+§b,;} (9.6)
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represents the interaction between these channels, with the coupling constant A. In
this framework, a; (I;E) annihilates an atom (a molecule) with momentum Ak and mass
m (2m) in the open (closed) channel, and d% (5%) is its Hermitian conjugate. £ is the
bare molecular binding energy: E, = u(By — B), where pu is the molecule’s magnetic

moment with respect to the open channel and B, is the bare resonance position.

9.3.2 Two-Body Sector

To describe the two-body sector we solve the Schradinger equation (H — E)|ihsp) = 0
with the most general two-body ansatz in the center-of-mass superposition of two free

atoms and one bare molecule:

N Pk
an) = BiL_gl0) + [ zogalal ). (9.7

After solving (H — E)|iop) for E > 0, one extracts the renormalized scattering
length a = k.a

1 A2
a=——-- = (9.8)
27 i(By — B) — 25
Comparing Eq. (9.8) to the familiar form:
A
@ =———: 9.9
¢ B — Bres ( )

One obtains the observable parameters, A and By, in terms of the bare parameters

A and By, given by:

A2 o A2
A

Bres - BO - = (910)
T

B 27’

Neglecting the van der Waals (vdW) interactions (ryqw — 0), this model is partic-
ularly effective for narrow resonances, given that we satisfy the condition R* > rqw.
R* is defined as:

R =—— (9.11)

and we can express R* in terms of the bare parameter A as:

~727r

*

= (9.12)

The solution of (H — E)|thyp) for E < 0 results in the bound state solution, where
the dimer binding energy is Ep = —h?A%/m. For the binding wave number Ap, one
finds:
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\1+45 -1
Ap = (9.13)

2R*

9.3.3 Three-Body Sector

To find the binding energy of the Efimov trimers we search for a negative energy
solution E = —h?\2,/m, where Ay > max(0, Ap), of the Schrodinger equation (H —
E)|Y3p) with

&k, 51 ¢k [ &g g ot
|¢3B>_/(27r)3BEbEa—E|0>+/(27T)3/(2W)3a57’7atf+§azf+§a—’5|0>' (9.14)

We work in the center-of-mass frame and have chosen & and ¢ to be a set of Jacobi

momenta. After renormalizing with respect to k., the expressions for @ and R*, in

Egs. (9.9) and (9.12) respectively, are substituted and one obtains
2 [ K+ kg4 ¢* + N7
w02 [ g 5 vl =o.
0

3k? 1~ (3K
- )\2 _ R* | — )\2
[\/ g TarT gt (4 * T) k? — kq+ ¢> + N
(9.15)

where ¥(k) = k) and all factors of k. have cancelled. To solve Eq. (9.15) it is

convenient to switch variables via

k= %)\T sinh(§), ¢ = %)\T sinh(¢) (9.16)

and rescale (k) — 1(k)/ cosh(§). If we limit ourselves to odd solutions for ¢(k) the
lower integration limit may be extended to —oo provided we divide the entire integral
by 2. The first term is included in the integral by introducing [ d¢’6(§ — &'). One
finds:

/w@%aﬁaﬁw&vzo (9.17)

—00

with ¥ (&) an odd function of £ and

Mo (€.€) = de—€) |1 b RO cosh(€)] — et (G HE
ArAS S aAr cosh(’) T o8 V3T M) e 1)
(9.18)
A non-trivial solution is obtained when:
det M. (§,&) =0, (9.19)
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which constitutes a closed equation for Ay and can be solved numerically by discretiz-
ing £ and &’. One searches for the value Ay = /\5501) for which det M,,.(&,&’) changes
sign as Ar is varied through )\(TSOI). Note that many solutions /\gﬁc’” exist for a given a
and R*.

To verify the solution, the obtained value A(TSO” is inserted back into M, _ AGeD (&,¢)
and its eigenvalues and eigenfunctions () are calculated. One of the eigenvalues must
be equal to zero (within machine precision), and its associated eigenfunction must be
odd (odd number of nodes). The value of )\(TSOD for which ¢(£) has one node is the

ground state. If ¥)(§) has three nodes, then it is the first excited state and so on.
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Chapter 10

Three-Channel Model

Here we briefly summarize the main results of the three-channel model (3CM) devel-
oped in [39].

10.1 Phenomenology of Three-Channel Model

The three-channel model generalizes the standard two-channel approach by incorpo-
rating a second closed channel, enabling the treatment of overlapping Feshbach reso-
nances. This added channel gives rise to two molecular bound states coupled to the
atomic continuum.

In the three-body sector, as schematically illustrated in Fig. 10.1, three classes of
continua emerge: the usual atom continuum plus two distinct atom-dimer continua
associated with each closed channel. Efimov trimers exist around each resonance
below the respective atom-dimer threshold. However, only trimers linked to the higher
resonance are true bound states, while lower resonance trimers reside in the continuum

of the upper dimer’s atom-dimer states.

10.2 Hamiltonian

The Hamiltonian of the system consists of an open channel, the two closed channels,
and the interaction term: H = f]o + ﬁmt, where ﬁmt = 1:11 + fIQ + ﬁlg. The first
term ]:IO is the bare Hamiltonian of the three channels:

A dSkZ ﬁQk‘QA R th,Q o thQ .
Hy = / @) {—2m atag + (Eb,1 + 7 ) blby: + (Eb,z + ) cj;c,g] . (10.1)

where a; annihilates free particles of mass m, lA)E(éE) annihilates molecules in the first
(second) channel, and Ej;(Ep2) is the bare energy of the first (second) molecular

channel: Ey; = p; (B; — B). Without loss of generality, we assume B; < B,. Both
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free atom

2" dimer e
—atom

energy

B1 (res) Bz(res)
magnetic field

Figure 10.1: Depiction of the three-body sector involving overlapping Feshbach resonances
at positions B%res) and Bges). The diagram illustrates the energy levels, showing the ground
and excited Efimov trimers (in orange and green) and the two dimer states (in blue). The
gray area represents the free-atom continuum, while the shaded blue regions indicate the
dimer-atom continua above each dimer threshold. Notably, the Efimov trimers associated

with the resonance at B?es) are embedded within the dimer-atom continuum of the higher

resonance at Béres). (From [39]).

molecular channels are coupled to the open channel by means of:

. Bk Bq [, . ot g ]
HIZAI/(QW)?’/(ZW)?’ bEa§+§a—q+§+a_,;+§a@+§bE : (10.2)
2 &k d3q -ATA A At At . ]
HZ:AQ/(QW)3/(27T)3 CEa§+§a—i+§+a_g+§a§+§cE . (10.3)

In addition, the two molecular channels are coupled to each other via:

; Pk 147 L gt
H12 = A12 (—3 [CEbE + bECE] . (104)

10.3 Two-Body Sector

To describe the two-body sector we solve the Schrédinger equation (H — E)|ihyg) = 0

with the most general two-body ansatz in the center-of-mass frame:

&k
(27)?

Once plugged into the Schrodinger equation the following system of coupled equations

[ap) = el |0) + BbL_ |0) + / agital -|0). (10.5)

-k

is obtained:
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h2k?
< o E) ap+Mp+ Ay =0, (10.6)
d3q
(Eby — E) B 42\ / W&Cﬁ— Ay =0, (10.7)
d3q
(Eb,Z - E) v+ 2A, / W&(j—F A28 = 0. (108)

10.3.1 Scattering Length

The open channel coefficient aj can be extracted from Eq. (10.6) when positive en-
ergy is considered E = h?ki/m > 0. By comparing the expression for o with the
scattering Green’s function, the scattering amplitude fy, can be obtained in terms of

the molecular amplitudes 5 and ~:

Jro = —# (A1 4+ Ayy). (10.9)

Furthermore, the coupled Egs. (10.6, 10.7, 10.8) can be numerically solved to obtain
g and v as functions of the bare parameters such as coupling strengths A;, Ay and
bare molecular energies Fy;, Ej,2. Thus, by combining these numerical solutions for
B and ~ with Eq. (10.9) the full scattering amplitude fy, can be determined solely in

terms of the microscopic bare parameters of the model (see Eq. (6) in [39]).

10.3.2 Binding Energy

For the binding energy solution, the coupled Egs. (10.6)-(10.8) are solved assuming
E=—Rr*X,/m <0 (Ap > 0) (See Eq. (8) [39]) .

10.3.3 Relating the Bare Parameters to the Observable Pa-

rameters

Observable parameters such as resonance positions BZ.(T‘ZS) and widths A; can be explic-
itly related to the bare parameters of the model, including coupling strengths A; and
bare molecular energies Fj;. The analytical expression for the scattering length a(B)
can be derived in terms of the bare parameters at the zero energy limit (fi,—o = —a).
Then it can be compared to a familiar parametrization form of the coupled-channels

calculations of multiple Feshbach resonances [52]:

Al AQ

a(B) = + :
BYGS) _B Béres) _B

(10.10)
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establishing the relation between the observable parameters of Eq. (10.10) and the
underlying bare quantities of the model (see appendix in [39]). Since there are five
bare parameters (A1, Ay, Aj2, By, By) but only four observables (Ay, Ay, B%res), BS"“)),
one bare parameter, such as the intermolecular coupling Aj» remains unconstrained.
As shown in [39]) it can be determined at will within a certain limit (for example set
to zero) or constrained by another known quantity (such as bare resonance spacing).

This choice, of course, influences the values of the other parameters.

10.4 Three-Body Sector: Efimov Trimers

Having determined the bare parameters in the two-body sector, we now calculate the
Efimov energy levels in the three-body sector without additional adjustments.

The trimer binding energy Er = —h?A%/m is determined by solving the Schrodinger
equation (H — Ep)|isp) = 0, provided the condition Ay > max{0, A\p} is satisfied.
The latter signifies that only trimers associated with the higher magnetic field reso-
nance are properly determined by the solution. The trimers of the lower resonances

are embedded into the atom-dimer continuum of the higher resonance. Substitution

Of ‘w33>1

dBk Bk d*k d*q A X
V3) :/(QW);;V;;C,T;CLT_,ﬂO)‘f’/ 2y ,;bga*_,;|0>+/ (27T)3/(27T)3a,;@a;+§aT(ﬂ§aT_E|O>

(10.11)
into the Schrodinger equation leads to three coupled equations:
R2q* 3 h2K?
( m A m ET) ag o+ My + Ay =0, (10.12)

§h2k2
4 m

d3
+ Ep1 — ET) B + Aoy + 2 / # [Oé,;qo—i— 200 & g %} =0, (10.13)

3 B2k &3
< 4 By — ET) i + Aof + 20, / 29 [oz,;q.—k 2. ¢ . ﬁ} — 0, (10.14)
(2m) 1

which are reduced to two by eliminating the free particle amplitude oy - To solve the
coupled equations, a high momentum cutoff k. is introduced to regularize potential
divergences. The quantities are renormalized to be dimensionless, denoted by a tilde,
except for the magnetic moment p, which is renormalized to units of 1/G.

Defining (k) = (B, ), the procedure is similar to that of the two-channel
model [22]. The amplitudes are rescaled as 5, — %, Vi — %’“ The variables are then
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changed to (£,&’) using the variables switch in Eq. (11.24) and rescaled again using

Bs — Coﬁs—ig, Ve — COZ—ig After these steps, the Schrodinger equation takes the form:

[ (Mn (6.€) M <§,5/>> (@) o
—o0 M21 (fa 5,) M22 (f? 5,) 5/5
The matrix elements (M, );; are given by:

(Mirg)sj = [855(fi(€) = h(E) + h(€) = Niljg(€)]8(E — &) — Mid;L(&,€)),

where we have defined:

fi (&) = Apcosh & + A (B; — B),

Ar cosh &

1 1 T
g(f)zp(S\Tc—oshf_E)’
B Aso
he) = S\Tcoshﬁ’

L(¢) =

2 62(5—5') + ef—fl +1
32 In (62@5') et 1) '

(10.15)

(10.16)

(10.17)

(10.18)

(10.19)

(10.20)

Requiring the determinant to vanish, det M, (£,£') = 0, provides an implicit

equation for the binding energies of the Efimov trimer. The mathematical solutions

to this equation must be validated by analyzing the associated eigenfunctions. Only

odd eigenfunctions with the correct nodal structure represent the physical solution.

This procedure identifies the spectrum of the bound state [39].
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Two-Channel Model with
background Scattering

In this chapter, we examine the two-channel model extended to include a non-zero
background scattering (2CMbg). Our analysis is inspired by the approach described
in [30].

11.1 Hamiltonian

The Hamiltonian of the 2CMbg can be written as the sum of two terms: H?bs =
HZ® + H®. The first term is the bare Hamiltonian of free interacting atoms and

closed channel molecules:

: &k [HK? R2K2N -
2bg ATAﬂ t }
= {2m T (Eb+_4m>b’3b’“] '
Bk d3q Ep o
Abg/(?ﬂ)g/(%r)?’/(QW)SX(TXﬁaﬁ+§a_ﬁ+§aq+§a—§+§‘ (11.1)

The background scattering between the atoms in the open channel is modeled by

a separable potential: It is characterized by the coupling constant A,, and a Gaussian
function xz with a cutoff length b [30]:

2b2

X7 = exp (—%) : (11.2)

The cutoff length b represents the potential range, and it is on the order of the van
der Waals length (ryqw). FEp is the bare molecular energy, which, as in the three-
channel model (3CM), we assume to be a linear function in the external magnetic
field: By, = p(Bg — B). The second term, H2P8 | couples the two channels:

wint
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s —p [ ARO[ L (g it al b 11.3
ot =N [ o | Gy X0 e plges P X0 g0 e ) (1L9)

11.2 Two-Body Sector

In the two-body sector we substitute the following ansatz in the Schréodinger equation

(H?5 — B)[tp5) = 0.

Er :
o) = / Grtagl0) + o). (11.4)

Solving the equation leads to a system of two coupled integral equations for amplitudes

ag and

H2K? dBq
d’q
(Ep— E) B+ 2A (27r)3X‘Ta‘7: 0, (11.6)

where E} is the bare molecular level.

11.2.1 Scattering Amplitude

To compute the scattering amplitude, we express o from Egs. (11.5) and (11.6) and

21.2
compare it with the scattering Green’s function for £ = % > 0:

2
LN Mo B EBo+ A
a,;:(27r)35<k—k0>—|— biXkE_wa;ﬂ' (11.7)

Comparing Eq. (11.7) to the scattering theory allows determination of the scattering
amplitude f(FE):

m Angk A2
o BB+ )8 (11.8)

7(E) = I

From Eq. (11.8), the amplitude f is expressed as a function of f(£). Thus, we can
substitute 3 along with o from Eq. (11.7) into Eq. (11.6). This substitution leads to
the following integral equation for f(FE):

2 3 2 2

Al f(E) ) (2m)* (B = B2 i) 203 (E - By + 1) T 2A,,
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11.2.2 Relating the Bare Parameters to Observable Parame-

ters

Here we link the observable parameters (ay,, AB, B, Ep) to the model parameters
(Avg, A, b, By, p).

In the limit of the vanishing coupling strength between channels (A = 0), the
scattering amplitude reduces to the background scattering length: f (£ — 0) = —ap,.

Subsequently, using Eq. (11.9), one can derive ayg, which is expressed as follows:

by iy (11.10)

Y

Abg = 3/2p2
Abg -+ —Qﬂm )

Solving the integral equation for f(F) as given in Eq. (11.9) for negative energies
E = % < 0 and expanding to positive energies through standard analytical continu-
ation (kg = iq with ¢ > 0), and using Eq. (11.10), we obtain the following expression

for the scattering amplitude:

5 o 27rh2A2abg
1 —b mA?

——— = gerfe(bg) — exp (=b'q") - ———— (11.11)

f(E) by E—Ey + -

g
In the limit of zero energy the scattering amplitude which is given in Eq 11.11

converges to the scattering length f (E) = —a which can be written as:
27’[’77,2/\2(2[,9
mAgg
a = Qpqg 1-— 7 _ Az 272 A2ay, s (1112)
b A, mA?

The scattering length expression (Eq. (11.12) is compared to the well-known pa-
rameterization equation (Eq. (1.1)), the desired relations between the observables

and model parameters can be obtained:

omh2A?
AB = —”—Af”g, (11.13)
pm bg
AB
B = By — T (11.14)

11.2.3 Binding Energy

The binding energy (denoted Ep = % > 0) is given by the poles of the scattering
amplitude of Eq. (11.11) with negative energy (F = —FEg, < 0) leading to the

following expression for ¢p:
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apg exp(b*qp)gperfe(bgp) Wqp _ B—BU

= 11.1
apg exp(b?¢)gperfc(bgp) — 1 muAB AB (11.15)

Ep is obtained from the numerical solution of this equation.

Denoting the R* parameter as a new length scale related to the resonance strength [16]:

h2
L L— 11.16
m|apgtAB| ( )
Eq. (11.15) can be renormalized as following:
ap oxp ((gpb*)”) erfe (gpb”) o 1
R 2 " + (—1)qy = " " (11.17)
4pQpy €XP ((QDb*) ) erfc (qpb*) — 1 Qpg — @
where g5, = qpR*, b* = b/R*, a;, = ap,/R*, a* = a/R* and j = 0 if #ZAB < 0, or

jg=1if #ﬁm > (. Note that these dimensionless quantities signify different types
g
of Feshbach resonances. Specifically, |agg\ > 1 corresponds to a broad resonance while

|ap,| < 1 signifies a narrow resonance. |ayy| > b denotes a shape resonance [30].

11.3 Three-Body Sector: Efimov Trimers

Having fixed the bare parameters in the two-body sector, we proceed to the three-body
sector with no more adjustable parameters. To find the binding energy of the Efimov

. . : 272
trimers, we look for a negative energy solution £ = ——=

of (H?® — E)|ib3p) = 0 with:

where A\r > max{0, \p},

Ek ooy Ik [ dPq
|w33>_/(27r)3513b12aE’O>+/(QW)3/(27T)3O‘E@’CL@+§G_,7+§CLE|O>' (11.18)

We work in the center of mass frame and have chosen k and 7 to be a set of Jacobi

momenta. The Schrodinger equation leads to the coupled equations:

1
(Eb—ETel)ﬁ,;JrZA(zﬁ)g /d?’qxg (am—i— 20 1 4 k) _0, (11.19)

h2q2 1 N
AX@BE + O'/E,(T (W — Erel) + 2AbgWX§/ d3qu~ <OZE7(§‘+ 2aﬂ7E 7%,§E> = 07

where E,.; = F — %% is the collisional (or relative) energy of an atomic pair of total
momentum k. To simplify Eqs. (11.19, 11.20), we introduce a dressed atom-molecule

wave function ﬁzﬁ [30]:
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Ay B5 A?

eff bgPk
o= Erq— Ey+—]|. 11.21
ﬁk A2 [ ! b+ Abg] ( )
Substituting Eq. (11.21) into Eqgs. (11.19, 11.20) leads to:

h2q2 eff

< m N Tel) a;;‘,qﬂ*’ AX(T p =Y (11.22)

One eliminates g ; from Eq. (11.22) and insert it in Eq. (11.19) to obtain a closed

integral equation verified by the effective atom-molecule wave function:

Bfexp | — <QT+ E>2 2 )exp | — <E+ §>2 ¥z
€xp (_mETelb2/h2)5eff _ 2 / 3 I § § § ?

et — d’q =
Ar f (Erer) Booo(2m)3 N+ @2+q k+ k2
(11.23)
To solve Eq. (11.23) we define ¢ (k) = kBT and change variables using:

k 2 Arsinh(§) 2 Arsinh (&) (11.24)

=—M\rsin , q=—=A7sin . .

/3 T q /3 T

Then we rescale (§) — cif()g) and look only to odd solutions ¥(§). The lower

integration limit may be extended to —oo provided we divide the entire integral by

two:

_ ﬂi\/g _Z d€' (&) exp (62)\% <1 + %sinhQ(f) + %sinh%ﬁ’))) :

X 52)\2 h2
(B (X (0(-1)) = Bx (823 1(1))) + ST 1)
esp(—tpeote) (| i

+
(g A2, cosh® € + B, — AA—;

P(8)-

Ar cosh(§)erfe(bAr cosh(§)) —

=0,

(11.25)

where F(z) = [° ds“— is the exponential integral and

t(j) =1+ gsth(g) + gsinhz(f’) + j% sinh(¢) sinh(¢'). (11.26)

In the limit of b — 0, the kernel in the integral coincides with the integral of the STM
equation [53]. By inserting [ d¢’é (£ —¢') into the second term, this expression can

be incorporated into the integral and one obtains:

/_ e Mo (€, E(E) = 0, (11.27)

o0
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with ¥(&) being an odd function. The matrix M,.(£, ") can be expressed as:

M(&8) =0 =& K (&) =0 =) H () —2rL(£,€), (11.28)

where

1 1
EHS)::Xiﬁ;&QE@S '1—(A%Coﬁm£»2(_1ya%_%1+_%;_1 ; (11.29)
K (¢) = exp ((b" Ny cosh(€))?) erfe (5" Ay cosh(€)) (11.30)

L&) = \/%71’2 exp <(b*/\>"T)2 <1 + %sinh2(§) + %sinh2(§’)>) .
(By (0"Ne)?t(—1)) — By (0°A3)°1(1))), (11.31)

where Ay = ArR", b = b/R*, i, = ayy/R*, @* = a/R* and j = 0 if —1> 0 <0,

mapgnAB

or j = 1if WZAB > 0, and #(i) is defined in Eq. (11.26). We then renormalized
Eq. (11.25) with respect to R*.

The requirement of a vanishing determinant, det M,.(£,£’) = 0, provides an im-
plicit equation for Ap. This transcendental equation can be solved numerically by
discretizing £ and £ on a grid. One searches for solutions Ay = )\ngl) where the de-

terminant changes sign as Ar passes through )\g,‘fd). Note that for given % and %,
g

there are typically many solutions )\gfo”. To verify a particular solution is physical,
the obtained )\ngl) is substituted back into My, (£,£’), and its eigenvalues and eigen-
functions ¢(£) are computed. The solution corresponds to a bound state only if one
eigenvalue is zero (within numerical precision) and the associated eigenfunction (§)

is an odd function of ¢ (has an odd number of nodes).
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Chapter 12

Two-Channel Model with
background Scattering Versus
Three-Channel Model

In this chapter, we define two model systems featuring two overlapping Feshbach res-
onances, which we examine using the 2CMbg and 3CM. These models were discussed
in previous chapters.

Note that in [39] the same model systems are approximated using the two-channel
model without background scattering (2CM) and with 3CM. Significant deviations in
both the two- and three-body sectors are reported.

12.1 Definition of Model Systems

We use the 3CM to define two model systems of overlapping s-wave Feshbach res-
onances. To facilitate comparison between the performance of 2CM and 2CMbg in

model systems, the latter are chosen to be the same as in [39] where they are com-

Type NB BN
Ay /ag(G) 150 1000
Ag/ao( ) 1000 150

(G) -39.39 -04.07
(G) -17.22 -2.535
3
/( 0ad) 0.454 0.513
3
Ao/ (Epad) 0.272 0.131

Avo/Eq 25x 107 2.5 x 10~*

Table 12.1: Parameters of the two model systems: NB and BN [39].
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Figure 12.1: Two-body sectors of the NB (a,b) and BN (c¢,d) models. The scattering length
(a,c) and dimer binding energy (b,d) of the three-channel model (solid lines) are compared
with the two-channel model including ap, (dashed lines). The gray vertical lines indicate

the resonance positions BYGS) and Béres). The shaded region shows the range of the Efimov
(res)

ground state trimer Bﬁo) < B< B(,O) associated with By .

pared to only 2CM. The model alkali-like atom is considered to have purely singlet
molecular bound states and to be subject to a high enough magnetic field to ensure
linear Zeeman shift of atomic energy levels to a good approximation. The value of
the magnetic moments of both closed channels with respect to the open channel is
thus py = pe = —2up, where up = 1.4 MHz/G is the Bohr magneton. The first
(second) system is characterized by A; < Ay (Ay < Ap) where Ay and A, are the
resonance widths (see Eq. (10.10)). For both systems, denoted as narrow-broad (NB)
and broad-narrow (BN), respectively, the two Feshbach resonances are separated by
a distance of BY"* — B"*) = 20G. As indicated in Table 12.1, for the NB (BN) sys-
tem, the resonance at B\ is narrow (broad) with A;/ag = 150G (A, /ag = 1000G)
while the resonance at B{*” is broad (narrow) with As/ag = 1000G (Ag/ag = 150G).
Efimov energy levels are explored only across the resonance at higher magnetic field
for both scenarios. This is because they are true bound states, while the states across
the other resonance are embedded into the atom-dimer continuum as shown in Fig.
10.1. By comparing the Efimov physics in the NB and BN scenarios, the influence of

overlapping resonances can be revealed for both configurations.
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12.2 Approximation of the Model Systems by the
2CMbg

Here we investigate how well the model systems can be approximated by the 2CMbg.
As the latter describes only an isolated Feshbach resonance, each resonance in the
3CM is considered independently, and the resonance positions Bfres) and Bges) are
fixed to those defined by the 3CM.

In 2CMbg there are four bare parameters: b, Ay, A and By. The scattering length
(see Eq. (1.1)) is described by three observables: ay,, AB, B and another observable
is provided by the binding energy. Analytical expressions between the bare parameters
and the scattering length observables can be achieved (see Egs. (11.13) and (11.14))
by direct comparison between Eq. (11.12) and Eq. (1.1). There are different available
strategies that can be followed to fix the bare parameters of the model. Here we choose
to fit Ep of the 3CM with Eq. (11.15) and to extract the values of ap,, AB, v and b
and the remaining bare parameters are deduced from Egs. (11.10, 11.13, 11.14). The
resulting parameters are summarized in Table 12.2. Note that in this approach, we
define all unknowns, including the magnetic moment p and the potential range b, as
fitting parameters. By allowing a maximum number of parameters to be adjusted, we
might obtain an underdetermined system. However, we find that the fitting procedure
converges and, as a self-consistency check, we calculate the parameter R* that is
related to the resonance strength (see Eq. (11.16)). For narrow resonances, we expect
that R* > band R* > |as,|, and as shown in the last line of Table 12.2 both conditions
are satisfied for all resonances, although at a different level of accuracy. The fitting
procedure thus supports the fact that the underlining resonances are narrow.

Once all parameters are determined, we calculate the binding energies in the three-
body sector and the results obtained from the 2CMbg are compared with those of the
model systems.

Finally, we comment on other strategies to fix the bare parameters of the 2CMbg.
One possibility is to fit the scattering length with Eq. (11.12) and to extract the
remaining bare parameter (b) through the corresponding analytic expression. Another
approach can follow the idea that the two- and three-body sectors are renormalizable

with respect to the cutoff parameter (b) [39] leading to the elimination of the latter.

(Tes)

parameter. Yet another strategy is to make a global fit of both the scattering length

However, to obtain consistent results in this case, B must be released as a fitting
and the binding energy together and to extract all parameters of the model. Although
different approaches lead to some variations of the results in the three-body sector,
the main conclusions of this study remain invariant to the specifics of this choice. We
emphasize that the main motivation here is to identify universal properties of the

results which will be highlighted when presented.
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Type NB-Resl NB-Res2 | BN-Resl ~ BN-Res2

AB(G) —15.57  —204.7 —6135 —2.713

apg (ao) —9.393  —4.886 —0.165 —56.84
b(ap) 136.8 0.504 | 2871 x10™*  1.371
p(MHz/G)  —1.517  —4.514 —2.47 —2.8
R*(ay) 325.6 16 28.71 167.2

Table 12.2: 2CMbg parameters obtained from the fit to the 3CM binding energies for two
model systems. The R* parameter in the last line is defined according to Eq. (11.16).

12.3 Two-Body Sector

Fig. 12.1 (a,b) compares the scattering length and the binding energies of the 2CMbg
with the NB model system. As the three-body sector is calculated across the resonance
at a higher magnetic field only (Béres)) we discuss it first. The fitting of the binding
energy is shown in Fig. 12.1 (b) as a green dashed line and indicates a relatively
poor reproduction of the model system. Note that the obtained absolute value of
|u| = 4.514 MHz/G (see Table 12.2, "NB-Res2”) is significantly higher than that of
the model system (|u| = 2.8 MHz/G). Note also that the opposite situation occurs for
the second resonance (see Table 12.2, "NB-Res1”). This behavior reflects the presence
of strong mutual repulsion between the binding energy levels in the NB model system
induced by coupling through a continuum [39]. Although deviations of the 2CMbg
binding energy from the model system vary as a function of the magnetic field fitting
range, the main failure can be observed when the scattering length dependencies on
the magnetic field are compared (see Fig. 12.1 (a)). It is clear that the 2CMbg has
no chance to reproduce a sharp turn toward the scattering length zero crossing failing
to fulfill the main motivation behind this model (see green dashed line versus gray
solid line in Fig. 12.1 (a)). We emphasize that this conclusion is independent of the
applied strategy to fix bare parameters and that we expect the three-body sector of
the 2CMbg to miss the NB model system behavior.

In contrast to the previous case, the binding energy of the lower magnetic field
resonance (B = B"*)) is reproduced quite well by the 2CMbg (see the magenta
dotted line in Fig. 12.1 (b)). However, the scattering length behavior still fails to
reproduce the position of the zero crossing and shows significant deviations from the
model system (see the magenta dotted line versus the gray solid line in Fig. 12.1 (a)).
The reason of this distortion can be attributed to the above-mentioned strong energy
level repulsion. Note, though, that this result is not universal. If a different strategy
is chosen and the scattering length is fitted instead of the binding energy, the zero
crossing will be captured by the 2CMbg. This is, however, irrelevant for the results

in the three-body sector which are calculated for the higher magnetic field resonance
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only.

Fig. 12.1 (¢,d) compares the scattering length and the binding energies of 2CMbg
to the BN model system. Here, the success of the 2CMbg is obvious in both the
binding energies (Fig. 12.1 (d)) and the scattering length (Fig. 12.1 (c¢)) behavior.
The binding energy for both resonances follows the model system almost perfectly.
More importantly, the scattering length for the higher field resonance reproduces the
zero crossing quite precisely. We thus expect that the 2CMbg will be as successful
in the three-body sector as it is in the two-body sector. Note that the obtained
absolute value of |u| (see Table 12.2, "BN-Res1” and "BN-Res2”) is very close to that
of the model system. In the case of the BN system, the repulsion of energy levels is

considerably weaker as the bare states are farther apart from each other [39].

12.4 Three-Body Sector

Fig. 12.2(a)-(c) compares the ground and first excited Efimov states calculated within
the framework of the 2CMbg (dashed lines) and the 3CM of the NB configuration
(solid lines). Efimov spectrum is calculated across the Feshbach resonance centered
at BY") only. Fig. 12.2(a) (Fig. 12.2(b)) shows two binding energies as a function
of the inverse scattering length (dimer binding energy Ep). Fig. 12.2(c) represents
the difference between trimer and dimer binding energies as a function of Ep. The
failure of the 2CMbg to reproduce the 3CM binding energy of the ground state trimer
can be identified either in the positive scattering length region (Fig. 12.2(a)) or deep
dimer binding energies (Fig. 12.2(b),(c)). The 2CMbg trimer simply merges with the
dimer state (see dashed line), while the 3CM trimer extends across the B\"*) which is
indicated by solid lines in Fig. 12.2(a) that exit the figure towards +oo and reenter it
back from —oo. The black arrow in the figure indicates where the background Efimov
trimer crosses B\ (1/(a — ay,) = 0). It then continues to the lower scattering
length region and only then merges with the dimer state (see the shaded area in
Fig. 12.1(a),(b) which indicates the region of extension of the ground state Efimov
trimer). The large discrepancy between the merging points can be clearly identified
in Fig. 12.2(a) and (c¢). Note that the same behavior is observed in comparison of
3CM with 2CM (ap, = 0) in [39]. Here we see that the inclusion of the background
scattering length into the two-channel model does not solve this problem, indicating
failure of the 2CMbg to reproduce the results of the 3CM. Finally, note that the first
excited state is well captured by the 2CMbg.

Fig. 12.2(d)-(f) compares the ground and first excited Efimov states calculated
within the framework of the 2CMbg (dashed lines) and the 3CM for the BN configu-
ration (solid lines). It is clear that the results of both models are nearly identical in
this case, and the results of 3CM can be reproduced well by the 2CMbg.
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Figure 12.2: Three-body binding energies for the (a)-(c) NB and (d)-(f) BN models. Solid
(dashed) lines indicate the results of 3CM (2CMbg) for the dimer (gray), Efimov ground
(magenta) and the first excited (violet) states. (a) and (d) delineate the entire spectrum
as a function of the inverse scattering length. In particular in (a), the ground-state trimer
extends into the regime of zero scattering length and the lower resonance at B (indicated
by an arrow). (b),(e) show the a > 0 regions as a function of the dimer energy. (c) and (f)
represent the trimer-dimer energy difference in the same region. All energies are normalized
to a characteristic energy scale E* = h%/(mR*)? [54].
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Chapter 13

Three-Channel Model with
background Scattering

A real-world example of the NB model system is “Li bb-channel [52, 55]. However,
the above analysis shows that the NB system is poorly approximated by the 2CMbg,
and the 3CM is a better approach. However, comparing the 3CM to the bb-channel
reveals significant disagreement with the coupled-channel calculations [39] and the
experimental results. Thus, the extension of the 3CM framework to non-zero back-
ground interactions has a potential to improve the performance of the model while
keeping it minimalistic and avoiding heavy numerical calculations associated with the
full treatment of van der Waals interactions. Our goal is to apply this model to the
"Li bb-channel, which will be the subject of Chapter 14. Here, we elaborate on the
extension of the three-channel model to include the background scattering (3CMbg).

13.1 Hamiltonian

The Hamiltonian for the three-channel model with background scattering is H3vs —
H® + B where H2"® = H"® + H3" and the three terms are:

wnt mt T

. Bk [ h2k? h2E2N -+ h2k?
Sbg . o AT ~ T . e AT -
HO = / (277)3 |: om CLECLk + <Eb71 -+ Am ) bfc'bk + <Eb72 -+ m ) CECk:| +

d3p A3k d3q
A “xpal cal  a.ga .z, (13.1
bg/ (%)3/ (27r)3/ P T 5 gl g r (131)

2 A3k d3q N .
H3bg:A >(: 'i;/\ oA . _),\-|- ﬂAT b 1 2
1 1/(%)3/(%)3 {qukaﬂga_qﬁrg+xqa_tf+§a¢+§bk : (13.2)
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A d3k A3
3bg __ q ¥ afa A ) At R
= _A2/(27r)3/(2ﬁ)3 {Xq*czz%ga_ﬂﬁxqa O IR (13.3)

where Xz retains the same definition as in the 2CMbg (see Eq. (11.2)). The second
term in Eq. (13.1) models the background scattering as a contact interaction between
atoms in the open channel. Furthermore, we set the intermolecular coupling at zero

(A2 = 0), since it is a redundant parameter and can essentially be set at will (see [39]).

13.2 Two-Body Sector

Solving the Schrodinger equation (Hy ® — E)|1y5) = 0 with the two-body ansatz |is5)
defined in Eq. (10.5), leads to the following three coupled equations:

h2k? Bq
—E)ap+20x; [ —axpag+ Axg B+ Aaxpy =0, (13.4)
m (2m)

d3
(Eby — E) B+ 2\ / —q3><}oz€7 =0, (13.5)
(2m)
dq
(2m)
To determine the scattering amplitude, we follow the same procedure described in
3CM and 2CMbg models. For E = % > 0, in analogy to Eq. (11.9), the scattering

amplitude f(F) satisfies the following equation:

2
m|x;, |

Arh?f(E)

:/ d3k ‘XE|2 1 (Eb,l_E) ) (137)
(

3 h2k2 . B 2 2 _
2 (B =B (g, - -
g g | Eb2—

It is easy to verify that setting Ay = 0 in Eq. (13.7) recovers Eq. (11.9), which
expresses the scattering amplitude in the 2CMbg. In the absence of open-to-closed
channel couplings, i.e., for A; = 0 (where ¢ = {1,2}) and at £ = 0 (ko = 0), the
scattering amplitude reduces to the background scattering length: f(E = 0) = —ay,.
As a result, a,, for 3CMbg is the same as for 2CMbg (see Eq. (11.10)). The scattering
length is then calculated along the same lines as in 2CMbg and yields the following:
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a 1 A2 a 1 A2
(i ) BB+ (G ) 2 (B - D)

a, A2 a A2
(B~ B) (B, — B) -~ S22 (B, — B) — 2+ (B, - B)

a=ay |1+

(13.8)

The scattering length can be parametrized as following [52]:

ABy AB,
a = Qg 1-— (res) - (res) s (139)
B - B! B - B}

where ay,, AB; and Bi(res) are five observable parameters which can be directly related
to bare parameters of the model by a direct comparison with Eq. (13.8) (see next
section).

To complete the two-body sector, Eqs. (13.4)-(13.6) are solved for the binding
energy (E = —h*)\%/m < 0), which is found to satisfy the following equation:

Nog (Epy + 102X, /m) Ay (B + W25 /m)
NZS 212 h?
(—ﬂ'/\ exp(b? A3, )erfe(Apb) + - )= iy, (13.10)

13.2.1 Relating the Bare Parameters to the Observable Pa-
rameters in 3CMbg
We aim to link the five bare parameters {Ay, A2, b, B2, B1} to the four observable

parameters { B7**, B5**, ABy, ABs}.
This is accomplished by comparing Eq. (13.8) to Eq. (13.9), which yields:

res __ _0401 1 R
T(Cy —1 C3C1R
AB, = —% (04012 — C3C5(B; — By) — 3\/% ) (13.12)
T(Cy —1 C3C1R
AB; = % (04012 — C3Cy(By — By) + — ; ) (13.13)
where we have defined:
22 _
R= 016;4” + 2mCa(B1 — By)Cy + (By — By)?n) (13.14)
Cs Cs

and C; = A%Nl +A%M27 Co = Agﬂl—/\%ﬂ% C3 = Npgpiapra, Cy = % . From Eq. (11.10),
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it is clear that A, is not an independent parameter. It is rather defined by a;, and b

through the relation:

2h2rs bay,
Ny = g 13.1
N m <bﬁ_abg> (13.15)

The model has five bare but only four observable parameters. Thus, one free
parameter exists which we chose to be b. By fixing the value of b, we can establish
a mapping between the bare and observable parameters using the relations outlined
above. This provides a straightforward way to connect our theoretical model with the

experimental observables.

13.3 Three-Body Sector: Efimov Trimers

The trimer binding energy Er = —h?A%/m is found by solving the Schrodinger equa-
tion (H — Er)|ts5) = 0 with the three-body ansatz defined in Eq. (10.11), leads to

the following coupled equations:

h2q¢*> 3 h2K? dq
(5 + 3750~ B vt a2 [ 550 fogat 20y g 4] =0
(13.16

3

3 h2k? d .
(Z - + Ly — E) 5;; + 2A4 / —<27T(§3Xq~ [Oz,;(j—l— 20((2 § 7 34 =0, (13‘17)

3 h%k? &Bg
(Z_l — + Eyo — E) Yo+ 20 / —(27r)3X(T [Oz,;@—i— 2a, 1 g 3,;] = 0. (13.18)

Solving this set of equations to find the trimer binding energy, we get:

1 eff
A2 A2 k
3 h2k2 : t Tz 2 — Llbg
S LBy 1 4+R2A2 /m g +Ep 2+h2X2/m

4 m m

eff %
%25;% (‘775 (/\2 + ZW) exp (b2 <)\2 + §k2>) erfc (b ()\2 + %H) §> + ﬁ) 4

s [ das ey (<30t exp (-3 ) SLEELEL D g (o)) o)

(13.19)
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where Ey(z) = [ ds“— is the exponential integral and

v(j) =0 (N + K + ¢ + jkq) . (13.20)

The steps are similar for both the two-channel and the three-channel models. First,
we define ¢(k) = kBT, switch variables using Eq. (11.24) and rescale ¢(£) — Cfsgf(){)
Limiting ourselves to odd solutions in ¥(§), we can extend the integration range to

—oo and get the integral equation in the form: [ d&’M,,.(€,&)1(€) = 0 where the
matrix elements are given by:

M (&) =0(E-&)F(&)—0(—-¢&)f(&) - L&), (13.21)

where :

I p— i + = A
~ mMpcoshé %)\QT cosh* & + yy (B, — B) bg

B\ cosh? € + sy (By — B)
(13.22)

f = 27:2[) |:—7Tb exp ((bAr cosh 5)2) erfc (bAr cosh(€)) + )\TT\/;_;(@] . (13.23)

L(&,¢) = \/§17T2 exp ((bAT)2 (1 -~ %sinhg(f) + %sinhQ(g’))) .

(Br ((03)? (1(=1)) = By (0Ar)* (4(1))))  (13.24)

where ¢(j) is defined in Eq. (11.26). The requirement of a vanishing determi-
nant, detM,,.(§,&') = 0, provides an implicit equation for Ay which can be solved

numerically. Among many possible solutions, Ar should satisfy the condition Ay >
max{0, Ap}.
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Chapter 14

Efimov Scenario in Bosonic
Lithium

In this section, we apply the 3CMbg on “Li bb-channel which provides an example
of two overlapping narrow Feshbach resonances extensively studied in recent experi-
ments [56-61]. An example of an isolated narrow Feshbach resonance is provided by
the "Li aa-channel, which has also been experimentally studied in [62-64]. We apply
the 2CMbg to the latter and compare it with the performance of the 3CMbg on the
bb-channel. For both models, we fix the magnetic moment to p = —2.66 MHz/G for
the aa-channel and pu; = ps = p for the bb-channel to match the coupled-channel
calculations. The characteristic range of the interactions of "Li atoms (the van der
Waals length 7.qw = (mCs/h?)'/* /2 = 32a¢, where Cj is the dispersion coefficient and

ap is the Bohr radius) and the background scattering length a;, are small.

14.1 "Li bb-Channel

The bb-channel (|F' = 1,m; = 0)) features two Feshbach resonances characterized by
the dimensionless strength parameters Syes1 = 0.0411 (R} = 722a0) and Syes2 = 0.493
(Ry = 60ag) [52] Spesq K Sres2 < 1 (R} > Ry > ryaw) indicates that both resonances

are narrow and can be classified as NB systems.

14.1.1 Two-Body Sector

To determine the bare parameters of our model, we fit the coupled-channel calculations
scattering length with Eq. (13.9) as shown in Fig. 14.1(a), and summarize the fitting
parameters in Table 14.1. Then, the analytic expressions shown in section 13.2.1
are used to extract the bare parameters of the model. However, there are only four
equations for five bare parameters, and we are free to choose one of them to complete

the settings by fitting the binding energy. The most reasonable choice is to fit b as

96



CHAPTER 14. EFIMOV SCENARIO IN BOSONIC LITHIUM

or 0.0 i
(b) 25 /
-5.0

R -10+— 880 890
)
g

h? -20+ .

_307\ . R N - ol 1]

820 840 860 880 900 920 940

B (G)

Figure 14.1: Two-body sector of "Li bb-channel: (a) the scattering length, and (b) the
dimer binding energy, as obtained from the 3CMBg model (dashed magenta) are compared
with the exact coupled-channel calculations (solid gray).

it signifies the range of the model interaction potential. It is expected though that
the Gaussian approximation of the real van der Waals potential will be applicable to
a limited range only. To verify the range of applicability, we chose to fit the position
of the Feshbach resonance B as an additional parameter. Fig. 14.1(b) shows the
result of the binding energy fitting with the fitting range limited to —5 MHz which
is the maximal range we used here. Very good agreement with the coupled-channel
calculations is confirmed for binding energies down to ~ —10 MHz. We obtain the
position of the "broad” resonance at B = 893.83 G which deviates from the position
defined by the scattering length by a tiny amount of ~ 5 x 107> G (see Table 14.1).
The corresponding potential range is b = 23.76 ag (see Table 14.2). Then, using the
analytical expressions outlined in section 13.2.1, the bare parameters are determined

and shown in Table 14.2.
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Type B (@) BY (G) AB, (G) ABy (G)  ay/ao

bb-channel 845.31 893.78 —18.021 —-216.12 —18.531
aa-channel — 737.69 — —172.02 —-20.14

Table 14.1: Fitting parameters of the "Li coupled-channel calculations.

Type  Bi (G) By (G) Ai/(Boay®) Asf(Eoay?) Ayy/(Eoal) b/ag

bb-channel  813.8 853.7 0.244 0.089 -80.88 23.76
aa-channel — 702.4 — 0.266 -100.6 44.09

Table 14.2: Bare parameters of the 3CMBg for "Li bb- and aa-channels.
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Figure 14.2: "Li bb-channel: variations of (a) a_ and (b) a!! as a function of the binding
energy fitting range derived from the 3CMbg model; (c) ABSTGS) = (Béres) |Ep :O—Bges) la=oo)
and (d) change in the interaction range b as a function of the fitting range.

14.1.2 Three-Body Sector

Once the parameters are fixed in the two-body sector, the Efimov trimer energies can
be calculated according to Section 13.3. Our primary interest lies in the determina-
tion of the scattering length a_, which corresponds to the intersection of the ground
state Efimov trimer with the three-body continuum, and ail), marking the merging of
the first excited Efimov trimer state with the atom-dimer continuum. These Efimov

resonances can be directly compared with the experimental results.
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As discussed, the value of the parameter b depends on the fitting range, which af-
fects other parameters and ultimately the position of the Efimov resonances. Fig. 14.2
(a) and (b) show the positions of a_ and aV as a function of the fitting ranges
down to —5 MHz. The general trend for both resonances to move to smaller ab-
solute values is in agreement with [54] which indicates that the final background
scattering length leads to the same qualitative behavior. However, the experimental
value a_ = —280ay [57] is impossible to achieve with this theory. Comparison of
the experimental value of al”) = 170 aq [58, 61] leads to the same conclusion (see
Fig. 14.2(b)). The quality of the approximation is visible in Fig. 14.2 (c) where
ABSe) = (BS““)\ Ep=0 — Béres)|a:oo) is plotted. The fitting of the binding energy is
limited to —5 MHz because ABéTeS) exceeds the fitting error of the resonance position
extracted from the scattering length (see Fig. 14.1(c)), which is equal to 40 mG [55].
To correctly predict the position of Efimov resonances, the use of the van der Waals
potential is unavoidable, leading to heavy multi-channel numerical calculations [38].
In conclusion, the Feshbach resonance in the bb-channel is not narrow enough to allow
for simplified treatment within the 3CMBg framework to provide us with quantitative

predictions.

14.2 "Li aa-Channel

"Li aa-channel (|F = 1,m; = 1)), having an isolated Feshbach resonance, can be
treated within the 2CMbg framework. The resonance is characterized by the s, =
0.56 (R* = 54.6 ag) which indicates that it is rather similar to the "broad” resonance
in the bb-channel.

The bare parameters of the model are obtained in the same way as before. The
fitting of the coupled-channel calculations is shown in Fig. 14.3 (a) and (b) and the
parameters are summarized in Table 14.1 while the derived bare parameters of the
model are found in Table 14.2. The agreement of the 2CMbg with the coupled-channel
calculations is excellent as can be seen especially well in the fitting of the binding
energy which is done down to —5 MHz but shown in Fig. 14.3 (b) all the way down
to —200 MHz (~ 40% of the van der Waals energy).

Despite this excellent agreement in the two-body sector, the three-body energy
levels miss the experimental results even more significantly than for the case of the
bb-channel. Fig. 14.4 illustrates the position of the Efimov resonance (a_) obtained
as a function of the fitting range. As before, we find that the values are far from the
experimental results reported in [58], where a_ was estimated to be a_ ~ —200 ay.
Interestingly, the prediction for the bb-channel agrees somewhat better with the exper-
iment compared to the aa-channel. We thus speculate that this might be attributed to

the influence of the second, truly narrow resonance for which the 3CMbg is expected
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Chapter 15
Summary & Conclusions

In this thesis, two distinct projects are investigated: the development of a Zeeman
slower using permanent magnets, and the impact of background scattering on the

Efimov scenario for overlapping narrow Feshbach resonances.

o First Project:

In conclusion, we have described the theory, design, optimization, construction,
and assembly of a spin-flip transverse Zeeman slower using permanent magnets
based on Halbach configuration arrangement. Compared to the conventional
wire-wound Zeeman slower, our design presents a superior and attractive alter-

native with several advantages:

— It requires no electric power consumption or water cooling, thereby elimi-

nating the risks of electric shorts.

— It is easy to assemble and disassemble without breaking the vacuum, which

is especially useful for high-temperature bake-outs.

— It produces a very smooth and homogeneous transverse magnetic field with

low stray magnetic fields.

— It avoids perturbations associated with the heating of the Zeeman slower

coils.

— It is flexible, adjustable, and inexpensive due to its reliance on 3D printing

technology.

Our innovative use of small magnets and detailed mechanical design, including
solutions to various challenges, can be particularly valuable for researchers work-
ing with cold atoms. This design can be optimized for any alkali metal, such
as Na, K, Rb, Cs, and alkaline earth metals such as Sr and Yb. Additionally,

the proposed design can help create a setup based on permanent magnets that
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produces a highly homogeneous magnetic field, which is crucial for the science

chamber, a topic currently being researched by our group.

In our experiments, we observed that the atoms reached low velocities at the
end of the slower, with some velocities recorded at 50 [m/s] low enough to be
trapped in the MOT. However, we still need to connect the MOT to measure

the flux, and this aspect remains under investigation.

The spin-flip configuration was chosen for its ability to provide a low magnetic
field near the MOT, although it posed open questions regarding the performance
of the Zeeman slower. Specifically, at the zero-crossing point, atoms can be
optically pumped to dark states, and the unavoidable presence of both circular
polarizations in the laser light (due to transverse magnetic field configuration)
may prevent their repumping back to the right energy state. Skepticism has
been expressed in the literature as to the feasibility of such a configuration [15].
However, we provide experimental proof that the Zeeman slower works well and

provides a good flux of slow atoms for their consequent loading into MOT.

e Second Project: In conclusion, we examine how the three-channel model
(3CM) developed to describe two overlapping Feshbach resonances compares
with the two-channel model extended to include background scattering (2CMbg)
for different model systems. Specifically, we find that while 2CMbg is a viable
substitute for 3CM for the broad-narrow (BN) model system, it fails to correctly
reproduce the 3CM for the NB one.

To further investigate the contribution of the background scattering length, we
extend the 3CM framework to include the background interactions (3CMbg)
and apply it to the "Li bb-channel. Furthermore, we apply the 2CMbg model
to the "Li aa channel and compare it to the performance of the 3CMbg for
the bb channel. Despite the simplicity of our models, we find good agreement
with the coupled-channel calculations of the binding energies in the two-body
sector. Although the inclusion of the background scattering length improves
the performance of models in the three-body sector, significant discrepancies
remain between the predicted and experimentally found positions of the Efimov
resonances. These discrepancies can be attributed to the intermediate character
of the relevant “Li Feshbach resonances (s, ~ 1). Finally, we note a curious
observation that the 3CMbg for the bb-channel performs better than the 2CMbg
for the aa-channel which might be attributed to the influence of the second

resonance in the overlapping pair of resonances in the bb-channel.
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