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Abstract

Optical tweezer arrays of neutral atoms have emerged as a versatile and powerful
platform for quantum simulation and quantum information processing. In this thesis,
I present the realization of an experimental platform for quantum simulation based
on individually trapped strontium atoms in optical tweezer arrays. The experiment
combines precise laser cooling, optical control, and high-resolution imaging to
enable the manipulation and high fidelity detection of single atoms. I developed
and optimized a two-stage three-dimensional magneto-optical trap (3D-MOT) that
produces cold and dense samples of strontium atoms from a thermal beam. In the
first stage, atoms are captured and precooled using the dipole-allowed 1S0 → 1P1
transition at 461 nm (which has a linewidth of Γ = 2π × 32 MHz). The second
stage employs the 1S0 → 3P1 narrow intercombination transition at 689 nm (with a
linewidth of Γ = 2π × 7.5 kHz) to further cool and compress the atomic cloud. By
optimizing the trapping parameters, I achieved clouds with temperatures around
5 µK and densities above 1010 cm−3, providing ideal initial conditions for efficient
loading into optical tweezers.
A 3 × 3 array of 360 µK deep optical tweezers is generated by spatially modulating
an 813.4 nm laser beam using two crossed acousto-optic deflectors. The deflected
beams are relayed and focused into the science chamber using a high–numerical-
aperture objective, which simultaneously serves as the collection optics for atomic
fluorescence. The fluorescence light emitted by the atoms is imaged onto a scientific
qCMOS camera, enabling site-resolved detection of individual atoms. I implemented
and optimized the in-trap cooling dynamics to prevent atom loss during imaging
and to minimize residual thermal motion. In addition, by precisely tuning light-
assisted collisions, multiple atoms occupancies are removed from the traps and a
single-atom regime is reached in the array, with a filling fraction of about 50%. I
have demonstrated a single-atom detection fidelity of 99,986(1)% and a survival
probability of 97(2)% between subsequent image acquisition, comparable to other
current state-of-the-art experiments. To characterize the platform, I carried out
release-and-recapture experiments, from which it is possible to measure a temperature
for the individually trapped atoms of 12.95(5) µK.
These results demonstrate the successful implementation of a robust and high-fidelity
platform for optical trapping and imaging of single strontium atoms. The apparatus
provides the foundation for future quantum simulation experiments with alkaline-
earth atoms excited to the Rydberg state, offering precise control over individual
particles and the ability to scale towards larger, programmable atomic arrays.
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Chapter 1

Introduction

1.1 Motivation: Why Quantum Simulators?

Understanding the dynamics and properties of complex quantum systems is one
of the greatest challenges in modern physics. Classical computers face enormous
difficulties in tackling such problems due to the intrinsically exponential scaling of
complexity of quantum mechanical problems. For a system composed of n two-level
quantum particles, the number of basis states grows exponentially as 2n, making
exact simulation with classical computational resources impossible. Even just a
few dozen particles exceed the capabilities of the most powerful supercomputers
[1]. Moreover, fundamental quantum phenomena such as entanglement introduce
correlations and dynamics that cannot be efficiently represented using classical
bits and probabilities. Many problems in quantum physics fall into computational
complexity classes that are inaccessible to classical algorithms, even in theory.
These limitations hinder the study of many-body quantum phenomena such as high-
temperature superconductivity, quantum magnetism, or non-equilibrium dynamics
in strongly correlated systems.

This challenge was famously articulated by Richard Feynman in 1982, who
proposed the concept of a controllable quantum system engineered to simulate
another target quantum system, a quantum simulator [2]. Feynman observed
that, as quantum systems themselves exhibit exponential complexity, this property
could be harnessed positively: a quantum device could encode exponentially large
information without requiring an exponentially large amount of physical hardware,
making it a natural platform for simulating quantum phenomena. This is the idea
behind the quantum simulator. By engineering such systems to mimic the behavior
of target models, quantum simulators allow direct experimental access to many-body
quantum physics. These analog simulators provide a powerful alternative to fully
digital quantum computers, especially in the near term, where scalable fault tolerance
remains a significant challenge [3, 4].

Let us consider a quantum system, whose state is denoted by |φ⟩. The system
evolves from the initial state |φ(0)⟩ to |φ(t)⟩ via the unitary transformation U =
exp{−iℏHsyst}, where Hsys is the Hamiltonian of the system. In order to study
this system we can use a controllable quantum simulator: one can prepare the
initial state |ψ(0)⟩, implement the desired evolution U ′ = exp{−iℏHsimt}, where
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Hsim is the Hamiltonian of the simulator, and measure the final state |ψ(t)⟩. If a
mapping between the system and the simulator (i.e., between |φ(0)⟩ and |ψ(0)⟩,
and between |φ(t)⟩ and |ψ(t)⟩) exists, then the dynamics of the original system can
be effectively simulated. This is the basic idea of quantum simulation and it is
represented schematically in Fig. 1.1.

Figure 1.1. Schematic representation of a quantum system and its corresponding quantum
simulator. The quantum state |φ(0)⟩ evolves into |φ(t)⟩ via the unitary transformation
U = exp{−iℏHsyst}. The quantum simulator evolves from the state |ψ(0)⟩ into |ψ(t)⟩
via U ′ = exp{−iℏHsimt}. The simulator is designed to reproduce the behavior of
the simulated system through specific mappings: |φ(0)⟩ ↔ |ψ(0)⟩, |φ(t)⟩ ↔ |ψ(t)⟩,
and U ↔ U ′. While the simulated system may be uncontrollable or experimentally
inaccessible, the simulator is fully controllable: the initial state |ψ(0)⟩ can be prepared,
the unitary evolution U ′ can be engineered, and the final state |ψ(t)⟩ can be measured.
The result of this measurement provides information about the simulated system. The
colored arrows denote the controllable operations. The solid black arrows describe
the time evolution of the system and the simulator. The dashed arrows indicate the
correspondence between the quantum states of the simulator and the simulated system.
Figure taken from Ref. [1].

The mapping between the simulator and the simulated system can be implemented
through either analog or digital approaches. In analog quantum simulation, the
simulator’s Hamiltonian is engineered to reproduce the target model directly, allowing
the system to naturally evolve under equivalent dynamics. In digital quantum
simulation, the desired evolution is constructed from a discrete sequence of quantum
gate operations that approximate the target unitary transformation. While the
former captures specific physical models with high efficiency, the latter provides
universality and programmability at the cost of increased experimental complexity.

1.2 Historical Development and Physical Platforms for
Quantum Simulation

The idea of quantum simulation originated with Feynman’s visionary proposal
in the early 1980s, and was further formalized by Lloyd in 1996, who showed
that quantum systems can efficiently simulate any local quantum Hamiltonian [5].
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The experimental pursuit of quantum simulators has advanced rapidly, driven by
technological innovations and a growing understanding of how to engineer controllable
quantum systems. Over the past few decades, several distinct physical platforms
have emerged, each offering unique capabilities and challenges, and contributing to
the development of quantum simulation in complementary ways.

Among the first platforms to realize many-body quantum simulations in the
laboratory were ensembles of ultracold atoms in optical lattices. Enabled by break-
throughs in laser cooling and optical trapping, these systems provided a natural
realization of lattice models such as the Bose–Hubbard and Fermi–Hubbard Hamil-
tonians. Notably, the observation of the superfluid–Mott insulator transition in
bosonic systems represented a landmark achievement, demonstrating the potential of
quantum simulators to access strongly correlated quantum phases [6]. Optical lattice
experiments have since enabled the study of quantum magnetism [7, 8], topological
states [9], and out-of-equilibrium dynamics in extended many-body systems [10, 11].

Trapped ions have constituted another highly successful platform, enabled by
progress in radio-frequency trapping techniques, precise laser-based quantum con-
trol, and state-of-the-art vacuum and cryogenic technologies. These systems offer
exceptionally long coherence times and allow for high-fidelity initialization, manip-
ulation, and readout of individual qubits [12, 13]. Using the collective vibrational
modes of ion chains as a quantum bus, effective spin models, such as transverse-field
Ising Hamiltonians, can be engineered with tunable interaction ranges [14, 15, 16].
Landmark experiments have demonstrated the simulation of quantum phase transi-
tions, non-equilibrium dynamics, and entangled states involving tens of individually
addressable ions [17, 18]. These features make trapped ions a versatile platform for
both analog and digital quantum simulation protocols.

Superconducting circuits, based on Josephson junctions and microwave res-
onators, have also played a major role in the evolution of quantum simulators.
Advances in microfabrication and cryogenic techniques have allowed the realization
of strongly interacting arrays of artificial atoms, that can act as qubits with tunable
parameters and fast gate operations [19]. Superconducting platforms have enabled
the exploration of quantum optics in circuit QED architectures [20, 21], as well as
the simulation of lattice gauge theories [22] and spin models [23].

Other platforms, such as photonic systems [24, 25] and semiconductor quantum
dots [26, 27], are also being explored for specific applications in quantum simulation,
though challenges in scalability and interaction control remain significant.

1.3 Neutral Atoms in Optical Tweezers

In the landscape of quantum simulation platforms, neutral atoms in optical
tweezer arrays have recently emerged as a powerful and highly adaptable alternative
to more established systems such as optical lattices, trapped ions, and supercon-
ducting circuits. Enabled by the ability to trap and manipulate individual atoms
using tightly focused laser beams, these platforms offer a combination of high spatial
resolution, individual addressability, and dynamic reconfigurability, offering a level
of control that was previously inaccessible in large-scale quantum architectures [28].
Compared to traditional optical lattices, optical tweezer arrays provide significantly
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Figure 1.2. Schematic representation of an Array of optical tweezers (red beams) trapping
individual atoms (blue spheres).

enhanced control. Atoms can be arranged in arbitrary geometries, repositioned
in real time, and initialized with near-unity filling through active rearrangement
protocols [29].

Using highly excited Rydberg states, long-range interactions between atoms can
be engineered in a tunable and programmable way, enabling the simulation of spin
models with customizable geometry, interaction range, and connectivity [30]. These
features have been exploited to study diverse many-body phenomena, including
quantum phase transitions [31], topological model[32], and quantum optimization
problems [33].

A particularly promising direction involves the use of alkaline-earth(-like) atoms,
such as Strontium (Sr) or Ytterbium (Yb) [34, 35]. These species offer long-lived
metastable states, narrow optical transitions, and rich internal structures, making
them ideal for high-precision control and quantum state encoding. Their electronic
and nuclear spin degrees of freedom enable novel schemes for information storage
and manipulation, as well as potential synergies with optical clocks and precision
metrology.
Recent experimental advances have demonstrated the assembly of defect-free arrays
comprising hundreds or thousands of atoms, with coherent control over their quantum
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evolution [36, 33, 37, 38, 39]. Combined with a growing toolbox—including local
addressing, Rydberg dressing, and real-time geometry shaping—optical tweezer
arrays now stand at the forefront of programmable quantum simulation, offering
a uniquely versatile platform for probing complex many-body physics in both
equilibrium and out-of-equilibrium regimes.

1.4 Scope and structure of this thesis
This thesis presents the work carried out during the three years of my PhD, dedicated
to the construction and development of the first Italian platform for quantum
simulation using Strontium Rydberg atoms trapped in optical tweezers. The project
lies at the intersection of atomic physics, quantum optics, and quantum information
science, and aims to establish a scalable and coherent quantum simulator capable of
exploring many-body quantum phenomena.

The thesis is structured to provide a coherent path from the fundamental princi-
ples of atom–light interaction to the experimental realization of single-atom arrays
for quantum simulation. Chapter 2 provides a theoretical overview of atom–light
interactions, laser cooling, and trapping mechanisms, which form the basis for the
manipulation of neutral atoms. Chapter 3 follows with a detailed description of
the electronic structure of the strontium atom, emphasizing the optical transitions
used for cooling, imaging, and coherent excitation to Rydberg states. Chapter 4
introduces the concept of optical tweezers and discusses their implementation in
this work, including beam-shaping techniques and the generation of tweezer arrays.
The physics of Rydberg atoms is explored in Chapter 5, where excitation to high-
lying states enables strong and controllable interactions between neutral atoms, a
fundamental mechanism for realizing and probing many-body quantum dynamics.
The technical realization of the experimental setup is presented in Chapter 6, which
describes the vacuum apparatus, magnetic-field control, and laser systems employed
the experiment. Chapter 7 then focuses on the development and characterization of a
two-stage magneto-optical trap for strontium, based on the broad 461 nm and narrow
689 nm transitions. Chapter 8 presents the loading of atoms into optical tweezers
and the full preparation sequence leading to arrays of single strontium atoms, as well
as the methods used for imaging, detection, and signal analysis. Finally, Chapter
9 concludes the thesis with an outlook on future directions, including Rydberg
excitation, atom reordering, system scaling, and the implementation of Ising and
XY quantum models.





7

Chapter 2

Cooling and trapping

The interaction between atoms and light is fundamental in atomic physics, especially
in the context of laser cooling and trapping. This chapter provides an overview of
the main aspects of laser cooling and trapping that are employed in the realization
of the experiment.

2.1 Theory of Atom-Light Interaction

To describe the interaction between atoms and light in a tractable way, the semi-
classical approximation is often employed, in which the atomic degrees of freedom
are treated quantum mechanically, while the electromagnetic field is modeled as a
classical monochromatic wave. This description remains valid in the regime of large
photon numbers, where quantum fluctuations of the radiation field are negligible. In
this framework, a simple yet instructive model is that of a two-level atom interacting
with a near-resonant light field. The Hamiltonian in the rotating-wave approximation
(RWA) is given by [40, 41]:

H = ℏ∆
2 σz + ℏΩ

2 σx (2.1)

where ∆ = ωL − ω0 is the detuning between the laser frequency ωL and the atomic
transition frequency ω0, Ω is the Rabi frequency proportional to the electric field
amplitude, and σi are Pauli matrices operating on the two-level basis. The dynamics
of population and coherence between the states are governed by the optical Bloch
equations, or equivalently by the master equation for the density matrix ρ:

dρ

dt
= − i

ℏ
[H, ρ] + L[ρ] (2.2)

where L[ρ] accounts for dissipative processes such as spontaneous emission. This
formalism allows us to predict not only populations, but also steady-state behavior
and transient dynamics in the atom-light interaction. In absorption and emission
process not only the internal state changes, there is also a momentum exchange
between light and atom. Each absorption and spontaneous emission event imparts
a recoil of ℏk to the atom, where k is the wavevector of the light. This repeated
interaction leads to the so-called radiative forces, including the radiation pressure
force and the optical dipole force.
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These concept form the foundation for understanding laser cooling mechanisms,
radiation pressure forces, and light-assisted trapping techniques, which are discussed
in the following sections. A full quantum treatment of atom-light interaction
(especially in low-intensity or tightly focused regimes) requires the quantization of
the light field, using the Jaynes–Cummings model or master equation approaches.
However, for most laser cooling applications, the semiclassical picture provides an
excellent approximation

2.2 Radiation pressure
When an atom absorbs a photon from a near-resonant laser beam, it receives a
momentum kick of magnitude p = ℏk in the direction of the wavevector k, where
k = 2π

λ and λ is the wavelength of the atomic transition. After a characteristic time
determined by the excited-state lifetime, the atom spontaneously emits a photon
in a random direction and returns to the ground state. As a result, over many
absorption–emission cycles, the atom experiences a net momentum transfer of ℏk
per scattering event. This process gives rise to the so-called radiation pressure force,
a fundamental dissipative mechanism underlying laser cooling. For a two-level atom
illuminated by a monochromatic plane wave, the average photon scattering rate, i.e.
the rate at which the atom absorbs and emits photons, is given by:

Γsc = Γ
2

s

1 + s+ (2∆/Γ)2 (2.3)

where Γ is the natural linewidth of the atomic transition, ∆ = ωL −ω0 is the detuning
between the laser frequency and the atomic resonance frequency, and s = I/Isat is
the saturation parameter, defined as the ratio between the laser intensity I and the
saturation intensity of the transition: Isat = 2πℏΓc

3λ3 , where ℏ is the reduced Plank
constant and c is the speed of light. The resulting radiation pressure force acting on
the atom is therefore:

Frad = ℏkΓsc (2.4)

The scattering rate can reach its maximum Γsc = Γ
2 for ∆ = 0 and s ≫ 1. This

represents a fundamental physical limit: and explains why transitions with a large
natural linewidth Γ are particularly suitable for manipulating atoms with high
velocities.

2.3 Doppler and Zeeman effect
The effective detuning experienced by an atom can be evaluated by exploiting its
velocity-dependent Doppler shift. For an atom moving with velocity v and interacting
with a laser field of frequency ωL and wave vector k, the frequency of the light in
the atom’s rest frame is given by

ω′ = ωL − k · v (2.5)

Consequently, the effective detuning becomes

∆ = ω′ − ω0 = ωL − k · v − ω0 (2.6)
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Substituting this expression into Eq. 2.3 yields the Doppler-shifted scattering rate.
When the atom and the laser beam propagate in opposite directions (k · v < 0),
to achieve the condition of maximum scattering (∆ = 0), the laser frequency must
therefore be set slightly below the atomic resonance (red detuning). Instead, if the
atom moves in the same direction as the laser beam (k · v > 0), the laser frequency
must be tuned above resonance (blue detuning) to compensate for the Doppler shift
and restore the resonant condition.

A typical atomic source for cold atom experiments consists of an atomic beam
produced by heating a solid sample in an oven. The atoms come out from the hot
reservoir, forming a directed beam with a broad, non-thermal velocity distribution.
To decelerate the atoms, we exploit the radiation pressure from a counter-propagating
laser beam as shown in Fig. 2.1.

Figure 2.1. Schematic representation of the Zeeman slower and transverse cooling mech-
anism. Atoms emitted from the thermal oven form an effusive atomic beam with
divergence θ. A counter-propagating laser beam (Zeeman slower beam) decelerates the
atoms along the longitudinal axis, while transverse cooling beams reduce the atomic
divergence, increasing the flux of slow atoms reaching the trapping region.

The radiation pressure force acting on an atom is given by Eq. 2.4. Due to the
Doppler effect, the detuning experienced by an atom moving with velocity v0 along
the propagation axis of the atomic beam becomes

∆ = ωL − ω0 − kv0 (2.7)

The scattering force reaches its maximum magnitude when the laser is resonant
with the atomic transition in the atom’s rest frame, i.e. when ∆ = 0, leading to the
resonance condition:

ωL − ω0 = −kv0 (2.8)
The Doppler effect modifies the detuning experienced by a moving atom and therefore
plays a key role in determining the efficiency of laser cooling.

Another important phenomenon that affects the resonance condition of atomic
transitions is the Zeeman effect, which arises from the interaction between the
atomic magnetic moment and an external magnetic field B. The Zeeman interaction
Hamiltonian can be written as

Hz = −µ · B (2.9)
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where the total magnetic dipole moment µ is given by

µ = −µb

ℏ

(
gLL̂ + gSŜ

)
+ µN

ℏ
gI Î (2.10)

Here, L̂, Ŝ, and Î denote the orbital, spin, and nuclear angular momentum operators,
respectively, while µB and µN are the Bohr and nuclear magnetons, and gL, gS and
gI are the corresponding Landé factors. For a magnetic field applied along the z
axis, the Zeeman Hamiltonian takes the scalar form

Ĥ(z)
z = µBB

ℏ
(gLL̂z + gSŜz) − µNB

ℏ
gI Îz = µBB

ℏ
(gJ Ĵz) − µNB

ℏ
gI Îz (2.11)

where Jz = Lz + Sz is the total electronic angular momentum and gJ is the Landé
factor defined as

gJ = gL[J(J + 1) + L(L+ 1) − S(S + 1)] + gS [J(J + 1) − L(L+ 1) + S(S + 1)]
2J + (J + 1)

(2.12)
For bosonic isotopes of strontium, 88Sr and 86Sr, the nuclear spin is zero, so the
nuclear term can be neglected and only the electronic contribution remains. This is
not the case for the fermionic isotope 87Sr, where I = 9/2, or for other atoms with
non-zero hyperfine structure.
The Zeeman interaction leads to a shift of the atomic energy levels proportional to
the magnetic field strength and the magnetic quantum number mJ , resulting in a
linear splitting of the Zeeman sublevels mJ :

∆E = µBBgJmJ (2.13)

2.4 Transverse cooling
Atoms emerging from an atomic oven form a directed beam with a broad velocity
distribution and a finite angular divergence. The angular spread originates from the
thermal motion of atoms inside the oven, which causes them to exit with different
transverse velocity components relative to the mean propagation direction. To reduce
this divergence and improve the beam collimation, transverse laser cooling can be
applied. In this technique, two counter-propagating laser beams are aligned along a
direction orthogonal to the atomic beam propagation (for instance, along the x-axis)
as shown in Fig. 2.1. Their radiation pressure generates a velocity-dependent force
that damps the transverse motion of the atoms. Considering an atom moving at
an angle θ with respect to the mean propagation direction, in the atomic reference
frame the radiation pressure force, derived from Eqs. 2.4 and 2.3, is expressed as

Fx = Γ
2 ℏk

− s

1 + s+ 4 (∆+kv sin(θ))2

Γ2

+ s

1 + s+ 4 (∆−kv sin(θ))2

Γ2

 (2.14)

where k is the laser wavenumber and ∆ is the laser detuning in the laboratory
frame. Transverse cooling affects only the velocity components orthogonal to the



2.5 Zeeman slower 11

mean propagation, v sin(θ). When θ > 0, the Doppler term kv sin(θ) is positive. By
selecting a red detuning (∆ < 0), the term (∆ + kv sin(θ))2 in the first denominator
becomes smaller than the corresponding term in the second denominator, producing
an imbalance between the two counter-propagating beams. This asymmetry generates
a net damping force that pushes the atoms back toward θ = 0, thereby reducing the
angular divergence of the atomic beam. In our experimental implementation, this
mechanism is also employed to deflect the atomic beam emerging from the oven by
an angle θd = 20◦. Two nearly orthogonal laser beams, retroreflected by in-vacuum
optics (see Sec. 6.1), form an unbalanced cooling configuration that introduces
a controlled angular deviation of the mean atomic trajectory. The retroreflected
beams are only partially reflected, leading to different optical powers along the two
propagation directions.

2.5 Zeeman slower

Atoms coming out of from an oven source must be decelerated before they can
be captured in subsequent stages of the experiment. A widely used technique in
ultracold atom experiments combines the Doppler effect and the Zeeman effect to
slow an atomic beam from hundreds of meters per second down to a few tens of
meters per second, effectively reducing the mean kinetic energy per atom.
Consider an atomic beam propagating along the positive y-axis and a counter-
propagating laser beam along the negative y-direction (−k · v = kv), in the presence
of a magnetic field oriented along the y-axis. Combining Eqs. 2.4 and 2.3, the
resulting radiation pressure force along the beam axis is:

Fy = −Γ
2 ℏk

s

1 + s+ 4

(
∆+
(

m′
J

g′
J

µBBy

ℏ − mJ gJ µBBy
ℏ

)
+kv

)2

Γ2

(2.15)

Here, mJ and gJ denote the magnetic quantum number and the Landé g-factor of the
ground state, while m′

J and g′
J correspond to those of the excited state. The difference

between the Zeeman shifts of the two states, proportional to (m′
Jg

′
J −mJgJ)µBBy,

determines the effective detuning of the transition in the presence of the magnetic
field. The saturation parameter s is approximately constant for a well-collimated
laser beam. To compensate for the decreasing Doppler shift as the atoms slow
down, a spatially varying magnetic field By(y) is applied along the propagation axis.
A common design choice is to impose a constant deceleration a, which requires a
constant scattering rate, i.e. the detuning in the atom’s frame must remain constant:

∆atom frame = ∆+By(y)
(
m′

Jg
′
JµB

ℏ
− mJgJµB

ℏ

)
+ kv(y) = const. (2.16)

Maximizing the scattering rate corresponds to set this detuning to zero:

−∆ = By(y)
(
m′

Jg
′
JµB

ℏ
− mJgJµB

ℏ

)
+ kv(y) (2.17)
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By defining ξy =
(

m′
J g′

J µB

ℏ − mJ gJ µB
ℏ

)
the spatial profile of the magnetic field that

satisfies this condition is

By(y) = −∆
ξy

− k

ξy

√
v2

0 + 2ay (2.18)

where v0 is the initial atomic velocity. The maximum achievable deceleration for
a transition of linewidth Γ is amax = −Γℏk

2M , which scales with Γ, making broad
atomic transitions preferable for efficient Zeeman slowing. For the blue transition of
strontium (Γ/2π = 32 MHz) the maximum deceleration is amax = 106 m s−2, which
requires a length L = 10 cm to slow atoms from v0 ≈ 450 m s−1 to rest.

A typical Zeeman slower is realized using a solenoid composed of concentric coils
with a varying number of turns along the atomic beam axis. In our experiment, a
commercial atomic source (see Sec. 6.1) is provided with a set of permanent magnets
approximately 5 cm long to generate the Zeeman slower field. This represents a non-
optimal practical compromise solution and the exact field profile is not disclosed due
to patent restrictions. The maximum initial velocity that can be slowed to a few tens
of m s−1 over a 5 cm interaction region is about 320 m s−1, even considering s ≫ 1.
Moreover, the assumption of a constant saturation parameter s does not strictly
hold, since the manufacturer recommends a slightly focused slowing laser beam to
optimize performance. This produces a position-dependent radiation pressure force,
which is stronger where the laser intensity is higher.

2.6 Magneto-Optical Traps (MOTs): principles and con-
figurations

Atoms slowed by a Zeeman slower still possess residual kinetic energy and a finite
spatial and velocity distribution. To confine and further cool these atoms for
precision experiments, a Magneto-Optical Trap (MOT) is employed. A MOT
combines counter-propagating, red-detuned laser beams with a spatially varying
magnetic field to produce both a velocity-dependent damping force (cooling) and a
position-dependent restoring force (trapping). This allows atoms to be simultaneously
cooled and trapped near the trap center, forming a dense, ultracold sample suitable
for subsequent experimental manipulation.
In most experiments, a 3D MOT configuration is used, where three orthogonal pairs
of counter-propagating laser beams provide cooling along all spatial dimensions,
while a quadrupole magnetic field centered at the beam intersection ensures spatial
confinement.

The atomic motion can be analyzed independently along the Cartesian axes
by solving the corresponding scalar equations. The quadrupole field is typically
generated using two coils in an anti-Helmholtz configuration (coaxial circular coils
with the same current flowing in opposite directions). The resulting magnetic field
takes the form B = b

2 [−x,−y, 2z], where b is the magnetic field gradient along z (we
assume b > 0). The factor two and the opposite sign in the z-component arise from
Maxwell’s condition ∇ · B = 0. Apart from these amplitude and sign differences,
the three spatial directions can be treated equivalently.
We consider optical transitions from a ground state with total angular momentum
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J = 0 to an excited state with J = 1, as is the case for the cooling transitions used in
both the blue and red MOTs of 88Sr. When the quadrupole magnetic field is applied,
the energies of the excited-state Zeeman sublevels |J ′ = 1,mJ ′ = ±1, 0⟩ shift linearly
with the local magnetic field, as shown in Fig. 2.2. The ground state |J = 0⟩ remains
unshifted since it has no magnetic moment. The two counter-propagating beams
along the z-axis must be circularly polarized with opposite helicities, so that one
drives σ+ transitions (∆mJ = +1) and the other drives σ− transitions (∆mJ = −1).
Because of the Zeeman effect, atoms displaced from the trap center experience a
local shift in resonance frequency that depends on position. For z > 0, where Bz > 0,
the mJ ′ = −1 sublevel is shifted down in energy, bringing the σ− beam (propagating
toward −z) closer to resonance. Conversely, for z < 0, the effect of the σ+ beam
becomes dominant. This asymmetry in scattering rates between the two circular
polarizations produces a restoring force that pushes atoms back toward the magnetic-
field zero at the trap center. Together with the Doppler-dependent frictional force
from the red-detuned light, this mechanism yields both spatial confinement and
velocity damping.

z

E

J'=1

J'=0

Figure 2.2. Zeeman splitting of the excited state J ′ = 1 in the presence of a magnetic
field gradient. Two counter-propagating circularly polarized beams drive σ+ and σ−

transitions from the ground state J = 0. The differential Zeeman shifts make one beam
closer to resonance depending on the atomic position, generating a restoring force toward
the magnetic-field zero.

The radiation pressure force along the z-axis has two contributions from the counter-
propagating laser beams and can be expressed as

Fz = ℏkΓ
2

[
s

1 + s+ 4
(
∆ − δZ − kv

)2
/Γ2

− s

1 + s+ 4
(
∆ + δZ + kv

)2
/Γ2

]
(2.19)

with δZ = (m′
Jg

′
J)µBbz

ℏ
.

For small velocities (kv ≪ Γ) and small displacements (m′
J g′

J µBbz
ℏ ≪ Γ) this expres-

sion can be linearized as
Fz(v, z) ≃ −αv − κz, (2.20)

where the damping and restoring coefficients are

α = 8ℏk2 I/Is

[1 + s+ 4∆2/Γ2]2
|∆|
Γ , κ = α

gJmJµBb

ℏk
. (2.21)
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This describes a damped harmonic oscillator, governed by

d2z

dt2
+ γ

dz

dt
+ ω2

trapz = 0 (2.22)

where γ = α
M and ωtrap =

√
κ
M , with M denoting the atomic mass. The MOT

parameters can be tuned to optimize various characteristics such as atom number,
density or capture velocity range depending on experimental priorities.
Because atoms continuously absorb and spontaneously re-emit photons, their motion
exhibits a random walk, setting a lower bound on the achievable kinetic energy and,
thus, final temperature. The Doppler cooling limit is given by

kBTD = ℏΓ
4

1 +
(2∆

Γ

)2

2|∆|
Γ

, (2.23)

where ∆ is the laser detuning from resonance and Γ is the natural linewidth of the
optical transition. The minimum Doppler temperature occurs for ∆ = −Γ/2:

Tmin
D = ℏΓ

2kB
. (2.24)

The Doppler limit scales with the linewidth: the broad “blue” transition of Strontium
has Γ/2π ≃ 32 MHz yielding Tmin

D ≃ 720 µK, whereas the narrow “red” transition
with Γ/2π ≃ 7.6 kHz allows Tmin

D ≃ 180 nK. This hierarchy of transitions is a defining
feature of the Strontium platform. While the broad blue transition provides the
high scattering rates needed for efficient initial capture, the second-stage MOT on
the narrow intercombination line is a physical necessity for tweezer loading. Indeed,
the Doppler limit of the blue transition significantly exceeds the typical depths of
our optical tweezers (Utrap ≈ 360µK, see Chap. 8), making direct loading from a
blue MOT practically impossible. The red MOT stage thus acts as a crucial bridge,
compressing the cloud and cooling the atoms to the µK regime. This ensures that
the atomic sample is well-matched to the conservative potential of the tweezers,
achieving the high phase-space density required for reliable single-atom capture.

2.7 Far off-resonant atom-light interaction

We now introduce key theoretical aspects of atom-light interaction in the far off-
resonant regime, which is crucial for understanding optical trapping with optical
tweezers. In this context, the interaction between an atom and an oscillating
electromagnetic field gives rise to what is commonly known as the optical dipole
potential, also referred to as the light shift or the AC Stark shift [42, 43, 44]. This
configuration creates a conservative potential capable of trapping neutral atoms.
The optical dipole potential generated by a far off-resonant laser beam can be
expressed as [45]:

U(r, z) = − 1
2ε0c

I(r, z)α(λL) (2.25)
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where ε0 is the vacuum permittivity, c is the speed of light, I(r, z) is the local
intensity of the laser field at transverse position r and axial position z and α(λL) is
the polarizability of the atomic state at the laser wavelength λL.
For a focused Gaussian beam, in the following called optical tweezer, the intensity
profile is given by:

I(r, z) = 2PL

πw2(z)e
− 2r2

w2(z) (2.26)

where PL is the laser power and w(z) is the beam radius ( 1
e2 intensity) at position z.

Substituting this into the expression for the potential Eq. 2.25 yields:

U(r, z) = − 2PL

ε0cπw2(z)α(λL)e− 2r2
w2(z) (2.27)

The beam radius w(z) varies along the propagation axis and reaches its minimum
value w0 at the beam waist z = 0. Its axial dependence is described by:

w(z) = w0

√
1 +

(
z

zR

)2
(2.28)

where zR = πw2
0

λL
is the Rayleigh length, which defines the characteristic scale over

which the beam diverges.
If the light is red-detuned (ωL < ω0) α(λL) > 0 and Eq. 2.27 describes a potential
well, two important parameters in experiments with optical dipole traps are the trap
depth and the trap frequencies. The trap depth is defined as the maximum absolute
value of the dipole potential from Eq. 2.27, which occurs at the center of the trap
(at r = 0, z = 0):

U0 = PL

ε0cπw2
0
α(λL) (2.29)

The trap depth provides an upper bound for the energy (or temperature) of atoms
that can be confined in the optical potential. In the regime where the trap depth is
much greater (typically by several orders of magnitude) than the atomic thermal
energy, the potential can be approximated as harmonic near the trap center.
To derive the trap frequencies, we expand the Gaussian intensity profile around the
trap center. A second-order Taylor expansion of the exponential in Eq. 2.27 for
small radial displacements at z = 0 gives:

e
− 2r2

w2
0 ≈ 1 − 2r2

w2
0

(2.30)

Substituting this into Eq. 2.27 yields a harmonic approximation (HO) of the dipole
potential:

UHO(r, 0) = − PL

εcπw2
0
α(λL)

(
1 − 2r2

w2
0

)
= −U0 + 2PLα(λL)

εcπw4
0

r2 (2.31)

From Eq. 2.31 we can extract the radial trap frequency ωHO,r by equating the
potential to that of a harmonic oscillator:

1
2Mω2

HO,rr
2 = 2PLα(λL)

εcπw4
0

r2 (2.32)
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Solving for ωHO,r:

ωHO,r =
√

4PLα(λL)
Mεcπw4

0
(2.33)

As in the radial case, the axial potential near the trap center can be approximated
as a harmonic oscillator by expanding Eq. 2.27 in a Taylor series along z, keeping
r = 0. This yields a constant term corresponding to the trap depth, plus a term
quadratic in the axial coordinate z.

U(0, z) = − PL

εcπw2
0

(
1 +

(
z

zR

)2
)α(λL) ≈ −U0 + PLα(λL)

εcπw2
0z

2
R

z2 (2.34)

By equating this quadratic term with the potential of a harmonic oscillator along z
we obtain:

1
2Mω2

HO,zz
2 = PLα(λL)

εcπw2
0z

2
R

z2 (2.35)

Solving for the axial angular frequency:

ωHO,z =
√

2PLα(λL)
Mεcπw2

0z
2
R

(2.36)

It is important to note that both the trap depth and the trap frequencies depend
strongly on the parameters of the optical tweezers. The trap depth scales linearly
with the optical power and inversely with the square of the waist, while the trap
frequencies scale with the square root of the power and, again, inversely with the
square of the waist. In the axial direction, the Rayleigh length introduces an ad-
ditional dependence, but since zR ∝ w2

0, the overall frequency scaling still follows
an inverse cubic dependence on the waist. These scaling properties enable the use
of micrometer-sized optical tweezers to generate deep traps with only a few mW of
power per site, a key feature for extending the system to large arrays.

2.7.1 Atomic polarizability

The optical dipole potential can act either as a trapping or repulsive force for an
atom, depending on the atom’s internal structure and the sign of its polarizability.
In general, the light shift produced by the interaction is maximal in magnitude
where the laser intensity is highest. If this shift lowers the energy of the atomic
state, the atom is attracted toward the region of highest intensity and experiences a
confining potential. In contrast, if the shift raises the energy of the state, the atom
is repelled from the light field and experiences an anti-trapping effect.

Computing the polarizability α(λL) for an off-resonant trapping wavelength λL

can be non-trivial, especially since the two-level approximation often breaks down in
realistic atomic systems. When the laser is detuned far from multiple transitions, the
total polarizability must account for contributions from all relevant excited states.
In such cases, an useful expression for the dynamic polarizability of an electronic
state i is given by [46]:

αi(ωL) =
∑

k

6πε0
ωik

Aik

ω2
ik − ω2

L

(2.37)
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where ωL = 2πc
λL

is the angular frequency of the trapping laser, Aik are the Einstein
A coefficients (proportional to the square of the dipole matrix elements), and ωik

are the transition frequencies between the initial state i and the excited states
k. Polarizabilities generally depend on the polarization of the trapping light, as
well as on the atomic fine and hyperfine structures. Moreover, external magnetic
fields may influence polarizability by shifting magnetic sublevels with non-zero
magnetic moments. For detailed computational methods and tabulated values, see
Refs.[47, 48, 49]. In particular, Ref. [49] provides a comprehensive approach to
include fine and hyperfine interactions and Zeeman effects in the calculation of
polarizabilities for Strontium atoms.

A key concept in optical trapping is the magic wavelength condition. This occurs
when two atomic levels exhibit identical polarizabilities at a specific wavelength
λmagic, resulting in equal energy shifts for both states. At this wavelength, the
differential light shift vanishes, ensuring that the transition frequency between the
two levels remains unperturbed by the trapping field regardless of intensity. This
condition is essential for precision platforms such as optical atomic clocks to prevent
dephasing; In non-magic traps, fluctuation in laser power or pointing stability
translate directly into frequency noise, degrading coherence.
Strontium, in particular, exhibits a magic wavelength at λmagic = 813.4 nm for the
clock transition 1S0 → 3P0. This value lies conveniently in the infrared range, where
high-power Ti:Sapphire lasers are readily available. Calculated polarizability values
for key Strontium states at λmagic = 813.4 nm can be found in Ref. [48] and are
summarized in Tab. 2.1.

State |mx
J | Polarizability (a.u.)

5s2 1S0 0 286
5s5p 3P0 0 286
5s5p 3P1 0 195.1

1 353.9
5s5p 3P2 0 464.3

1 391.6
2 173.8

5s4d 1D2 0 256.8
1 522.2
2 1318

5s5p 1P1 0 178.4
1 737.8

5s6s 3S1 0 −494.1
1 −481.9

Table 2.1. Summary of polarizabilities of Strontium at λmagic = 813.4 nm, considering a
linear polarization along x̂, and zero magnetic field. Taken from Ref. [48]
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2.7.2 Sisyphus cooling

For atoms confined in optical dipole traps or optical tweezers, the dynamics differ
significantly from those in a MOT. The atoms experience an intensity and polarization
dependent optical potential rather than a radiative pressure force. In this regime,
the Doppler limit no longer represents the ultimate temperature bound. Here the
atomic motion occurs in the optical potential of tightly focused and polarized light
fields, and additional cooling mechanisms become relevant.

Cooling the atom to its motional ground state within the trap is essential for
minimizing position uncertainty, crucial for coherent Rydberg interactions and
for maintaining confinement during fluorescence imaging protocols, where photon
scattering can lead to heating and atom loss.

Among the cooling methods suitable for optical tweezers, the two most relevant
are sideband cooling [50, 51, 52] and Sisyphus cooling [53, 54, 55, 56]. Sideband
cooling can be implemented in a magic trap, where the optical potentials for
the ground and excited states, Ug and Ue, are identical. In contrast, Sisyphus
cooling operates in non-magic traps, where Ug ̸= Ue, and remains effective in both
configurations where the excited state is more tightly confined than the ground state
(Ue > Ug) or vice versa (Ue < Ug).
In our experiment, the optical tweezers at 813.4 nm create a non-magic potential
for the 1S0 →3 P1 transition. We implement attractive Sisyphus cooling using
circularly polarized light to address the mJ = 1 sublevels. While 813.4 nm is the
magic wavelength for the clock transition, it intentionally creates a large differential
light shift for the 1S0 →3 P1 cooling transition. This non-magic configuration is a
key requirement for Sisyphus cooling, as it provides the necessary spatial dependence
of the resonance condition within the micro-trap.

The basic idea of attractive Sisyphus cooling is illustrated schematically in Fig.
2.3. In a classical picture, the atom oscillates around the center of the optical
potential, and the cooling laser is tuned to be resonant with the transition only at
the bottom of the trap, where the detuning compensates for the local differential
light shift Ue − Ug. As the atom moves within the trap, it can absorb a photon near
the potential minimum and be excited to the upper potential Ue, which is more
tightly confining. The atom then moves toward the outer region of the trap with
higher potential energy. After a time determined by the excited-state lifetime, the
atom spontaneously decays back to the ground state Ug, emitting a photon at a
higher energy than the absorbed one. The difference in photon energies corresponds
to a net loss of kinetic energy, thus cooling the atom. Through many such cycles,
the atom’s motional energy is reduced, approaching the ground-state energy of the
trap.

A similar mechanism can occur in repulsive Sisyphus cooling, where Ue < Ug. In
that case, the atom absorbs a photon when it is displaced from the trap center and
loses energy while descending the potential hill associated with the ground-state
potential before being optically pumped back to the lower potential.
Remarkably, the non-magic confinement results in non-orthogonal harmonic oscillator
states for |g⟩ and |e⟩ in both the radial and axial directions when the motion of the
atoms is treated quantum-mechanically. This allows a single cooling beam to remove
energy from all motional degrees of freedom simultaneously [53, 55].
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Figure 2.3. Schematic representation of the optical potentials for the ground (Ug) and
excited (Ue) states in a non-magic optical trap. The atom absorbs a photon near the
trap minimum, climbs the steeper excited-state potential, and then spontaneously decays
to the ground state, losing kinetic energy in each cycle.
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Chapter 3

The Strontium atom

The atomic structure of Strontium offers a unique combination of transitions with
widely different natural linewidths, ranging from broad dipole-allowed lines to ultra-
narrow intercombination and clock transitions. This allows for highly efficient cooling
at various stages, precise coherent manipulation, and long coherence times. In addi-
tion, the availability of both singlet and triplet manifolds offers multiple excitation
pathways, including routes to Rydberg states that are essential for engineering strong,
controllable interactions between atoms.

In this chapter, we provide an overview of the atomic properties of Strontium
that are most relevant to its use in our experiment. We begin with an illustration
of its electronic level structure and the key transitions used for laser cooling and
detection, followed by a discussion of the ultra-narrow clock transition and the
excitation schemes to Rydberg states.

3.1 Electronic structure and level diagram
v

Isotope Natural abundance Statistics Nuclear spin
84Sr 0.56% bosonic 0
86Sr 9.86% bosonic 0
87Sr 7% fermionic 9

2
88Sr 82.58% bosonic 0

Table 3.1. Properties of stables isotopes of Strontium [58].

Strontium is an atom with two valence electrons, a feature it shares with all alkaline-
earth elements (Be, Mg, Ca, Sr, Ba, Ra). This configuration, however, is not unique
to this group: Helium represents the simplest two-electron system, while Ytterbium
is another atom with two valence electrons that has been widely used in recent years
for experiments closely related to the ones presented in this work [59]. One of the
most relevant properties of Strontium for our purposes is its level structure and the
set of electronic transitions it offers, illustrated in simplified form in Fig. 3.1.
The two-valence-electron structure gives rise to a rich spectrum of singlet and triplet
states. Particularly relevant to this work are the ground state 1S0, the excited states
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3P0, 3P1, and 1P1, as well as Rydberg levels in which one electron is promoted to a
state with high principal quantum number n. The 1S0 ↔ 3P0 "clock" transition is
ultra-narrow and underpins both optical atomic clocks and qubit implementations.

Figure 3.1. Simplified energy scheme for 88Sr, with transitions of interest shown.

3.2 Relevant transitions for cooling and detection

Blue Transition The blue transition 5s2 1S0 ↔ 5s5p 1P1 has a wavelength of
λ = 460.9 nm and a natural linewidth of Γ/2π = 32 MHz with a lifetime τ ∼ 5.3 ns
[60]. This transition plays a central role in the manipulation of Strontium atoms. Its
broad linewidth makes it ideal for decelerating the atomic beam at early stages, both
in the Zeeman slower and in the 2D MOT, where it efficiently reduces the atoms’
kinetic energy before they arrive into the main trapping region. This transition is
also employed in the operation of the first stage of the 3D MOT (see Sec. 7.3), where
it provides strong cooling and confinement forces. It is also used for absorption
imaging of the MOT and for fluorescence detection of single atoms confined in
optical tweezers (see Sec. 8.2). However, the transition is not perfectly closed: the
excited 1P1 state can decay, with a small branching ratio, into the 5s4d 1D2 state.
This intermediate level then decays into the metastable 5s5p 3P1 and 3P2 states,
effectively removing atoms from the cooling cycle. This loss mechanism limits the
efficiency of the blue MOT, as further discussed in Sec. 7.3.
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Red Transition The red transition 5s2 1S0 ↔ 5s5p 3P1 has a wavelength of
λ = 689.4 nm and a natural linewidth of Γ/2π = 7.6 kHz (corresponding to a lifetime
of τ = 21 µs) [61]. It is a narrow intercombination line connecting the ground state
with the triplet 3P1 state. Due to its much narrower linewidth compared to the
blue transition, this transition enables cooling to temperatures about three orders of
magnitude lower, but does not scatter photons fast enough to directly trap a hot
atomic beam in a red MOT. However, its linewidth can be artificially broadened
using appropriate techniques, thereby increasing the MOT’s capture range and
enabling its use in a second-stage MOT. This stage allows for the preparation of
colder and denser atomic clouds, as described in Sec. 7.4. Furthermore, the red
transition plays a key role in in-tweezer cooling (see Sec. 4.5), and it can also be
employed in high-resolution imaging schemes [62].

Repumpers Transition The dipole-allowed transitions 5s5p 3PJ ↔ 5s6s 3S1 play
a crucial role in managing atomic population within the 3PJ manifold, particularly in
experiments involving the blue MOT and imaging. These transitions occur at wave-
lengths λ = 679.1 nm for the 3P0 ↔ 3S1 transition (with linewidth Γ/2π = 1.4 MHz,
τ = 112 ns), λ = 687.8 nm for the 3P1 ↔ 3S1 transition (Γ/2π = 4.3 MHz, τ = 37 ns),
and λ = 707.0 nm for the 3P2 ↔ 3S1 transition (Γ/2π = 6.7 MHz, τ = 24 ns). These
transitions are essential for repumping atoms that fall into long-lived metastable
states as a result of decay from the 5s5p 1P1 state during cooling or imaging via the
blue transition. After decaying through weak channels, atoms accumulate in the
3P2 and 3P1 states. While atoms in the 3P1 state decay back to the ground state
within a few microseconds, those in metastable 3P2 remain trapped in a dark state.
To clear this dark population, a repump laser resonant with the 707 nm transition
can be used. However, atoms excited to the 3S1 state from 3P2 can decay into any
of the three 3PJ levels. Therefore, a second repump laser at 679 nm is required to
deplete the population of the metastable 3P0 state as well.

3.3 Clock transition

The clock transition 5s2 1S0 ↔ 5s5p 3P0, at a wavelength of λ = 698.4 nm, is
characterized by an extremely narrow natural linewidth, effectively Γ → 0 , in the
bosonic isotopes of Sr (corresponding to τ → ∞, limited in practice only by an
extremely weak two-photon E1–M1 decay channel towards 1S0 with a theoretical
lifetime of the order of 103 years). This is due to the fact that the transition is doubly
forbidden by selection rules ∆S = 0 and J = 0 ↛ J = 1. While the first selection
rule is relaxed by fine-structure interaction mixing singlet and triplet states, the
absence of hyperfine interaction in the bosonic isotopes of Sr (where the nuclear spin
I = 0) makes the second selection rule strict. However, it is possible to coherently
drive this transition by applying a strong external magnetic field (B ∼ 1000 G),
which induces a mixing of 3PJ states and opens the transition channel, as discussed
in Sec. 6.2. Under these conditions, the effective linewidth scales as Γ(B) ∝ B2,
while the Rabi frequency scales as Ω(B) ∝ B

√
I, where I is the intensity of the

driving laser. In the fermionic isotope 87Sr, where the nuclear spin is I = 9/2, the



24 3. The Strontium atom

hyperfine interaction naturally mixes electronic states. This results in a small but
nonzero natural linewidth for the clock transition, without the need for an external
magnetic field. The metastable 3P0 state plays a central role in atomic clocks and
qubit implementations, and can also serve as an intermediate level for coherent
excitation to Rydberg states (see Sec. 5.2).

3.4 Rydberg excitation transitions
The transitions 5s5p 3P0 ↔ 5sns 3S1 (at λ ∼ 317 nm) and 5s5p 3P1 ↔ 5sns 3S1 (at
λ ∼ 319 nm) provide access to Rydberg states with n ≫ 1 that are essential for
enabling strong, long-range interactions between otherwise non-interacting neutral
atoms. These interactions form the foundation for implementing quantum simulation
and quantum computation protocols in this platform. As discussed in Sec. 5.2, the
precise transition wavelength depends on the principal quantum number n of the
targeted Rydberg level.



25

Chapter 4

Optical tweezers array and
single-atom trapping

The ability to generate arrays of optical tweezers represents a key step toward
scalable quantum simulation platforms: on the one hand, it requires precise control
over the spatial structure of the trapping light, while on the other it demands reliable
techniques to load, cool, and organize atoms within the traps.
It is necessary to shape laser beams into complex configurations and focus them
through a high–numerical aperture objective, creating tightly localized trapping
potentials. Achieving deterministic single-atom occupancy, also calls for careful
control of the stochastic loading process, efficient laser cooling strategies, and meth-
ods to overcome the randomness of atom distribution by arranging the atoms into
defect-free arrays.

4.1 Optical Tweezer
An optical tweezer is realized by tightly focusing a laser beam. This can be achieved
with a simple lens or, more effectively, with a microscope objective. Since the trap
operates on microscopic length scales, the optical system must be designed with
great precision to minimize aberrations that could otherwise distort the potential.
For this reason, diffraction-limited aberration-corrected microscope objectives are
commonly employed. Compared to achromatic lenses, they generally provide superior
performance and can be optimized for multiple wavelengths. This capability is
essential, as it enables the objective not only to generate the optical tweezer but
also to simultaneously collect the imaging light and produce site-resolved images of
the trapped atoms (See Sec. 8.2).

A laser beam can be described as a Gaussian beam if the paraxial approximation
holds, i.e. if the amplitude A(r) of the electromagnetic wave traveling along the
z-direction varies slowly compared to the wavelength λ [63]:

∂A

∂z
≪ kA (4.1)

where k = 2π
λ is the wave number. In the paraxial approximation the expression of
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the electric field E(r, z, t) = A(r, z)ei(ωt−kz) traveling along the z-axis is [63]:

A(r, z) = A0
w0
w(z)e

− r2
w2(z) e

−ikz−ik r2
2R(z) +iζ(z) (4.2)

where A0 is the amplitude peak value, r is the radial coordinate, and w0 is the beam
waist, i.e. the minimum beam radius at the focal plane. The transverse beam radius
evolves as:

w(z) = w0

√
1 +

(
z

zR

)2
(4.3)

where zR = πw2
0

λ is the Rayleigh length, defined as the distance along the propagation
axis at which the beam area doubles (equivalently, the radius increases by a factor√

2). R(z) = z
[
1 +

( zR
z

)2] is the curvature radius of the wavefront, while ζ(z) =

arctan
(

z
zR

)
denotes the Gouy phase.

However, the paraxial approximation begins to break down for a tightly focused laser
beam, such as that in an optical tweezer, because the intensity varies over a distance
on the order of the Rayleigh range zR, which can be just a few microns, comparable
to the laser wavelength. In Ref. [64] the limits of the paraxial approximation are
investigated, introducing higher-order effects that lead to aberrations and providing
a detailed description of different optical aberration effects.
Even when considering a system with no aberration, a focused laser beam will
always have a finite size due to the diffraction limit, which arises from the diffraction
induced by the finite size of the optical elements of the system.
How an imaging system represents a point-like source of light is described by the
point spread function (PSF), which gives the spatial distribution of light in the
image produced by that system for a single point source. If we consider an imaging
system with no aberration and a circular aperture with a finite diameter D = 2a
the PSF is a diffraction pattern called Airy disk (Fig. 4.1), with an intensity profile
given by [65]:

I(θ) = I0

(2J1(ka sin θ)
ka sin θ

)2
(4.4)

where J1(x) is the first-order Bessel function, k is the wave number and θ = arctan w0
zR

is the Gaussian beam divergence in the paraxial approximation.
The minimum spot size is conventionally defined as the distance between the central
peak and the first minimum, which occurs at

ka sin(θ) ≈ 1.22π (4.5)

For a system with numerical aperture NA, we have:

NA = n sin(θmax) (4.6)

where the maximum aperture angle of the lens or objective is θmax = arctan
(

D
2f

)
,

f the focal length and n is the refractive index of the medium (in vacuum n = 1).
Solving for the radius of the diffraction-limited spot in the image plane, we obtain:

a0 = 0.61λ
NA (4.7)
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Figure 4.1. Airy disk profile in 2D and 1D. The intensity profile is characterized by a
central peak surrounded by concentric fringes arising from the diffraction due to the
finite aperture of the objective.

This sets the theoretical lower bound, however real systems have imperfections that
might produce a larger PSF. The best resolution achievable in the real imaging
system for a point source is defined as the distance r0 between the Airy disk central
peak and the first minimum. If r0 = a0 the system is said to be diffraction limited.
This generally happens only at specific wavelengths for which the imaging system
has been designed.
Having the smallest PSF possible is very important in our experiment to produce the
tightest optical tweezer possible to have large trap depths and trapping frequencies,
but also to have the highest resolution possible in the detection process. Our
objective, described in Sec. 4.1.1, is designed to be diffraction limited at 813 nm
(optical tweezers) and 461 nm (fluorescence imaging), the diffraction limit spots for
this two wavelength are:

a0(461 nm) = 502 nm, a0(813 nm) = 902 nm (4.8)

4.1.1 High-NA objective

The high-numerical-aperture microscope objective (NA = 0.55) employed in this
experiment is a custom device manufactured by Special Optics. Its function is
twofold: to generate the optical tweezer array by focusing the trapping laser at
813.4 nm, and to collect the fluorescence emitted by individual atoms. To this
end, the objective is optimized across several wavelengths (461 nm, 689 nm, 698 nm,
and 813 nm). In particular, it operates in the diffraction-limited regime at 461 nm,
698 nm, and 813 nm, with no focal shift between 461 nm and 813 nm, and only a
∼ 4 µm shift between the tweezer light and 689 nm. The objective features a working
distance of 14 mm and is corrected for the 3.5 mm thickness of the fused-silica science
cell. Its measured transmission is 92.6%, 94.8%, and 96.6% at 461 nm, 689 nm, and
813 nm, respectively. The housing is made of Ultem, a thermoplastic polymer with
high dielectric strength, which has been blackened both internally and externally to
suppress reflections. This choice of material also ensures reliable operation in an
environment subject to magnetic fields on the order of several hundred Gauss. All
the properties of the microscope objective can be found in Tab. 4.1.
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Property Value
NA 0.56 @461 nm, 0.55 @813 nm
Effective focal length (EFL) 24 mm @461 nm, 24.5 mm @813 nm
Aperture 27 mm
Field of view (FOV) 0.36 mm @813 nm, 0.24 mm @461 nm,

0.25 mm @689 nm
Working distance (WD) 9 mm vacuum + 3.5 mm fused silica + 1.5 mm air
Diffraction limited 461 nm and 813 nm
Transmission 92.6% @461 nm, 94.8% @689 nm, 96.6% @813 nm

Table 4.1. Microscope Objective Properties

The objective is mounted on a 5-axis assembly made combining a pitch and yaw
platform (PY004/M from Thorlabs) that enables the tip and tilt control, a linear
translation stage (L-509.44AD00 manufactured by PI) and a two-axes translating
lens mount (CXY2 from Thorlabs) that allow control over the three spatial directions.
The translation stage was chosen with a travel distance of 102 mm, which allows the
objective to be completely extracted from the coil support structure surrounding
the glass cell, which is convenient both during the alignment phase and in case in
the future there is a need to remove it for changes or maintenance. The detailed
description of the alignment procedure of the objective can be found at [66].

4.2 Optical tweezer arrays

The realization of optical tweezer arrays relies on the ability to tailor the spatial
profile of a laser beam and project it onto the focal plane of a high–numerical aperture
objective. Different strategies can be employed to split and shape the incoming light
into multiple diffraction-limited spots, each acting as an individual trap for a single
atom. Among the different possible approaches, two technologies have become the
most widely used and are now fundamental tools in experiments with neutral atom
arrays: acousto-optic deflectors (AODs) and spatial light modulators (SLMs). Both
enable the generation of multiple traps from a single laser beam, but they rely on
different physical mechanisms and offer complementary advantages.

4.2.1 Acousto-Optic Deflectors (AODs)

Acousto-Optic Deflectors (AODs) are optical devices that exploit the interaction
between light and acoustic waves inside a crystal [67]. When a radiofrequency (RF)
signal is applied to a piezoelectric transducer attached to the crystal, it generates an
acoustic wave that propagates through the material. This acoustic wave periodically
modulates the refractive index of the crystal, creating what can be regarded as
a dynamic diffraction grating. An incident laser beam traversing this medium is
then diffracted, and the deflection angle depends directly on the acoustic frequency
applied to the crystal. The deflection angle θ of the first-order diffracted beam is
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given by [68]:
θ(ν) = λ

v
ν (4.9)

where λ is the wavelength of the light, v is the speed of sound in the crystal, and ν is
the applied radio-frequency (RF) signal driving the acoustic transducer. This linear
frequency-to-angle mapping allows precise control over the laser beam deflection by
modulating the RF signal electronically [63]. Having no moving parts AODs are
robust and highly reliable, while offering extremely fast scanning speeds with fine
angular resolution.

The AODs that we employ in our experiment are manufactured by AA Opto-
Electronics (DTSX-400-810 for λ = 813 nm). They have a measured bandwidth of
±20 MHz around the central frequency ν0 = 101 MHz. Using Eq. 4.9 is possible to
calculate the angular separation between the zeroth and first order at the central
frequency which turns out to be θ0 = 0.13 rad = 7.2◦.
By driving the AOD with multiple RF frequencies simultaneously, it is possible to
generate multiple diffracted beams at different angles, whereas by driving the AOD
with a time-dependent RF frequency, a single diffracted beam can be dynamically
steered in time, producing either a scanning beam or, if scanned sufficiently fast, an
effectively continuous distribution. In addition to beam deflection, AODs can also
modulate beam intensity via RF amplitude, and perform rapid beam switching on
sub-microsecond timescales.
Placing a scan lens at its focal length from the AOD will transform the angular
separation of the beams in spatial separation (see Fig. 4.2 top). In this way every
beam deflected by the AOD with a different angle will be focused in a different
point of the focal plane of the lens: after passing through the focal plane, the
beams propagate parallel to each other, forming a one-dimensional array of spatially
separated beams. These beams are then focused by a tube lens and an objective
into an array of optical tweezers, all propagating in parallel and focused into the
focal plane of the objective. This is how it is possible to realize a 1D array of optical
tweezers using an AOD.
As a practical example, let’s consider to dive the AOD with two RF frequencies,
ν1 and ν2, then two beams are deflected out at angles θ1 and θ2. The effect of a
telescope with magnification M = ftube

fscan
is a demagnification of the angular separation

by a a factor 1
M . The distance between the two tweezers focused by the objective

with focal length fobj can be described as [69]:

d = 2fobj tan
(
θ1 − θ2

2M

)
= 2fobj tan

((ν1 − ν2)λ
2v

1
2M

)
(4.10)

It is possible to generate a two-dimensional square or rectangular array of tweezers
using two orthogonal AODs (See Fig. 4.2 bottom) that causes deflection along two
axis. A 1:1 relay telescope in 4f configuration is necessary in between the two AODs
in order to match the deflection planes of the two devices and ensure that angular
deflections are mapped exactly into spatial shifts at the object plane.
Driving the AODs with static radio frequencies allows the generation of one- or
two-dimensional arrays of optical tweezers at fixed positions in the objective’s focal
plane. In this configuration, each frequency tone applied to the AOD corresponds to
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AOD scan lens tube lens objective

AODx scan lens tube lens objective
AODy

Figure 4.2. Optical layout for generating arrays of optical tweezers using AODs. (Top) A
single AOD creates a one-dimensional array of laser beams by mapping different radio
frequencies to different diffraction angles. A scan lens and a tube lens relay the angular
separation to the back aperture of the objective, which focuses the beams into a 1D
array of optical tweezers in the focal plane. (Bottom) Two orthogonal AODs (AODx
and AODy) enable independent control along both axes, producing a two-dimensional
array of optical tweezers at the focal plane of the objective.

a distinct diffraction angle, and thus to a single trap location. However, by modulat-
ing the driving frequencies in time, the position of each trap can be dynamically
controlled, enabling the creation of moving optical tweezers.

4.2.2 Spatial Light Modulators (SLMs)

The other device that is commonly used to modulate a laser beam in order to produce
an array of optical tweezer is the Spatial Light Modulator (SLM). In the context of
quantum optics and atomic manipulation, SLMs are most commonly employed as
phase-only devices, where they enable precise shaping of the incident wavefront to
generate arbitrary intensity patterns in the focal plane of a high–NA objective.
Among the various architectures, Liquid Crystal on Silicon Spatial Light Modulators
(LCOS-SLMs) are widely used because they combine high spatial resolution with
phase-only modulation and relatively low optical losses. Applying a certain voltage
to each pixel of the liquid crystal is possible to reorient the liquid crystal molecules,
modifying the effective refractive index experienced by the incident light polarization
in that pixel. As a result, the device introduces a controllable phase delay on the
reflected wavefront, thereby realizing a programmable two-dimensional phase mask
ϕ(x, y). When a lens is placed at a distance equal to its focal length from the SLM,
the phase modulation imprinted on the wavefront in the SLM plane is converted into
a spatial modulation in the focal plane of the lens (Fourier plane) [70]. In this way,
the lens effectively performs the Fourier transform of the phase mask, projecting its
spatial frequency content onto the conjugate plane.
The propagation of the field after modulation can be described within the paraxial
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approximation by Fourier optics. If the incident field at the SLM plane is written as:

U(x, y) = A(x, y)eiϕ(x,y) (4.11)

where A(x, y) is the amplitude profile of the incoming beam and ϕ(x, y) is the
programmed phase mask, then in the focal plane of the lens or microscope objective
the field distribution is proportional to the two-dimensional Fourier transform of the
modulated wavefront:

Ũ(kx, ky) = F [U(x, y)] (4.12)

with (kx, ky) the spatial frequency coordinates.
By controlling the pixel voltages of the SLM it is possible to realize arbitrary far-field
intensity profiles [71], included different geometries of 2D optical tweezers array.
The central challenge lies in determining the appropriate phase mask ϕ(x, y) that
generates a desired target intensity distribution Itarget(kx, ky) in the Fourier plane.
Since only intensity can be directly measured, while phase information is not easily
accessible, the design of phase masks requires iterative phase retrieval algorithms.
The most widely used method in this context is the Gerchberg–Saxton (GS) algorithm,
introduced by Gerchberg and Saxton in 1972 [72].
The Gerchberg–Saxton algorithm is an iterative method used to compute a phase
mask that generates a desired intensity pattern in the target plane. Starting from
a known input amplitude in the source plane, an initial random phase is assigned,
and the field is propagated to the target plane via a Fourier transform. At each
iteration, the algorithm evaluates the difference between the projected field and the
target pattern, updating the phase to minimize this discrepancy until the generated
pattern closely matches the desired one.
The initial field at the SLM plane is:

U0(x, y) = A(x, y)eiϕ0(x,y) (4.13)

The field is then propagated to the target plane using a Fourier transform:

Ũ0(kx, ky) = F [U0(x, y)] (4.14)

At the target plane, the desired intensity pattern Itarget is imposed:

Ũ ′
0(kx, ky) =

√
Itarget(kx, ky)ei arg Ũ0(kx,ky) (4.15)

The field is then propagated back to the SLM plane via the inverse Fourier transform:

U1(x, y) = F−1
[
Ũ ′

0(kx, ky)
]

(4.16)

To start the next iteration, the known input amplitude is reimposed while keeping
the updated phase:

U ′
1(x, y) = A(x, y)ei arg U1(kx,ky) (4.17)

This iterative loop goes on until the difference between the obtained and target
amplitude is below a certain threshold. The GS algorithm is computationally efficient
and sufficiently robust for practical implementations, making it a standard tool in
holographic beam shaping.



32 4. Optical tweezers array and single-atom trapping

We plan to implement an SLM in our experiment, as illustrated in Sec. 4.3. We are
currently testing the performance of two SLM devices, both from Meadowlark Optics.
The first is the E-19x12-500-1200-HDM8, featuring a resolution of 1920 × 1200 pixel
with a pixel pitch 8 × 8 µm, resulting in an array size of 15.36 × 9.6 mm, and it is
driven at 60 Hz by a HDMI controller with output trigger. The second one is a UHP
SLM 1024×1024 with 1024 × 1024 pixel and a pixel pitch 17 × 17 µm, giving an
array size of 17.40 × 17.40 mm, featuring analog data addressing and a refresh rate
of 1.4 kHz.

4.3 Our tweezer generation scheme
The results presented in this thesis were obtained using two-dimensional arrays of
optical tweezers generated by means of two crossed AODs, producing a static array.
In the near future, however, the setup will be upgraded to combine an SLM for the
generation of the static array with the two crossed AODs, which will enable dynamic
rearrangement of atoms among the tweezers. A schematic of the final setup is shown
in Fig. 4.3.

Figure 4.3. Sketch of the setup for the optical tweezer generation employing two crossed
AODs and an SLM.

A laser beam at 813 nm (see Sec. 6.3.3) is split into two paths: one directed to the
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SLM and the other to the two crossed AODs. The two beams are then recombined
using two waveplates and a polarizing beam splitter (PBS) in a section of the
beam path where the beam is collimated to minimize possible distortions. The two
paths share a common telescope before the objective. To minimize aberrations, 2
inch achromatic lenses are employed throughout the setup. At present, only the
AOD-based part of the system has been fully implemented and is operational. The
SLM branch is currently under testing and characterization and will be integrated
in the near future.
At the fiber output (60FC-SMA-T-4-M20-10 collimator), the laser beam has a waist
of w = 0.9 mm. A waveplate and a PBS are used to convert polarization fluctuations
into power fluctuations, which are monitored by a photodiode (PD). The photodiode
signal is then employed in a feedback loop to stabilize the power delivered by the
fiber with a PID.
Along the AOD branch, a telescope expands the beam waist by a factor of 3.75
(f = 60 mm,f = 225 mm), to match the active aperture of the AODs (7.5 × 7.5 mm).
The beam is sequentially deflected in the x and y directions by the two orthogonal
AODs, with a 1 : 1 relay telescope (f1 = f2 = 100 mm) in between to match the
planes of the two AODs.
To recombine this path with the SLM branch and accommodate two steering mirrors
and a dichroic mirror before the objective, a second relay telescope is introduced prior
to the scan and tube lenses. This telescope increases the beam waist by an additional
factor of 2 (f = 150 mm, f = 300 mm), while the scan and tube lenses further enlarge
it by a factor of 2 (fscan = 150 mm, ftube = 300 mm). With this configuration, the
beam waist at the back focal plane of the objective is w = 13.5 mm, which matches
the aperture radius (R = 13.5 mm). The maximum extent of the tweezer array,
obtained by considering two frequencies at the edges of the RF bandwidth in Eq.
4.10, is approximately ∼ 150 µm.
In the SLM path the laser beam is expanded by a factor of 10 using two telescopes
(f = 100 mm, f = 200 mm and f = −100 mm, f = 500 mm) to match the dimensions
of the UHP SLM 1024 × 1024 display. This configuration represents a compromise
between maximizing the active display area available for generating the tweezer
pattern and minimizing power losses by preventing beam clipping. The phase-
modulated light is then relayed to the back focal plane of the objective using an
additional telescope (f = 300 mm, f = 200 mm) and the last common telescope,
magnifying the phase-modulated image to approximately 24 mm at the back focal
plane of the objective. A Semrock dichroic mirror with a 3 mm substrate is placed
before the objective to transmit the tweezer light while simultaneously separating
the collected blue fluorescence, which is reflected along a different optical path (see
Sec. 8.2.2); the substrate thickness minimizes the aberrations introduced by the
mirror to below λ/4.
The magnifications in the setup are designed to match the beam size to the apertures
of the devices used (AODs and SLM), achieving an optimal compromise between
efficiency and losses. Additionally, the system is arranged so that the beam incident
on the back focal plane of the objective matches the objective’s aperture. If the
beam waist is smaller than the aperture radius, the effective numerical aperture
of the objective is reduced to the size of the beam, producing a larger tweezer in
the focal plane. Conversely, if the beam waist is bigger than the aperture radius
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of the objective part of the laser power is lost as the Gaussian profile is clipped by
the aperture. Numerical simulations reported in Ref. [48] show that the optimal
compromise, assuming constant input power, is achieved when w/R ≈ 1.

4.3.1 Going 3D

In the future, we aim to further improve our tweezer setup in order to generate
three-dimensional arrays of optical tweezers. Such an advancement would not only
open new possibilities for the study of many-body physics, but also significantly
enhance the scalability of the system. The concept of the setup we envision is
illustrated in Fig. 4.4.

Trap beam 

@ 813 nm

Addressing beam 

@ 689 nm

Imaging beam 

@ 461 nm

ETL

ETL

SLM SLM

ETL

Tweezer 
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camera
2D AOD
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Atom
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Atom
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Figure 4.4. Proposed optical layout for the generation and imaging of three-dimensional
arrays of optical tweezers. The trapping beam at 813 nm is shaped by a spatial light
modulator (SLM) and focused into the vacuum cell through a high-NA objective, which
is also used to collect atomic fluorescence. An electrically tunable lens (ETL) in the
trapping path allows for axial positioning of the tweezers, while a second ETL in the
detection path enables imaging of different planes of the array. A second high-NA
objective, aligned from the opposite side, is dedicated to fluorescence collection and
imaging of the tweezers, thereby increasing the detection efficiency. Local addressing is
provided by a 689 nm beam shaped by an additional SLM. Imaging beams at 461 nm are
coupled through acousto-optic deflectors (AODs) to illuminate the atoms for fluorescence
detection.

The idea is to add Fresnel lens patterns on top of the phase pattern for generating
the static tweezer array on the SLM and employ electrically tunable lenses (ETLs),
whose focal length can be dynamically adjusted by varying the applied voltage, on
the AODs path. This approach would allow us to shift the focal plane of the tweezer
beam within the vacuum cell, thereby controlling the position of the optical tweezers
along the beam propagation axis. Similarly, incorporating an ETL in the imaging
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path would enable the detection of different planes of the three-dimensional array
during fluorescence imaging.
In this configuration, the AODs can be used to dynamically reorder the optical
tweezers within a given focal plane (see Sec. 4.6). In combination with the ETL,
which shifts the imaging and trapping planes axially, this approach would enable
three-dimensional rearrangement schemes based on fast beam deflection within a
plane and sequential addressing of multiple planes.
In the scheme shown in Fig. 4.4, two high-numerical-aperture objectives are included:
One objective is used both to generate the optical tweezers and to collect atomic
fluorescence. The second objective, placed on the opposite side, is used for imaging
the tweezers and collect the atomic fluorescence. This dual-objective configuration
will be used to increase the collected solid angle, thus improving signal-to-noise ratio
and reducing exposure times during single-atom detection. Additionally, a light-sheet
illumination scheme is planned for fluorescence imaging, generated by scanning a
461 nm beam with a pair of AODs (or AOMs). This configuration would allow
selective illumination of a single plane of the three-dimensional array, synchronized
with the ETL position and camera acquisition, thereby minimizing background
fluorescence from out-of-focus planes.
A second SLM is also included in the scheme driving a 689 nm beam to enable local
addressing within the three-dimensional array (e.g., for site-selective control or state
preparation).

4.4 Dynamical spatial light modulation in the ultraviolet
spectral range

M. Ammenwerth, H. Timme, V. Giardini, R. Tao, F. Gyger, O. Lib, D. Berndt, D. Kourk-
oulos, T. Rom, I. Bloch, and J. Zeiher, “Dynamical spatial light modulation in the ultraviolet
spectral range,” Physical Review Applied 24, 034031 (2025).

During my PhD, I carried out a four-month research stay at the Max Planck
Institute of Quantum Optics (MPQ) in Munich, where I worked on the character-
ization of a novel class of devices for ultraviolet light modulation. Although the
technology described in this section is not directly employed in the experimental
work presented elsewhere in this thesis, it represents a promising development for
the future of neutral-atom quantum platforms.

The device under investigation is a novel spatial light modulator based on a
piston micro-mirror array (MMA) used to demonstrate arbitrary beam shaping in the
ultraviolet regime at a wavelength of 322 nm [73]. Conventional SLMs can operate
over a wavelength range covering visible and the near-infrared region, but are limited
in the ultraviolet due to liquid crystal degradation under UV light exposure [74]. In
piston type MMA each pixel is a mirror element that can be displaced in a piston-like
motion, imprinting a controllable phase shift onto the reflected wavefront. Unlike
liquid-crystal devices, this mechanism is polarization-independent and intrinsically
broadband, the wavelengths that it can support depending on the mirror coatings
used. As a result, MMAs are well suited for ultraviolet operation.
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The possibility to dynamically modulate light fields at UV wavelengths is highly
relevant for experiments with alkaline-earth atoms, such as Strontium, and for new
applications in trapping atoms at ultra-small distances [75], or for homogenizing UV
beams for zone-based quantum computing and quantum simulation architectures
[76].

The prototype tested at MPQ consisted of a micromirror array system (64k
customer evaluation kit piston MMA α-module by Fraunhofer) with 256×256 square
mirrors with a pitch of 16 µm. The individual mirrors can be axially displaced by up
to 350 nm, such that a full phase modulation contrast of ϕ(x, y) ∈ [0, 2π) is possible
for wavelengths up to 700 nm.
To characterize the device, a series of measurements were carried out using two
different wavelengths: 688 nm and 322 nm. While operating with the UV laser light
the MMA surface was continuously flushed with a weak flow of nitrogen to prevent
any damage of the chip from ozone, which forms from ambient oxygen under intense
UV irradiation.
The beam was expanded and shaped to illuminate the active area of the array, and
the reflected light at an angle of approximately 7◦ was collected with a UV-sensitive
CCD camera (see Fig. 4.5).

Figure 4.5. The optical setup to generate configurable beam shapes with a phase-only
spatial light modulator based on a micro-mirror array (MMA). The generated patterns
are characterized on a camera.

In order to achieve diffraction-limited optical potentials phase-shifting interferometry
was employed to measure a spatially resolved, stationary phase correction map to
compensate for aberrations introduced by the optical system. This map reflects
the optical aberrations present in the entire beam path and can be directly used to
correct the wavefront [77, 78].
A blazed grating is displayed on the screen of the MMA and overlapped with a total
black mask except for two circular regions, each with a radius of 10 pixels. This two
regions are the reference superpixel and the probe superpixel. The two superpixels
diffract the incoming beam into different paths through the optical system, leading
to an interference fringe on the detection camera (see Fig. 4.6a). The relative phase
accumulated by the probe beam, with respect to the fixed reference, appears as a
shift of the interference fringe. By keeping the reference superpixel fixed at the center
of the MMA and scanning the position of the probe superpixel, we reconstructed
the spatially varying phase profile of the aberrations across the entire aperture.
The initial wavefront error, shown in Fig. 4.6b was found to be dominated by
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Figure 4.6. a) Measurement scheme: the phase of probe superpixels on the MMA is
varied with respect to a fixed reference, producing interference fringes on the camera.
b) Unwrapped and interpolated phase map across the MMA. c) Corrected wavefront
after applying the retrieved phase mask, showing a flat phase profile. d) Various tweezer
arrays: triangular, honeycomb, and in a UV-letter shape at 322 nm and rectangular at
688 nm with normalized peak-to-peak homogeneity of the intensity of 0.3%

astigmatism. Applying the measured phase correction to the MMA and repeating
the interferometric measurement, after a single round of correction, we achieved
a root-mean-square (RMS) wavefront flatness of λ/100 at 322 nm. The residual
curvature of the corrected wavefront is shown in Fig. 4.6c.
With this corrected system, arbitrary beam shapes could be generated by computing
a hologram corresponding to the desired intensity distribution (see Fig. 4.6d). To
further equalize the intensity of the individual traps the amplitudes of the individual
tweezers were adjusted according to the measured image until a target uniformity was
reached. This procedure allowed us to achieve an intensity inhomogeneity (standard
deviation over mean) of 0.3% in both the visible and UV spectral ranges.
Each mirror of the device is mounted on a spring-like suspension and is actuated
electrostatically to realize a piston displacement; in principle, this architecture
could introduce excess mechanical or electronic noise that would compromise its
suitability for precision experiments. Applications of arbitrary light patterns for
trapping and manipulating individual atoms are particularly sensitive to fluctuations
in the optical potentials, since even small amounts of phase or amplitude noise can
translate into heating, decoherence, or uncontrolled atomic motion [79]. For this
reason, it is essential to assess the stability of the phase patterns generated by the
MMA. To quantify this aspect, a phase noise characterization using a Mach–Zehnder
interferometer was carried out (the scheme is illustrated in Fig. 4.7a. A collimated
input beam at 688 nm was split into two paths, one of which was directed onto the
MMA which displays a flat phase profile with a π stroke. The other beam (reference)
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was frequency-shifted by 80 MHz using an AOM to avoid contamination of the signal
by low-frequency environmental noise. The two beams are then recombined with a
beam splitter and sent to a photodetector. The phase noise of the MMA modulates
the phase of the beat signal which was analyzed with an electrical phase noise
analyzer (Keysight N9020B spectrum analyzer).

Figure 4.7. a) Schematic of the interferometric setup used to measure the phase noise
induced by the micro-mirror array. A Mach–Zehnder interferometer is employed, where
the reference arm is frequency shifted by 80 MHz using an AOM. The recombined beams
generate a beat signal on a fast photodetector, from which the phase noise of the MMA
is extracted. b) Measured phase noise spectra for the MMA in the deflected state (blue)
and in the off-state (orange). No significant difference is observed between the two
conditions, indicating that the MMA does not introduce additional noise within the
sensitivity of the measurement. For comparison, the phase noise of the RF source used
to drive the AOM is also shown (gray).

For each measurement a deflection window of 500 ms was chosen and the sweep of
the analyzer was synchronized with the activation of the MMA. The procedure was
performed with the MMA in the on and off state to directly compare the phase
noise spectra. The results, displayed in Fig. 4.7 b, show no noticeable difference
between the active (blue) and inactive (orange) states of the device. This observation
establishes an upper bound to the phase noise imprinted by the MMA, which is
negligible compared to mechanical instabilities of the bulk interferometer up to
a few kilohertz. At higher Fourier frequencies in the range between 10 kHz and
100 kHz, the sensitivity of the measurement was limited by the intrinsic noise of
the RF signal driving the AOM (gray), and we have no indication of significant
contributions from the MMA in this regime. So the phase noise of the micro-mirror
array is compatible with the requirements of state-of-the-art optical trapping setups.
In particular, the absence of characteristic switching noise suggests that the MMA
architecture may offer distinct advantages for extremely noise-sensitive applications
such as holographic tweezer arrays for neutral atoms.
In the final set of measurements carried out during this project, the investigation was
directed toward the generation of flat-top beams using the MMA. This capability is
of particular importance for neutral-atom quantum information processing, where
homogeneous illumination is required to maximize the number of qubits that can be
manipulated in parallel while reducing sensitivity to beam pointing and intensity
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fluctuations. The need for such beams is especially pronounced in the ultraviolet
regime, where Rydberg excitations in alkali [80, 81] and alkaline-earth-like atoms
such as Strontium and Ytterbium [82, 83, 84] underpin the implementation of high-
fidelity entangling gates.
Using the MMA flat-top beams were generated both at 322 nm and at 688 nm.

Figure 4.8. a) Measured flat-top beam profile at a wavelength of 688 nm, optimized
through iterative phase correction of the micro-mirror array. (b) Measured flat-top beam
profile at a wavelength of 322 nm, demonstrating homogeneous illumination suitable for
ultraviolet gate operations.

At 322 nm, we obtained a one-dimensional flat-top profile with a residual RMS
inhomogeneity of 0.75% and a peak-to-peak variation of 3.65% across a region of
113 µm, with a power efficiency of 28%. These values are compatible with reaching
state-of-the-art logical gate fidelities across large-scale atomic registers [85]. At
688 nm, a two-dimensional flat-top beam with a flat intensity plateau in both spatial
directions was produced, characterized by RMS inhomogeneities of 1.8% (1.4%) and
peak-to-peak variations of 7.4% (6.2%) along the x- (y-) axes, respectively, with
an overall efficiency of 38%. The resulting profiles, illustrated in Fig. 4.8 a and
Fig. 4.8 b, represent the culmination of this investigation and establish piston-type
MMAs as a promising technology for high-quality beam shaping in both the visible
and ultraviolet spectral ranges, with direct relevance for future scalable quantum
simulation and computation.

4.5 Light-assisted collisions and single-atom loading
A key feature of optical tweezer platforms is the ability to isolate a single atom in
each trap. To load atoms into the optical dipole traps, we spatially overlap the
traps with the cold atomic cloud generated by the narrow-line red MOT described
in Sec. 7.4. The traps typically have depths on the order of tens to hundreds of
µK, while the atoms in the MOT have a thermal energy of only about 5 µK. The
number of atoms that are loaded from the MOT into a tweezer follows a Poisson
distribution [86]. However, the mean atom number is essentially impossible to be
measured directly with fluorescence imaging. This is due to two main limitations:
first, the detection camera allows for a precise discrimination of zero and one/many
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atoms but does not allow to clear out multiple occupations; second, the fluorescence
imaging process itself may induce losses that affect the atom number during the
measurement. For a Poisson distribution of a mean atom number Ñ , the probability
of loading zero atoms is P (0) = e−Ñ , the fraction of images determined to contain
an unoccupied tweezer give an upper bound P (0), from which we can get a lower
bound on the mean occupation number Ñ = − ln(P (0)). In order to have one atom
per tweezer one strategy might be to fine-tune the red MOT and traps parameters to
maximize the probability of loading only one atom. However, the maximum possible
probability of loading a single atom under Poissonian statistics is only about 37%,
for the rest of the tweezers, 37%; would be empty and 26% would be loaded with
multiple atoms [48]. To prepare exactly one atom in each trap a mechanism widely
used in single-atom physics is pairwise loss [87, 88, 89] via light-assisted collisions
(LACs).When two atoms occupy the same trap and are illuminated, the light can
couple the pair into an excited molecular potential. The atoms then accelerate along
this potential and gain kinetic energy. If the acquired energy exceeds the trap depth
U0, both atoms are lost from the trap in a single collision event. This process is
schematically illustrated in Fig. 4.9.

Figure 4.9. The molecular interaction potentials are shown as a function of the internuclear
separation. The molecular potential of two atoms in the S angular momentum state scale
as R−6, when the red light excite one of the two atoms to the P state, the molecular
potential scale as a dipole-dipole potential R−3. This leads to an acceleration of the
atoms towards each other and subsequent loss from the trap once the acquired energy
exceeds the trap depth.

With this mechanism of pairwise losses, two atoms are lost from each tweezer at
every collision. Therefore, after a certain number of collisions, the tweezers will
be left with either 0 or 1 atom depending on whether the initial number of atoms
contained in each individual optical trap was even or odd. The loss process thus
naturally terminates with a binary occupation, where each trap is either empty or
hosts a single atom, since no further pairwise collisions can occur.
Assuming that the initial atom number distribution in each tweezer is Poissonian
with mean Ñ , the probability of ending with a single atom corresponds to the
probability of having started with an odd number of atoms: The single-atom loading
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probability can be estimated as

psingle ≈ 1
2
(
1 − e−2Ñ

)
For large Ñ , the even and odd occupations become nearly equal, and already for
Ñ ≳ 5 the difference is negligible. As a result, on average about 50% of the tweezers
are expected to end up empty, while the remaining 50% contain a single atom.

4.6 Defect-free arrays
The LAC process ensures binary occupation, resulting in traps being randomly loaded
with a 50% filling fraction. Even when more elaborate schemes are employed to push
the single-site filling fraction above 80% [90, 91, 92], defects remain unavoidable.
To obtain defect-free arrays deterministically, atoms must be rearranged using an
additional movable optical tweezer superimposed onto the static array, which picks
up atoms from initially occupied sites and transports them to vacant target sites
[29]. While an SLM can generate static tweezer arrays, usually it is too slow to
perform dynamical rearrangement, having a refresh rate on the order of tens of
milliseconds. Instead, a pair of orthogonal AODs can be driven with time-dependent
RF signals to create a dynamically movable tweezer deeper than the static traps
that can be used for rearrangement. Using a Spectrum M4i.6631-x8 AWG we can
generate both the static frequencies and the frequency sweeps required for reordering.
The AWG can control independently its two channels with 400 MHz bandwidth,
1.25 GS s−1 sampling rate, 16-bit resolution, and 2 GS on-board memory for storage
of pre-calculated waveforms. The signals are filtered (low-pass at 150 MHz, high-pass
at 5 MHz), amplified with Mini Circuits ZHL-5W+ RF amplifiers, and then sent to
the AODs. The attenuators placed before the amplifiers ensure safe operation by
matching the required2 W input power.
The optimal reordering sequence will be computed based on the fluorescence image
of the initial atom distribution, and a number of algorithms have been proposed in
the literature to minimize the number of moves and so the required time for the
process [93, 29, 94]. We are still working on our rearrangement process. A sketch of
the reordering sequence is shown in Fig. 4.10.
A typical single move takes about 1 ms to transport an atom with high fidelity. For
large arrays, exceeding few hundred atoms, this results in a total reordering time that
becomes comparable to the vacuum lifetime. To address this limitation, some groups
have adopted cryogenic environments to extend atom lifetimes [37], while others
have pursued faster, parallelized rearrangement schemes using high-speed SLMs.
Notably, a modified Gerchberg–Saxton algorithm implemented on a Meadowlark
XY-series SLM operating at 2 kHz enabled parallel reordering with near-unity filling
for arrays up to 30 atoms [95].
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Figure 4.10. Schematic of the atom rearrangement process. Left: probabilistically loaded
tweezer array after collisional blockade, showing random single-atom occupancy. Center:
movable tweezers generated by AODs transport atoms from occupied to empty sites, as
indicated by the arrows. Right: resulting defect-free, fully filled target array.



43

Chapter 5

Rydberg atoms

Arrays of individually trapped neutral atoms in optical tweezers provide a scalable
and highly controllable platform for quantum simulation. In their ground state, how-
ever, the atoms are separated by several micrometers and do not naturally interact
on relevant timescales, which strongly limits the range of many-body phenomena
that can be explored. To overcome this limitation, strong and controllable long-range
interactions can be introduced via excitation to Rydberg states.
Rydberg states are highly excited electronic states with large principal quantum
number n, where one electron occupies a very extended orbital. Their large spatial
extent make them an ideal resource for engineering long-range atomic interactions
and probing correlated quantum phenomena.

5.1 Rydberg physics: scaling laws and blockade

Rydberg atoms are defined as atoms in which a valence electron is promoted to
a state with very high principal quantum number n. In this regime, the atom
resembles a hydrogenic system, with a single electron moving far from the nuclear
core. The influence of the inner electrons on the Rydberg electron is not negligible
and is described through the quantum defect δn,ℓ,j , which depends on n, the orbital
angular momentum ℓ, and the total angular momentum j. The binding energy of a
Rydberg state can therefore be written as [96]:

Ebind = Ry

(n− δn,l,j)2 (5.1)

where Ry is the Rydberg constant corrected for the reduced mass of the elec-
tron–nucleus system:

Ry =
(

me

M +me

)(
mee

4

8ε2
0h

2

)
(5.2)

with M the atomic mass, me the electron mass, e the elementary charge, h Planck’s
constant, and ε0 the vacuum permittivity. From Eq. 5.1 one can see that the
binding energy scales as n−2, which in turn implies that the level spacing between
adjacent Rydberg states decreases as n−3. These scaling behaviors, as well as several
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other characteristic properties, have been extensively studied both theoretically and
experimentally [96, 97, 98] and are reported in Tab. 5.1.

Property n-scaling
Binding energy n−2

Energy between adjacent n states n−3

Radiative lifetime τ n3

Orbital radius ⟨r⟩ n2

Dipole moment ⟨np|er|nd⟩ n2

Scalar polarizability α n7

Dipole-dipole coefficient C3 n4

van der Waals coefficient C6 n11

Table 5.1. Scaling of key Rydberg atom properties with principal quantum number n.

The spontaneous emission rate towards a lower state is given by:

Γ ∝ |µ|2ω3

3πε0ℏc
(5.3)

where µ is the transition dipole moment and ω is the transition frequency. Sponta-
neous decay into neighboring Rydberg states is strongly suppressed due to the small
transition frequency ω, while decay into the ground state is inhibited by the very
small dipole matrix element µ, which originates from the negligible overlap between
the corresponding wavefunctions.

The most interesting feature of Rydberg atoms in the context of quantum
simulation is the strength of their mutual interactions. For two atoms separated by
a distance bigger than the typical size of the electronic wavefunction R ≫ ⟨r⟩, the
dominant term is the electric dipole–dipole interaction Hamiltonian [30]:

V̂dd ∼ d̂1 · d̂2
4πε0R3 (5.4)

where the dipole operator is defined as d̂ = −er̂ and its matrix element between
states with the same n is d ∼ n2ea0.
Two important regimes of Rydberg–Rydberg interactions can be distinguished.
When both atoms are excited to the same spherically symmetric state, such as
|nS⟩, the average dipole moment vanishes and the first-order contribution of the
dipole–dipole interaction is zero. In this case, the interaction appears only at second
order in perturbation theory, through the virtual coupling of the pair state |nS, nS⟩
to opposite-parity states like |nP, nP ⟩, which are detuned by an energy ∆. The
resulting potential takes the form of a Van der Waals interaction:

V (R) ∝ C6
R6 , C6 ∝ d4

∆ ∝ n11 (5.5)

and can reach values on the order of megahertz for atoms separated by only a few
micrometers between high-n Rydberg states [99, 100].
If the two atoms are prepared in states of different parity, for instance one in |nS⟩
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and the other in |nP ⟩, the dipole–dipole term contributes already at first order in
perturbation theory. In this case, the interaction is a dipolar interaction:

V (R) ∝ C3
R3 , C3 ∝ d2 ∝ n4 (5.6)

The coexistence of these two mechanisms, van der Waals and resonant dipole–dipole,
provides an exceptional degree of flexibility in neutral-atom experiments. By tuning
the quantum numbers of the excited Rydberg state or adjusting the separation of
the optical tweezers, one can control both the strength and the functional form of
the interaction, which is a crucial feature for implementing programmable quantum
simulators.
The strong distance-dependent interactions between Rydberg atoms, not only deter-
mine the energy shifts of pair states but also give rise to a collective phenomenon
of fundamental importance: the Rydberg blockade. We consider the resonant laser
excitation of atoms initially in the ground state |g⟩ to a Rydberg state |r⟩. When two
atoms are sufficiently close, the van der Waals interaction between them shifts the
doubly excited state |rr⟩ out of resonance with the excitation laser. As a consequence,
the simultaneous excitation of both atoms is prevented, and only one of them can
be promoted to the Rydberg level (see Fig. 5.1b).

E

R

E

R

1 atom 2 atoms
a) b) c)

Figure 5.1. Schematic illustration of the Rydberg blockade mechanism. a) A single atom
undergoes resonant laser excitation that couples the ground state |g⟩ to the Rydberg
state |r⟩ with Rabi frequency ΩR. (b) For two atoms separated by a distance R < Rb,
the collective ground state |gg⟩ is coupled only to the symmetric singly excited state
|ψ+⟩ = (|gr⟩ + |rg⟩)/

√
2, while the doubly excited state |rr⟩ is shifted out of resonance

due to the strong van der Waals interaction. (c) In an extended ensemble of atoms, such
as a regular array with lattice spacing a, the excitation of one atom to the Rydberg
state (red dot) blocks the excitation of all atoms contained within a blockade sphere of
radius Rb, thereby enforcing strong spatial correlations and collective dynamics.

This effect defines a characteristic distance known as the blockade radius Rb, inside
which the excitation of a single Rydberg atom blocks the excitation of its neighbors
(see Fig. 5.1c). Although the van der Waals interaction decreases continuously as
1/R6, it is convenient to define Rb as the distance at which the interaction energy
equals the Rabi coupling of the laser:

C6
R6

b

= ℏΩR (5.7)
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which leads to

Rb =
(
C6
ℏΩR

) 1
6

(5.8)

Since the coefficient C6 grows rapidly with the principal quantum number n, the
blockade radius can be tuned by selecting different Rydberg states.
The blockade mechanism plays a central role in many proposals and realizations
of quantum simulation and quantum information protocols. Consider, for instance,
two atoms initially prepared in the ground state |gg⟩. Under global laser excitation,
the doubly excited state |rr⟩ is energetically inaccessible because of the blockade,
and the system is restricted to evolve in the symmetric subspace spanned by |gr⟩
and |rg⟩. This results in the creation of a maximally entangled state,∣∣∣ψ+

〉
= 1√

2
(|gr⟩ + |rg⟩) (5.9)

with an enhanced collective Rabi frequency
√

2ΩR [101].
The same feature can be extended to ensembles of N atoms confined within a
blockade sphere. In this case, at most one excitation is allowed, and the system
evolves into a symmetric superposition of all possible single excitations:

|ψN ⟩ = 1√
N

N∑
i=1

|g...ri...g⟩ (5.10)

driven at a collectively enhanced Rabi frequency
√
NΩR. In arrays of optical tweezers,

where both the trap separation and the choice of Rydberg level can be controlled
with high precision, the blockade mechanism thus allows the engineering of tunable
long-range correlations extending across several sites.

5.2 Optical excitation pathways

Direct excitation of Strontium atoms to Rydberg states with a single photon from the
1S0 ground state is experimentally impractical, since it would require deep-ultraviolet
laser sources. A more convenient strategy is to use multi-step excitation schemes.
Two relevant approaches are illustrated in Fig. 5.2.

In the first scheme (Fig. 5.2a), atoms are transferred to the long-lived metastable
clock state 5s5p 3P0, which can be treated as an effective ground state. From there,
a single ultraviolet photon at ∼ 318.5 nm couples directly to a Rydberg state. This
method has the advantage of effectively realizing a single-photon excitation without
the drawbacks of intermediate state decay, while enabling relatively large Rabi
frequencies (Ω ≈ 10 MHz [48]).

An alternative approach (Fig. 5.2b) exploits a two-photon process via the 5s5p 3P1
level, where the first laser at 689 nm couples off-resonantly to the intermediate state,
and a second photon around 316.6 nm nm completes the excitation to a Rydberg
state. Despite the apparent complexity, this method can drive the transition with
coherence comparable to a single-photon process, at MHz frequencies [102], provided
that the detuning from the intermediate state is sufficiently large.
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(a) (b)

Figure 5.2. Two excitation schemes to access Rydberg states in Strontium. (a) A first step
excites atoms to the 3P0 state via the clock transition at 698 nm, followed by a second
photon at 318.5 nm. (b) A two-photon transition via the 3P1 intermediate state, using
689 nm and 316.6 nm light.

These two excitation schemes are the most widely used in neutral Strontium
experiments, although alternative pathways involving both triplet and singlet states
have also been demonstrated [103, 104, 105]. Our UV laser described in Sec. 6.3.4
can be tuned between 316 nm and 319 nm, allowing us to span the energy difference
between the 3P0 and 3P1 states, making both these excitation accessible.
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Chapter 6

Experimental apparatus

This chapter outlines the architecture and key components of the experimental
system employed throughout this work. Our apparatus is designed to enable trapping,
cooling, manipulation and imaging of ultracold Strontium atoms. At the core of the
setup lies the vacuum system, which ensures the necessary ultra-high-vacuum (UHV)
environment essential for minimal background collisions. To produce and manipulate
cold atomic ensembles, we employ a magnetic field system based on a pair of high-field
coils in anti-Helmholtz configuration, which generates the magnetic field gradient
required for magneto-optical trapping. This primary coil pair is complemented by a
set of three pairs of compensation coils aligned along all three spatial axes, whose
role is to suppress ambient stray magnetic fields and thereby ensure a stable and
well-defined magnetic environment in the experimental region. The apparatus is
integrated with a comprehensive optical system, comprising the laser setups required
for each stage of atom preparation and control, including slowing, cooling, trapping,
coherent manipulation, and imaging.

Figure 6.1. Side view of the experimental optical table. On the left side we have the
vacuum system, mounted on a separate breadboard on a translation stage. The optical
setups for trapping, manipulating and detecting the atoms are assembled on this optical
table on three levels.
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For practical and organizational reasons, the experiment is distributed over two
separate optical tables: one dedicated to the laser systems (laser table), and the
other hosting the experiment (experimental table Fig. 6.1). On the experimental
table, two main breadboards are mounted: one supports the vacuum apparatus, and
the other hosts optics for laser cooling and manipulation. The vacuum system itself
is placed on a separate breadboard equipped with a translation stage, which allows
the entire assembly to be moved forward and backward with high precision. This
arrangements provides mechanical decoupling from the rest of the apparatus and
facilitates alignment and maintenance.

6.1 Vacuum system and atomic source

The vacuum system, shown in Fig. 6.2, is composed of three main sections: an
atomic source, a pumping chamber and a rectangular glass cell. The whole assembly
is just 105 cm long from the oven at the back of the atomic source to the end of the
glass cell.

Glass cell

Ion-NEG
pump

Angle
valve Atomic 

source

Gauge

Pumping 
chamber

Figure 6.2. 3D render of the vacuum apparatus.

The atomic source used is a commercial Sr Beam RevC unit from AOSense, designed
as a compact plug-and-play vacuum subsystem shown in Fig. 6.3. It includes a
Strontium oven, some permanent magnets for the Zeeman slower and the 2D MOT,
viewports for optical access and spectroscopy, an angled differential pumping tube,
a mini ion pump, and an angle valve to isolate the source from the rest of the
vacuum system. The oven is powered through two electrical feedthroughs and heats
a resistive element to reach 420 ◦C, vaporizing the Strontium atoms. The emitted
atomic beam passes through an array of microtubes that pre-collimate it by selecting
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Figure 6.3. Sr Beam RevC unit from AOSense.The dashed line indicates the trajectory of
undeflected atoms, while the solid line represents the trajectory of deflected atoms.

a narrow range of transverse velocities. Immediately downstream, three viewports
allow for spectroscopic measurements of the atomic beam (for further details on
the spectroscopic measurements see Ref. [106]). From the viewports, the magnet
assembly appears to be a 5 cm long block positioned between the oven and the 2D
MOT region. The Zeeman slower beam at 461 nm enters through the “Hot” window,
which is a sapphire viewport heated to 300 ◦C to prevent a layer of atoms from
coating the window and progressively reducing its transparency. The beam counter-
propagates with respect to the atomic flux and slows down atoms via the magnetic
field gradient created by the permanent magnets. In addition to the Zeeman slower
deceleration, atoms are transversely deflected and cooled by two sets of 2D MOT
beams, which enter through two large side viewports and are retro-reflected using
in-vacuum optics. These beams further collimate and redirect the atomic beam to
match the angle of the differential pumping tube before the cold beam output flange.
Successful coupling into this tube requires precise optimization of beam geometry,
polarization, detuning, and power. AOSense provides recommended parameters
for beam alignment and optimization that proved to be an effective starting point.
During the first year of operation, we implemented minor adjustments to maximize
the atom number in the 3D MOT and minimize its temperature. The optimized
values can be found in Tab. 6.1.

Beam Waist Power Detuning Polarization
Zeeman slower 8 mm (round) 50 mW −580 MHz σ−

2D MOT (1) 25 mm × 5 mm 16 mW −40 MHz σ+

2D MOT (2) 25 mm × 5 mm 8 mW −40 MHz σ+

Table 6.1. Optimized beam size, power, detuning and and polarization for atomic source
beams.

Spectroscopy on the atomic beam, used to frequency-lock the 461 nm laser to
the atomic transition, is performed using a retro-reflected 461 nm beam, aligned
orthogonally to the atomic flux via dedicated vertical viewports ("Beam Lock
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Windows"). The retroreflection eliminates transverse Doppler shifts due to residual
velocity components and doubles the absorption signal. The 461 nm laser is locked
to the 1S0 ↔ 1P1 transition in 88Sr using a double-pass AOM for fine frequency
control. The diode laser current is modulated at 150 kHz, and the resulting signal is
demodulated by the internal electronics to produce an error signal for laser locking
(see Sec. 6.3.1). Due to the large natural linewidth of this transition (Γ/2π = 32 MHz)
and the geometry, no saturation dips are observed (only a single broad absorption
peak).
The Zeeman slower beam, delivered through an optical fiber and collimated using
a Schäfter-Kirchhoff collimator (model 60FC-L-4M50L-01), yields a waist of 8 mm,
as recommended by AOSense. A slight focusing along the Zeeman slower region
enhances the slowing efficiency. Polarization is adjusted via a half-waveplate and a
quarter-waveplate placed in front of the Hot window.
The 2D MOT beam requires a 5 : 1 elliptical profile. This is achieved using a pair of
cylindrical lenses to expand the horizontal direction. The beam is then split in two
using a half-waveplate and a PBS, allowing power balancing. Each resulting beam
has its polarization set by an additional waveplates pair. The optical setup of the
Zeeman slower, 2D MOT and spectroscopy beams is shown in Fig. 6.4.

Figure 6.4. Zeeman slower, 2D MOT and spectroscopy optical setup.

The remaining part of the vacuum system consists of a custom octagonal pumping
chamber, and a rectangular glass science cell.
The octagonal chamber (pumping chamber in Fig. 6.2) acts as an intermediate section
between the atomic source and the science cell, and hosts all the devices required to
maintain and diagnose ultra-high vacuum (UHV) conditions, around 8 × 10−12 Torr
during standard operation: a NEXTorr D500 StarCell pump, which combines an ion
pump and a non-evaporable getter (NEG), and a Bayard-Alpert gauge (UHV-24P,
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Agilent), which provides pressure readings in the 10−3 to 5 × 10−12 Torr range.
Achieving such low pressures requires an initial multistage pumping approach, each
stage optimized for a different vacuum regime. More details about the vacuum
assembly and bakeout of our system can be found in Ref. [66].
The heart of the experiment is a rectangular fused silica cell, manufactured by
Japan Cell, with internal dimensions of 33 mm × 25 mm × 120 mm. The surfaces
are optically polished to a flatness of λ/10, ensuring minimal distortion of the laser
beams. The two largest faces are anti-reflection (AR) coated on the external side
for the 460 − 815 nm spectral range at normal incidence (AOI = 0◦), while all the
other surfaces are uncoated. The cell is connected to the octagonal chamber via
a glass-to-metal junction mounted on a CF40 flange. This connection allows for a
small degree of rotational freedom around the longitudinal axis of the cell. To align
the cell correctly, we used a reference blue beam (1 mm waist) and two fixed-height
alignment targets. By rotating the flange slightly, we matched the reflections from
the glass surfaces to the beam path, ensuring that the optical axis of the cell was
parallel to the optical table.

6.2 Magnetic field control

Magnetic field control plays a fundamental role in several aspects of atomic physics
experiments. Although the bosonic isotope 88Sr has no nuclear magnetic dipole
moment in its ground state and is insensitive to magnetic fields, a precise control
of the magnetic field is still essential for multiple operations involving exciting to
high-energy states: creating Magneto-Optical Traps (MOTs), shifting the position of
the red MOT, driving the atoms to the clock state, and tuning their polarizabilities.
To meet these experimental needs, we designed a dual system composed of a pair of
high-field coils and a set of three orthogonal compensation coil pairs, all mounted
on a dedicated structure surrounding the science cell. The design was guided by the
following key requirements:

• the ability to generate a magnetic field gradient exceeding 50 G cm−1 in all
directions, required for the operation of both blue and red MOTs;

• the ability to reach magnetic fields above 900 G along a single axis, necessary
to excite the bosonic isotope on the doubly forbidden clock transition;

• a geometry which maximizes optical access to the atoms through the glass cell;

• independent magnetic field control along all three spatial directions, enabling
fine-tuned compensation of ambient stray fields and control of the MOT
position;

• high field uniformity over the typical size of a tweezer array (hundreds of
micrometers), crucial for experiments involving spatially resolved atom arrays;

• efficient thermal dissipation to minimize resistive heating and avoid temperature-
induced misalignment of sensitive optics or air turbulence that could degrade
imaging quality.
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To achieve these goals, we opted for a pair of custom hollow-core copper coils, which
are capable of producing high magnetic fields and can be water-cooled. These coils
are currently operated only in anti-Helmholtz configuration to generate the MOT
quadrupole field. However, we are developing an H-bridge-like electronic circuit
that will allow fast switching between anti-Helmholtz (equal currents in opposite
directions) and Helmholtz (equal currents in the same direction) configurations. On
top of that three orthogonal pairs of compensation coils are used to cancel residual
background magnetic fields and apply controlled bias fields. These are especially
useful for precisely positioning the red MOT and for experiments requiring magnetic
tuning of atomic states. The two sets of coils are mounted together on an custom 3D
printed plastic support that surrounds the glass cell. We used plastic and aluminum
mounts to avoid inducing Eddy currents during operation.

6.2.1 High field coils

Figure 6.5. CAD rendering of one of the two high field coils: three pairs of layers of windings
are embedded in an epoxy resin structure that serves as mounting structure too. The
water Swagelok inlets and outlets and the electrical connection plates are visible. The
electrical connections between the windings are in series while the hydraulic connections
are in parallel. The rhomboidal shape is the one that leaves most of the optical access
clear while guaranteeing high and uniform fields (in Helmholtz configuration) and
gradients (in anti-Helmholtz configuration) at the center of the glass cell

The high-field coils used in the experiment were designed by me manufactured by
Oswald Elektromotoren GmbH. A CAD rendering of one of the two coils is shown
in Fig. 6.5. Each coil consists of 7 × 6 windings of insulated hollow-core copper wire,
with a square cross-section of 4 mm × 4 mm and a circular internal core of 2.5 mm
in diameter. The wire is coated with a 0.3 mm thick Kapton insulation layer. Each
coil features two connection plates for the power supply (input and output). All the
windings are electrically connected in series with electrical connections between the
layers. These solder joints were made in the straight sections of the wire located
outside the winding structure.

The cooling circuit is divided into three separate sections, each composed of two
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winding layers that are connected in parallel. Each section has its own dedicated
water inlet and outlet, for a total of three pairs of water connectors. The entire
coil core is embedded in an epoxy resin cage, which includes four mounting holes
that allow the coils to be assembled together with the compensation coils. The two
high-field coils are vertically spaced by 51 mm, this distance is mainly limited by
the size of the objectives that have an outer diameter of 44 mm, leaving a 3.5 mm
clearance on both sides.

The magnetic field that this system can produce was simulated on COMSOL
Multiphysics in a previous work [106], using the AC/DC module and Magnetic
Fields interface, which numerically solves Ampère’s law via the magnetic vector
potential. Three coil geometries were compared: rhomboidal (as built), circular,
and elliptical. For all designs, we kept the internal aperture constant along the
longitudinal axis of the science cell to ensure comparable optical access. The
rhomboidal geometry produced the highest and most uniform magnetic field for
the same current in Helmholtz-like configuration. The result of the simulation
for the Helmholtz configuration with the rhomboidal geometry are shown in Fig.
6.6. According to the simulations, a field exceeding 900 G can be generated at the
center of the coil pair when driven with 190 A (lower than the maximum current of
200 A that our generator can provide). This is sufficient to drive the bosonic clock
transition with a Rabi frequency of Ω ∼ 2π× 10 kHz for an excitation beam intensity
of I = 103 W cm−2.

Figure 6.6. Absolute value of the magnetic field profile along three orthogonal axes for
the coils in Helmholtz configuration with a current of 190 A and a distance of 51 mm
between the two coils.

The field value is uniform around the center, ensuring a high degree of homogeneity
across a typical tweezer array. Specifically, for displacements of ±500 µm from the
center, the fractional magnetic field variation is ∆B

B = 2 × 10−5 along the x and
y directions, and ∆B

B = 4 × 10−5 along the z direction. This variation reduces to
∆B
B = 1 × 10−5 uniformly along all three axes when considering a ±100 µm range,

which is closer to the scale of most optical tweezer configurations. Since the Rabi
frequency of the clock excitation scales linearly with the magnetic field, we expect a
corresponding uniformity in excitation across the array. This level of homogeneity
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ensures that magnetic field inhomogeneity contributes negligibly to dephasing effects,
provided the tweezers are well centered within the field.
To drive the coils we use a Delta Elektronika SM30200 power supply, capable of
delivering up to 200 A at 30 V (6 kW), ensuring sufficient overhead for both Helmholtz
and anti-Helmholtz operation. The results of our experimental characterization
showed good agreement with the simulations. In the Helmholtz configuration, we
verified the linear dependence of the magnetic field on the current by performing
a series of measurements, as shown in Fig. 6.7a. The data yields a linear fit with
a slope of 5.2 G A−1, demonstrating that magnetic fields even higher than 1000 G
can be reached at 200 A, which corresponds to the maximum output of the power
supply. To further confirm the spatial distribution of the field, we measured its
profile along the y-axis at a fixed current of 100 A. Fig. 6.7b shows a comparison
with the simulated field, rescaled to the same current. The shape and amplitude of
the experimental data match the simulation, with slightly improved performance
observed in the measurements.
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(a) Measured linear response of the coils,
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(b) Spatial B field profile along the x-axis
for a current of 100 A and the coils con-
nected in Helmholtz configuration. The
x-coordinate measures the distance from
the coils axis. The experimental data
overcome the simulation, meaning that
the coils over-perform what we expected
from their design.

Figure 6.7. Characterization of the magnetic field generated by the coils in Helmholtz
configuration.

The same COMSOL simulations were repeated with the coils driven in anti-Helmholtz
configuration (i.e., currents flowing in opposite directions), producing a quadrupole
field, Fig. 6.8. Due to the lack of cylindrical symmetry in the rhomboidal geometry,
the resulting field gradients differ along the three principal axes. For a current of
190 A, the simulated gradients were 125 G cm−1 (x-axis), 90 G cm−1 (y-axis), and
215 G cm−1 (z-axis). Since the magnetic field scales linearly with the current (as per
Biot–Savart law), these values can be proportionally adjusted. For example, even at
100 A, the gradient remains above 50 G cm−1 in the weakest direction, meeting the
MOT requirements.

We characterized the magnetic field gradients generated by the coils in order to
compare the measurements with the simulation also in the anti-Helmholtz configura-
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Figure 6.8. Absolute value of the magnetic field profile along three orthogonal axes for the
coils in anti-Helmholtz configuration with a current of 190 A and a distance of 51 mm
between the two coils.

tion. Measurements carried out at a current of 100 A are shown in Fig. 6.9. The
gradients along the three axes slightly exceeded the simulated values in all directions.
A summary of the comparison between simulated and measured field amplitudes
and gradients, rescaled to 190 A, is reported in Tab. 6.2.

Figure 6.9. Magnetic field measurements along three orthogonal axes for the coils in
anti-Helmholtz configuration with a current of 100 A and a distance of 51 mm between
the two coils.

Simulated value Measured value
B field (Helmholtz) 902 G 988 G
x-axis B gradient (anti-Helmholtz) 125 G cm−1 128 G cm−1

y-axis B gradient (anti-Helmholtz) 90 G cm−1 96 G cm−1

z-axis B gradient (anti-Helmholtz) 215 G cm−1 224 G cm−1

Table 6.2. B field amplitude and gradients comparing the simulations and measurements.

The coil resistance is approximately 60 mΩ, leading to a voltage drop of 11 V and
a power dissipation of 2.2 kW at the nominal operating current of 190 A. Such a
system cannot be cooled by air; thus, a dedicated water-cooling circuit is necessary.
Simulations were carried out to ensure that the capability of the system to effectively
cool the coils during operation [106]. Based on the results of these simulations, each
coil was designed with three double-winding planes, connected in parallel to the
cooling system. This configuration was chosen because, similarly to electrical circuits,
operating the cooling circuit in parallel rather than in series reduces the pressure
drop (analogous to voltage drop) while increasing the overall water flow rate. The
cooling system consists of a P30300 chiller manufactured by Technotrans systems
GmbH, connected to a network of pipes and fittings that circulate water through
the hollow-core conductors of the coils. The chiller is capable of dissipating up to
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3 kW via a water-to-water heat exchange mechanism. Experimental measurements
using the full setup, including 20-meter-long, 50 mm2 cables, yield a total resistance
of 75.7 mΩ, which is consistent with the expected value when accounting for contact
resistances. At 190 A of continuous current, the power that needs to be dissipated
by the cooling system reaches 2.7 kW, with approximately 2.2 kW dissipated within
the coil windings. The parallel design permits a total water flow of 4.2 L min−1, with
0.7 L min−1 flowing in each of the 6 blocks consisting of two layers of 7 windings,
each approximately 3 m in length. COMSOL Multiphysics simulations, as detailed in
Ref. [106], suggest that under these conditions (in continuous operation of the coils)
the water experiences a temperature rise of 8.4 ◦C and a pressure drop of 2.2 bar
per block. We highlight, however, that the conditions in which this simulation was
conducted are extreme compared to the actual operation of the coils, which run at a
lower currents and for only a fraction of the experimental cycle.
When operating the coils in anti-Helmholtz configuration, 100 A are sufficient for
producing a 50 G cm−1 gradient, which is enough for the MOT operation, so the total
power dissipation is only 750 W, and the observed temperature increase, monitored
with thermistors, remains below 2 ◦C during experimental use, relative to ambient
temperature.
Although the coils have not yet been employed in Helmholtz configuration for clock
excitation, they are expected to dissipate the full 2.7 kW when operated at maximum
current. However, since the clock excitation is applied in short pulses (∼ 10 ms),
the high instantaneous power has a negligible effect on the experimental duty cycle,
which typically spans several hundreds of milliseconds. Thus, the available cooling
time far exceeds the heating period, ensuring stable thermal performance even under
pulsed high-current conditions.
To test the performance of the cooling system under extreme conditions, the coils
were operated at a constant current of 190 A for approximately 15 minutes. As
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Figure 6.10. Thermal response of coil and cable components under a constant 190 A
current. The plot shows temperature variations recorded by four sensors over time.
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shown in Fig. 6.10, the temperature of the coils increased by about 4 ◦C relative to
ambient temperature, before reaching a stable plateau thanks to the efficiency of the
cooling circuit. In contrast, the temperature of the connecting cables, which are not
actively cooled, continues to rise under these conditions, highlighting their thermal
limitations. This test was conducted to validate the cooling system’s performance
under stress, significantly exceeding the conditions expected during normal operation,
and confirms its effectiveness in maintaining thermal stability.

6.2.2 Coils control electronics

Figure 6.11. Schematic circuit for fast switch-off of the coils. The current generator
supplies the coils, represented by the inductance L1 and resistance R1. To control the
current flow, an IGBT, which is activated with a control gate voltage, is connected in
series. When the IGBT is closed, the current flows through the coils only. By switching
the control voltage to open the IGBT, the current starts to flow through R2 too, thus
introducing a higher resistance to speed up the circuit discharge

The electrical connection of the windings is made in series: each 2 × 7 windings
block is soldered to the next, as shown in Fig. 6.5. The output of the first coil
is connected to the input of the second, forming a single current path. The two
coils are powered through a pair of 20 m long cables with a cross section of 50 mm,
rated for high voltage and current. These cables were chosen for their low resistance
(0.386 Ω km−1), ensuring only a minor contribution to the total resistance of the
circuit. The power supply can deliver up to 200 A and 30 V, which is suitable for our
experimental requirements. With a total circuit resistance of 75.7 mΩ, the voltage
drop at maximum current reaches approximately 15 V. From preliminary tests,
where the coils were connected to the power supply via short cables, we measured a
time constant τ ∼ 9.9 ms for 60 mΩ, corresponding to an estimated inductance of
L ∼ 600 µH. This relatively long time constant limits the system’s ability to switch
off the magnetic field quickly, an important requirement in many atomic physics
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experiments. To overcome this limitation, we implemented a fast discharge snubber
circuit (shown in Fig. 6.11), which drastically reduces the switching-off time. In
this design, the coils are modeled as an inductor L1 and a resistor R1, connected
in series. When the IGBT (Insulated-Gate Bipolar Transistor) is turned on, the
current flows clockwise through the inductor, storing energy in its magnetic field.
At this stage, the parallel resistor R2 (with R2 ≫ R1) is effectively bypassed. When
the IGBT is switched off, the current path is interrupted, and the energy stored in
the magnetic field is released. This sudden interruption generates a high voltage
across the inductor, in accordance with Faraday’s Law. The voltage is clamped by a
varistor, which becomes highly conductive under such conditions, protecting both
the IGBT and the power supply. The current is then redirected through a diode D1,
establishing a counter-clockwise path through the resistor R2 (R2 = 10 Ω), which
dissipates the stored energy quickly.
This setup allows for a much faster decay of the current: the discharge time constant
is given by τd = L1

R1+R2
≃ 60 µs. In practice, the measured switch-off time is around

300 µs, as shown in Fig. 6.12, likely limited by parasitic elements and transient
effects. This fast switching capability is crucial for operations such as turning off the
magnetic field between the blue and red MOT stages, or during the imaging process,
where residual fields could induce Zeeman shifts.

Figure 6.12. Oscilloscope signal of the current in the high-field coils measured with a
Danisense DS400UB-10V current probe. The signal shows the rapid switch-off dynamics
of the coils using the custom-designed fast switch-off circuit. The current drops to
zero within approximately 300 µs, ensuring complete extinction of the magnetic field for
subsequent experimental stages.

To further improve the system’s versatility, we are currently developing a new circuit
that will not only allow for fast current switch-off, but will also enable dynamic
switching between Helmholtz and anti-Helmholtz configurations by reversing the
current in one of the coils. This design is inspired by the work of I. Madjarov [48].
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A simplified schematic of the intended configuration is shown in Fig. 6.13.
The new design is based on an H-bridge architecture, employing four IGBT switches
to fully control the current path through the two coils, each modeled as a series of
an inductor and a resistor. Two high-power resistors, R3 and R4, will be placed in
parallel with the coils to ensure fast energy dissipation during the switch-off phase.
The IGBTs are labeled according to their function: HHI and HLO for operating in
Helmholtz mode, and AHHI and AHLO for the anti-Helmholtz configuration. By
selectively switching the appropriate pair of transistors, it will be possible to invert
the current in one coil, allowing seamless transition between the two configurations.
This design will enable a fast and flexible control of the magnetic field configuration,
removing the constraints imposed by the coil inductance. Its implementation will be
essential for future stages of the experiment, particularly when fast switching of the
magnetic field is required.

Figure 6.13. Sketch of half of the H-bridge circuit to control the high-field coils. The
basic idea is to use separate IGBTs to selectively control the flow through the two coils.
When the high-side IGBT (HHI) is closed and the low-side IGBT (HLO) is open, the
current flows through both L1 and L2, which represent the two coils separately, in the
same direction. If instead HHI is open and HLO is closed, the current will flow in
opposite direction through the coils. This will allow us to switch from Helmholtz to
anti-Helmholtz configuration, still enabling a fast switch-off of the coils that is achieved
by opening both the HHI and HLO.

6.2.3 Compensation coils

A set of three orthogonal pairs of low-field compensation coils is employed both to
cancel stray magnetic fields and to apply controlled offset fields. These offset fields
are crucial to finely tune the position of the red MOT and to define a quantization
axis during the experiment. All coils were hand-wound using single-conductor
Kapton-insulated wire on 3D-printed coil holders that allow the three pairs to be
mounted orthogonally. Each pair is aligned along one of the laboratory frame axes,
where the x axis is horizontal along the glass cell’s axis, the y axis lies horizontally
along the objective axis and the z axis is vertical. The main properties measured for
these coils are reported in Tab. 6.3.
The coils differ in geometry depending on their orientation: the x-axis coils are
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rectangular, with inner side lengths of 144 mm×138 mm and a separation of 192 mm;
the y-axis coils are also rectangular, with inner side lengths of 166 mm × 138 mm
and a separation of 138 mm; the z-axis coils have an elliptical shape, with inner
full major and minor axes of 138 mm and 98 mm respectively, and are separated by
138 mm.

Property X coils Y coils Z coils
Resistance (R) 1.8 Ω 2.5 Ω 2.1 Ω
Time constant (τ) 11.56 ms 12.8 ms 14.35 ms
Number of turns 70 100 120
Nearest separation 192 mm 138 mm 138 mm
Helmholtz field 4.2 G A−1 5 G A−1 7 G A−1

Table 6.3. Properties of the compensation coils.

Each coil pair is independently driven by a low-noise power supply (Delta Elektronika
ES 015-10) capable of delivering up to 15 V and 10 A. The current flows in the same
direction in both coils of a pair, establishing a Helmholtz configuration that produces
a uniform offset magnetic field of a few Gauss at the center. The measured time
constant for each pair is on the order of 15 ms, a value that includes contributions
from the power supply, whose switching time, as reported in the datasheet, is a few
milliseconds.

Figure 6.14. Assembly of the magnetic coil system. The high-field coils are mounted on
the structure sustained by the three orthogonal pairs of compensation coils. Cylindrical
spacers ensure the correct separation between the main coils.

After characterizing the ambient magnetic field at the trap center using a magnetic
field probe (Stefan Mayer Instruments FCL 100, with 0.5 mG V−1 sensitivity and
2.5 Vrange), the current through the coils can be tuned to apply arbitrary offsets.
This is crucial for adjusting the center of the red MOT, which is highly sensitive to
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even sub-Gauss fields. Since the MOT is centered at the zero-field point, applying a
bias field along any direction displaces this point. If a uniform magnetic offset δB
is applied along a direction with a field gradient b, the zero-field position shifts by
δx = δB

b . Typical gradients for the red MOT are around 5 G
cm in the weakest direction,

so a 0.5 G offset moves the MOT by 1 mm along that axis. This displacement
capability is essential for overlapping the MOT with the tweezer array. However, the
high sensitivity also implies that any noise in the applied field causes fluctuations in
the MOT position. For this reason, the use of low-noise power supplies is critical.
In contrast, the blue MOT, which operates at a magnetic gradient approximately 10
times higher, is much less sensitive to field offsets.
The main high-field coils and the low-field compensation coils are integrated into a
single structure, which is built upon the custom 3D-printed supports used to wind
the wires. The complete assembly is shown in Fig. 6.14. The compensation coils
along the three axes are wound in advance and serve as a mechanical support for
the high-field coils, which are positioned with a fixed separation of 51 mm using four
cylindrical spacers.

6.3 Laser system and stabilization
In this section I will describe the laser systems employed in the experiment. At
present we are using:

• a blue laser, addressing the 1S0 → 1P1 transition at 461 nm;

• a red laser for the 1S0 → 3P1 transition at 689 nm;

• a tweezer laser at 813 nm, far-detuned from any transition, used for optical
dipole trapping;

• an UV laser tunable between 316 nm and 319 nm, employed for the excitation
to Rydberg states;

• two repumper lasers at 679 nm and 707 nm used for repumping the atoms from
the 3P0 and 3P2 states in order to close the cooling cycle by depopulating the
dark state when performing the blue MOT.

In the near future, a laser addressing the clock transition will also be integrated into
the system.

6.3.1 Blue 461 nm laser

The blue laser system, addressing the 1S0 → 1P1 transition at 461 nm, is based
on an Injection-Locked Amplifier (ILA) laser system manufactured by MOGLabs.
The seed source is a Nichia NDB4916T diode, tunable between 450 nm and 465 nm,
delivering up to 250 mW in an external cavity diode laser (ECDL) configuration.
About 30 mW of this output are used to injection-lock the ILA diode, while the
remaining ∼ 200 mW are available from a separate port on the chassis. The ECDL
is typically driven at 290 mA, while the ILA diode operates at 700 mA, producing
over 650 mW of laser power, delivered via an optical fiber.
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A schematic of the optical layout is shown in Fig. 6.15. Two main branches are
derived: one from the ECDL (seed) and one from the amplified output (ILA).
Both beams are shaped to have a nearly Gaussian, circular profile with a waist of
approximately 1 mm. On the seed side, one branch is sent to a wavelength meter
(WS8-10 by HighFinesse, 10 MHz absolute accuracy) to monitor the free-running
laser frequency. A second branch is sent to the main optical table for Doppler-free
spectroscopy on the AOSense Strontium source, providing the error signal for laser
locking. The final branch is used to generate the beams for the 2D MOT delivering
30 mW after the optical fiber on the experiment table.
The ILA output is primarily used to generate the high-power beams for the Zeeman
slower (∼ 60 mW) and the 3D MOT (∼ 20 mW), delivered through optical fibers
to the main table. Two additional branches serve as imaging beams: one for
time-of-flight absorption imaging of the blue and red MOTs, and the other for
fluorescence imaging of atoms trapped in tweezers. The latter is slightly red-detuned
to compensate for the light shift induced by the tweezers. Both imaging beams
deliver ∼ 0.5 mW on the experiment side.

Figure 6.15. Schematic layout of the optical setup for the 461 nm laser.

The laser is frequency-locked to the atomic transition by modulating the diode
current at 250 kHz and scanning the piezo of the external cavity. The spectroscopy
signal is detected with a balanced photodiode, and demodulated by the ECDL driver
to produce a dispersive error signal. A built-in PID controller acts on both current
and piezo to stabilize the laser frequency. PID parameters are tunable directly from
the laser controller.
To achieve the large detuning required for the Zeeman slower (−580 MHz), we lock
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the laser about 230 MHz below resonance and use a single-pass AOM at 350 MHz
(model 3350-199 by G&H), operating on the -1 diffraction order. This strategy avoids
the need for double-pass AOMs, which typically have lower efficiency, and higher-
frequency AOMs, which are more lossy. The spectroscopy and imaging branches use
double-pass AOMs centered at 110 MHz (model 3110-120 by G&H), while the 2D
MOT and 3D MOT beams use single-pass AOMs at 200 MHz (model 3200-121 by
G&H), all operated in the +1 order. The exact driving frequencies used for each
AOM are indicated in Fig. 6.15.

6.3.2 Red 689 nm laser

The red laser used to address the 1S0 → 3P1 intercombination transition at 689 nm
is a Titanium:Sapphire (Ti:Sa) laser system from MSquared, composed of a SolsTiS
pumped by an Equinox laser. The pump source delivers up to 18 W at 532 nm,
which is used to excite the Ti:Sa crystal emitting tunable radiation in the red to
near-infrared (NIR) range. The output frequency is selected and stabilized via
intracavity optical elements, including birefringent filters and an etalon. A Ti:Sa
laser was chosen to have low phase noise at high frequencies matching the Rabi
frequencies [107]. Under typical operating conditions 100 mW of optical power at
689 nm are sufficient to lock the laser to an ultra-low expansion (ULE) cavity, operate
the red MOT, perform Sisyphus cooling in the optical tweezers, and simultaneously
monitor the frequency on a wavelength meter. However, for the for two-photon
Rydberg excitation (see Sec. 5.2), higher power is required to achieve a high Rabi
coupling. In such cases, the system can be pushed to its full capacity, yielding up to
1.3 W of red light when pumped at maximum power.
The optical setup for this laser is illustrated in Fig. 6.16. The output is split into
several branches: one for frequency locking to the ULE cavity, one for the 3D MOT,
one for Sisyphus cooling, one for the two-photon Rydberg excitation scheme, and a
final one for the wavelength meter.

Figure 6.16. Schematic layout of the optomechanic setup for the 689 nm laser.
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The ULE lock, Sisyphus cooling, and MOT branches are frequency-shifted using
a double-pass AOM at 80 MHz (model 3080-125 by G&H). The Rydberg excita-
tion branch uses a single-pass AOM at 350 MHz (model 3350-199 by G&H). The
wavelength meter branch does not include any frequency shifting, providing a direct
reading of the laser frequency. The frequency stabilization of the red laser is achieved
via Pound-Drever-Hall (PDH) locking technique [108] to a notched ultra-low ex-
pansion (ULE) optical cavity manufactured by Stable Laser Systems. The cavity
has a length L = 100 mm, and its mirrors are coated for high reflectivity at 633 nm,
689 nm, and 698 nm, allowing simultaneous stabilization of the red MOT laser, the
clock laser, and the Rydberg excitation laser. The latter, in particular, benefits
from this design since the UV light is generated through two sequential SHG stages,
with an intermediate wavelength around 633 nm (see Sec. 6.3.4), well within the
coating range of the cavity. The cavity is housed under ultra-high vacuum at a
pressure of 1 × 10−7 Torr and thermally shielded by two nested in-vacuum layers.
These thermal shields feature a time constant exceeding 30 hours, ensuring highly
stable temperature control. The cavity operates at its zero thermal expansion point,
which, in our system, corresponds to 37.63 ◦C. Laser stabilization is realized using
the PDH technique, which employs the optical resonance of the cavity as a frequency
discriminator. A phase modulation at f1 = 8 MHz is applied to the laser light via a
fiber-coupled electro-optical modulator (EOM, model PM705b by Jenoptik). The
resulting modulated light contains a carrier and sidebands, which interact with the
cavity modes. The reflected signal, detected by a fast photodiode, is demodulated to
obtain a dispersive error signal proportional to the laser–cavity detuning. This signal
is then processed by a PID controller and fed back to the laser via two piezoelectric
actuators mounted on an internal cavity mirror. The "slow piezo" features a range of
±15 GHz with a tuning sensitivity of 1.5 GHz V−1, effective up to 50 Hz , while the
"fast piezo" operates within ±40 MHz, at 4 GHz V−1, and responds up to 100 kHz.
To compensate for the offset between the cavity resonance and the atomic transition
frequency, an offset sideband locking scheme is employed. An additional modulation
at f2 = 643 MHz, generated by a Marconi 2019A signal generator, is combined (with
a power combiner Minicircuits ZFSC-2-4+) with the 8 MHz PDH modulation and
sent to the EOM. This effectively generates two new sideband triplets centered at
offset frequencies, one of which is locked to a cavity mode, enabling fine frequency
control relative to the atomic transition (Fig. 6.17a). Given the cavity’s free spectral
range of 1.5 GHz, this approach allows us to bridge up to 750 MHz between a TEM00
cavity mode and the atomic resonance. The performance of the locking system has
been characterized by measuring the frequency noise spectrum of the laser after
the PID loop is engaged. As shown in Fig. 6.17b, three components are evaluated:
the electronic noise floor (photodiode and electronics only), the amplitude noise
(including residual reflected light not involved in the lock), and the actual locked
laser spectrum. The Beta Line [109] provides a threshold above which the frequency
noise contributes to the linewidth. In our system, the frequency noise stays below
this threshold for Fourier components above 500 Hz, consistent with a sub-kHz
linewidth and sufficient for addressing the 7.6 kHz-wide red transition. Nonetheless,
for applications requiring narrower linewidths—such as interrogation of the clock
transition in Strontium—an improved lock system with reduced low-frequency noise
will be required. The present low-frequency noise is already approaching the limit
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imposed by the electronics, setting a lower bound on further improvements.

(a) Illustration of the frequency components
generated for offset Pound-Drever-Hall
locking. A high-frequency modulation
at 643 MHz creates two main offset side-
bands, each with a standard PDH side-
band structure at 8 MHz. This configura-
tion enables locking the laser to a cavity
mode located up to 750 MHz away from
the atomic resonance.

(b) Frequency noise power spectral density
of the red laser locked to the ULE cavity
via PDH technique. This spectrum is
compared to the electronic noise and the
amplitude noise of the circuit. The Beta
Line indicates the noise level above which
frequency noise contributes to the laser
linewidth. In our case, the spectrum
stays below the Beta Line above 500 Hz,
corresponding to a linewidth sufficiently
small to address the 7.6 kHz-wide red
transition.

Figure 6.17. 689 nm laser frequency stabilization scheme using PDH locking to a ULE
cavity (left) and corresponding frequency noise spectrum (right).

6.3.3 Tweezer 813 nm laser

The laser used to generate the optical tweezers at 813.4 nm is a Matisse by Sirah,
a Ti:Sa laser pumped with 25 W of green light at 532 nm produced by a Millennia
EV25S (Spectra-Physics Inc.). Up to 7.5 W of infrared power can be coupled into a
photonic crystal fiber (LMA-PM-10 by NKT Photonics), which delivers the tweezer
light to the experiment table. An acousto-optic modulator (AOM) placed before
the fiber is used to control the power and can also act as a fast switch. The dipole
traps are created using far-off detuned light; however, for stability reasons, the laser
is locked in both power and frequency. The frequency lock is implemented using a
HighFinesse WS8-2 wavelength meter, which provides the wavelength reading to
the Matisse electronics that has a PID system for stabilization. The power lock is
implemented by sampling the light after the output fiber and using a PID controller
that sends a feedback signal to the RF generator, thereby adjusting the RF power
driving the AOM located before the fiber.

6.3.4 Rydberg UV laser

To generate the UV light required for Rydberg-state excitation, we employ an
infrared laser whose frequency is quadruplicated using a custom-built setup with
two cascaded second-harmonic generation (SHG) stages.
The source laser is a VECSEL from Vexlum (model VALO SF), which is tunable in
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the 1266 − −1276 nm range and emits approximately 1.1 W of infrared power. The
wavelength tuning range is halved after each SHG stage, as the frequency is doubled.
Consequently, the light output from the final frequency-quadrupling (FHG) module
can be tuned between Rydberg excitation starting from both 316.5 nm and 319 nm.
This range allows us to span the energy difference between the 3P0 and 3P1 states,
making both excitation schemes discussed in Sec. 5.2 accessible.
The FHG module is manufactured by Leos S.r.l. and uses the Hänsch–Couillaud
locking technique [110] to maintain the SHG cavities on resonance with the laser
frequency. A small portion of the 633 nm light (produced after the first SHG stage)
is picked off before the second doubling stage and will be used to stabilize the laser
frequency to the ULE cavity. We obtain about 110 mW of UV power from the FHG
module. Since optical elements for UV light typically introduce a few percent loss
per element, we have designed the beam path to include as few optical components
as possible. This also reduces the risk of UV photon scattering, which is both
hazardous to the experimentalists and detrimental to the experiment, even with
appropriate shielding. For this reason, both the VECSEL and the FHG module are
placed directly on the main optical table, minimizing the beam path length and
eliminating the need for optical fibers. An AOM will be used as a fast switch and to
control the laser power. The beam will be shaped into a light sheet to increase the
intensity on the atoms and will be initially overlapped with the689 nm to implement
the two-photon excitation scheme.

6.3.5 Repump lasers

We employ two repump lasers at 679 nm and 707 nm to depopulate the metastable
3P0 and 3P2 states, thereby closing the cooling cycle and preventing atoms from
being lost into dark states during operation of the blue MOT (see Sec. 3.2). Both
lasers are Toptica DLC pro systems, each delivering approximately 20 mW of power
at their respective wavelengths. Each laser beam passes through an AOM for fast
switching and intensity control. After modulation, the two beams are combined
using a polarizing beam-splitter cube and coupled into a single optical fiber, which
delivers around 5 mW of power for each wavelength to the main optical table, where
the light is directed toward the science cell. The inclusion of these repumpers is
crucial for enhancing the efficiency of the MOT, as they increase the number of
trapped atoms by an order of magnitude by maintaining a closed cooling cycle (See
Sec. 7.3).

6.4 Control System
In this section I briefly introduce the framework used for experimental control.
The experimental sequence is entirely managed using the Labscript Suite [111],
an open-source framework, relatively recent, written in Python and designed to
automate laboratory experiments, especially in atomic, optical, and quantum physics.
It is widely used in laboratories that require precise control of devices such as AOMs,
lasers, DAC/ADC modules, digital triggers, and so on.
Labscript is composed of four main Graphical User Interfaces (GUIs), each with a
different role:
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• BLACS (Buffered Laboratory Acquisition and Control System) is the compo-
nent responsible for the direct interface between the software and the experi-
mental hardware. Its main function is to execute the experimental sequences
compiled in Python with precise, synchronized timing, sending control signals
to all involved devices (such as NI-DAQ boards, digital signal generators, DDSs
or lasers). Through a modular GUI, BLACS allows both automatic sequence
execution and manual control of digital and analog lines, enabling direct in-
tervention on devices between experimental shots. Each device is handled
independently through separate threads. It is, therefore, the operational core
of the Labscript system, where the logic written in code is actually translated
into physical actions on the experimental setup.

• Runmanager is dedicated to managing experimental parameters. Its main
function is to allow the definition, modification, and combination of variables
used in the Python control code to generate experimental sequences. Through
an intuitive graphical interface, it is possible to specify numerical, logical, or
textual parameters, and to easily create multidimensional scans. Runmanager
then injects these values into the code at compilation time, allowing automated
execution of entire series of experiments with different configurations. All
used parameters are saved in the output files (.h5), ensuring traceability and
reproducibility of the collected data.

• Visualmanager is a graphical component used to visually represent the timing
phases of an experiment controlled by Labscript. It is mainly used for debugging
and analysis: it clearly shows when digital or analog signals are activated or
acquisitions occur, according to the script that has been executed.

• Lyse is the Labscript Suite module dedicated to automatic data analysis. Its
main function is to execute one or more Python analysis scripts immediately
after the acquisition of data from each experimental shot. These scripts have
access to both the parameters with which the shot was generated (i.e., the ones
set in the Labscript control script) and the acquired data, such as images or
analog signals. Lyse allows real-time monitoring of the experiment’s progress,
observation of trends, execution of fits, statistical analysis, and quantitative
evaluations, all without the need for manual intervention between execution
and data processing. Additionally, Lyse can provide feedback on parameters for
the next experimental run, enabling automated adjustments or optimization
of the experimental sequence based on the most recent results.
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Chapter 7

Two-stage MOT of 88Sr

This chapter is based on the publication under review: V. Giardini, L. Guariento, A. Fan-
tini, S. Storm, M. Inguscio, J. Catani, G. Cappellini, V. Gavryusev, and L. Fallani, “Single
Strontium Atoms in Optical Tweezer Arrays for Quantum Simulation,” arXiv:2510.19816
[physics.atom-ph] (2025), https://doi.org/10.48550/arXiv.2510.19816.

In order to cool and trap Strontium atoms we exploit two magneto-optical traps
(MOTs) operating on two optical transitions with very different linewidths. The first
one is the broad 1S0 → 1P1 transition at 461 nm (blue MOT), which provides a large
capture velocity, allowing efficient loading of atoms from a thermal source. However,
the Doppler limit associated with this transition is relatively high (TD ≈ 770 µK). To
further cool the atoms we exploit the narrow 1S0 → 3P1 intercombination transition
at 689 nm (red MOT), which allows us to reach µK temperatures and higher densities.
However, the capture velocity of this transition is extremely small, which prevents
direct loading of atoms from the blue MOT. To overcome this problem, we employ
an intermediate stage of trapping: the broadband red MOT. We artificially broaden
the laser spectrum in this stage to bridge the gap between the broad blue MOT and
the narrow single-frequency red MOT, ensuring efficient transfer of atoms between
the two. As a result we are able to generate a cold and dense atomic ensembles in
the single-frequency red MOT, with phase-space densities enabling efficient loading
of the atoms in optical tweezers.

7.1 Optical setup

The optical setup for the operation of the blue and red 3D magneto-optical traps are
assembled directly on the main optical table, which is organized into three vertical
levels, as schematically illustrated in Fig.7.1.
The trapping beams for both the blue and the red MOT are derived from a single
polarization-maintaining fiber in each case, providing beams with a waist of w0 =
8 mm. Their power, maintained by measuring the intensity of pick-up beams, is
actively stabilized by a feedback system based on a PID controller, which regulates
the RF drive power of AOMs placed before the fibers. Using polarizing beam splitters
(PBSs) in combination with half-waveplates (λ/2), the beams are split into three

https://doi.org/10.48550/arXiv.2510.19816


72 7. Two-stage MOT of 88Sr

Figure 7.1. Layout of the optical setups for blue and red 3D MOT. In the first level
both the blue and red MOT laser beams originate from a single optical fiber each. A
small fraction of the laser power is sent to a photodiode for monitoring and feedback
stabilization. Each beam is split into three branches (one for each spatial direction)
using λ/2 waveplates and PBSs. Three dichroic mirrors overlap the blue and red paths,
which are then directed vertically via periscopes to the higher levels. The blue imaging
beam for absorption imaging is also integrated at this stage, monitored and stabilized,
and sent vertically through another periscope. The second level hosts the glass cell,
where the experiment is performed. Here, the two horizontal MOT branches intersect
at 130◦ (instead of 90◦), due to the size of the microscope objective. Two achromatic
λ/4 waveplates rotate the polarization of both lasers before retro-reflection and two
long-focal-length lenses (f = 2500 mm) refocus the reflected beams to compensate for
intensity losses (∼ 16%) caused by the large incidence angle on the cell. On the third
level, the periscope collects the vertical 3D MOT beams, which are then separated by
a dichroic mirror and are retro-reflected separately: λ/4 waveplates provide opposite
polarization upon reflection, while a λ/2 waveplate allow for fine polarization tuning of
the blue beam. The absorption imaging beam is detected with a Basler camera (Basler
Ace acA4024-29um) installed on the bottom of the third level breadboard (not shown
here).

orthogonal directions required to form the MOT. These beams are then recombined
with dichroic mirrors and brought to the level of the science cell using periscopes.
Both the blue and red MOTs are realized using three retro-reflected beams, which
simplifies the optical layout and reduces the total laser power requirement by half,
as compared to a six-beam independent configuration. The horizontal confinement
beams enter the cell with an angle of 130◦, instead of the conventional 90◦, due to
the presence of the high-NA objective which limits optical access on the horizontal
plane (see Fig. 7.1). Because of the large incidence angle on the glass cell, the
horizontal beams suffer a power loss of about 16%. To compensate for this effect,
two long-focal-length lenses (f = 2500 mm) are placed in front of the retro-reflecting
mirrors. These slightly reduce the beam waist at the MOT position, thereby restoring
the intensity balance between the incoming and retro-reflected beams. The retro-
reflected path also includes a double pass through an achromatic quarter-waveplate
to rotate the polarization. The vertical confinement beams are separated in the third
optical level by means of a dichroic mirror and are independently retro-reflected
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after their polarization is flipped to the opposite state by a double passage in a
quarter-waveplate.
The absorption imaging beam is integrated into the same optical setup. It exits
from a fiber with a waist of w0 = 1 mm and, without additional shaping, is delivered
to the science cell via a periscope. The transmitted light is collected with a Basler
Ace acA4024-29um camera installed on the bottom of the third level breadboard
(not shown in the figure). A magnetic field gradient of 50 G cm−1 produced by the
high-field coils, described in Sec. 6.2.1, ensures efficient trapping.

7.2 Atom number and temperature
A quantitative characterization of a MOT requires knowledge of both the atom num-
ber and the cloud temperature. These quantities can be extracted from absorption
images of the expanding cloud after a variable time of flight (TOF). Absorption
imaging is one of the standard diagnostic tools in ultracold atom experiments, as it
directly detect the spatial distribution of the sample and allows reliable determina-
tion of its size, atom number, and temperature [112, 113].
We use the 461 nm imaging beam to perform absorption imaging, which is tuned to
be resonant with the 1S0 → 1P1 transition. The trapping beams and the magnetic
field gradient confining the atoms are instantaneously switched off, leaving the atoms
to freely expand and fall under gravity, then the resonant light pulse is sent onto
the atomic cloud. As the probe beam passes through the cloud, the atoms absorb
light and imprint their spatial distribution onto the transmitted intensity, which is
then imaged by the camera. For each experimental cycle, three images are acquired:

• Signal image (S): the probe beam transmitted through the atomic cloud, with
the atomic shadow;

• Probe image (P): the probe beam without atoms, representing the incident
intensity profile;

• Background image (B): recorded without atoms and without probe light, used
to remove the background offset from the camera.

The atom number in the cold cloud can be extracted as [114]:

N = A

σ(∆)
∑
x,y

log
(
Sx,y −Bx,y

Px,y −Bx,y

)
, (7.1)

where A is the pixel area, σ(∆) is the absorption cross section, and Sx,y, Px,y, Bx,y

are the pixel intensities of the three images at coordinates (x, y).
The absorption cross section is given by:

σ(∆, s) = 3λ2

2π

 1

1 +
(

2∆
Γ

)2

( 1
1 + s

)
, (7.2)

where ∆ is the detuning, s is the saturation parameter, λ is the wavelength, and Γ
is the natural linewidth of the transition.
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The attenuation of the probe beam is described by the Lambert-Beer law, which
relates the transmitted intensity It(x, y) to the incident probe intensity I0(x, y) via
the optical density α(x, y):

It(x, y) = I0(x, y)e−α(x,y), α(x, y) = σñ(x, y), (7.3)

where ñ(x, y) =
∫
n(x, y, z)dz is the atomic density integrated along the imaging

axis z.
From this relation, the atomic density can be obtained directly as:

ñ(x, y) = − 1
σ

log
(
It(x, y)
I0(x, y)

)
. (7.4)

We obtain the atom number by fitting the absorption profile with a two-
dimensional Gaussian (with σ2

x, σ2
y variances), which after integration yields:

N = 2πσxσy
n0
σ(∆) (7.5)

where n0 is the optical density peak.
We acquire the absorption images 300 µs after switching off both the trapping beams
and the magnetic field. This delay is necessary to ensure a complete turn off of
the magnetic field and avoid any Zeeman shifts that could otherwise affect the
absorption cross section. An example of such an image, together with the fitted
Gaussian profiles, is shown in Fig. 7.2.
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mm
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m
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absorption image

Fitted 
Gaussian distribution

Figure 7.2. Absorption image of the blue MOT after 300 ms TOF. Left: Experimental
image of the atomic cloud together with one-dimensional cuts along the x and y axes
(blue) and fit with a rotated Gaussian (red). Right: Two-dimensional Gaussian fit used
to extract the atom number and spatial widths. From the fit we obtain N = 1.25 × 107

atoms, a 3D peak density of 3.8 × 109 cm−3, and cloud sizes of σx = 1.64(2) mm and
σy = 1.69(2) mm.

To measure the MOT temperature, we release the atoms from the trap and record
the expansion of the cloud for different TOF, as shown in Fig. 7.3. The increase in
cloud size with TOF is then used to extract the atomic temperature.
Since we are well above the regime of quantum degeneracy, the atomic velocity
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distribution in the MOT follows a Maxwell–Boltzmann distribution, leading to a
density profile at TOF t of the form [114]:

ñ(x, y, t) ∝ exp
(

−(x− x0)2

2σ2
x(t) − (y − y0)2

2σ2
y(t)

)
,

with
σ2

i (t) = σ2
0i + σ2

vt
2, σ2

v = kBT
M

.

Here, σi(t) is the cloud size along the i-axis at time t, which grows from the initial
size σ0i at t = 0 due to the thermal expansion characterized by σv. By measuring
the cloud size at different TOFs, we can extract σ2

vx
and σ2

vy
.

Experimentally, we verify that σ2
vx

= σ2
vy

within the measurement uncertainties,
allowing us to obtain a more accurate determination of the MOT temperature from
the average value σ2

avg = 1
2(σ2

vx
+ σ2

vy
). By fitting the functional form of σavg(t) to

the experimental data, we can extract the temperature of the MOT.

Figure 7.3. TOF images of the atomic cloud after release from the red MOT, taken at
increasing expansion times from 0 to 9 ms. The growth of the cloud size with TOF is
used to extract the temperature via Gaussian fits to the optical density profiles.

7.3 First Stage of Trapping: The Blue MOT
The first stage of atomic trapping is provided by the blue MOT, which operates
on the 1S0 → 1P1 transition at 461 nm. To enable efficient trapping, the atomic
beam emerging from the oven is first decelerated using a combination of a Zeeman
slower and transverse cooling that we refer to as 2D MOT. These elements perform
longitudinal slowing and transverse cooling, while simultaneously deflecting the
atomic beam toward the trapping region. Both the Zeeman slower and the 2D MOTs
are integrated into the atomic source, as described in Sec. 6.1.
The atomic oven is operated at a temperature of 420 ◦C, which represents an optimal
compromise between providing a sufficiently high atomic flux for robust MOT loading
and ensuring a long operational lifetime of the atomic source. Based on our estimates,
operating at this temperature allows for a daily use over a period of approximately
ten years before depletion of the atomic reservoir. While higher oven temperatures
would increase the atomic flux and consequently the MOT population, this would
come at the cost of significantly reducing the lifetime of the source.

The blue 3D MOT in the glass cell was optimized by scanning the key exper-
imental parameters affecting its performance, including the quadrupole magnetic
field gradient, as well as the power and detuning of the 3D MOT beams, the 2D
MOT beams, and the Zeeman slower. The goal was to maximize both the total
number of trapped atoms and the peak atomic density. Further details on these
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Figure 7.4. Relative enhancement of the atom number by the red-shielding beam as a
function of the frequency detuning from resonance, assuming the far from resonance
values as baseline.

parameter scans can be found in [66].
The optimal parameters for our setup were determined as follows: for the 2D MOT
beams, the optimal powers are 9.4 mW (s = 0.11) and 4.7 mW (s = 0.055) for the two
paths, with a common detuning of −0.7 Γ1P1/2π = −22 MHz. The Zeeman slower
optimal power is 40 mW (s = 0.93) with a detuning of −19 Γ1P1/2π = −580 MHz.
For the 3D MOT, the optimal power is 4.3 mW per beam (s = 0.1) with a detuning of
−2 Γ1P1/2π = −60 MHz relative to the atomic resonance. These values were chosen
to be compatible with the total laser power available in our system. The optimal
magnetic field gradient, providing the best compromise between atom number and
density, was found to be 50 G cm−1.

To further enhance the number of trapped atoms we exploit the Shielding effect
[115]. This technique involves resonantly driving the red 1S0 →3 P1 transition
during the blue MOT loading phase. In a highly saturated regime, the 689 nm light
maintains the atoms in the 3P1 state for half of the time. This effect yields a 80%
improvement in atom number with respect to the unshielded configuration (see Fig.
7.4).
Under these optimized conditions, we achieve a MOT with 1.25 × 107 atoms at a
peak density of 3.8 × 109 cm−3, as shown in Fig. 7.2.

Although the 1S0 → 1P1 transition at 461 nm is nearly closed, atoms in the
excited 1P1 state can decay into the 1D2 level, which subsequently can populate the
3P2 long-lived state. Atoms shelved in this dark state are removed from the cooling
cycle, significantly reducing the MOT loading efficiency.
In order not to lose these atoms, we use repumping lasers at 707 nm and 679 nm. The
707 nm laser couples 3P2 to 3S1, from which atoms decay into all three 3PJ states,
while the 679 nm laser repumps population from 3P0, ensuring that atoms eventually
return to the ground state and reenter the cooling cycle. Fig. 7.5 shows the MOT
loading curves under different repumping configurations. Without repumping, the
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Figure 7.5. Number of atoms in the blue MOT of 88Sr as a function of loading time for
different repumping configurations. The blue curve shows the MOT loading without
repumpers, while the green curve corresponds to using only the 707 nm repumper. The
red curve shows the combined effect of 707 nm and 679 nm repumpers. Error bars
indicate the standard deviation from repeated measurements. The 707 nm repumper
significantly increases the atom number by recovering atoms trapped in the 3P2 state;
however, this also opens the 3P0 state as an additional decay channel from 3S1. The
679 nm repumper closes this channel, and together both repumpers eliminate the major
loss pathways, leading to the highest atom number.

MOT saturates below 2 × 106 atoms. Using only the 707 nm repumper partially
increase the atom number, while the simultaneous application of both repumpers
increases the atom number by nearly an order of magnitude, reaching 1.2 × 107

atoms.
Finally, the MOT temperature was measured by monitoring the free expansion of
the atomic cloud at different times of flight. Fig. 7.6 shows the average cloud radius
σavg as a function of TOF. The experimental data (points with error bars) are fitted
with the expansion model (solid line), from which we extract a MOT temperature
of T = 6.4 mK, in good agreement with literature results.
Under optimized conditions with repumpers and shielding applied, the trap contains
1.25 × 107 atoms at a temperature of 6.4 mK and a peak density of3.8 × 109 cm−3.
These results establish the performance of the first stage of our cooling sequence
and provide the basis for the subsequent stages of cooling and trapping.

7.4 Narrow-line MOT

In order to efficiently load atoms into the optical tweezers, a cold and dense atomic
ensemble is required. The blue MOT described above does not provide sufficiently
low temperatures or high densities for this purpose. However, the presence of narrow
intercombination lines in Strontium, such as the 1S0 → 3P1 transition with a natural
linewidth of only Γ/2π = 7.6 kHz offers the opportunity to introduce a second cooling
stage after the blue MOT. This stage, commonly referred to as the narrow-line red
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Figure 7.6. Time-of-flight expansion of the blue MOT. The plot shows the measured
average width of the atomic cloud as a function of TOF (data points with error bars),
together with a fit to the expansion model (solid line). From the fit we extract a
temperature of T = 6.4 mK.

MOT allows further reduction of the atomic temperature and a significant increase
in phase-space density.
A direct transfer from the blue MOT, which operates on the broad 1S0 → 1P1
transition with a linewidth of Γ/2π = 32 MHz, into the narrow-line red MOT is
not feasible. The linewidth of the 1S0 → 3P1 transition is more than four thousand
times narrower, and consequently the transition has a drastically reduced scattering
rate and restoring force. The Doppler capture velocity of the red MOT is on the
order of only a few cm/s, far below the typical atomic velocities in the blue MOT,
on the order of several m/s. If atoms were released directly from the blue MOT into
the red MOT beams, only a negligible fraction would be captured. To overcome
this limitation, the red MOT is initially operated with artificially broadened light
to extend the velocity capture range. Once the atoms are captured, the spectral
broadening is reduced, compressing the MOT and enabling the ensemble to reach
µK temperatures and high densities suitable for optical tweezer loading.

7.4.1 Broadband Red MOT

Among the various approaches for extending the capture velocity of narrow-line
MOTs, two widely adopted methods are the broadband MOT and the SWAP
(Sawtooth-Wave Adiabatic-Passage) MOT. The former relies on creating a multi-
frequency laser spectrum to broaden the effective cooling range [116, 117], while the
latter employs a frequency-chirped beam that sweeps from red to blue detuning during
the cooling cycle [118, 119]. In this work, we implement the broadband (BB) MOT
technique by modulating the RF signal driving the AOM used to control the frequency
of the red 3D MOT beams. Specifically, a Siglent SDG6022X arbitrary waveform
generator (AWG) produces a carrier frequency sinusoidally modulated at 30 kHz
with a modulation depth of ±2.4 MHz, yielding a frequency comb approximately
4.8 MHz wide with 30 kHz spacing between spectral components. The AOM operates
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in a double-pass configuration, resulting in a 9.6 MHz-wide frequency comb in the
laser light.

In our implementation, all frequency components are kept red-detuned, with the
upper edge set just below the 1S0 → 3P1 resonance and the lower edge extending
to larger detunings. The optimal bandwidth is determined empirically: the upper
limit strongly affects loading efficiency, whereas the lower limit can be tuned with
more flexibility. During loading from the blue MOT to the broadband red MOT,
all the frequency components interact with the atoms, while atoms progressively
cooled to lower velocities become insensitive to the most red-detuned frequencies.
Ideally, one could reduce the comb bandwidth and power per frequency component
during the cooling sequence to transition toward a single-frequency (SF) MOT.
Nevertheless we achieve efficient loading into the SF MOT by power broadening the
NARROW transition linewidth and switch directly from the BB to the SF MOT
without modifying the broadband configuration.
Each 3D MOT beam delivers 4 mW of power distributed over 320 frequency compo-
nents. For a beam waist of 8 mm and a saturation intensity of Isat = 3 µW cm−2, this
corresponds to a saturation parameter of s ≈ 4.2 per tone and a power-broadened
linewidth of Γs/2π = 17 kHz.
Regarding the quadrupole magnetic field, it is necessary to rapidly reduce the gradi-
ent from 50 G cm−1, required for the blue MOT, to just a few G cm−1, as a lower
gradient is essential for trapping atoms using the narrow-line red transition. In
our setup, the most effective approach is to completely switch off the MOT coils
(operated at 100 A for the blue MOT) and then re-enable them at the lower current
of 4 A. This method exploits the fast switch-off circuit of the coils described in Sec.
6.2.2, which allows the current to decay in less than 300 µs.

Figure 7.7. Measured magnetic field gradient during the transition from the blue MOT to
the red MOT. The gradient is rapidly reduced from 50 G cm−1 to 2 G cm−1 by switching
off the MOT coils and reactivating them at a lower current. The transient overshoot
and subsequent damped oscillations are visible in the measurement of the coil current,
taken using a current probe (Danisense DS400UB-10V). Despite the overshoot, the atom
capture efficiency in the red MOT remains sufficient for our purposes.

To mitigate the overshoot that occurs when the current-controlled power supply is
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switched back on, we implement a voltage limit on the power supply during the
reactivation phase. This measure suppresses the transient competition between the
voltage and current control loops, which otherwise would lead to damped oscillations
in the current profile. Fig. 7.7 shows the measured magnetic field gradient during
the transient, obtained from a measurement of the coil current with a current probe
(Danisense DS400UB-10V). Although the overshoot is reduced by this approach,
it is not completely eliminated. Still, the fraction of atoms captured in the red
MOT remains sufficient for our purposes. The atoms experience free fall for only
a few hundred microseconds before the gradient begins to rise, enabling gradual
recapture. As the gradient increases it naturally compresses the atomic cloud since
the effective trapping volume decreases with stronger field gradients. A gradient
of 2 G cm−1 was found to maximize the number of trapped atoms. After achieving
the single-frequency (SF) red MOT described in the next section, we optimized the
multi-frequency red MOT parameters to maximize the atom number and density in
the SF red MOT, rather than tuning each stage independently. The temperature
of the red MOT during the broadband stage was measured using a TOF sequence,
yielding T = 21 µK.

7.4.2 Single frequency Red MOT

The final stage of the red MOT cooling sequence is the single-frequency (SF) MOT.
While the BB MOT maximizes the capture efficiency by employing a multi-frequency
spectrum, the SF MOT aims to achieve the lowest temperatures and highest densities
by operating with near-resonant, single-frequency light. In principle, the optimal
approach would involve gradually reducing the spectral width of the BB MOT, from
a broad frequency comb to a single narrow line, as the atoms are progressively cooled.
However, after about 250 ms of BB MOT loading, only a small subset of frequencies
remains quasi-resonant with the already-slowed atoms, while the more detuned com-
ponents no longer interact with the sample. For this reason, we implement a sudden
switch from the BB to the SF MOT stage using a single, power-broadened frequency
component rather than a gradual spectral narrowing. Experimentally, this approach
is also easier to implement, as our AWG does not support fast reconfiguration of the
output spectrum. We realize this step by changing the RF source from the Siglent
AWG to a fixed frequency RF channel of the Moglabs QRF driver, leveraging a
TTL-controlled Minicircuits switch.
Using a single frequency component with a saturation parameter of s ≈ 200, corre-
sponding to a power-broadened linewidth of:

Γs/2π = (Γ/2π)
√

1 + s ≈ 105kHz (7.6)

we achieve a transfer efficiency exceeding 80% from the BB MOT to the SF MOT.
This power broadening effectively bridges the transition from the multi-frequency
to the single-frequency regime and yields the highest peak density observed in our
system.
Fig. 7.8 shows the atom number and peak density in the SF red MOT as a function
of the BB MOT loading time. Each experimental cycle consists of a BB MOT stage
of variable duration, followed by 50 ms of SF MOT stage, with all measurements
taken at the end of the SF stage. As the loading time of the BB MOT increases, both
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Figure 7.8. Atom number (left) and peak density (right) measured in the single-frequency
red MOT as a function of the broadband MOT loading time. The single-frequency
stage is fixed to 50 ms and is applied after each BB interval; the x-axis therefore reports
only the BB MOT loading time. Both observables increase rapidly with the broadband
MOT loading time, approaching an asymptotic value after a characteristic timescale of
∼ 250 ms at values of N ≈ 5 × 105 atoms and npeak ≈ 2.5 × 1010 cm−3, beyond which
additional cooling time yields no significant gain in atom number or density.

the atom number and peak density in the SF MOT rise and saturate after 200 ms,
reaching N ≈ 5 × 105 atoms and npeak ≈ 2.5 × 1010 cm−3. Longer BB loading times
do not lead to further improvements, indicating that steady-state conditions are
achieved within this timescale.
The atomic density plays a crucial role in ensuring efficient loading of atoms into
optical tweezers. Densities on the order of 1010 cm−3 are required to achieve high
loading probabilities. Such densities are achieved only in the SF red MOT, whereas
both the blue MOT and the BB red MOT operate at significantly lower densities,
insufficient for efficient tweezer loading.
The temperature of the atomic cloud was determined through TOF measurements.
Fig. 7.9 shows the measured average cloud radius as a function of the expansion
time. Fitting the data with the expansion model described in Sec. 7.2 we obtain a
temperature of 5.38 µK. For comparison, the Doppler cooling limit for the

∣∣1S0
〉

→∣∣3P1
〉

power broadened (s ≈ 200 and Γs/2π ≈ 100 kHz) transition is TD = ℏΓs
2kB

=
2.5 µK, indicating that the achieved MOT temperature is approximately twice
the theoretical limit. This temperature, while higher than the sub-microkelvin
records achieved in pioneering narrow-line cooling experiments [117, 57], results from
operating the red MOT at a high saturation parameter to maximize transfer efficiency
and peak density. This operating regime, characteristic of modern Strontium tweezer
platforms [34, 120, 49], deliberately trades lower temperatures for an increased
capture volume and is consistent with typical 88Sr parameters used as a starting
point for loading deep micro-traps in quantum simulation experiments.

Fig. 7.10 shows the evolution of the atomic cloud throughout the three cooling
stages: initial capture in the broad-line blue MOT, transfer to the BB red MOT, and
final compression in the SF red MOT. Over this sequence, the atomic distribution
evolves from a large, dilute ensemble to a much smaller and denser cloud, suitable
for optical tweezer loading.
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Figure 7.9. Time-of-flight measurement for 88Sr atoms in the single-frequency MOT. The
average cloud waist is shown as a function of time of flight (dot with error bars), together
with the fit (black line) used to extract the temperature. From the fit we obtain a
temperature of 5.38 µK.

Figure 7.10. Absorption images of the Strontium MOT at different operating stages. From
left to right: broad-line shielded blue MOT, broadband red MOT stage, and narrow-line
red MOT. The reduction of the cloud size and the increase in density are clearly visible
as the cooling sequence progresses. The MOT center coordinates differ between the blue
and red MOT stages due to a slight spurious offset introduced by the different gradient
that we didn’t fully compensate with the compensation coils.
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Chapter 8

Single atoms in optical tweezers

This chapter is partially based on the publication under review: V. Giardini, L. Guariento, A.
Fantini, S. Storm, M. Inguscio, J. Catani, G. Cappellini, V. Gavryusev, and L. Fallani, “Sin-
gle Strontium Atoms in Optical Tweezer Arrays for Quantum Simulation,” arXiv:2510.19816
[physics.atom-ph] (2025), https://doi.org/10.48550/arXiv.2510.19816.

In the previous chapter we have explored the principles and practical implementation
of magneto-optical trapping for preparing cold atomic ensembles. While a MOT
can deliver large numbers of ultracold atoms with modest phase-space density, it
remains a "collective" confinement method, the atoms are loosely bound in a cloud
and interact with each other and the cooling light.
The next step is to isolate individual atoms in optical tweezers. In these traps, a
single atom can be held, manipulated, cooled, and measured with high precision.
This capability lies at the heart of many forefront applications: programmable
quantum simulators, neutral-atom quantum computers, ultra-precise metrology, and
studies of fundamental quantum dynamics.
However, guiding an atom from the MOT into an optical tweezer is nontrivial. One
must carefully engineer the spatial and temporal overlap between MOT and tweezer,
optimize cooling and capture parameters, and control heating and collisional losses.
After being transferred into the optical tweezer the atom must be further cooled and
detected while maintaining high survival probability and measurement fidelity.
This chapter describes the complete procedure for single-atom trapping in optical
tweezers. We begin with the dynamics of loading from the MOT, proceed to describe
the nature of the optical trap, then analyze collisional and cooling mechanisms that
ensure single occupancy. We detail the imaging strategies used to detect single
atoms and how the system is characterized via detection fidelity, survival probability
and temperature measurements.

8.1 Tweezer generation

The optical setup used to generate the tweezer array is the one described in Sec.
4.3. In the current implementation, only the part involving the two crossed AODs
has been realized and is actively employed, while the SLM module is still being
tested. The crossed AODs allow to create static rectangular arrays. Although this

https://doi.org/10.48550/arXiv.2510.19816
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configuration does not provide the flexibility offered by an SLM, it nevertheless
allows the generation of stable optical tweezers and the trapping of atoms. All
the work presented in this chapter involving optical tweezers was carried out using
a 3 × 3 array as shown in Fig. 8.1. Each tweezer has a waist of approximately
1.5 µm, with a center-to-center separation of 10 µm. Such waist is larger than the
expected diffraction limited size (0.9 µm), most likely due to slightly underfilling the
objective’s back focal plane and to optical aberrations introduced by the optics we
used and that we have already planned to overcome in a planned upgrade of the
optical setup. Larger arrays with smaller spacings could in principle be produced,
but the current configuration is enough for the initial characterization of the system
and for single-atom trapping. Furthermore, such small array was chosen not due
to technical limitations (such as limited FOV or laser power budget), but for ease
of equalizing the trap depths among fewer tweezers. In future experiments we can
easily reach 10 × 10 configurations and beyond.
To verify the correct projection of the optical tweezers, a second “service” objective,
identical to the main one, is mounted on the opposite side of the glass cell. This
objective forms an imaging system coupled to a Basler Ace acA4024-29um camera,
allowing direct imaging of the tweezer array (which is shown in Fig. 8.1) and the
evaluation of optical aberrations. Fine adjustments of the tweezer injection through
the objective are used to minimize distortions. Careful parallel and coaxial alignment
of the two objectives is essential, as any misalignment of the service imaging system
could itself introduce mayor aberrations impacting the detected tweezer shape.
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Figure 8.1. Image of the optical tweezer array recorded with the service imaging system.
The array consists of 3 × 3 traps generated with crossed AODs. Each tweezer has a
waist of ∼ 1.5 µm and a center-to-center separation of 10 µm.
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Loading atoms into optical tweezers requires precise spatial overlap between the
tweezer array and the red MOT. Achieving this alignment is challenging, as the field
of view of the high-NA objective is only a few hundred micrometers, comparable to
the MOT size itself (≈ 400 µm). To facilitate the alignment, we employed a 2 mm
waist reference blue beam that intersects the red MOT orthogonally to the cell. This
beam served as a guide for positioning the microscope objective on its translation
stage (manual x, y + motorized z). The objective axial position was then fine-tuned
by recording fluorescence images of the red MOT collected through the objective
itself. Thanks to the axial translation stage’s repeatability of 200 nm, the MOT can
be scanned across different focal planes with sub-micrometer precision.
The overlap between the MOT and the tweezer array was achieved and optimized by
displacing the MOT itself employing bias magnetic fields along the three Cartesian
axes. These fields are applied via the compensation coils described in Sec. 6.2.3 with
a sensitivity on the displacement of the MOT of 2 µm/mG cm−1. This approach is
more robust than moving the position of the tweezer array, since the optical traps are
extremely sensitive to alignment and optical aberrations. The relative positioning
of the MOT and the tweezer array is continuously monitored through the service
imaging system, which simultaneously records the MOT fluorescence and the tweezer
pattern.
Using this procedure, we achieved a good spatial overlap between the MOT and
the tweezer array, allowing the detection of an initial fluorescence signal from
atoms loaded into the optical traps. Subsequent fine-tuning of both alignment and
experimental parameters was performed by directly maximizing the fluorescence
signal of the trapped atoms.

8.2 Single-atom imaging

Precise, site-resolved imaging of single atoms is a key capability in modern quantum
simulation platforms based on optical tweezer arrays. In our experiment, we employ
fluorescence imaging to detect individual atoms, a technique that has become a
standard tool [121, 122, 123, 124].
The main objective of the imaging sequence is twofold: to accurately determine
whether an atom is present at a given site, and to do so in a non-destructive manner,
allowing the atom to remain trapped and available for subsequent operations. The
first goal is characterized by the detection fidelity, which quantifies how reliably an
atom can be distinguished from background fluorescence. The second is described by
the survival probability, representing the likelihood for the atom to remain trapped
after the imaging sequence. Both benchmark parameters are closely related to the
photon scattering process, which must produce enough photons to be clearly distin-
guished from the background signal in the imaging system. Two main mechanisms
can prevent this from happening: heating induced by fluorescence scattering, which
can lead to escape from the trap, and optical pumping into long-lived dark states,
which take the atoms out of the imaging cycle. Therefore, in addition to addressing
the atom with an imaging beam, we need to provide a mechanism for cooling as well
as one for ensuring that no unwanted states are populated.
High-fidelity detection and survival of individual atoms are essential for the real-
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ization of large-scale, defect-free arrays and for enabling controlled interactions to
study many-body phenomena on such a platform.

8.2.1 Imaging scheme

So far, two distinct imaging schemes have been implemented for Sr atoms. The first
is based on the strong dipole-allowed 1S0 → 1P1 transition at 461 nm [120, 53, 54]
while the second exploits the narrow intercombination line 1S0 → 3P1 at 689 nm[62].
Both transitions enable single-atom imaging, but with fundamentally different trade-
offs in terms of scattering rate, atom heating and experimental complexity. In our
current implementation, we use the 461 nm scheme, but the red transition offers an
interesting alternative pathway that may be explored in the future.

Imaging
461 nm

Γ=2πx32 MHz

Cooling
689 nm

Γ=2πx7.6 kHz
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1
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z 
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Figure 8.2. Relevant energy levels and optical transitions used for single-atom fluorescence
imaging. We use the broad 1S0 → 1P1 transition at 461 nm to scatter fluorescence
photons. Due to the weak decay channel from 1P1 to 1D2 and then to the metastable
3PJ states, two repumping lasers at 679 nm and 707 nm are used to maintain a closed
optical cycle. A red cooling beam at 689 nm ensures atom retention by compensating
for heating induced by blue scattering.

The blue imaging scheme is represented in Fig. 8.2. The 461 nm transition has
a large natural linewidth (Γ/2π ∼ 32 MHz), allowing for bright and fast imaging.
However, it is not a perfectly closed transition, since the excited 1P1 state has a
small branching ratio to 1D2, which subsequently decays into metastable 3PJ states.
As for the cooling process, atoms shelved in these long-lived states no longer scatter
photons and are effectively lost from the detection cycle. To mitigate this, we employ
the same repumper that we use for the blue MOT to repump population from 3P2
and 3P0, ensuring that atoms eventually return to the ground state and re-enter
the imaging cycle. Concurrently, to counteract the heating induced by blue photon
recoil during imaging, simultaneous cooling is implemented using the 689 nm red
transition, realizing the Sisyphus cooling scheme (see Sec. 2.7.2), that requires
careful tuning of detuning and intensity to ensure that the atoms remain trapped.
While the maximum scattering rate is Rsc = Γ

2 , it is convenient to work in a lower
scattering rate regime for the imaging beam to allow the cooling beam to compensate
for the heating induced by blue photon scattering, which could cause atom loss and
therefore a lower detection fidelity. Since red cooling temporarily populates the 3P1
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state, the time during which blue photons are scattered is limited. To address this,
the imaging sequence employs short pulses of blue light in the presence of continuous
red cooling light, allowing fluorescence photons to be accumulated over multiple
cycles, while minimizing heating and thus preserving the atom.
Additional considerations arise from light shifts induced by the trapping potential.
In a tweezer at 813.4 nm, the excited 1P1 state is more strongly confined than the
ground state 1S0, leading to a red shift of the resonance of about −12 MHz at
360 µK trap depth. This shift must be compensated by detuning the imaging light
accordingly, and can even be exploited by detuning the imaging beam so that its
resonance coincides with the trap center, the scattering rate naturally decreases
toward the edges of the trap, helping to keep the atom confined and enhancing
survival.
While the blue scheme offers simplicity and high scattering rates, the alternative
red imaging scheme presents a compelling route to fully non-destructive detection
[62]. In this approach, a single laser on the narrow 1S0 → 3P1 line is used for both
cooling and photon collection. Because of the narrow linewidth (Γ/2π = 7.6 kHz),
the atom can remain in the motional ground state throughout the imaging process,
and heating is negligible. Moreover, repumpers are not required, as the only pathway
to metastable dark states is through off-resonant scattering of tweezer light, which
is suppressed at shallow trap depths. However, this scheme demands a fine balance
between detuning and intensity, since optimal imaging conditions (high intensity,
low detuning) are incompatible with efficient cooling (low intensity, large detuning).
One can alternate between imaging and cooling with millisecond duty cycles to
optimize both. Additionally, the longer wavelength limits spatial resolution and the
imaging time needs to be longer because of the reduced scattering rate.

8.2.2 Photon collection

To detect single atoms in tweezers we collect the fluorescence photons emitted by
the atoms when illuminated by a resonant imaging beam that is orthogonal to the
objective. Each photon plays a fundamental role in distinguishing the atomic signal
from the background, so having a high collection efficiency is very important.
The optical setup used for fluorescence imaging is represented schematically in Fig.
8.3. A resonant blue beam at 461 nm, along the z axis, excites the trapped atoms
and induces fluorescence, while a red beam at 689 nm provides Sisyphus cooling.
The emitted photons are collected by the same high–numerical-aperture objective
employed to generate the tweezers, as described in Sec. 4.1.1. A dichroic mirror
separates the tweezer light from the atomic fluorescence, which is subsequently
directed onto a camera for detection.
The polarization of the imaging beam plays a crucial role, as it defines the atomic
dipole radiation pattern, which describes the probability distribution for photon
emission on the unit sphere. For a classical oscillating dipole, the emission is
anisotropic, with maximum intensity in the plane orthogonal to the direction of the
dipole oscillation. The radiation pattern for a transition from an excited state with
total angular momentum Je to a ground state with Jg can be derived following Ref.
[45]. In this formalism, the dipole operator is decomposed into spherical components
dq, with q = 0,±1, corresponding to π (q = 0) and σ+/σ− (q = ±1) polarizations.
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Figure 8.3. Optical setup for the detection of atoms in optical tweezers. The tweezer beam
(red) is focused into the glass cell by a high–numerical-aperture objective. A resonant
imaging beam along z (blue) excites the atoms, while a red cooling beam along the
same direction provide Sisyphus cooling. The fluorescence light is collected by the same
objective used for tweezer generation, separated from the tweezer beam with a dichroic
mirror, and directed into a detection camera.

The radiation intensity involves sums over terms
〈
dqd

†
q′

〉
, where q labels the emitting

component of the dipole and q′ the component that interferes or contributes to the
intensity.In our case, the relevant transition involves Jg = 0 and Je = 1, where only
the q = q′ = −me terms contribute. The radiation pattern then simplifies to [48]:

D(θ, ϕ) = 3
8π sin2(θ) for π polarized light (8.1)

D(θ, ϕ) = 3
16π

(
1 + cos2(θ)

)
for σ± polarized light (8.2)

where θ is the angle with respect to the quantization axis ẑ and ϕ is the azimuthal
angle. To maximize photon collection, the imaging polarization is chosen to align
the emission pattern with the objective. For π-polarized light, emission is maximized
at θ = 90◦, whereas for σ-polarized light the maximum occurs at θ = 0◦. In our
implementation, the objective axis is defined as x̂, the orthogonal horizontal axis as
ŷ, and the vertical axis as ẑ. The imaging beam propagates along ẑ and is linearly
polarized along ŷ, which enhances fluorescence collection along the objective axis
x̂. The overall collection efficiency C can be expressed in terms of the numerical
aperture of the objective:

C = 1
8
(
4 + (NA2 − 4)

√
1 −NA2

)
(8.3)
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For our objective with NA = 0.56 at 461 nm, this expression yields a maximum
collection efficiency of C = 0.118. This value accounts only for the geometric solid
angle of the objective. In future iterations of the experiment, we plan to use the ser-
vice objective on the opposite side of the cell to collect florescence as well, effectively
doubling the collected solid angle and thereby enhancing the fluorescence signal.
Maximizing the fluorescence signal from single atoms requires careful optimiza-
tion of every element in the imaging setup. A crucial component is the detection
camera, since the ability to resolve the signal of only a few scattered photons
depends critically on low readout noise and high quantum efficiency. Two main tech-
nologies are commonly employed in single-atom experiments: electron-multiplying
charge-coupled devices (EMCCDs) [125, 126, 127] and quantitative complementary
metal-oxide-semiconductor cameras (qCMOS) [128, 39, 129]. Although based on
different architectures, both rely on a pixelated sensor to reconstruct an image of
the atomic array.
In our implementation, we employ a scientific qCMOS camera (Hamamatsu ORCA-
Quest C15550-20UP). This device combines high quantum efficiency (∼ 85% at
461 nm and > 55% at 689 nm) with extremely low readout noise (< 0.3 electrons
RMS per pixel), enabling photon-counting performance without the excess noise
associated with EMCCD multiplication gain. Unlike CCDs, which rely on a single
output amplifier, CMOS sensors read out pixels in parallel. This architecture reduces
readout time, allows for large sensor formats (up to 4096 × 2304 pixels of 4.6µm
size in our case), and provides the flexibility to balance speed and sensitivity across
different imaging scenarios. The low readout noise makes it possible to resolve
photon-number peaks in the detection histogram with < 5% probability of misclassi-
fication, a key feature for quantitative atom detection in the presence of nonzero
background.
The optical design ensures that atomic fluorescence is efficiently relayed onto the
camera sensor. Since atoms in optical tweezers can be approximated as point-
like emitters (their wavefunction spread in the trap being well below the optical
resolution) the achievable image resolution is set by the imaging point spread
function (PSF). To form a conjugate image on the camera plane, the fluorescence
collected by the microscope objective is reimaged using a tube lens placed at its
focal distance from the sensor (see Fig. 8.3). Additional relay telescopes can be
introduced to adjust magnification between planes. In our setup, a tube lens with
ffluo,tl = 100 mm is aligned with the objective’s optical axis, yielding a total mag-
nification M = ffluo,tl

fEFL
≃ 4.2, where fEFL = 24 mm is the effective focal length of

the objective. With this configuration, the image of a single atom is projected onto
approximately one camera pixel, maximizing signal concentration and facilitating
atom identification.
The PSF observed in practice results from the convolution of the diffraction-limited
PSF with any residual aberrations in the imaging path. These aberrations must
therefore be minimized by employing aberration-corrected optics and careful align-
ment. In the conservative limit, the uncertainty in the atomic position within the
image is taken to be the tweezer waist itself, magnified by the detection optics. This
sets the relevant scale for distinguishing neighboring atoms according to the Rayleigh
criterion.
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Special attention must also be paid to background suppression. The fluorescence
detection path is separated from the tweezer light by a dichroic mirror placed where
the beam is collimated to avoid aberration. Despite this, intense reflections of the
trapping light from the glass cell surfaces and the dichroic itself can leak through
even high-quality dichroics. To reject this unwanted background, three additional
bandpass filters are inserted in the imaging path, ensuring that only fluorescence
photons can reach the detector.
Overall, the combination of a high-performance qCMOS sensor, diffraction-limited
optics, and aggressive filtering yields an imaging system capable of resolving single
atoms with high fidelity, as discussed in the following, while maintaining flexibility
for future extensions to non-destructive red imaging.

8.3 From multiple to single atoms

Once a first fluorescence signal from atoms confined in the tweezers was obtained, the
experimental parameters were further optimized to enhance the detected fluorescence.
An example is shown in Fig. 8.4, where multiple tweezers are simultaneously loaded.
In this particular realization, a 3 × 3 array of tweezers is employed, each with a trap
depth of approximately 360µK.

Figure 8.4. Fluorescence image demonstrating the simultaneous loading and detection of
multiple atoms in a 3 × 3 array of optical tweezers, with a trap depth of approximately
360µK per tweezer. The signal shows distinct trapping sites, with the color map
indicating the detected Photon counts (intensity). The axes represent the spatial extent
of the imaging region in micrometers.

In order to maximize the fluorescence signal, it is essential to reduce atom loss during
the imaging stage. To this end, cooling is applied to the trapped ensemble, ensuring
that the atoms remain confined while scattering photons. The fluorescence yield
thus serves not only as an indicator of the atom number but also as a sensitive probe



8.3 From multiple to single atoms 91

of the efficiency of the cooling stage.
In addition to the measurements averaged over the 9 tweezers, individual tweezer
signals were analyzed. This allowed for fine-tuning of the trap depths across the
array. Specifically, by adjusting the amplitudes of the RF tone that generate the
individual traps by AOD diffraction, the depths could be equalized to minimize
inhomogeneities among the tweezers. Such balancing is crucial: small differences in
trap depth can lead to different Stark shifts for the 461 nm and the 689 nm transition
resulting in variations in loading probability, cooling efficiency, and fluorescence
across the array. By carefully optimizing these parameters, a more uniform array of
traps is achieved.
As for fluorescence imaging, we employed a sequence of pulsed blue light with a
total duration of 250 ms, consisting of 1 ms pulses repeated at a frequency of 1 kHz.
During the imaging sequence, the Sisyphus cooling beam was kept on, ensuring that
atoms remained confined in the tweezers while scattering photons.

Figure 8.5. Two-dimensional map of fluorescence yield during Sisyphus cooling optimization.
The Photon count (color scale) is plotted as a function of both the cooling beam Detuning
(x-axis) and the Saturation parameter S (y-axis). The distinct bright region highlights
the optimal operational window where maximum fluorescence is achieved, providing a
clear map for simultaneously setting the ideal cooling frequency and intensity.

To identify the optimal cooling parameters, systematic scans of the Sisyphus cool-
ing beam frequency and power were performed. The polarization of the Sisyphus
beam was also empirically optimized to maximize the resulting signal. The results
of these scans, shown in Fig. 8.5, represent averages over the 9 tweezers in the
array and provide a clear picture of the parameter regions where the fluorescence
is maximized. Based on the optimization scans, we operated the Sisyphus cooling
beam at a detuning of −1.4 MHz relative to resonance and at a saturation parameter
of approximately 5 × 103. The intensity of the imaging beam was also optimized
in order to maximize the detected fluorescence signal, as shown in Fig. 8.6. The
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fluorescence signal is observed to increase sharply at low imaging powers and then
to saturate, with an optimal working point at s = 0.1. Operating in this regime
provides a good compromise between achieving high photon counts and avoiding
excessive perturbation of the trapped atoms.
It should be emphasized that fluorescence images obtained under these conditions
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Figure 8.6. Fluorescence counts from multiple atoms in tweezers as a function of the
imaging beam saturation parameter s. The signal rises steeply at low power and then
reaches a plateau, indicating the onset of saturation. The optimal working point was
chosen around s = 0.1, balancing photon collection efficiency with minimal heating and
atom loss.

do not allow us to obtain the number of atoms trapped in each tweezer. The
strong fluorescence signal indicates multiple-atom occupancy, but the detection does
not provide the single-atom sensitivity required to distinguish between different
atom numbers. These measurements therefore serve primarily as a diagnostic for
optimizing trap loading and imaging conditions.

8.3.1 Single atoms

In order to reach the single-atom regime a light-assisted collisions (LAC) stage is
introduced in the sequence. This procedure, described in Sec. 4.5, removes multiple
occupancies and ensures that each tweezer is either empty or contains a single atom
[86]. This additional step is implemented immediately after the initial loading,
with parameters similar to those used for fluorescence imaging [34]. We scanned
the Sisyphus beam frequency and power, the imaging beam power, and the LAC
duration, to identify the operating conditions that yield a clear bimodal separation in
the fluorescence count distribution (attributable to 0 or 1 atom) and simultaneously
maximize the atom survival probability. Under these optimized conditions, we
typically achieve a filling fraction of about 50%, consistent with the probabilistic
nature of single-atom loading.
After this stage, the system enters the single-atom regime. Due to the nature of
the collisions that lead to individual trapped atoms, not all sites are simultaneously
occupied in a single shot as shown in Fig. 8.7. To visualize the array more clearly,
we average over 1000 realizations, as shown in Fig. 8.8(a). A complementary
view is provided by the fluorescence count histogram in Fig. 8.8(b), constructed
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Figure 8.7. Fluorescence images of the 3 × 3 tweezer array in the single-atom regime taken
in consecutive experimental realizations. Due to the LAC process not all the sites are
occupied.

a) b)

Figure 8.8. (a) Fluorescence image of a 3 × 3 tweezer array in the single-atom regime,
obtained by averaging over 1000 experimental realizations after the LAC process. (b)
Histogram of fluorescence counts from the same dataset, showing a bimodal distribution
with two clearly separated peaks corresponding to empty and individually occupied
tweezers. The absence of additional peaks confirms the suppression of multiple-atom
occupancies.

from the same set of 1000 measurements analyzed as described in Sec. 8.4. The
histogram exhibits a well-defined bimodal distribution with two clearly separated
peaks corresponding to empty (0 atoms) and occupied (1 atom) tweezers. The
absence of intermediate or higher-count peaks demonstrates that multiple-atom
occupancies are effectively suppressed by the LAC process.
With these optimized conditions, the LAC procedure reliably prepares arrays of single
atoms, enabling subsequent experiments that require deterministic single-particle
control. The optimal parameter in for the LAC are s = 0.15 for the 461 nm beam
and s = 2 × 104 and a red detuning of 2 MHz from the free space resonance of the
red transition for the 689 nm beam.
It is worth noting that the optimal Sisyphus cooling parameters and imaging power
for imaging single atoms differ from those used in the many-atom regime. In
particular, after adjusting the parameters in order to balance photon collection
efficiency with minimal heating and ensuring high-fidelity single-atom detection, we
found out that the optimal parameter for imaging single atoms in our experimental
sequence are s = 0.03 for the 461 nm beam and s = 1.3 × 104 and a red detuning of
2.1 MHz from the free space resonance of the red transition for the 689 nm beam.
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The full experimental sequence used to prepare single atoms is summarized in
Fig. 8.9. The protocol begins with a blue shielded MOT stage, which provides initial
cooling and compression of the atomic cloud. This is followed by a multifrequency
red MOT phase, further reducing the atomic temperature while maintaining a
sufficiently large number of atoms. A subsequent single-frequency red MOT stage
enables efficient transfer of atoms into the optical tweezers array, with a trap depth
of 360 µK. We note that the duration of the blue MOT and red BB MOT stages
are lower than the optimal values found while characterizing the MOT themselves,
indeed, when we tried to optimize the sequence in order to keep it as short as possible
to accumulate statistics, we found out that those timings where still good enough
for the purpose of loading efficiently the atoms in the optical traps.
Immediately after loading, a light-assisted collisions (LAC) stage of about 30 ms is
applied to remove pairs of atoms and thereby prepare the array in the single-atom
regime. This is followed by the fluorescence imaging phase, consisting of pulsed blue
light together with continuous Sisyphus cooling. Although the LAC and imaging
stages appear similar in structure, their parameters (beam powers, detunings, and
durations) are carefully optimized for their respective purposes: the LAC step
maximizes single-atom preparation fidelity, while the imaging step ensures efficient
photon collection without compromising atom survival.

Figure 8.9. Experimental sequence for atom loading, preparation, and imaging. The
timeline (horizontal axis) shows the successive stages: blue MOT, multifrequency red
MOT, single-frequency red MOT, LAC, and imaging. The evolution of the key parameters
is plotted as a function of time: MOT beam intensity, magnetic field gradient, tweezer
depth, Sisyphus beam intensity, and imaging beam intensity. During the final imaging
stage, 1 ms blue-light pulses at 1 kHz are applied for 250 ms, together with continuous
Sisyphus cooling. This sequence ensures efficient loading into the tweezers, elimination
of multiple occupancies, and high-fidelity single-atom fluorescence detection.
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8.4 Signal analysis
The fluorescence signal, collected by the camera as described in Sec. 8.2.2, is ana-
lyzed to determine whether an atom is present in a given optical tweezer. IN the
regime discussed in Sec. 8.3.1, the outcome of this analysis is inherently binary: an
atom is either detected or not. To reliably discriminate the atomic signal from the
background, a sufficient number of photons must be collected during the exposure.
The first step in this procedure is to accurately identify the atomic positions within
the acquired fluorescence images. For this purpose, a large dataset of single-shot
images is acquired and averaged in order to obtain a clean reference image of the
tweezer array (as the one shown in Fig. 8.8). The resulting averaged image exhibits
well-defined point-spread functions (PSFs) corresponding to each trap position. To
extract the precise spatial coordinates of the atoms, each PSF in this averaged image
is fitted with a two-dimensional Gaussian function. This fitting procedure provides a
robust estimate of the centroid position of the fluorescence distribution, accounting
for the finite spatial spread of the atomic PSF across neighboring pixels.
For each identified centroid, a region of interest (ROI) is then defined. Given the
magnification of our imaging system, the expected PSF width is on the order of a
single pixel. We select ROIs of 3 × 3 pixels centered on each atom (Fig. 8.10).

Figure 8.10. Example fluorescence image showing the selected ROIs of 3×3 pixels centered
on the atomic array sites. The ROIs are used to extract the photon counts corresponding
to each individual atom from a single experimental acquisition.

The choice of ROI size is crucial: a too small region would underestimate the total
signal, while an excessively large region would introduce unnecessary background
noise. Moreover, when atoms are closely spaced, large ROIs may include contribu-
tions from neighboring tweezers. For the data presented in this work, the atomic
separation is sufficiently large to prevent any PSF overlap, making the ROI selection
straightforward. In regimes where adjacent PSFs are not fully resolved, principal
component analysis and several deconvolution methods has been demonstrated to
serve as an effective disambiguation technique [130].
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The background contribution is estimated by sampling regions of the image that
contain no tweezers, and the mean background level is subtracted from the entire
image to isolate the atomic fluorescence signal. The raw camera output, expressed
in Analog-to-Digital Units (ADU), is then converted into the corresponding number
of electrons using the system gain factor (0.11 electrons per ADU in our setup).
Because not all incident photons generate an electron, this signal is further corrected
by the quantum efficiency (QE) of the sensor. In our case, the QE is 0.85, meaning
that 85% of incoming photons successfully produce a detectable electron. Summing
the calibrated signal over each ROI yields the photon count associated with the
respective tweezer.
Finally, the presence or absence of an atom can be determined by comparing the
photon count to a predefined discrimination threshold. Signals below this threshold
correspond to empty tweezers, while those above it indicate the presence of an atom.
Although the threshold value can in principle be chosen arbitrarily, in practice it is
optimized to maximize the detection fidelity as described in the following section.

8.4.1 Fidelity

After each fluorescence image is acquired, the presence or absence of an atom in each
tweezer is classified using the procedure described in the following. We define the
imaging fidelity F as the probability that this classification is correct, that is to say
the probability that an atom is identified as present when it was indeed present at
the start of the imaging process, or as absent when no atom was initially present. It
is important to note that this definition explicitly refers to the start of the exposure,
as atoms can be lost during the imaging sequence.
The number of detected photons follows a stochastic process governed by the
statistics of spontaneous emission and detection. In the ideal limit, the photon
counts associated with a given tweezer follow a Poisson distribution [131]. In practice,
however, the measured distribution is affected by additional sources of noise, such
as camera readout noise and background scattering, which broaden and distort
the ideal Poissonian profile. As a result, the experimentally observed histogram of
photon counts typically exhibits two distinct peaks: one corresponding to empty
tweezers (background counts) and one to occupied tweezers (atomic fluorescence) as
shown in Fig. 8.11.
To model these two distribution, we fit the measured histogram with a bimodal
skewed Gaussian distribution, to account for possible asymmetries in the photon-
count distribution. The skewed Gaussian function used for each peak is defined
as:

S(x,A, µ, σ, α) = 2A√
2πσ

exp
(

−(x− µ)2

2σ2

)[1
2 + erf(α(x− µ)√

2σ
)
]

(8.4)

where A is the amplitude, µ and σ are the mean and standard deviation, respectively,
and α controls the skewness of the distribution. The overall model for the photon-
count histogram is then given by the sum of two such components,

P (x) = S0(x,A0, µ0, σ0, α) + S1(x,A1, µ1, σ1, α1) (8.5)

corresponding respectively to the empty and occupied tweezers. From this fit, we
determine the optimal detection threshold xt that minimizes the overlap between
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the two distributions, corresponding to the total classification error

ε(xt) = ε(xt)1 + ε(xt)2 (8.6)

Where ε(xt)1 =
∫∞

xt
S0(x)dx is the tail of the empty trap distribution that lies

beyond the threshold representing the false positive error probability and ε(xt)2 =∫ xt
−∞ S1(x)dx is the tail of the occupied trap distribution that lies below the threshold

representing the false negative error probability. The imaging fidelity is then defined
as

F = 1 − ε(xt) (8.7)

and the optimal threshold xt is obtained numerically by maximizing F .
Applying this analysis to our experimental data, we fit the photon-count histogram
with a bimodal skewed Gaussian function, as shown in Fig. 8.11. By optimizing the
threshold xt that maximizes F , we obtain xt = 23 counts and an imaging fidelity of
F = 99.986(6)% for tweezers operated at a trap depth of 360 µK and an imaging
duration of 250 ms.

Figure 8.11. Photon-count histogram for a single imaging sequence. The data are fitted
with an effective bimodal skewed Gaussian model (red line), representing the “empty” and
“occupied” tweezer populations. The vertical dashed line marks the optimal threshold
used to classify the presence of an atom, found at 23 counts. The resulting imaging
fidelity is 99.986(6)%.

The imaging time can be further reduced at the cost of a decrease in fidelity,
enabling faster experimental duty cycles when needed. The dependence of the
fidelity on imaging duration is shown in Fig. 8.12, illustrating the trade-off between
measurement speed and detection accuracy.
The error bars shown in Fig. 8.12, as well as those reported in the following
results, were obtained using the bootstrap method [132]. The bootstrap is a non-
parametric resampling approach where multiple synthetic datasets are generated by
randomly drawing subset of data points with replacement from the original sample.
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For each resampled dataset, the relevant statistical quantity is recalculated, and
the distribution of these values provides an empirical estimate of the associated
uncertainty. This method offers a robust, data-driven way to evaluate statistical
errors without relying on assumptions about the functional form of the underlying
probability distribution.
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Figure 8.12. Measured imaging fidelity as a function of imaging duration for a fixed trap
depth of 360µK. Longer exposure times lead to improved photon statistics and higher
fidelity, saturating near unity for imaging durations above 250 ms.

8.4.2 Survival probability

The ability to preserve atomic confinement during fluorescence imaging is a crucial
requirement in optical tweezer array experiments. Post-imaging rearrangement
protocols and engineered interactions between the atoms rely not only on identifying
the positions of atoms with high fidelity, but also on ensuring that the atoms remain
trapped after the imaging sequence.
For this reason, in addition to optimizing the imaging fidelity, it is essential to
maximize the survival probability, defined as the likelihood that an atom present at
the beginning of the imaging process remains in the trap at its end. We denote this
quantity as S.
In the ideal case of perfect imaging fidelity (F = 1), the survival probability could be
directly determined by acquiring two consecutive fluorescence images under identical
conditions and evaluating the fraction of atoms detected in both. This fraction
would correspond to S. In realistic conditions, where F < 1, this approach provides
only an approximate estimate, since false positives (erroneous detection of empty
traps) and false negatives (missed detections of occupied traps) introduce systematic
biases. A more refined model that explicitly accounts for these imperfections can be
used for accurate determination of the survival probability [48].
As a first-order approximation, considering our high detection fidelity, we employ
this two-image method to estimate the survival probability and to investigate its
dependence on the photon scattering rate during fluorescence imaging. Experimen-
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tally, we prepare the array of single atoms in the tweezers, and we acquire a first
fluorescence image to identify which traps are occupied. After the first acquisition,
to prevent atom loss between successive exposures, both the trapping potential and
the cooling light remain continuously active throughout the measurement sequence,
maintaining stable trapping conditions. A second image is taken following a 300 ms
delay. This interval corresponds to the combined camera readout time and the
period required for the system to become ready for the next trigger, ensuring that
both images are captured under identical experimental conditions. By comparing
the two images, we extract the survival probability as the fraction of atoms that
remain confined in their traps over the duration of the imaging sequence.
The resulting measurements are presented in Fig. 8.13. Each data point represents
the mean survival probability obtained from repeated experimental runs, with error
bars indicating the corresponding statistical uncertainty. As shown in the figure,
the survival probability decreases sharply with increasing scattering rate during
fluorescence imaging. At low scattering rates, atoms are almost always retained
in the trap after imaging, whereas at higher rates photon recoil heating becomes
significant, leading to enhanced atom loss. A closer view of the data around the
optimal scattering regime is shown in Fig. 8.14, where the survival probability is
compared with the imaging fidelity. At high scattering rates, atom loss during the
imaging sequence prevents the formation of a clear bimodal histogram of detected
fluorescence counts, making fidelity estimation less reliable. From this characteriza-
tion, we identify the optimal imaging condition corresponding to a scattering rate
of 3.12 MHz, which maximizes both survival probability and fidelity. Under these
conditions, we achieve a survival probability of 97(2)% and a fidelity of 99.986(6)%.
Previous strontium tweezer experiments employing blue fluorescence imaging com-
bined with active cooling have demonstrated survival probabilities ranging from
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Figure 8.13. Measured single-atom survival probability S as a function of the scattering
rate during fluorescence imaging. Each data point corresponds to the average survival
probability extracted from multiple experimental repetitions. The observed decrease in
survival at higher scattering rates results from photon recoil heating, which enhances
atom loss during the imaging process.
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approximately 97% to 99.9% [120, 53], while narrow-line red imaging schemes have
reached survival probabilities around 97% [62]. In this context, the imaging param-
eters used in the present work provide a well-chosen starting point for operation,
with further improvements in survival probability potentially achievable through
careful optimization of the experimental conditions.

8.4.3 Vacuum lifetime

The vacuum lifetime provides a direct and quantitative measure of the quality of
the vacuum environment in which the atoms are trapped. It is defined as the
characteristic timescale over which a trapped atom is lost due to collisions with
residual background gas atoms and molecules. Even under ultra-high vacuum
conditions, a small but finite background gas density remains. Collisions between
trapped atoms and these residual particles can transfer enough kinetic energy to
expel the atom from the optical potential, ultimately limiting the achievable trap
lifetime. A long vacuum lifetime is a key figure of merit for the stability and reliability
of experiments based on single trapped atoms. In such systems, the loss of even
a single atom might require reloading the trap, introducing unwanted dead times
and reducing the overall experimental duty cycle. Moreover, in quantum simulation
experiments, the loss of a single atom can alter the connectivity between atoms/spins,
resulting in systematic errors in the output of the simulator. Ensuring long trap
lifetimes is therefore essential to perform complex experimental sequences without
interruption and with high repetition rates.
To characterize the vacuum lifetime, single atoms are prepared into optical tweezers
and an initial fluorescence image is taken to identify which traps are occupied. The
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Figure 8.14. Comparison between the survival probability (black circles, left axis) and
the imaging fidelity (red squares, right axis) as a function of the photon scattering
rate during fluorescence imaging. The two quantities exhibit opposite trends: while
increasing the scattering rate initially improves the signal-to-noise ratio and thus the
fidelity, excessive scattering induces heating that reduces the survival probability. The
optimal operating point is found at a scattering rate of 3.12 MHz, where both survival
and fidelity reach their maximal values
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Figure 8.15. Measurement of the vacuum lifetime. The survival probability of a single
atom in the tweezer is plotted as a function of the hold time. The experimental data
(black dot wit error bars) are fitted with an exponential decay function (gray line),
yielding a lifetime of τ = 425(25)s.

trapping and cooling light are then left on for a variable hold time, thold, during
which collisions with background gas may lead to atom loss. After this interval,
a second fluorescence image is acquired, and the fraction of atoms that remain
trapped is extracted. Repeating the procedure for different values of thold allows us
to determine the survival probability P (t) as a function of time. The resulting data,
shown in Fig. 8.15, are fitted with a simple exponential decay model:

P (t) = e− t
τvac (8.8)

where τvac denotes the vacuum lifetime. Yielding a vacuum lifetime of τvac =
425(25)s. This value compares favorably with reported values in state-of-the-art
optical tweezer experiments, which typically range from a few tens to several hundreds
of seconds [53, 49, 48]. This long lifetime confirms that background gas collisions
do not constitute a limiting factor for the present experiment and enables extended
experimental sequences without the need for frequent reloading.

8.4.4 Atom temperature

Another key parameter in experiments with individually trapped atoms is their
temperature, which determines the spatial and motional extent of the atom within
the tweezer potential and is directly related to the mean motional quantum number.
Therefore, it serves as a key diagnostic parameter for assessing trap quality and
identifying sources of unwanted heating. A precise knowledge of the temperature
is crucial for optimizing subsequent processes such as the preparation of coherent
quantum states and the implementation of high-fidelity operations in neutral-atom
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quantum computing platforms. Moreover, temperature measurements provide in-
sight into possible heating mechanisms, including trapping-laser intensity noise,
mechanical vibrations, and residual photon scattering.
In our experiment, the atomic temperature was determined using the release-and-
recapture technique, a widely used and reliable technique in the field of atomic
physics for determining the temperature of atoms confined in optical dipole traps.
The principle of the method is straightforward: a single atom, initially confined in
the optical tweezer, is released by switching off the trapping laser for a controlled
duration toff. The trap is then reactivated, and we measure whether the atom is
recaptured or lost. During the free-expansion interval, the atom moves according
to its initial thermal velocity. If its total energy remains below the trap depth, it
stays within the capture region and is recaptured once the trap is turned back on.
Conversely, atoms with higher energies escape the trapping volume and are lost.
Because each measurement outcome is binary (recaptured or lost), the experiment is
repeated many times for each release duration, yielding a statistical estimate of the
recapture probability Prec(toff). The shape of Prec(toff) encodes the atomic velocity
distribution and hence the temperature of the atom. However, the relationship
between temperature and recapture probability cannot be expressed analytically
in a simple form, since the atomic motion in the optical potential is nonlinear and
affected by several factors such as the Gaussian beam profile, gravity, and possible
trap anisotropy. For this reason, data analysis relies on comparison with Monte Carlo
simulations that realistically reproduce the entire release-and-recapture process.
For the present work, we adapted the simulation framework developed in Ref. [133],
which implements a full classical thermodynamic model of atomic motion. In this
approach, atoms are initialized with random positions and velocities drawn from
a Boltzmann distribution at temperature T . Each trajectory is then evolved for
a release time toff in the absence of the optical potential, including the effect of
gravity. After the trap is reactivated, the atom is considered recaptured if its total
energy remains below the trap depth. The model incorporates the realistic Gaussian
potential, accounting for the dependence of the radial and axial trapping frequencies
trap depth on laser parameters such as wavelength, power and waist. For each
release duration, the simulation performs a large number of independent realizations,
and the fraction of recaptured atoms, Psim(toff, T ) = Nrecaptured

Ntotal
, is compared to the

measured data. The optimal temperature is obtained by minimizing the normalized
deviation between simulation and experiment. Fig. 8.16 shows the experimental
recapture probabilities together with the best-fit Monte Carlo simulation, which
reproduces the data with a good agreement. From this analysis, we obtain an atomic
temperature of 12.95(5) µK for atoms trapped in optical tweezers at 813 nm with a
trap depth of 360 µK.
Comparisons with release-and-recapture simulations in previous strontium tweezer
experiments using blue imaging combined with active cooling have yielded tempera-
tures in the few-microkelvin regime [53]. In optimally cooled conditions, narrow-line
imaging schemes have reported temperatures as low as 1.8 µK, consistent with
proximity to the radial motional ground state for typical trap depths [62]. In this
context, the temperature extracted here is consistent with established cooling regimes
in strontium tweezer platforms and provides a practical starting point for further
optimization toward lower motional temperatures.
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Figure 8.16. Recapture probability plotted as a function of the release time for a release
and recapture measurements.The data (dots with error bars) are compared with a
Monte Carlo simulation (solid line). The temperature extracted from the simulation is
12.95(5) µK.
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Chapter 9

Conclusion and outlook

9.1 Summary and conclusions

In this work, I presented the design, development, and characterization of a neutral-
atom quantum simulation platform based on individually trapped neutral Strontium
atoms in optical tweezer arrays.
The experimental apparatus was designed, built, and optimized entirely within
our laboratory, from the construction of the vacuum system and optical setups
to the development of cooling, trapping, and imaging techniques, with the goal
of establishing a robust and scalable system for the deterministic preparation and
control of single atoms for quantum simulation purposes.
One of the key achievements of this work was the realization and optimization of a
two-stage 3D magneto-optical trap of 88Sr. In the first stage, we operated on the
strong dipole-allowed 1S0 → 1P1 transition at 461 nm, realizing a “blue MOT” that
captured and pre-cooled atoms from a thermal atomic beam to temperatures of
6.4 mK, with a typical density of ∼ 4 × 109 cm−3. We leveraged the shielded blu
MOT configuration to enhance the atom number by up to 80% (enabled by adding
a red beam resonant on the 689 nm transition). To further reduce the temperature
and increase the phase-space density, the atoms were subsequently transferred to
a “red MOT” operating on the narrow intercombination line 1S0 → 3P1 at 689 nm.
By sequentially employing a broadband cooling stage followed by a single-frequency
narrow-line MOT, we reached final temperatures of 5.4µK and densities approaching
3 × 1010 cm−3, providing ideal initial conditions for loading into tightly focused
optical tweezers.
Building upon this cold atomic reservoir, we demonstrated the efficient transfer
of atoms from the MOT into optical tweezers and the detection of single trapped
atoms. We implemented high-fidelity fluorescence imaging based on photon-counting
detection of scattered light, reaching a single-atom detection fidelity of 99.986% and a
post-imaging survival probability of approximately 97(2)%. These results confirm the
robustness and efficiency of our trapping and cooling protocols. Independent release-
and-recapture measurements estimate the atomic temperatures in the tweezers to
be 12.95(5) µK, confirming that the implemented cooling and loading sequences
preserve excellent control over the motional degree of freedom of the atoms.
These results constitute a decisive step toward the realization of a fully programmable
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quantum simulator based on neutral Strontium atoms confined in reconfigurable
arrays of optical tweezers. The platform combines the geometric flexibility of optical
tweezer architectures with the rich internal structure of two-electron atoms. Moreover,
by exploiting coherent excitation to Rydberg states, controllable and long-range
interactions can be engineered between individual atoms, enabling the simulation of
complex many-body Hamiltonians.

9.2 Short-term goals: reordering and Rydberg interac-
tion

In the near future, we plan to integrate a spatial light modulator (SLM), which
is currently being characterized, into the experimental setup for the generation of
static tweezer arrays. Two crossed AODs will be employed to dynamically transport
individual atoms between sites, enabling active reordering and the generation of
defect-free arrays with arbitrary geometries. This capability will allow us to deter-
ministically assemble atomic configurations tailored to specific quantum simulation
tasks. We are also exploring the feasibility of using an SLM with a fast phase mask
refresh rate of 1.2 kHz to directly rearrange all atoms in parallel, in 2D and even in
3D configurations.
The next major step will be the implementation of a two-photon excitation scheme
to access high-lying Rydberg states. This addition will introduce tunable, long-range
interactions between atoms, marking the transition from passive trapping and control
to the realization of fully interacting quantum systems. By adjusting the interatomic
distance, the principal quantum number and the orbital character of the excited
Rydberg state (e.g., s or d), we can control not only the strength and range of the
interactions, but also their nature, ranging from isotropic van der Waals to strongly
anisotropic dipole–dipole couplings. This level of tunability provides an exceptionally
rich toolbox for engineering diverse quantum Hamiltonians and exploring a wide
variety of many-body phenomena.
The resulting platform combines high flexibility and scalability: it will enable the
generation of multidimensional arrays of single atoms with arbitrary geometries and
adjustable interatomic distances, while supporting fast, coherent, and long-range
interactions mediated by Rydberg excitation. These features make it a versatile tool
for the implementation of quantum spin models, the investigation of quantum phase
transitions, and the controlled generation of multi-particle entangled states.
Although the focus of this thesis has been on developing the neutral-atom tweezer
platform as a basis for quantum simulation, it is worth noting that the same ar-
chitecture is also highly relevant for other frontier applications. In particular, it
provides a promising route toward scalable quantum computing architectures based
on Rydberg-mediated entangling gates [100, 134], as well as for quantum metrology
and optical clock experiments [135, 136].

9.3 Quantum simulation: Ising, XY model
A promising research direction that we aim to pursue with this platform is the study
of spin systems. Rydberg atoms trapped in optical tweezers are particularly well
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suited for simulating the behavior of various spin Hamiltonians in both one, two and
three dimensions.
The Hamiltonian describing an ensemble of atoms, in which the electronic ground
state |g⟩ is coherently coupled to a Rydberg state |r⟩ by a global laser field with
Rabi frequency Ω and detuning δ, can be directly mapped onto a quantum Ising
model of spin-1/2 particles. In this mapping, the two atomic states define the spin
basis as |↓⟩ = |g⟩ and |↑⟩ = |r⟩. The resulting Hamiltonian takes the form [30, 28]:

H = ℏΩ
2
∑

i

σi
x − ℏδ

∑
i

ni +
∑
i<j

Vi,jninj (9.1)

with:
Vi,j = C6

R6
i,j

(9.2)

where ni denotes the operator counting Rydberg excitations at site i, and σi
x is the

Pauli matrix acting on that site. Since each site hosts a single atom that can either
occupy the ground state (ni = 0) or the Rydberg state (ni = 1), the excitation
operator can be explicitly written as

ni = (σi
z + 1)/2 (9.3)

With this identification, the Hamiltonian is readily mapped onto the Ising model
Hamiltonian [137]. The first term in Eq. 9.1 represents the coupling of spins to a
transverse magnetic field B⊥ ∝ Ω, while the second term mimics the interaction with
a longitudinal magnetic field B∥ ∝ −δ. The Ising coupling Jij = Vij decays with
the interatomic distance as 1/R6

ij , reflecting the van der Waals interaction between
Rydberg excitations.
In the simplest configuration, a homogeneous laser field provides a spatially uniform
Rabi coupling and detuning for all atoms in the array. However, more complex
Hamiltonians can be engineered by introducing site-dependent Rabi frequencies or
detunings, for instance, by addressing individual trapping sites with an additional
laser field, implemented through the superposition of the optical tweezer array with
a separate addressing beam pattern generated by a SLM or by crossed AODs.
In typical experiments, the interaction term remains fixed, while the parameters Ω
and δ can be dynamically tuned to explore different regimes of the phase diagram.
A possible approach is to initialize the system in a trivial phase, such as the param-
agnetic state, and then abruptly change one of the control parameters (quantum
quench) to study the subsequent time evolution under the effective Ising Hamilto-
nian. The single-site resolution achievable in optical tweezer arrays enables direct
measurement of both the total magnetization, defined as the fraction of Rydberg
excitations (|↑⟩) relative to the total number of atoms, and the spin–spin correlation
function, which quantifies the conditional probability of finding a Rydberg excitation
at site j given one already present at site i.
The van der Waals interactions between identical Rydberg states have been engi-
neered to implement the transverse-field Ising Hamiltonian for spin-1/2 systems,
across a variety of geometries and interaction strengths in one and two dimensions
[138]. Subsequent experiments have scaled this approach to systems comprising
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hundreds of individually controlled atoms [33], enabling the observation of phase
transitions into spatially ordered states that break discrete symmetries and the
investigation of critical dynamics across such transitions [31]. Further work has
explored the dynamics of artificial one and two dimensional quantum antiferromag-
nets with different lattice geometries [139], and realized large-scale two-dimensional
arrays of hundreds of Rydberg atoms implementing an extended transverse-field
Ising Hamiltonian. These studies have revealed the emergence of antiferromagnetic
correlations and long-range order across diverse geometries [36].

Beyond the Ising model, the system can be extended to realize an XY-type
spin Hamiltonian by considering atoms excited to different Rydberg states that are
coupled through dipole–dipole interactions. A common implementation involves two
Rydberg levels, such as |nS⟩ and |nP⟩, typically separated by a few gigahertz. These
two states once again form an effective spin-1/2 basis, defined as |↓⟩ = |nS⟩ and
|↑⟩ = |nP⟩.
The resonant dipole–dipole interaction between atoms in these states induces a
coherent exchange of their internal excitations. The corresponding interaction
potential scales as C3/R

3, where C3 is the dipolar coupling coefficient and R is the
interatomic distance. When a microwave field couples the two Rydberg states, the
system can be described by an effective spin XY Hamiltonian, where the microwave
coupling acts as an effective external magnetic field [30]:

H = ℏΩµw

2
∑

i

σi
x − ℏδµw

2
∑

i

σi
z +

∑
i̸=j

C3
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(σi
+σ

j
− + σi

−σ
j
+) (9.4)

where Ωµw and δµw denote the Rabi frequency and detuning of the microwave drive,
respectively. In this model, the first term represents the coupling of the effective
spins to a transverse microwave field, inducing coherent oscillations between |nS⟩ and
|nP⟩, analogous to spin flips between |↓⟩ and |↑⟩. The second term corresponds to a
longitudinal magnetic field that introduces an energy imbalance between the two spin
states, thereby controlling their relative populations. The third term describes the
resonant dipole–dipole interaction, which enables coherent exchange of excitations,
i.e. spin-spin exchanges between atoms. Since the dipole–dipole interaction decays
as 1/R3, it is most significant for nearest neighbors, but can also mediate interactions
between more distant spins, depending on the lattice spacing. The competition
between the exchange interaction and the external field terms can be tuned by
varying the microwave Rabi frequency Ωµw and detuning δµw, allowing exploration
of different dynamical and many-body regimes. In particular, by controlling these
parameters, one can access regions of the phase diagram where collective quantum
phenomena, such as quantum phase transitions or correlated spin transport, emerge
from the interplay of coherent driving and long-range dipolar interactions.
Several works have leveraged the dipole–dipole interaction between different Ry-
dberg states to explore the rich physics emerging from such XY type couplings.
For instance, the realization of a one-dimensional 1/2 spin chain governed by an
effective XY Hamiltonian demonstrated how the interplay between coherent Rabi
coupling and Rydberg interactions gives rise to a symmetry-protected topological
(SPT) phase [140]. Similarly, a synthetic spin-orbit coupled system described by a
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generalized XY Hamiltonian with a density-dependent Peierls phase has been imple-
mented [141], extending conventional spin-exchange dynamics to include controllable,
density-dependent gauge fields. More recently, programmable two-dimensional Ryd-
berg arrays have been realized, described by frustrated XY Hamiltonians in which
competing interactions give rise to regimes compatible with a topological Z2 spin
liquid [32].

Although both the Ising and XY spin models have been extensively studied,
several fundamental questions remain open and can be effectively addressed using
this platform. These include the impact of geometric frustration, a comprehensive
exploration of the system’s phase diagram, the characterization of its dynamical
response to sudden parameter quenches, and the investigation of how disorder and
imperfections affect the system’s behavior.
More complex spin models, such as the three-dimensional XXZ [142] and XYZ
models [143], have also been explored, along with the role of quantum gauge fields
in two-dimensional geometries [144]. In this context, the experimental platform
developed and described in this thesis will provide a powerful tool to investigate
these rich quantum phenomena. By enabling full control and detection at the
single-particle level, it will pave the way for a new generation of studies of quantum
many-body dynamics with individual-particle control.

The results reported in this thesis demonstrate the successful implementation
of a robust and high-fidelity platform for optical trapping and imaging of single
strontium atoms. The apparatus provides the foundation for future quantum
simulation experiments with alkaline-earth atoms excited to the Rydberg state,
offering precise control over individual particles and the ability to scale towards
larger, programmable atomic arrays.
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