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Abstract

Programmable quantum simulators based on ultracold quantum gases have proven their
great potential in the last few decades. Simulators used to model the Fermi-Hubbard model
have generated meaningful insights into the behaviour of electrons and atoms in periodic
potentials. Within the scope of this thesis, an optical lattice with a tunable geometry
for such a Fermi-Hubbard simulator has been designed and built. The new quantum
simulator aims to us fermionic °Li in optical lattices on a state-of-the-art experiment
platform to probe the Fermi-Hubbard model, while providing a short experiment cycle
time. While being passively stable, the optical lattice is designed to allow access to
different geometries, ranging from a square lattice to triangular and hexagonal lattices.

This setup and some further contributions to the UniRand experimental setup will be

presented in this thesis.

Zusammenfassung

Programmierbare Quantensimulatoren, die auf ultrakalten Quantengasen basieren, haben
bereits in den vergangenen Jahrzehnten ihr grof3es Potenzial bewiesen. Insbesondere
konnen solche Simulatoren, die durch das Fermi-Hubbard Modell beschrieben werden,
bedeutsame Einblicke in das Verhalten von Elektronen und Atomen in periodischen
Potenzialen ermoglichen. Im Rahmen dieser Arbeit wurde ein optisches Gitter mit
verstellbarer Geometrie fiir einen Fermi-Hubbard Simulator entworfen und gebaut. Mit
dem neuartigen Quantensimulator sollen, mit fermionischem °Liin optischen Gittern,
Experimente zur Erforschung des Fermi-Hubbard Modells durchgefithrt werden. Das
hierfiir entworfene passiv stabile optische Gitter ist in der Lage, ausgehend von einer
quadratischen Gitterstruktur, verschiedene weitere Geometrien abzubilden. Insbesondere
ist es moglich, dreieckige und hexagonale Gitter zu erzeugen.

Sowohl dieser Aufbau, als auch weitere Beitrdge zu dem experimentellen Aufbau

werden in dieser Arbeit vorgestellt.
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1 Introduction

In this thesis, the construction of a tunable optical lattice for a new Fermi-Hubbard
simulator is presented. The quantum simulator currently under construction aims to
utilize the measurement of a quantum system after applying a random unitary evolution
to measure multipoint correlations. The experiment is called UniRand and constructed in
the group of Philipp Preif} at the Max Planck Institute of Quantum Optics?. It is built as
a quantum simulator using the fermionic isotope Lithium-6. Simulations of the Fermi-
Hubbard model will be performed in the optical lattice constructed in this thesis. The
overall design approach while constructing this simulator follows that of the Heidelberg
Quantum Architecture (HQA), presented in [1]. It revolves around a modular approach
that allows a versatile usability and easy upgradability of the experimental setup. Further,
the design aims to increase the experimental cycle rate in comparison to currently used

similar quantum simulators.

1.1 A Brief Introduction to Fermi-Hubbard Simulations

The Fermi-Hubbard model is a fundamental model commonly used in condensed matter
physics. It describes the complex behaviour of electrons in an underlying crystalline
structure. While assuming a single static band and local interactions between particles, the
Fermi-Hubbard model can be used to describe a vast landscape of different systems. Given
the short timescales for the movement of electrons, a direct observation of the dynamics
in these systems is typically not feasible. Even after decades of research, theoretical
models for quantum many-body systems described by the Fermi-Hubbard model are
only understood in certain cases [2], and simulating these systems on classical hardware
is only possible at small system sizes. Employing the principle of quantum simulation,
as proposed by Richard Feynman [3], these complex systems can be studied using a
quantum system itself. Building a quantum simulator described by the Fermi-Hubbard
model, that is governed by a slower typical timescale than that of electrons in crystals,
the behaviour of condensed matter can be probed. In our case, this system is generated
by placing °Li atoms in a two-dimensional optical lattice. Given the high adjustability of
this system, the Fermi-Hubbard model, and thereby the electric and magnetic behaviour
of solids, can be probed [2, 4].

lqmatter.org
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Furthermore, employing the principle of quantum simulation, recent advances in the
modelling of quantum chemistry have paved the way to exploit the fermionic nature in

the Fermi-Hubbard model to study strongly correlated states of molecules [5, 6].

1.2 Random Unitaries

One key feature of quantum many-body systems is entanglement. However, measur-
ing many-body entanglement also poses significant experimental challenges. To fully
characterise a system consisting of # qubits, the number of experiments that have to
be conducted is exponential in #. Further, the classical post-processing necessary to
retrieve the desired information scales exponentially as well.

As characterising the full state of the quantum system is typically not necessary, the
required number of measurements can often be reduced by tailoring the measurement to
the properties of the system that are to be studied. An alternative approach is provided
by performing measurements that are randomly sampled from a fixed ensemble, and then
adapting post-processing to the required properties. The global properties of a quantum
state can be estimated more efficiently in comparison to a direct readout by using random
unitary operations to scramble the information before reading out the quantum state. A
further advantage of such a random read out protocol for a quantum simulator is, that the
randomization simplifies the effects of noise, making it easier to filter out measurement
imperfections using post-processing. The approach of mapping a full quantum system
further allows the investigation of different aspects of the state while post-processing
the data, allowing for measurements following the spirit of: “Measure Lrst, ask questions
later” [7, 8]

An overview of the applications provided by randomized measurements can be found
in [9].

1.3 Outline of this Thesis

In this thesis, contributions towards an experimental setup capable of employing the
principle of random unitaries in optical lattices are presented.

Chapter 2 provides an overview of the experimental setup, design philosophy and the
experimental sequence, the setup is designed for.

In chapter 3, a short theoretical introduction into the working principle of a magneto-
optical trap (MOT) is given. The optimisation of the two-dimensional (2D) and three-
dimensional (3D) MOT is presented. This optimisation has the purpose of maximising the
loading rate of atoms from the lithium oven to the 3D MOT to enable a fast experimental
cycle time. The capability of imaging clouds containing low atom numbers in an atom

number resolved manner is shown.



Chapter 4 is the main part of this thesis. It revolves around the design and building
process of the 2D optical lattice. This lattice will be used to conduct Fermi-Hubbard
simulations in the future. An overview of optical lattices in general, and the specific
lattice built in the UniRand setup, is provided. Lattice band structures are calculated for
some geometries achievable by the tunable lattice.

Chapter 5 contains a brief introduction to labscript, the experimental control software
that is used in the UniRand lab and set up during this thesis. An overview of the
implemented devices is given and the method of writing an experimental sequence is

presented.






2 Experimental Setup

2.1 Vacuum Setup

The vacuum setup within this experiment was built in parallel to the HQA vacuum setup.

An in-depth discussion of this setup is presented in Tobias Hammel's master's th8sis [
A rendering of the vacuum assembly with its directly attached optics is presented in

gure 2.1. The vacuum chamber is separated into two sides. One high vacuum (HV)

Figure 2.1Vacuum Chamber. A rendering of the assembled vacuum chamber is shown. The whole
chamber is placed on a rail system that allows for translation. The lithium oven is attached to
the 2D MOT chamber from below. An octagonal glass cell is attached in the axial direction of
the 2D MOT.

and one ultra-high vacuum (UHV) side, which are separated by a di erential pumping
tube. On both sides lon-Getter pumps are used. A NEXTTorr Z100 on the HV side and a
NEXT Torr Z200 on the UHV side to reach typical pressured® mbaron the HV side
and10 *mbaron the UHV side.

On the HV side, an oven is attached from below and four viewports for the 2D MOT.
One additional viewport is attached in the axial direction of the 2D MOT. It is used to
shine in a push beam. To provide the necessary magnetic eld for the 2D MOT, permanent
magnets are used. They are placed on translational stages to enable a ne level of control
over the magnetic eld.



On the UHYV side, an octagonal glass cell is attached. This glass cell is the heart of
the experiment. All quantum simulations will be performed at its centre. The top and
bottom viewports have a diameter df5" (381 mm), while the side viewports have a
clear diameter oD5" (127mm). All windows have a nano-coating structure (RAR.L2) by
the company TelAztec on both surfaces. This coating provides low re ectivity for a large
range of wavelengths fron200nm up to 1'5um. An objective with a high numerical
aperture (NA) of0’65is placed at the upper window of the glass cell. Several beams will
be placed in the plane of the glass cell and through the objective to generate optical traps.

2.2 Magnetic Field Assembly

As was the vacuum chamber, the main magnetic eld coils (Feshbach coils) were designed
within Tobias Hammel's master's thesid]. The coils were designed to reach a magnetic
eld of up to 2000 Gand consist of two pairs of coils in Helmholtz con guration. Within

a typical sequence, both an anti-Helmholtz con guration to generate a MOT and a
Helmholtz con guration are used. As the required gradients in the anti-helmholtz con-
guration only need to be smaller than the absolute eld in the Helmholtz con guration,

it is enough to turn the current on one of the inner coils. A switching circuit building

on a H-Bridge has been designed within the group to perform this switching on fast
timescales. Using only the inner pair of coils in anti-Helmholtz con guration, magnetic
eld gradients of upto 250 Gcmare achievable.

To minimize the vibrations exerted onto the optical components when switching the
magnetic eld, the coil assembly is mechanically separated from the optical assembly. The
magnetic eld coils are mounted on sand lled posts, that are placed on the optical table. A
rendering of the assembly is shown in gure 2.2. To enable faster switching, an additional
set of smaller coils is placed inside the large Feshbach coils. While the electronics for
these jumping coils are currently being designed, they are planned to provide a maximum

eld of 250 Gand provide switching times of a feOus. Surrounding the glass cell,

a cage is placed. This cage holds the jumping coils, and can also accommodate small
mounts in front of the individual windows of the glass cell. These mounts can be designed
to hold radio frequency (RF), microwave (MW) antennas, or smaller compensation coils
able to shift the magnetic eld zero position in the anti-Helmholtz con guration.

2.3 Modular Optical Setup

The design of the experimental setup is based on the idea of modularity. Using modular
approaches whenever placing anything in the experimental setup ensures an easy path
to upgrade or exchange parts of the experiment. While designing the optics surrounding
the glass cell, the following two principles should be obeyed to enable modularity.



Figure 2.2Magnetic Field Assembly. A rendering of the magnetic eld assembly is shown. The glass
cell is placed in the centre. It is surrounded by a cage that holds jumping coils and is designed
to hold small holders for RF and MW coils and compensation coils. The Feshbach coils are
placed surrounding the glass cell and are held using spherical washers and nuts to allow for
angular adjustments of the coils. Te on plates with tapped holes are placed on top and below
the Feshbach coils. Here, magnetic grub screws can be inserted to shift the saddle point of the
magnetic eld.

1. The objective focus is used as the global reference.

2. All'in plane optics are built on modular pieces.

A Global Reference System Choosing a well known global reference system can
reduce the overall degrees of freedom needed when designing parts, as it allows passive
alignment of parts at the accuracy given by the machined parts. The natural global
reference system is given by the focal spot of the objective. In the design presented here,
the objective is placed on a xed mount without any degrees of freedom. This means that
its actual position can be designed to be at the centre of the experiment. When optics
have to be aligned to the objective focus, they therefore have to be aligned to the centre
of the setup.

To be able to achieve a high performance of the objective, the relative angle between the
objective and the glass cell has to be aligned to an accuracy that is better thaA0' rad.
This is achieved by tilting the whole vacuum chamber using three spacers. The slidable
vacuum chamber further allows observing beams and measuring magnetic elds at the
actual position of the atoms.

Modular Breadboards Referencing to the global reference system, triangular bread-
boards (also referred to as pizza slices or pieces of cake) can be placed, following the
octagonal symmetry of the glass cell. UsiBghm precision pins, each of these bread-
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