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ABSTRACT

Quantum sensors have emerged as a revolutionary technology that harnesses
quantum phenomena to surpass the resolution of classical sensors. By leverag-
ing the unique property of quantum particles to exist in superposition states,
quantum sensors can be employed for interferometry, a highly precise measure-
ment technique. Interferometers utilizing massive particles offer exceptional
precision in measuring acceleration, rotation and time, making them highly
relevant for navigation, geodesy and fundamental research. To enhance the
sensitivity beyond classical limits and approach the fundamental Heisenberg
limit, exploiting the quantum mechanical property of entanglement is crucial.

Achieving interferometry close to the Heisenberg limit requires carefully en-
gineered entangled quantum states, low-noise interferometer components and
a detection on the single-particle level. Since the sensitivity of an interferometer
scales with the number of employed particles, a source capable of generating
large entangled states is desirable. Due to their high phase-space density and
well-defined spatial mode, Bose-Einstein condensates (BECs) present a promis-
ing source for atom interferometry. They offer great potential to create large
entangled states, making them ideal candidates for quantum-enhanced atom
interferometry.

However, a considerable challenge lies in pairing sources of entangled states
with single-particle-resolving detection. This work addresses this challenge by
presenting the creation and number-resolved analysis of many-body quantum
states in an apparatus designed for atom interferometry close to the Heisenberg
limit. Based on three publications, this thesis contributes to the development
of tools for analyzing many-body quantum states.

By utilizing a hybrid evaporation approach that combines a magnetic
quadrupole trap with a crossed-beam optical dipole trap, BECs containing
2 x 10° atoms are rapidly created within 3.3s. A number-resolving detection
based on a magneto-optical trap is presented, its noise sources are analyzed
and its potential for preparing mesoscopic atomic ensembles is demonstrated.
Building upon these findings, an enhanced version of the number-resolving
detection is implemented in the experimental apparatus which maintains
single-atom resolution for hundreds of atoms. The detection system is capable
of accurately counting subsamples of the BEC prepared through microwave
transitions and optical removals.

Furthermore, a coherent spin state consisting of 35 atoms is analyzed with
number-resolution. The fidelity of the detector is characterized through quan-
tum detector tomography and a state reconstruction is performed. The tech-
niques developed in this work directly enable the number-resolved analysis of
entangled states, such as a twin-Fock state, representing the next step towards
atom interferometry at the Heisenberg limit.

Keywords: Bose-Einstein condensates, number-resolving detection, many-
body quantum states, quantum-enhanced atom interferometry
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INTRODUCTION

1.1 QUANTUM MECHANICS AND ITS FUNDAMENTAL PRINCIPLES

In the early 20th century, a series of experiments and theoretical developments
challenged our understanding of the behaviour of particles on a microscopic
level. On the one hand, the interference patterns observed in the double-slit
experiment, first performed by Thomas Young in 1802 [1], indicate the wave-
like nature of light. On the other hand, Albert Einstein’s explanation of the
photoelectric effect, first observed 1887 by Heinrich Hertz [2], introduced
the idea of light consisting of discrete particles, or photons, which seemed
to contradict that notion [3]. In 1924, Louis de Broglie proposed that all
particles, not just photons, had wave-like properties, as well [4]. This duality
is a fundamental aspect of the theory developed at that time which is now
known as quantum mechanics.

In the following years, several other key principles were proposed. Werner
Heisenberg formulated the uncertainty principle, which states that two con-
jugate observables, such as position and momentum of a particle, cannot be
precisely known at the same time [5]. The principle of superposition, pro-
posed by Erwin Schrodinger, states that a quantum particle can have several
possibilities in which state it is and the actual state is only defined when
measured [6]. The concept of entanglement suggests that quantum particles in
a superposition state can become correlated in a way that a measurement on
one particle determines the state of the other particle as well. It attracted the
attention of Albert Einstein, Boris Podolsky, and Nathan Rosen who proposed
that quantum mechanics might be incomplete and the particles’ states might be
defined by elements of reality [7] or "hidden variables". To test this idea, John
Stewart Bell developed an inequality that, if violated, excluded the existence
of these "hidden variables" [8].

The experimental studies of entanglement were initiated in photonic systems
where the creation of entanglement and its detection were first developed. In
a groundbreaking experiment, Stuart Freedman and John Clauser created en-
tangled pairs of photons emitted in a cascade in calcium atoms. By measuring
coincidence rates, they observed the first violation of the Bell inequality [9].
Technical improvements, especially in the groups of Alain Aspect and Anton
Zeilinger, allowed for the realization of Bell tests closing both the locality [10]
and the detection loophole [11, 12]. Based on these findings, the development
of various real-world applications followed, leading to the emergence of new
fields ranging from quantum information science to quantum sensing. For
their experimental work, Clauser, Aspect and Zeilinger were honoured with
the Nobel Prize in physics in 2022 [13].
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1.2 QUANTUM TECHNOLOGIES

The fascination in entanglement stems from its fundamentally counterintuitive
implications and its impact on systems featuring many quantum particles.
Even a single quantum particle can show surprising behaviour through effects
like superposition. A system consisting of an increasing number of quantum
particles becomes more complex with an exponentially growing number of
possible quantum states. The understanding of these many-body quantum
systems is fundamentally interesting and is an open challenge in a variety
of physical realizations. Nowadays, the interest has turned towards the em-
ployment of their complex features to develop real-world applications. While
the early experimental studies focused on photonic systems, the technological
advances ever since facilitated the creation of entanglement in systems con-
sisting of massive particles. Studying entanglement in several experimental
platforms is of great interest for quantum technologies with different technical
requirements, such as quantum simulation, computation and sensing. I shortly
summarize these fields in the following.

Quantum simulation is a powerful approach in which one quantum system
is built to study the behaviour of another quantum system that may be
difficult to access experimentally. This technique can be used to investigate
the properties of materials, chemical reactions and to test new theories about
many-body quantum states [14—17]. The technical basis for such simulations
is careful assembly, individual addressing and subsequent detection on the
single-particle level.

In quantum computing, calculations are performed on quantum particles.
The states of the quantum system are encoded as qubits, in analogy to clas-
sical bits. In contrast to classical computation, qubits can be prepared in a
superposition state allowing quantum computers to solve certain problems
much faster than classical computers [18, 19]. Gate operations for calculations
performed on the qubits pose extremely high demands on the control and
read-out of every qubit.

An important field in the scope of this work is quantum sensing in which
quantum systems are utilized to measure physical quantities such as time, elec-
tromagnetic fields, acceleration, rotation or gravity. By employing fundamental
properties of quantum mechanics, such as superposition, these quantum sys-
tems achieve sensitivities beyond those of conventional sensors for many
metrological tasks [20].

Many quantum sensors are based on interferometry, one of today’s most pre-
cise measurement techniques. Interferometers were invented for light beams
and have achieved phenomenal results in an extremely broad range of ap-
plications, culminating in the detection of gravitational waves in 2015 [21].
They cannot only be operated with light, but also with massive particles such
as atoms. While there are several interferometric schemes, generally each
particle is prepared in a superposition of states. These superposition states
experience a differential phase shift induced by the measurement observable.
In a final projective measurement, the phase is mapped onto an occupational
probability of the involved states. As this is a probabilistic measurement, many
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realizations are necessary to correctly determine the occupation of states, and
the measurement resolution is directly linked to the number of realizations.
Performing the measurement with many particles in parallel therefore largely
enhances the measurement resolution.

The uncertainty of the phase estimation Af for a measurement with N atoms
independently passing the interferometer is limited by Afsqr > 1/+/N, also
known as the Standard Quantum Limit (SQL). If the interferometer uses entan-
gled quantum states instead, a reduced uncertainty in the quantity of interest
can enhance the interferometric resolution up to the ultimate Heisenberg limit
ABy > 1/ N [22]. Therefore, the ability to create large, metrologically useful
entangled states is of high interest for quantum sensing. However, maintain-
ing the advantage of entangled states to achieve a sensitivity close to the
Heisenberg limit demands a high-fidelity detection for correct counting of
the particles in the involved states. Otherwise, detection noise covers up the
sensitivity gain [23].

In the following, I focus on the creation and detection of entangled states
for quantum sensing applications. I briefly review the common experimental
platforms creating many-body quantum states, their mechanisms and results
in entanglement generation and their detection fidelities. Next, I explain the
advantages of the platform chosen for the experiments performed in this thesis
and describe the experimental challenges in this system. Then I will shortly
summarize the experimental results and the main findings of this thesis.

1.3 MANY-BODY QUANTUM SYSTEMS

In recent years, the applications of many-body quantum states gained broader
interest and opened the challenge to create, control and detect quantum system
with an increasing number of constituents. The operation of large quantum
systems is interesting for quantum simulation as this allows to investigate
increasingly complex problems where not even approximate solutions are
known. For quantum computation, a large number of qubits is necessary to
perform useful computations that cannot be solved on a classical computer. In
most quantum sensing applications, only large system sizes reach sensitivities
that outperform classical analogs. Thus, large quantum systems combined
with the high-fidelity creation, control and detection of suited quantum states
is crucial for all of these technologies. The simultaneous realization of these
requirements remains an on-going challenge.

Various experimental platforms create many-body quantum systems, includ-
ing ultracold neutral atoms [24], molecules [25] or trapped ions [17], quantum
dots [26], superconducting circuits [27], nuclear magnetic resonance (NMR)
systems [28] and photonic systems [29].

Fig. 1.1 illustrates the experimental progress in multi-particle entanglement
generation in several of these experimental platforms over time. After the
tirst analysis of entangled pairs of photons, it took decades to create the first
3-particle entangled state with photons [30]. In the following years, the size of
entangled states has been increased one by one currently reaching 14 photons
[39] or 6 photons entangled in 3 degrees of freedom [38].
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Figure 1.1: Achieved sizes of multi-particle entangled states in several experimental
platforms over time. Systems are either built in a bottom-up approach
such as in photons [30—39], ions [40-44], optical-tweezer atoms [45, 46] and
superconducting circuits [47-53] or in a top-down approach as in thermal
atoms [54—56] and atomic Bose-Einstein condensates (BECs) [23, 57-60].
The solid lines are guides to the eye.

The detection of photons on the single-particle level dates back to the 1930s
[61]. Due to non-optimal efficiencies and dead times, accurately detecting
them in large numbers is challenging. Although superconducting nanowire
single-photon detectors (SNSPDs) have achieved system detection efficiencies
of more than 98% [62], accurately detecting photonic many-body quantum
states is a tremendous challenge [17].

The study of massive entangled particles started in ion experiments and
the first pair of entangled ions was created in 1998 [40]. Entanglement in
these systems is created by employing entangling gates, such as the controlled-
NOT gate, enabling the engineering of various many-body quantum states.
Currently, the number of entangled ions could be extended to 24 particles [44].

The creation of entanglement based on individually controlled neutral atoms
is achieved in atomic optical tweezer experiments. An array of individually
controlled, tightly focused laser beams holds single atoms in miniature laser
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traps. Long-range interactions induced by the excitation or dressing to Rydberg
states create entangled states. The first pair of neutral atoms entangled via
the Rydberg blockade was created in 2010 [45]. After the development of
techniques for the creation of defect-free arrays in 2016, this field gained a lot
of momentum [63, 64] and the largest multi-particle entangled state created so
far was a 20-particle Schrodinger-cat state [46].

Atomic quantum states are typically detected by illumination with near-
resonant light. The corresponding counting resolution is limited by the shot
noise of the scattered or absorbed photons. In trapped ion or optical tweezer
experiments, trapping during detection allows for long illumination times and
therefore large signals. For system sizes smaller than 100 particles, individual
control can be maintained and detection efficiencies exceeding 99% have been
achieved [65-68].

An alternative approach is the implementation of entangled states based on
solid-state systems where qubits are realized by superconducting circuits. The
states of the qubit are encoded in their discrete energy levels and entanglement
can be created by a weak coupling between the individual circuits. This was
experimentally realized in 2006 with two entangled circuits [47] and could be
extended to 27 entangled qubits, by now [53]. These systems achieve control
and readout with fidelities exceeding 98% [27].

The systems mentioned above operate in the bottom-up approach assem-
bling the quantum state particle by particle. Due to their high-fidelity control
and readout [27, 62, 67, 68], these systems are promising candidates for quan-
tum simulation and computation. Systems designed for quantum computation
attracted a lot of commercial interest and the involved companies do not pub-
lish all of their results. Therefore, better results than mentioned above might
have been achieved by now. Note that these systems have excellent control over
two-qubit entanglement generation. However, the transfer to multi-particle
entanglement is challenging. In systems containing many qubits, not all qubits
are necessarily entangled with each other or the multi-particle entanglement
has not been analyzed in depth [69—71], depending on the application, this is
also not necessary.

In contrast to quantum simulation and computation, quantum sensing
usually relies on indistinguishable particles experiencing the same dynamics.
In this case, a top-down approach is often advantageous. A large number
of particles collectively addressed can be obtained in ultracold neutral atom
experiments, either in thermal ensembles or in ensembles occupying a special
quantum state called Bose-Einstein condensate (BEC). When bosons are cooled
close to absolute zero temperature while maintaining a high density, they start
to form a condensate in which the atoms collectively occupy the quantum
mechanical ground state and can be described by a single macroscopic wave
function [72]. This state, predicted by Albert Einstein and Satyendra Nath
Bose in the 1920s [73, 74], was first experimentally realized in 1995 by Eric
Cornell, Carl Wieman and Wolfgang Ketterle who were awarded the Nobel
Prize for this achievement [75, 76]. In BECs, several interesting features, such
as coherence and superfluidity, arise, which have led to a wide range of
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experiments covering research questions from fundamental physics to many
applications.

Both in thermal atoms and BECs, large entangled quantum states can be
prepared and analyzed. In thermal ensembles, atom-light interactions have
proven to successfully create large entangled states. In an early experiment,
quantum correlations of photons were mapped onto thermal atoms [77]. Most
commonly nowadays, entanglement in thermal atoms is created either by
quantum non-demolition measurements or by interactions with single photons,
typically inside an optical cavity. In quantum non-demolition measurements,
a weak pre-measurement on an observable reduces its uncertainty before the
final measurement is performed [78-82]. Alternatively, a system of an atomic
ensemble placed inside an optical cavity can be engineered such that the
absorption of single photons prepares large entangled states [54, 83]. These
methods proved to be able to produce entangled states of up to 3000 atoms
[54-56].

In BECs, the first experiments generating entanglement utilized non-linear
interactions to implement one-axis twisting Hamiltonians that cause a sheering
of the uncertainty distribution [57, 58, 84, 85]. Due to the indistinguishability
of the atoms in a BEC, large entangled states can also be created by pairwise
spin-changing collisions in which two atoms initially in mr = 0 create a pair of
entangled atoms in mp = %1 [59, 86-89]. The largest verified entangled state
of up to 10000 particles employed this method [60].

In summary, there are many experimental techniques to create entanglement.
BEC experiments with their high phase-space density and excellent options
for manipulation are an ideal source of large entangled states suited for
atom interferometry beyond the SQL. Maximizing the phase-space density is
advantageous as this allows for longer interrogation times in an interferometric
sequence and more precise control over the external degrees of freedom. BEC
experiments offer the advantage of being nicely shielded from the environment
and thereby suffering minimally from unwanted external influences. Due to
their isolated setup, the internal and external states and interactions between
the particles can be precisely controlled and manipulated via a variety of tools,
such as magnetic fields, laser light, radio frequency (RF) and microwave (MW)
tields. These tools allow for the engineering of states that are highly sensitive
to the desired measurement variable such as electromagnetic or gravitational
tields making them ideal sensors for such quantities. Therefore, BECs are the
system of choice for this application.

1.4 CREATION AND DETECTION OF BECS

In quantum sensing, an experimental sequence consists of the generation of
the quantum state and the actual measurement. As the system is not sensitive
to the measurement observable during preparation time but only during
measurement time, a fast BEC generation is beneficial for high measurement
sensitivities. Traditional BEC experiments, however, suffer from low repetition
rates that were often limited to one experimental realization per minute
or less [90, 91]. Many technological advances in BEC creation have been
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developed decreasing the preparation time. The realisation of two-dimensional
magneto-optical traps (MOTs), have largely reduced the time necessary to load
a large, laser-cooled ensemble [92, 93]. While laser-cooling techniques work
comparatively quickly, they are usually not able to cool the atoms to quantum
degeneracy. Therefore, forced evaporative cooling is commonly used as a final
cooling step, typically performed in either optical or magnetic traps [94, 95].

Conventional magnetic traps offer a large trapping volume, but the rether-
malization is slow and evaporation can easily take several seconds or tens of
seconds [90, 91]. A dramatic increase in evaporation speed can be obtained
by employing time-variable trapping potentials which maintain high rether-
malization rates over the course of the evaporation. This approach has been
implemented in the development of atom chips that create time-variable, tight
magnetic confinement which has been proven to successfully create BECs in
purely magnetic traps with repetition rates even above 1 Hz [96—98].

Magnetic traps, however, do not trap all atomic hyperfine levels which is a
desirable degree of freedom for entanglement generation. Additionally, the
implementation of an atom chip close to the atoms limits the optical access
which is unfavourable for atom interferometry and detection.

A solution to both issues is the implementation of optical dipole traps
(ODTs) which leave enough optical access and trap all hyperfine levels equally.
However, ODTs either have a small initial trapping volume leading to high
losses in the loading process or slow evaporation dynamics in larger trapping
volumes. This challenge can be overcome by dynamically shaping the optical
potential, either by sequentially employing several beams with decreasing
waists [99], dynamically compressing the beam waists [100] or by quickly
moving the ODT beam back and forth [101]. If the movement is faster than
the trapping frequency, the atoms experience the time-average of the "painted”
potential. Analog to the implementation of atom chips in magnetic traps,
time-averaged potentials in optical dipole traps offer large trapping volumes
and allow to maintain high rethermalization rates. Following this approach,
BEC creation with less than 1s of evaporation has been achieved [102]. Paired
with a high-flux source, this method is on a par with the results achieved in
atom chip experiments.

An alternative approach involving less engineering effort is a hybrid trap
combining magnetic and optical trapping still resulting in a reasonable trade-
off. The magnetic trap confines many atoms in its large volume and in a
tirst evaporation step, the atomic density is increased such that the ensemble
is efficiently transferred into a crossed-beam optical dipole trap. Due to the
increased density, small beam waists can be chosen allowing for fast rether-
malization. This way, evaporation durations of a few seconds can be achieved
[103-106].

After BEC and entanglement generation, interferometry can be performed.
For this, a high-fidelity characterization of the involved quantum states is
desirable. Intense effort has been put in the development of techniques to
prepare delicate quantum states and experiments have achieved impressive
results. However, counting noise is one of the effects limiting the performance
of experiments involving non-classical states and experiments would largely
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profit from a detection on the single-particle level [23]. Additionally, a careful
characterization of the unwanted processes during detection such as loss or
atom number offset not only gives knowledge about these effects, but also
allows for state reconstruction.

Experiments aiming at the creation of large entangled states of neutral atoms
typically employ fluorescence or absorption detection with a short illumination.
They report on detection noise ranging from 1.6 atoms at 3000 atoms [107], 10
atoms at 10* [23, 59, 108] to 50 atoms at 10° atoms [89]. Atom counting with
single-particle resolution has not been achieved in these systems.

A method for detection of neutral atoms on the single-particle level is to
collect the fluorescence light of atoms trapped in a MOT [109]. Trapping an
atomic ensemble in a MOT for detection allows for illumination times on the
order of tens to hundreds of milliseconds which is inaccessible for detection in
free fall. In this configuration, number-resolved counting has been achieved
for up to 1000 atoms [110] which could also be extended to the detection in
two separate spatial modes [111]. An extension of this single-particle counting
mechanism to BECs has not been demonstrated.

The accuracy of such a detection can still be compromised by loss and
loading of atoms before or during the detection process. One method to
carefully characterize these effects is quantum detector tomography (QDT), a
method that allows for the detailed analysis of the characteristics of a detector’s
behaviour. It is based on the computation of a transfer matrix that links the
ideal number distributions to the actual measurement outcomes. It requires a
well-known initial state undergoing well-defined dynamics. A coherent spin
state undergoing Rabi dynamics is an ideal candidate. QDT gives detailed
information about particle loss or offset and allows for a state reconstruction.

This technique is well established in photonic experiments for single-photon
counters and homodyne detection [112—-114]. Recently, it has been applied to
qubit readout in superconducting circuits and trapped ion systems as well
[115, 116]. However, QDT has not been adapted for neutral atom experiments,
so far.

1.5 STRUCTURE OF THE THESIS

In this thesis, I report on a high-flux source of BECs for atom interferometry.
Within the BEC, entanglement has been generated via spin-changing collisions
and the resulting entangled states are suited to enhance interferometric sensi-
tivity. The experimental apparatus is paired with an accurate atom counting
that has been applied to analyze a many-body quantum state with single-atom
resolution. The experimental setup has been described in detail in Refs. [117]
and [118]. This cumulative dissertation is based on three articles published or
accepted in peer-reviewed journals that I review in the following.

NUMBER-RESOLVED PREPARATION OF MESOSCOPIC ATOMIC ENSEMBLES
The first publication describes our accurate atom counting setup, analyzes the
contributing noise sources and demonstrates its use in preparing mesoscopic
atomic ensembles with single-atom precision. The peer-reviewed and pub-
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lished article "Number-resolved preparation of mesoscopic atomic ensembles"
[119] and its author contributions are included in chapter 2.

The objective of this publication is to showcase the implementation of a
number-resolving detection, similar to the one described in Ref. [110], within
an apparatus designed for generating entangled states in BECs. The detection
mainly consists of a set of MOT beams, a magnetic quadrupole field and a
high-numerical aperture detection system. Due to limited optical access caused
by additional components required for BEC creation, such as laser beams and
coil pairs for cooling and trapping, the detection-MOT beams are spatially
overlapped with the MOT beams with a large waist for state preparation on
free space optics.

By utilizing small beam diameters for the detection-MOT, low laser powers
can be employed, significantly reducing noise caused by light on the camera.
This low-noise detection, combined with a large fluorescence signal, enables
accurate counting of atomic ensembles. The publication includes a detailed
analysis of the noise sources, identifying contributions from background signal,
photoelectron shot noise, scattering rate noise, and atom loss during detection.
The technique of accurate atom counting is then applied to actively prepare an
atomic ensemble consisting of 7 atoms by repeatedly measuring and adjusting
the atom number through brief periods of repumping light interruption. The
target number is prepared with number fluctuations 18 dB below the shot
noise level.

This publication demonstrates the successful implementation of accurate
atom counting within an apparatus designed for creating entangled states in
BECs. Clear quantization of the atomic peaks is observed up to 30 atoms and
the noise model provides detailed information about the strengths and poten-
tial improvements of the detection system. The main noise source at larger
atom numbers is identified as scattering rate noise, which arises from fluctua-
tions in the frequency or intensity of the MOT beams leading to variations in
the number of scattered photons. To address this issue, several enhancements
have been made to the detection-MOT setup.

The homebuilt RF sources for the acousto-optic modulators (AOMs) have
been replaced with Direct Digital Synthesis (DDS) sources featuring improved
frequency stability characteristics. Additionally, the detection-MOT setup has
been redesigned, replacing free-space optics with a fiber-based configuration.
With these improvements, a more robust detection has been achieved.

RAPID GENERATION AND NUMBER-RESOLVED DETECTION OF SPINOR
RUBIDIUM BOSE-EINSTEIN CONDENSATES Chapter 3 includes the preprint
version [120] of the peer-reviewed and published article "Rapid generation
and number-resolved detection of spinor rubidium Bose-Einstein condensates"
[121] and the corresponding author contributions. The article focuses on the
generation of a ¥Rb BEC with a high repetition rate and the subsequent
selection and detection of a subensemble of the BEC with accurate atom
counting. After briefly discussing the state-of-the-art in rapid BEC generation,
the apparatus and the experimental sequence employed for BEC creation are
presented.
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The process begins with a high-flux two-dimensional MOT that captures
atoms from the background gas and loads them into a three-dimensional MOT.
A hybrid evaporation approach is then utilized, where the atoms are initially
trapped in a magnetic quadrupole trap and undergo evaporative cooling
through RF fields. Subsequently, the atoms are transferred to a crossed-beam
ODT where further evaporative cooling takes place until Bose-Einstein con-
densation is achieved. This method enables the creation of BECs with 2 x 10°
atoms in 3.3 s, comparable to the state-of-the-art hybrid evaporation schemes
for rubidium BECs. By using MW transfers and resonant light for removal,
a desired spin component is selected and detected using the detection-MOT.
Subensembles of the BEC containing up to 16 atoms are analyzed, achieving a
counting noise level of 0.2atoms. This represents the first demonstration of
the detection of spin states created in BECs with accurate atom counting.

The experiments conducted in this article greatly benefit from the insights
gained in the previous analysis [119] and the subsequent redesign of the
detection system. The upgraded detection system reveals broader counting
peaks at small atom numbers, indicating increased noise caused by background
light. This issue primarily arises from reflections of the MOT beams on the
glass cell which enter the detection system. Reducing background noise would
lead to improved single-atom resolution and enable accurate atom counting
up to higher numbers.

Due to spatial constraints, completely preventing reflections from entering
the detection system is not easily achievable. Alternatively, using beams with
smaller waists would allow for reduced power while maintaining the same
saturation parameter. However, the demonstrated resolution, potentially scal-
ing up to hundreds of atoms, is already sufficient for analyzing many-body
quantum states. Chapter 5 describes further improvements of the number-
resolving detection as well as an enhanced BEC generation. By implementing
an all-optical evaporation scheme, which prevents slowing of the evaporation
dynamics over time and eliminates waiting time caused by coil heating, a
faster BEC generation could be achieved.

TOMOGRAPHY OF A NUMBER-RESOLVING DETECTOR BY RECONSTRUC-
TION OF AN ATOMIC MANY-BODY QUANTUM STATE  The third publication
"Tomography of a number-resolving detector by reconstruction of an atomic
many-body quantum state" presents the analysis of a coherent spin state us-
ing our number-resolving detection system [122]. The article has undergone
peer review and has been accepted for publication at Physical Review Let-
ters. The preprint version of the article, along with the corresponding author
contributions, is included in chapter 4.

Building upon the techniques developed in our previous publication [121],
a subensemble of a BEC containing 35 atoms, on average, is transferred to
the level |F =2, mr = 0). A MW pulse of variable duration is applied on the
clock transition |F = 2,mp = 0) — |F = 1,mp = 0). After removing atoms
in the F = 2 manifold, the number of atoms in |F = 1, mp = 0) is analyzed.
Due to technical imperfections, an atom number offset is observed that can be
attributed to non-perfect removal and loading of atoms from the background
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during detection. The obtained histograms are compared to the expected
Binomial distributions of atoms undergoing Rabi dynamics. Through the
application of a quantum detector tomography, a transfer matrix is calculated
that can be used to reconstruct the initial state. This is the first demonstration
of QDT in a neutral-atom quantum system.

Our results demonstrate the detection of sensitive quantum states with
single-atom precision. We explain experimental imperfections and reconstruct
the initial quantum state using QDT. In the future, this method can be applied
to entangled quantum states with characteristic atom number distributions.

outLook Chapter 5 provides a summary of the results described in pub-
lications [119, 121, 122] and outlines the technical improvements to the BEC
generation and number-resolving detection implemented after publication of
those articles. Additionally, it presents an ongoing experiment conducted in
the laboratory which directly applies the techniques developed in this thesis.
Furthermore, the chapter offers an outlook on future experiments.
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Abstract

The analysis of entangled atomic ensembles and their application for interferometry beyond the
standard quantum limit requires an accurate determination of the number of atoms. We present
an accurate fluorescence detection technique for atoms that is fully integrated into an experimental
apparatus for the production of many-particle entangled quantum states. Number-resolved
fluorescence measurements with single-atom accuracy for 1 up to 30 atoms are presented.
According to our noise analysis, we extrapolate that the single-atom accuracy extends to a limiting
atom number of 390(20) atoms. We utilize the accurate atom number detection for a number
stabilization of the laser-cooled atomic ensemble. For a target ensemble size of 7 atoms prepared
on demand, we achieve a 92(2)% preparation fidelity and reach number fluctuations 18(1) dB
below the shot noise level using real-time feedback on the magneto-optical trap.

1. Introduction

Large systems of entangled particles can be built by successively adding more and more constituents and by
engineering the entanglement between them [1, 2]. Alternatively, large numbers of up to 3000 mutually
entangled ultracold atoms [3—6] can be generated by exploiting the indistinguishability of the atoms. To
harness the full potential of such systems, the conceptual and technological challenge is to detect and
control the number of indistinguishable atoms on the single-particle level.

A prime example is the application of entangled atomic ensembles for atom interferometry beyond the
standard quantum limit (SQL) [7]. Atom interferometers allow measuring a quantity of interest
(e.g. electromagnetic fields, time, acceleration, rotation, gravitational fields) by inferring the relative phase 6
between two atomic states from their occupation number difference. The noise of this phase measurement
is limited by the SQL to A@ > N~'/2 for a given total number N of unentangled particles. The phase
resolution can surpass the SQL by employing entangled particles, and may ultimately reach down to the
ultimate Heisenberg limit A@ > N~!. A phase resolution near the Heisenberg limit requires the counting of
atoms with single-particle resolution. The need for an accurate detection of the particle number can be
avoided by the application of echo protocols, which can only be implemented in very specific measurement
tasks [8—11].

Large ensembles of 10® atoms have been detected using resonance fluorescence detection with a
performance close to the quantum projection-noise [12]. A technique for measuring the number of neutral
atoms in ultra-cold ensembles with single-particle resolution is realised by loading the atoms into a

© 2020 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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magneto-optical trap (MOT) [13]. The method has been extended to two separate spatial modes [14] and
thus became applicable for the operation of an atom interferometer. These experiments demonstrated
single-particle resolving atom counting for up to 1200 atoms. In this sense, the atomic detection
outperforms the capabilities in the analysis of indistinguishable photonic quantum states [15, 16]. However,
a single-atom resolving detection still has to be combined with an apparatus for the generation of
entanglement in BECs.

In this article, we present a single-particle resolving atom number detection in a MOT which is fully
integrated into an apparatus for the generation of many-particle entangled quantum states. We demonstrate
the counting of up to 30 atoms with single-particle resolution. According to our noise analysis, we
extrapolate that the single-atom accuracy extends to a limiting atom number of 390(20) atoms.

Applying feedback mechanisms to quantum systems has proven useful in protecting the phase of a
coherent spin state against noise [17] and stabilizing photon number states [18]. Similarly, accurate
detection techniques aid the creation of desired atomic ensemble sizes with sub-Poissonian number
fluctuations. The high-fidelity preparation of a few-fermion system in its ground state was verified using
fluorescence detection in a MOT configuration [19], while a non-destructive Faraday imaging technique has
been utilized to prepare ultracold atom clouds at the shot noise level [20, 21]. We apply the single-particle
resolving atom counting to demonstrate a novel preparation of laser-cooled atomic samples. In a feedback
loop, a dedicated loss process steadily reduces the number of atoms, while the atom number of the
ensemble is regularly measured, until a target number is reached. We demonstrate the controlled
preparation of 7 atoms with a fidelity of 92(2)%, which corresponds to a suppression of the number
fluctuations by 18(1) dB below the shot noise level. These improved noise conditions in the initial ensemble
can directly impact any following steps, for example the loading of optical dipole traps. Specifically, the
preparation fidelity of single-atom microtraps [22] is strongly limited by two-body losses—a problem
which could be bypassed by loading a deterministically prepared number of atoms into the trap with high
efficiency [23]. We propose that the developed technique can also be employed to improve the counting
capabilities under the influence of slow drifts. In the future, the developed number-resolving single-atom
detection can be utilized for obtaining unprecedented fidelities in the analysis of many-particle quantum
states.

2. Fluorescence imaging of individual atoms in a magneto-optical trap

The detection of ultracold atomic ensembles is typically realized by a short illumination of the freely falling
cloud with resonant light. During the illumination of a few tens of microseconds, either the unabsorbed or
the scattered photons are collected, until the atomic sample is accelerated and diluted too much due to the
strong light pressure. The obtainable resolution in the counting of atoms is ultimately limited by the shot
noise of the detected photons, or more precisely, by the shot noise of the photoelectrons that are counted in
the detector. Much longer detection times can be reached, when the atoms are trapped during illumination.
The additional trapping can be realized by far-detuned optical lattices [24—26], optical dipole traps [27-29]
or MOTs [13, 23, 30—34]. In such traps, lifetimes above 1 s can be reached which allow for a greatly
improved signal-to-noise ratio.

2.1. Emission and detection of photons

In our experiments, the detection system is integrated into an apparatus that allows for the fast creation of
many-particle entangled states in a BEC. The setup includes a 3D-MOT with large beams with a 1/¢?-width
of 14 mm that is loaded by a 2DT—MOT [35] at a rate of 9.5(1) x 10° atoms per second, coils for a
magnetic quadrupole trap with a gradient of 300 G cm ™, and a crossed-beam dipole trap at a wavelength
of 1064 nm. These components form a powerful source for the delivery of optically trapped Bose—Einstein
condensates with a repetition time of only a few seconds. With an actively stabilized magnetic field, it will
be possible to generate entangled ensembles by spin changing collisions. Spin changing collisions may be
used to create high-fidelity twin-Fock states [5, 36, 37] or squeezed vacuum states [38—40]. In the described
experimental system, the established techniques for the generation of entangled many-particle states will be
combined with the number-resolving detection to achieve unprecedented fidelities and to perform atom
interferometry at the ultimate Heisenberg limit.

For the detection, we trap Rb atoms in an additional MOT with small beams with a 1 / e2-width of
1.25 mm. The atoms are imaged onto a charge-coupled-device (CCD) camera with a photon detection
efficiency of 97%. A large fraction (5%) of the scattered photons is captured by a custom designed objective
with a high numerical aperture of NA = 0.45. Despite its high NA, the objective can be placed outside the
vacuum cell, due to the combination of a large diameter of 50 mm and a large working distance of 48 mm
of the first aspheric lens. A second plano-convex lens with a diameter of 75 mm and a focal length of
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Figure 1. Number-resolving single-atom detection. (a) Two panels show example time traces of the recorded fluorescence signal
in units of atom number (left axis) and photoelectrons (right axis). In rare cases the loss of a single atom is recorded
(red highlight). (b) The histogram of all recorded fluorescence images is fit with a sum of Gaussian distributions. Inset left:
fluorescence image of a single atom trapped in the detection MOT. The white circle exemplifies the region of interest over which
counts are integrated. Inset right: the center positions of the Gaussian fits show a linear dependence on the atom number and are
used to extract the calibration factor of 600(1) x 10° photoelectrons/atom/s.

142 mm completes the objective, which is housed inside an aluminum tube. The inside of the tube is
painted with blackboard coating, reducing the transmission of unwanted background light. With a total
magnification of M = 2.62 the resolution of the imaging system is limited by the pixel size of the CCD
camera to about 5 pm. For an evaluation of the detection system, the recorded images of the trapped
atomic cloud are processed as follows. The overall signal of a cloud of N, atoms is determined by summing
the counted photoelectrons over the area of the MOT image on the CCD camera (see figure 1(b)). Each
atom within the MOT contributes a signal of n,, = Ry Tq4e7) photoelectrons, where Ry is the photon
scattering rate, Tqe the detection time and 7 the overall detection efficiency. The photon scattering rate is
given by R =T'/2 X 50/ (l + 50 + 4A2/F2), where I' = 27 x 6.1 MHz is the natural line width of the
87RbD, transition, A represents the detuning of the laser with respect to the resonance frequency of the
transition and sy = I/l is the saturation parameter that describes the ratio of the collective intensity I of
the laser beams and the isotropic saturation intensity I, = 3.576(4) mW cm™2. The photoelectron shot
noise contributes a term of aﬁsn = N, /nyph to the total signal variance and can thus be reduced by extending
the exposure time. The contrary holds true for the noise caused by atom loss. Due to the finite lifetime of
the trap, atom loss contributes a term 012055 = N.Tdet/ Tiife> Where Ty is the lifetime of the MOT. By
employing small detection MOT beams, potential stray light sources causing unwanted background noise in
the images are reduced. With a collective peak intensity of 24 mW cm ™2, the three beam pairs yield a
combined saturation parameter of s = 6.65. Together with the detuning of A = 27 x 6 MHz, the
scattering rate is estimated to be Ry = 1.1 x 10”photons/s. During an exposure of 90 ms, our detection
system with its total efficiency of ) = 4.71% is expected to collect 4.7 x 10* photoelectrons per atom.

2.2. Identification of single atoms

Our experimental procedure for the calibration of the atom number detection starts with the acquisition of
a background image without atoms but with all relevant light sources. This is followed by the loading of
atoms from the 2D -MOT into the 3D-MOT configuration for a duration of only 15 ms. Afterward the
trapping light is switched off for a short duration of 10 ms before a small number of atoms is recaptured
from the expanding cloud by activating our small detection MOT. Here, the atomic ensemble is held for
500 ms to ensure that the remaining untrapped atoms have left the detection region. Now, the fluorescence
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Figure 2. Analysis of consecutive fluorescence levels and noise model fit. (a—i) By comparing consecutively recorded
fluorescence signals single atom loading and loss events are extracted. The histograms exemplify the event classification
depending on the initial atom number from N, = 1 to N, = 9, respectively. The central peak in each histogram represents the
survival of all atoms present in the MOT, while occurrences to its left and right correspond to loss and loading events,
respectively. (j) The noise model is fit to the experimental data. The colors indicate the contributions from different noise
sources. Inset: an extrapolation of the noise model fit suggests an upper limit of 390(20) atoms at which individual atoms become
indistinguishable by our current detection setup.

signal of the atomic sample is acquired for a duration of 74¢f = 90 ms. During camera read-out, the atom
cloud is held in the trap for 220 ms before another image is taken with the same exposure time. These two
steps are repeated until a total set of 11 images is acquired. The time traces of the fluorescence signal

(see figure 1(a)) exhibit clearly discernable levels. In rare cases, unwanted single-atom loss or loading events
can be observed. A histogram based on more than 5200 recorded atom images shows well-resolved peaks
for up to N, =~ 30 atoms. The peaks reflect the integer number of atoms that are held in the trap. The clear
visibility of these features proves that the resolution is well below the single-atom level. Fitting a sum of
Gaussian functions to the first 20 peaks of the histogram reveals the center positions of the individual peaks.
These center positions scale linearly with the detected camera counts, corresponding to single-atom count
rate of 600(1) x 10° photoelectron counts per atom per second (see inset in figure 1(b)), which matches our
expectation to within 10%. Quadratic contributions proved to be negligible in our case. This calibration
yields an accurate absolute value for the number of atoms without the need of a precise specification of the
experimental parameters such as laser powers, laser detunings and beam sizes.

3. Lifetime and loading rate analysis

For optimal performance of the detection setup, a long lifetime of the MOT is crucial as it limits the usable
illumination time. Similarly, the detection benefits from a small loading rate, which could be caused by
atoms being captured from the background gas or the residual flow from the 2DT-MOT cell. Both
parameters, lifetime and loading rate, can be extracted from the recorded time traces. We evaluate each
possible pair of successive measurements and classify them as loss, loading or survival event for atom
numbers up to N, = 15. For each atom number between N, = 1 and 9, a histogram showcases the
occurrences of those three events in figures 2(a)—(i). Importantly, across the full data set no two-body loss
events were identified. This fact in conjunction with the occurrence of only 14 loss events across 24 482
observed individual atoms in the image pairs shows, that the total holding and detection time of

Thold + Tdet = 310 ms is short compared to the lifetime of the trap. The loss process can be expected to
follow Poissonian statistics, such that the lifetime is Tiife = (Thold + Tdet) /Ploss (Thold + Tdet) = 540(140)s,
where Pjoss (At) is the probability for a loss event to occur during the time span At. The loading rate

Rioad = 0.014(4) s7! is based on 12 observed events within a set of 2710 image pairs and is a result of the
low capture velocity in combination with a low Rb background pressure. In total, these measurements show
that the single-atom resolution of the atom number is not limited by a finite lifetime or residual loading,
even for larger ensembles.

4. Noise model

The capability of our number detection is best analyzed based on the shot-to-shot number counting
fluctuations, where long-term drifts of the scattering rate, which may be caused by intensity or frequency
drifts in the laser light, are not considered. These shot-to-shot fluctuations can be described by the
two-sample variance 03, = ((Najy1 — Na,j)2>j /2, where j is an index running across successively captured
images. The noise model [13, 21]

Ulz\l = oﬁkg + Ussn + Jszm + le()ss (1)
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includes contributions from background noise, photoelectron shot noise, scattering rate noise and noise
from atom loss. From the acquired background images, the background contribution is calculated to be
aﬁkg = 8.4 x 10~* and hence well below the single-atom level. The photoelectron shot noise

02, = Na/ (nTaet Rsc) scales linearly with the atom number. The scattering rate noise o2, = N2a? /Tye is

psn srn
caused by corresponding fluctuations in the intensity and frequency of the MOT light that are combined
into the fluorescence noise parameter «. Finally, we consider the linear single-atom loss term

orlzoss,hn = Tdet Na/ (27iife), while we found contributions from mean atom-loss and two-body losses due to

light-assisted collisions to be negligible for our data. The resulting noise model reads
0]2\] - Utz,kg + Na (1/ (anet Rsc) + 7-det/ (ZTlife)) + Nfaz/Tdet- (2)

By fitting the noise model to our data for atom numbers up to N, = 36, with the fluorescence noise
parameter as the only free parameter, we obtain a value of v = 7.6(4) x 10~* s'/2. This corresponds to
either 22 kHz in laser frequency noise or to a relative fluctuation of 0.039 in the saturation parameter so.
Extrapolating the noise model to the critical single-atom detection threshold 0% = 1 yields a maximally
discernable atom number of N"* = 390(20) atoms.

5. Atom-number stabilization

We utilize our accurate atom counting to deliver precise atom numbers on demand, by interleaving the
atom number measurement with a dedicated loss process, until a desired number is reached. We start out
with an average cloud of (N,) = 15(4) atoms trapped in our detection MOT. Upon image acquisition, the
atom number is estimated in real time. The image data is read out during a holding time of 180 ms and the
field-programmable gate array (FPGA), that controls the experimental protocol stops the loss sequence once
the detected number of atoms falls below a desired threshold of Ni"* = 7.5 atoms. The prepared ensemble is
stored in the MOT to check the final atom number with four additional number measurements. The loss is
induced by turning off the repumping light for 3 ms during the 198 ms of holding time between the 90 ms
detection windows (see figure 3(a)). Time traces in figure 3(b) show that the fluorescence level of the MOT
detection halts at our desired atom number of N, = 7. All atoms have an independent and equal survival
probability p, with which they remain in the trap. Each loss step can be viewed as an independent series of
Bernoulli trials, such that the atom number statistics will follow a binomial distribution. The histograms in
figures 4(a) and (b) showcase the transitions from an input atom number N{” to an output atom number
N for a single loss step. Collectively fitting the histogram data from N = 18 to 8 with a binomial
distribution

i NOY o NN
B (p, N, NyY) = (N?v) B =p) ?
a

reveals their common survival probability p, = 96.66(4)%, that characterizes our loss process. For a given
survival probability, it is possible to calculate a maximal obtainable preparation fidelity due to the unwanted
accidental removal of two atoms in the final loss step. For our loss step, we expect a fidelity of 88% to obtain
a state with exactly 7 atoms. This corresponds to a suppression of the number fluctuations of 17.3 dB below
shot noise. Due to the high survival probability, single-step jumps from higher atom numbers (the
dominant unwanted process would be a jump from 9 to 6 atoms) do not contribute to the obtained results.
Figure 4(c) shows the final experimental result of the stabilization procedure. We obtain the target number
of 7 atoms in 142 of the 155 cases, which corresponds to a state preparation with a 92(2)% fidelity. We
obtain a too small result in 13 cases (6 atoms: 12 cases, 5 atoms: 1 case). From these data, we extract a
suppression of 18(1) dB.

On average, 21(10) induced loss steps were needed to reach the desired threshold with an overall loss
cycle time of 288 ms. This results in a total preparation time of 6 s. After the initial loading, about 63% of
the preparation time are caused by the image readout, which can in principle be reduced by employing
different hardware. The physical limit is set by the exposure time of 90 ms which is necessary to maintain
the demonstrated number counting accuracy. For experimental configurations where the camera readout
time is negligible, the fidelity of the ensemble preparation could be further improved by reducing the loss
probability per step and increasing the number of steps to reach the threshold. Furthermore, the
preparation speed could be increased by adjusting the loss probability dynamically depending on the
current number of atoms in the trap. Additionally, the success rate of the procedure could be improved by
enabling a reloading mechanism from our initial 2D—MOT in cases where the target number has been
undercut.
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Figure 3. Stabilization experiment. (a) Experimental sequence for the atom number stabilization. (b) 15 example time traces
ending in stabilized atom numbers with varying initial atom numbers in the MOT. A new measurement is started (vertical gray
lines) once the target atom number of 7 (red horizontal line) has been hit or undercut for five successive images.
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Figure4. Loss characterization and stabilization result. (a, b) The exemplary histograms show the transition statistics of
consecutive measurements for initial atom numbers N = 9 and 8 with the corresponding statistical errors. A collectively fit
binomial model (red points) for the transitions statistics from initial atom numbers NV = 18 to 8 results in a survival
probability of p, = 96.66(4)% for an individual atom over the course of a single loss step. (c) The histogram shows the atom
number distribution for the successful stabilization with the corresponding statistical errors. It is derived from the atom number
evaluation of the threshold image once the loss process is stopped. An ensemble of 7 atoms was prepared with a fidelity of
92(2)%, corresponding to an 18(1) dB suppression below shot noise. A truncated binomial distribution for our derived survival
probability centered around 8 atoms describes the data accurately (red points).

6. Summary

In summary, we have demonstrated a number-resolving single-atom detection of up to 30 atoms in an
experimental apparatus that is designed for the generation of entangled many-particle states. The
shot-to-shot fluctuations suggest that the scattering rate noise limits the single-atom resolution to 390(20)
atoms. In conjunction with our accurate atom number detection, we have employed a real-time feedback
onto the repumping light of the MOT to stabilize the number of atoms in the laser-cooled ensemble.

A preparation fidelity of 92(2)% was demonstrated for an ensemble of 7 atoms, corresponding to a
suppression of 18(1) dB below the shot noise level. This technique allows to deliver number-stabilized
atomic ensembles on demand.

Interestingly, the controlled and well characterized loss mechanism of the feed-back loop could also be
employed to correct for the influence of long term drifts on the measurement of large atom numbers. Here,
drifts become increasingly important, since the collective noise of all individual atoms should remain larger
than the single-atom signal. To mitigate the effect of such drifts, the initial illumination can be followed by
several iterations of engineered loss and detection. Thereby, one obtains a series of number measurements
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that optimally spans the full range of atom numbers between the initial number and zero. This series of
number measurements allows for an individual calibration of the current scattering rate, as each individual
number measurement must correspond to an integer number. This procedure will enable a
number-resolved detection signal even in the presence of parameter drifts.

In the future, we will apply the developed detection to analyze many-particle quantum states with
single-particle resolution as well as advance our methods for metrology beyond the SQL [36, 40] toward the
ultimate Heisenberg limit.
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High data acquisition rates and low-noise detection of ultracold neutral atoms present important
challenges for the state tomography and interferometric application of entangled quantum states
in Bose-Einstein condensates. In this article, we present a high-flux source of 8"Rb Bose-Einstein
condensates combined with a number-resolving detection. We create Bose-Einstein condensates of
2 % 10° atoms with no discernible thermal fraction within 3.3 s using a hybrid evaporation approach
in a magnetic/optical trap. For the high-fidelity tomography of many-body quantum states in the
spin degree of freedom [1], it is desirable to select a single mode for a number-resolving detection. We
demonstrate the low-noise selection of subsamples of up to 16 atoms and their subsequent detection
with a counting noise below 0.2 atoms. The presented techniques offer an exciting path towards
the creation and analysis of mesoscopic quantum states with unprecedented fidelities, and their
exploitation for fundamental and metrological applications.

I. HIGH-FLUX SOURCES OF BOSE-EINSTEIN
CONDENSATES

Because of their well-controlled spatial mode and their
phase coherence, Bose-Einstein condensates (BECs) of
neutral atoms present a valuable resource for atom inter-
ferometry and quantum atom optics experiments in gen-
eral. Many of the applications, however, require short
preparation times. In atom interferometry, the prepara-
tion time defines the dead time of the sensor and there-
fore influences bandwidth and noise sensitivity. Short
preparation times are also important as they often dom-
inate the data acquisition rate. In our case, we wish
to generate entangled many-body states, and perform a
high-fidelity state tomography. The number of required
measurements scales exponentially with the number of
atoms. Therefore, an accurate characterization of quan-
tum states with an increasing number of atoms requires
the acquisition of large data sets, during which the en-
vironmental conditions have to remain stable. An im-
provement of the measurement rate not only improves the
quality of the results, but in fact constitutes a require-
ment for scaling up the number of atoms in the generation
of high-fidelity quantum states.

Besides few exemptions [2, 3], BECs are typically re-
alized by forced evaporative cooling in conservative po-
tentials resulting from inhomogeneous magnetic or op-
tical fields. Figure 1 displays a selection of atom num-
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FIG. 1. Overview of the production time for different BEC

sources with a given final atom number. Orange squares are
atom-chip based experiments, teal circles correspond to mag-
netically trapped ensembles, blue triangles show all-optical
evaporation and yellow diamonds represent hybrid magnetic
and optical methods. Sources featuring other atomic species
than rubidium are marked in grey. The red star marks the
result of this work corresponding to an atomic flux of 6 x 10*
atoms per second. Solid lines illustrate the atomic flux of the
best performing experiments per category.

bers and repetition rates obtained with atom-chip mag-
netic traps [4-8], macroscopic magnetic traps [9-15], all-
optical traps [16-23], and combinations of magnetic and
optical traps [24-27].

For our experiments, we aim at BECs with 10° rubid-
ium atoms at a maximal repetition rate. At the same
time, the set-up is supposed to enable the selection and



detection of subensembles with single-particle counting
resolution. The inclusion of such a high-performance
detection excludes the implementation of an atom chip,
which would promise short preparation times, but leads
to detrimental light scattering on the chip surface.

In this article, we present our experimental set-up
which enables the generation of 2 x 10° rubidium atoms
with a cycle time of 3.3 s and the number-resolving detec-
tion of a subensemble in a specific spin state. The BEC
generation relies on a macroscopic quadrupole trap com-
bined with a crossed-beam optical dipole trap (cODT).
The fluorescence detection is a fiber-based second genera-
tion from an earlier implementation [28]. This article de-
scribes the experimental set-up and the obtained results,
also as a reference for the quantum detector tomography
reported in the accompanying publication [1].

This paper is organized as follows. In Section II, we
describe the details of our apparatus and our experi-
mental sequence for fast BEC production. Section III
presents the successive spin preparation of small ensem-
bles by microwave transitions and subsequent optical re-
moval of atoms. The number-resolving detection set-up
is described in Section IV. Section V concludes with a
summary and outlook.

II. RAPID CREATION OF BOSE-EINSTEIN
CONDENSATES

The experimental set-up (Fig. 2) consists of two glass
cells which are connected by two sequential differential
pumping stages. The first, rectangular cell (150 x 60 x 60
mm) contains a two-dimensional magneto-optical trap
(2D*-MOT). The second, octagonal glass cell (seven 1”
and two 3” viewports), contains a 3D-MOT. and further
experiments are carried out. The experimental sequence
is initiated by loading the MOT and continues with the
BEC creation and the mode-selective detection (Fig. 3).
The design of the 2DT-MOT is described in Ref. [29].
The 3D-MOT is operated with a coil pair of 20 windings
each in the vertical direction, yielding 12 G/cm at 103 A.
The cooling and detection laser light is generated by two
external-cavity diode lasers [30], frequency-stabilized via
modulation transfer spectroscopy [31], and 4 tapered am-
plifiers. Optical fibers deliver the light to the vacuum
set-up where the light power is actively stabilized. Here
six beams with a power of 35 mW and a waist of 7.5 mm
are formed and enter the glass cell via the 3-inch windows
at an angle of 45°. This beam configuration offers large
optical access for detection with a numerical aperture
NA = 0.42. The glass cell is anti-reflection-coated on
both sides for 780nm-light to maximally suppress back-
ground light during the fluorescence detection. The ini-
tial loading rate of our 3D-MOT is 2.4 x 10'° atoms/s
and within 200 ms 4 x 10° atoms are captured.

After MOT loading, an optical molasses cools the
atoms to 18 puK. The atoms are optically pumped to
the level |[F,mp) = |2,2) on the D2 FF =2 — F' =2

transition and loaded into a magnetic quadrupole trap
(QPT). The magnetic field gradient, generated by a coil
pair with 62 windings each, is linearly ramped up from 58
G/cm to 169 G/cm in 50 ms. The currents are measured
by current transducers and actively stabilized to better
than 10~* relative stability. The 1/e lifetime cannot be
measured during the maximally allowed continuous oper-
ation of 10 s and exceeds 150 s. We perform evaporation
by two linear radiofrequency (rf) ramps from 20 MHz to
3.5 MHz within 1.6 s.

Afterwards, a crossed-beam optical dipole trapping po-
tential is added with a trap center slightly below the mag-
netic trap center [25, 32]. The optical dipole potential is
generated by a 55 W Coherent Mephisto MOPA laser
with a wavelength of 1064 nm. Two beams, whose in-
tensity is each stabilized via an acousto-optic deflector
(AOD) enter the glass cell via free-space optics along x
and y-direction with waists of 70um and 35um, respec-
tively. The power is increased to 6.5 W and 600 mW
within 200 ms, and the quadrupole field is ramped to zero
within another 200 ms. Finally, the power of the dipole
trap beams is decreased in six linear ramps to final values
of 95 mW and 45 mW within 1.2 s resulting in simulated
trap frequencies of (wy, wy, w,,) = 27 x (60, 160, 150) Hz.

The evaporation is optimized for speed instead of atom
number yielding an evaporation efficiency of v = 1.7.
After the final evaporation, we obtain BECs of 2 x 10°
atoms with no discernible thermal fraction. The total
BEC preparation takes 3.3 s. Due to an insufficient cool-
ing of the quadrupole trap coils, this cycle rate can so far
only be maintained for 200 repetitions. An operation for
longer times requires an additional 2 s cool-down time,
or an improvement of the water cooling which is planned
for the future.

III. SELECTION OF A SUBENSEMBLE IN A
SPECIFIC SPIN STATE

After the rapid creation of a BEC, we aim at the gen-
eration of many-body spin states and their analysis by
selecting one spin mode for number-resolved detection.
This spin-selective number detection is the prerequisite
of the characterization of a coherent spin state in Ref. [1].
Here, we demonstrate that a particular spin component
can be chosen for detection with a fluorescence-based
number counting. The technique is demonstrated for up
to 16 atoms, but can be extended to several hundred
atoms in the near future. While this number seems to
be small at the first glance, we would like to highlight
that this spin-selective detection allows for a tomogra-
phy of multi-particle states with much larger atom num-
bers, as long as they are sufficiently polarized (e.g. spin-
squeezed states). As an example, we transfer a variable
amount of atoms to the spin level |1, 0) while we remove
all remaining components in the F' = 2 manifold. The
atoms in level |1,0) are counted in a fiber-based minia-
ture magneto-optical trap (mMOT). The same technique
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FIG. 2. (a) Computer-aided design of the ultra-high vacuum system with the two-chamber set-up and the coil system. The
system contains two glass cells for the 2DT-MOT and the 3D-MOT/BEC-generation, which are connected via two differential
pumping stages at a 45° angle. The connection tube and the science cell are individually pumped by two pump arrangements.
The coil system surrounding the science cell is assembled by a pair of vertical 3D-MOT coils, a pair of horizontal quadrupole
coils and a pair of orthogonally aligned Helmholtz coils. The science cell and the coil arrangement are optimized for a high-NA
optical access along the x direction. (b) Cross-section of the two-chamber set-up and the coil system. Atoms are released
from dispensers, building up the pressure inside the 2DT-MOT. A pusher beam guides the 2DT-MOT beam through the two
differential pumping stages into the science chamber, where they are captured and cooled.

can be implemented for a large variety of many-particle
spin states to select a specific spin level for counting. For
the creation of many of these states, an ensemble in the
spin level |1,0) serves as a starting point. Therefore, we
characterize the necessary techniques by preparing and
detecting a small fraction of the BEC in |1,0). We se-
lect a subensemble of the BEC that we transfer into the
spin level |1,1) by choosing the length of the MW pulse
as a fraction of its m-pulse length. We remove the re-
maining components in the F' = 2 manifold by a 100 us
resonant cooling light push. In the following, a MW -
pulse transfers the atoms to the spin level |2,0). To en-
sure there are no remaining fractions in F=1 caused by
a non-perfect MW transfer, we employ a 100pns resonant
repumping light push. A final MW pulse transfers the
atoms into the spin level |1,0) and another removal of
atoms in F' = 2 ensures the detection of the desired com-
ponents in F' = 1. Between the optical removals short
waiting times on the order of 10 ms have been imple-
mented to guarantee that the mechanical shutters open
and close reliably. The transfer of atoms to the level |1,0)
from the initially prepared level |2,2) is carried out by a
low-noise microwave source [33]. The quantization axis
is given by a magnetic field of 0.78 G, which is actively
stabilized to a magnetic field sensor, yielding a magnetic
field noise of 170 uG.

A counting resolution on the single-atom level places

strong requirements on the efficiency and selectivity of
the final removal process. Two effects deteriorate the
counting precision: (i) Atoms expelled from the trap may
collide with atoms that are selected for detection and re-
move them unintentionally. (ii) The resonant light that
is used to expel the F' = 2 atoms may pump atoms into
the non-resonant F' = 1 levels before they leave the trap.
To avoid unwanted loss due to collisions during the op-
tical removal, we transfer the atoms into a single-beam
optical dipole trap. Pumping the atoms into a closed
cycling transition reduces the probability of populating
non-resonant states. Therefore, we use a homogeneous
magnetic field of 6.7 G and a o -polarized light beam for
optical removal of the F = 2 manifold before we detect
the atoms in F' = 1 in our number-resolving mMOT set-
up. To avoid recapturing the previously removed atoms,
we implement a waiting time of 150 ms after the final
removal before detection.

IV. NUMBER-RESOLVING DETECTION

We detect the number of selected atoms in the F' =1
manifold with an improved mMOT set-up that is based
on the system described in Ref. [28]. The initial ver-
sion of the detection set-up included beams distributed
via free-space optics so that they could be superimposed
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respectively. The field strengths and the time axis are not to scale. The BEC is created within 3.3 s in a hybrid evaporation
approach in a magnetic/optical trap. Subsequently, the desired spin component is chosen and analyzed in the number-resolving

mMOT set-up.

with the larger MOT beams creating our 3D-MOT for
BEC generation. This set-up proved to be capable of
accurate atom counting but it showed long-term insta-
bilities due to the long beam paths. The updated ver-
sion therefore features six fiber-based beams minimiz-
ing the optical path lengths. Each fiber is individu-
ally mounted and its output intensity is actively stabi-
lized, enabling a precise balancing of the intensities of the
counter-propagating beams. The exact position of the
mMOT depends on several parameters as the magnetic
field minimum, the precise beam alignment and their in-
tensity balance. To precisely overlap the mMOT with
the BEC position, the mMOT beams are aligned onto
the BEC position. Homogeneous magnetic fields in both
horizontal directions shift the magnetic field minimum
to the BEC position. The beam intensities and thereby
the exact mMOT position have been optimized by a dif-
ferential evolution algorithm [34], because the nontrivial
interference of the beams leads to jumps of the mMOT
position. The mMOT is operated at a magnetic field gra-
dient of 12 G/cm with a detuning of 10 MHz (1.7T") and
an intensity of 6 times the saturation intensity. Due to
spatial constraints, the new horizontal beams enter the
science glass cell under an angle of 35°. This changed
angle results in a higher background scattering in our
detection objective and therefore in higher background
noise opg new = 0.15 compared to 0.03 in the previous
set-up [28]. Fig. 4 shows a histogram of the recorded
fluorescence signal for 2433 repeated number measure-
ments of atoms in the level |1,0). The histogram shows
a clear quantization of the fluorescence signal, proving
a counting resolution well below the single-atom limit.
The counting noise depends on the total number of atoms
and is well described by Gaussian functions with a width
on = 0.1694+0.0017N. Assuming a linear scaling, this al-

lows for single-particle detection of more than 400 atoms,
in correspondence to our earlier quantification [28]. The
data can now be binned at half-integer binning limits,
with a number assignment fidelity ranging from 99.7%
at 1 atom to 99.0% at 15 atoms.

The mMOT has a finite probability to capture un-
wanted atoms from the background gas. These atoms are
mainly caused by the frequent use of the 2DT-MOT dur-
ing the BEC creation, leading to a temporally increased
background pressure. Atoms passing the small but still
relevant trapping volume of the mMOT can be trapped
and therefore counted in the detection process. This re-
sults in a detection offset of 0.27 atoms, which appears
as a relevant signal in the quantum tomography of our
number detection [1].

The effects contributing to the detection offset are
characterized in Fig. 5. Panel (a) shows the unwanted
background loading of the mMOT, once in the beginning
(cyan rectangles) and once after 7.5 h of continuous op-
eration (blue circles). The increase from 0.1 to 3.4 atoms
per second extracted from linear fits is caused by the tem-
porary increase of the background gas that builds up over
time. We find that this build-up is generated by laser-
cooled atoms in the 2DT-MOT beam and not by thermal
atoms passing the two differential pumping stages.

To maintain accurate atom number counting, the load-
ing of atoms from the background gas has to be mini-
mized which poses a limit to the total mMOT operation
time. At the same time, our single-particle counting res-
olution demands long illumination times. A total mMOT
operation time of 115 ms including 65 ms for illumina-
tion yields a reasonable compromise. Fig. 5 (b) shows the
linear dependence of the detection offset on the number
of removed atoms N,.,,. Non-perfect optical removals
and increased recapturing of previously removed atoms
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both contribute to this increasing detection offset No¢s
following Nyfs = 0.26 4 0.001N,¢y,. The red star illus-
trates the detection offset obtained in Ref. [1]. Fig. 5
(c) illustrates the extinction ratio in dependence of the
waiting time after the optical removal. The waiting time
of 150 ms reduces the probability to recapture previously
removed atoms in the mMOT by more than one order of
magnitude. In summary, the described detection enables
a number-resolving tomography of quantum many-body
states up to a few hundred atoms.

V. CONCLUSION & OUTLOOK

In conclusion, we have presented a method for the gen-
eration and number-resolved detection of spinor BECs.
We create BECs with 2 x 10° 83"Rb atoms within 3.3 s
using a hybrid approach. The high-flux atom source
consists of a 2DT-MOT combined with a 3D-MOT. Af-
ter transfer into a magnetic quadrupole trap, a first rf-
evaporation step is applied to increase the phase space
density and to efficiently transfer the atoms into the op-
tical dipole potential, in which fast efficient evaporation
is performed. Our experiment shows a high flux BEC
creation of 6 x 10* atoms/s, which is close to the pub-
lished record for Rb [25], disregarding the atom chip ex-
periments which do not provide sufficient optical access.

The cycle time can be further improved by decreasing the
evaporation time in the crossed optical dipole trap. We
can readily implement dynamically shaped potentials us-
ing our acousto-optical deflector set-up, which will give
us independent control of the trap depth and trapping
frequencies, leading to accelerated evaporation dynam-
ics.

We select a single spin level for detection and optically
remove residual atoms with an extinction ratio of 0.001.
We resolve the created output states with a detection
offset of 0.27 atoms and a number assignment fidelity of
99% at 15 atoms. The presented techniques pave the
way for the high-fidelity tomography of polarized many-
particle entangled states, such as single- and two-mode
spin-squeezed states.
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The high-fidelity analysis of many-body quantum states of indistinguishable atoms requires the accurate
counting of atoms. Here we report the tomographic reconstruction of an atom-number-resolving detector. The
tomography is performed with an ultracold rubidium ensemble that is prepared in a coherent spin state by driving
a Rabi coupling between the two hyperfine clock levels. The coupling is followed by counting the occupation
number in one level. We characterize the fidelity of our detector and show that a negative-valued Wigner function
is associated with it. Our results offer an exciting perspective for the high-fidelity reconstruction of entangled
states and can be applied for a future demonstration of Heisenberg-limited atom interferometry.

High-fidelity preparation, manipulation, and detection of
quantum states of many indistinguishable atoms have been
greatly improved during the last decades.  These im-
provements facilitate exciting developments ranging from
fundamental quantum atom optics experiments [1, 2] to
entanglement-enhanced metrology applications [3]. In
metrology, entangled states of neutral atoms serve as highly
sensitive input states of atom interferometers, reducing the
resolution limit from the Standard Quantum Limit to the ul-
timate Heisenberg limit [4]. Possible applications range from
quantum interferometry [5—14] and magnetometry [15-18] to
atomic clocks [19-22] and inertial sensing [23, 24]. To date,
the atom counting noise represents one of the most crucial
limitations in current experiments, affecting both fundamen-
tal studies and metrological applications.

Recent experiments creating entangled atomic quantum
states in ensembles of indistinguishable atoms have reported
counting noise that ranges from 3 atoms at a total number
of a 600 atoms [25], to 1.6 atoms at 3000 atoms [26], to
10 atoms at 10* [27, 28], to better than 17 atoms at 105 [14],
and to 50 atoms at 5 x 10° [11]. An improvement of the
counting noise below the value of the single atom, where the
quantization of the atomic signal becomes apparent, promises
a quantitative and qualitative improvement. For example,
such a counting resolution would allow for the direct detec-
tion of Bell correlations between two separated atomic en-
sembles [29] and the observation of parity signals in Hong-
Ou-Mandel-like interference experiments with many-particle
states [30, 31]. In metrology, a number-resolving counting
can be applied to demonstrate a Heisenberg-limited resolution
in atom interferometry [32, 33]. A number-resolving counting
has been obtained in a cavity-based detection [34], but is so far
restricted to a discrimination between 0 and 1, and the scaling
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FIG. 1. (a) Sketch of the experimental setup. A coherent spin state
is created in a crossed-beam optical dipole trap and analyzed in a
number-resolving mMOT detection scheme. (b) Time trace of the
sequentially measured number of atoms in dependence of the MW
pulse length. The number of atoms in |1, 0) after 2.52 us (purple cir-
cles), 8.4 us (blue rectangles) and 18.48 us (pink diamonds) is shown
for up to 9 atoms for 1106 successive measurements. The accumu-
lation of data points at integer numbers is indicating our number-
resolving counting. The histogram of the fluorescence signal on the
right further illustrates this effect. Negative values are caused by
background substraction.

to larger numbers is an open challenge. Single-atom resolved
detection has also been obtained in free-falling clouds with



a sheet of resonant light [35], and was applied to extract lo-
cal correlations. A number-resolved counting for up to 1000
atoms has been demonstrated in a millimeter-sized magneto-
optical trap (mMOT) [36, 37], but was so far not applied to
the detection of many-body quantum states.

The fine calibration of quantum measurement devices gen-
erally requires quantum detection tomography (QDT) tech-
niques [38, 39]. The goal of QDT is to provide a set of
positive-operator-valued measures (POVM) that fully charac-
terize the detector, beyond the assumption of projective mea-
surements. So far, QDT has been mainly investigated for opti-
cal photocounting and homodyne detection [40-44] and very
recently also applied to characterize qubit readout for pairs of
trapped ions [45] and quantum computing machines [46]. Al-
though QDT is necessary for quantum state preparation, con-
trol, reconstruction, and error mitigation, its potential has not
yet been leveraged for the characterization of neutral-atom
quantum systems. In this case, the technique is specifically
promising, because of the small inherent detection loss com-
pared to optical systems and the large achievable atom num-
bers compared to ion systems.

In this Letter, we apply a MOT-based number counting [47]
to analyze the dynamics of a many-body spin state. We gener-
ate an atomic Bose-Einstein condensate (BEC) in one atomic
clock level, apply a microwave (MW) coupling pulse of vari-
able duration on the atomic clock transition, and count the
number of atoms in the other, initially empty level. We are
able to follow the time evolution of the coherent spin state
with a clear resolution of the number quantization. By apply-
ing a stochastic matrix approach to the recorded histograms,
we obtain a set of nonclassical POVM operators that fully
characterize the detection process. The expected Poissonian
distributions can be reproduced with a statistics-limited fi-
delity of up to 99%. We predict that the single-level detection
is capable of operating an interferometric measurement with
up to 7.8 dB squeezing-enhanced phase sensitivity gain, if the
same total number can be provided with smaller fluctuations.
This sensitivity gain can be further enhanced by increasing
the mean atom number. Our detection capability promises a
novel quality for the analysis of entangled quantum states and
demonstration of Heisenberg-limited interferometry.

In our experiments, we generate a BEC of 10° 3’Rb atoms
in a crossed-beam optical dipole trap with a preparation time
of 3.3 s. The details of the BEC production can be found
in Ref. [48]. We prepare the BEC in the hyperfine level
|F,mp) = |2,2) and reduce the number of atoms to enter the
regime of our number-resolved counting. The reduction is re-
alized by transferring 34 atoms to the level |1, 1), on average,
and a subsequent optical removal of the residual atoms in the
F = 2 manifold. A further MW pulse transfers the remain-
ing atoms to the level |2,0). A final resonant light push on
the F' = 1 manifold terminates our state preparation with 34
and O atoms in the clock states |2,0) and |1, 0), respectively.
The total number of particles fluctuates by 6.4 atoms, which
is dominated by projection noise (5.8 atoms).

We apply a resonant MW pulse on the clock transition with

a variable duration ranging from ¢t = 2.5us to 56 us. The
many-body state in the pseudo-spin-1/2 system can thus be
represented by a coherent spin state (CSS), with maximal to-
tal spin, but variable rotation angle 6. The analysis of the
CSS is based on counting the number of atoms in the level
[1,0). To this end, the atoms in the level |2,0) are removed
and the remaining atoms are counted by fluorescence detec-
tion in the mMOT. The quality of the state analysis thus de-
pends on the efficiency of the removal procedure. There-
fore, the detection process starts with a strong reduction of
the atomic density by switching off one of the two dipole
trap laser beams. A o -polarized light push at a magnetic
field of 6.7 G quickly pumps all F = 2 atoms into a closed
cycling transition reducing the probability to fall into a non-
resonant state. The resonant atoms are accelerated and leave
the trap, while the probability of unwanted collisions is re-
duced by the low density. The removal of atoms in the level
|2,0) has a finite extinction ratio of 42.4 dB, resulting in an
unwanted, Poisson-distributed remainder of 0.27 atoms max-
imally. These atoms are produced by two processes: (i) They
escape the removal process to the level F = 1 because of im-
perfect optical pumping. (ii) They are captured from the back-
ground gas, which is temporally increased after the operation
of the two-dimensional magneto-optical trap. We detect the
remaining atoms in the mMOT setup, consisting of a magneto-
optical trap with millimeter-sized illumination beams [47, 48].
The optical dipole trap is switched off to start an equilibra-
tion phase in the mMOT of 50 ms, during which the mag-
netic fields settle and the atoms are compressed and cooled.
Subsequently, the main atom counting signal is obtained by
collecting fluorescence light for 65 ms with a charge-coupled-
device (CCD) camera. Finally, a second image without atoms
is recorded for background subtraction. The spin preparation
and detection processes require a total of 1.8 s. After nine
measurement runs, the system is halted for 60 s to avoid a
slow increase of the mMOT capture rate from the background
gas.

Fig. 1 (a) shows a sketch of the experimental setup in-
cluding the mMOT and ODT beams and the high-numerical-
aperture detection objective. Fig. 1 (b) shows a time trace
of 100 consecutive number measurements in |1, 0) shown for
three different MW pulse lengths. The measured number of
atoms accumulate at integer numbers, enabling a number as-
signment fidelity ranging from 99.7% at 1 atoms to 99.0% at
15 atoms [48].

Fig. 2 (a) shows the mean number of the transferred atoms
as a function of the microwave pulse duration. The mean atom
number follows a sinusoidal Rabi oscillation with a Rabi fre-
quency Q = 27 x 8.2 kHz (see below). Figs. 2 (b)-(f) present
the exemplary histograms, which can be associated to rotation
angles 8 = Qr. Without rotation (b), the distribution shows the
detection of recaptured atoms, which can be treated as statis-
tical dark counts in the detection system. For finite rotations
(c)-(f), the distributions shift to higher atom number and in-
creased width.

Under the assumptions that the microwave generates a ho-
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solid orange line and the orange circles show the results obtained from the QDT algorithm (see text).

mogeneous coupling to the cloud and that the level |1,0) is
initially completely empty — that are both very well fulfilled
in our case — we can employ the recorded data for QDT. We
associate the two clock levels |1, 0) and |2, 0) with the letters a
and b, respectively, to simplify the notation. We model the de-
tection by expressing the probability of a measurement result
n (the number of atoms in clock level a) as

Py(alt) = " VaPia(mlo), (M
m=0

in terms of a stochastic matrix (Markov mapping) V with
non-negative elements V,,, > 0, which satisfies the nor-
malization property ., V,,, = 1 for all m. Physically,
the quantity V,, can be interpreted as the probability to
measure n atoms if m atoms reach the detector. We use
the ideal probability Pig(m|t) = Tr[|m){m|p(r)], where p =
Y0 PN INY, 10), 0], (NI, is the generic atomic state before
starting the dynamics, U(f) = exp [ — iQgt(a'h + ab")/2] de-
scribes the Rabi coupling and p(f) = U(t)ﬁU(t)T. The as-
sumption that the initial state is diagonal is well justified ex-
perimentally. The matrix V provides a full characterization

of the detection process, including finite resolutions and bi-
ases. It should be noticed that Eq. (1) can be rewritten as
Py(nlt) = Tr[p()11,], in terms of a POVM set {I1,,}, where

fl, = z;) Viumlm)(ml. @)

V being positive semi-definite guarantees that 1, > 0, while
the condition , V,,,, = 1 for all m guarantees the complete-
ness relation 3, 11, = 1.

Our QDT protocol consists of finding the coefficients py,
Vim and Qg that minimize a cost function C = }; d,zi(tj).
This is given by the sum over all times #; of the squared sta-
tistical distance d%l(tj) [49] between the probability distribu-
tion Py(n|t;) and the experimental histogram Pe,(nlt)) [e.g.
Fig. 2(b)-(f)],

dyt) = Y (Pvalty = JPeotnlep) . @)

The constrained minimization of Eq. (3) is performed with a
gradient descent algorithm [50]. We emphasize that a reliable
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characterization of the POVM set requires a substantial over-
lap between probability distributions at different times in order
to avoid overfitting [50]. For our experimental parameters, see
Fig. 2, this is guaranteed for 0 < n < 20.

In Fig. 2 we compare the experimental histograms (bars)
with the probabilities derived from the QDT (orange circles),
namely Eq. (1) with V, py and Qg calculated using the min-
imization algorithm. The agreement is excellent, as the ob-
tained probability distribution Py(n|t;) achieves a very high
fidelity with Pey(nlt;), for all ¢; (notice that the iterative op-
timization algorithm is stopped when C = 0.01, which is a
value close to saturation [50]). The histograms are consis-
tent with that calculated with a binomial distribution (green
squares). The latter assume a Gaussian distribution of the to-
tal number of atoms with measured mean and standard de-
viation, ideal Rabi transfer and the convolution with a bino-
mial distribution with a mean number of 0.27 atoms to ac-
count for the unwanted detection of background atoms. The
mean number of atoms as a function of time, ), Py(n, r)n for
the reconstructed V, py and Qg interpolates well the detec-

tion events as shown in Fig. 2(a). It should be noticed that the
Rabi frequency extracted from the tomographic reconstruc-
tion Qr = 8.2 + 0.2 kHz agrees precisely with the result of a
sinusoidal fit to the data.

In Fig. 3 we show the results of our joint detection and state
reconstruction. Figure 3(a) shows the elements V,, ,. For most
values of m, the weights V,, ,, concentrate around the diagonal
n = m, where they reach their maximal value. In other words,
if m atoms reach the detector, the most probable event is to
detect n = m. The probability of such detection events is
quantified below. For instance, in panel (b) we show V,,,, as
a function of n and for the specific values m = 0, 5 and 10:
the histograms are cuts of the plot of panel (a). For m > 20,
the reconstructed V,,,, spreads away from the diagonal. Here,
the QDT becomes uncertain because the recorded probability
distributions do not overlap sufficiently and the optimization
method is affected by overfitting of the data [51]. To recog-
nize the overfitting effect, we have performed a ’learning test’,
see Ref. [50], in which the experimental histogram at time ¢;
is compared with the reconstructed Py (n|t;), where the coef-



ficients Qg, p, and V are calculated from the minimization
algorithm using all the experimental data except those at time
t;. In this case, we observe a fidelity between Py(n|t;) and
Pexp(nlt;) above 99% for times ¢; up to 18.48 us [50]. In the
future, a QDT at larger atom numbers can be obtained by tak-
ing more histograms with larger statistics. In panel (c) we
show the reconstructed elements py as a function of the num-
ber of particles. As we see, the reconstructed diagonal state
has approximately a Gaussian shape with mean N = 35.4 and

—1/2
root mean square error AN =64~ N .

For m < 20, as V,,,, is strongly peaked around n = m. It is
thus convenient to calculate P(n —m) = 3, Vy_yymPp, giving
the reconstructed probability that n — m particles are detected
if m particles hit the detector. Here, P, = }; Pia(mlt;) is the
overall probability that m particles hit the detector, for the con-
sidered measurement times #; and takes into account the most
likely detection events and it is almost negligible for m > 20.
For a noiseless detector P(n — m) is a delta peak at n = m,
regardless the P,, distribution. In the case of our noisy detec-
tor, P(n — m) is still strongly peaked at n = m, with an overall
probability of about 70%, see Fig. 3 (d). The slight asymme-
try of the distribution V,,_,, reflects the unwanted recapture of
atoms described above, which biases V,_,, to positive values
of n —m. By calculating the variance of the P(n — m) distribu-
tion for n < m (thus not affected by the atom recapture) we can
extract a detection sensitivity o = 0.4 + 0.02. This counting
uncertainty is larger than the uncertainty obtained from Fig. 1,
because the finite number of measurements additionally dete-
riorates the QDT.

As shown in Eq. (2), accessing the matrix V allows us
to characterize the POVM elements f[,l. For instance, in
Fig. 3(d), we plot the Wigner distribution of the reconstructed
POVM operators ﬁ,,, W.(x,p) = > VamW(x, p;m), where
W(x, p; m) is the Wigner function of the Fock state |[m) [52].
For n = 0 the Wigner function is positive, as expected, cor-
responding to the detection of vacuum. On the contrary, for
n > 1, the Wigner functions W,(g, p) have negative values,
indicating the absence of a classical analogue of these oper-
ators. To emphasise the fundamental quantum nature of our
detection we notice that a POVM with negative Wigner func-
tion is necessary to prove Bell’s non-locality with Gaussian
states (which have positive Wigner distributions) [40, 53].

Measuring the atom number in a single level, as done in our
experiment, still allows to surpass the standard quantum limit
of phase sensitivity, for instance provided that (i) each fixed-N
state is spin squeezed and (ii) the distribution of the total atom
number py has sufficiently low fluctuations. Using the results
of our QDT and the atom number distribution, we can predict
an optimal gain of about 1.3 over the standard quantum limit,
when squeezing the relative atom number distribution [50]. A
higher gain, up to 7.8 dB is possible when also reducing AN,
for our detection and N ~ 36. The gain further increases when
increasing N.

In summary, we have employed a number-resolving detec-
tor to analyze the dynamics of a coherent spin state derived

from an atomic BEC. We have characterized the detection pro-
cess by the simultaneous reconstruction of the diagonal quan-
tum state and the detector’s POVM operators. The latter are
characterized by negative Wigner functions, thus unveiling the
inherent quantum nature of the detector. In the future, the pre-
sented detector and the developed QDT techniques will be di-
rectly extended to entangled many-body states, promising the
detection of entanglement with unprecedented fidelity in the
regime of up to 100 atoms.
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OUTLOOK

This thesis describes the generation and number-resolved analysis of a many-
body quantum state. The subsequent sections outline the technical updates
that have already been implemented for the generation of BECs and their
number-resolving detection after submission of the publications within this
thesis. Additionally, an extension of the techniques established in this thesis
for detecting entangled many-body quantum states is introduced, along with
an experiment that employs these states. Lastly, the long-term objective of
Heisenberg-limited atom interferometry is outlined.

5.1 ALL-OPTICAL BEC GENERATION

In publication [121], we discuss our hybrid evaporation approach which
involves two steps: the initial evaporation in a magnetic quadrupole trap and
subsequent cooling in a crossed-beam optical dipole trap. The cycle time of
this approach is limited by the rethermalization rates in both static cooling
schemes, as well as an additional waiting time due to heating of the coils.

To overcome this limitation and improve evaporation dynamics, we have
implemented time-averaged potentials in our ODT setup. Time-averaged po-
tentials are created by rapidly and periodically moving the ODT beams. If the
beams are moved faster than the trapping frequency, the atoms experience the
time-average of the potential generated by the moving beams, hence referred to
as time-averaged or "painted" potentials. This approach allows us to create har-
monic potentials that initially have a large spatial amplitude for high-efficiency
transfer into the ODT. We then smoothly decrease the painting stroke, which
is the spatial amplitude of the beam’s movement. By dynamically shaping the
trapping potential throughout the evaporation process, we can maintain high
evaporation dynamics and achieve rapid creation of an all-optical BEC.

As the implementation of time-averaged potentials has been included in the
design from beginning on, both optical dipole trap beams pass acousto-optical
deflectors (AODs) that are ideal for this application. In the past, the AODs
were primarily used for switching and intensity stabilization of the light and
not for dynamic modulation. By applying sophisticated RF signals which are
modulated in the 10 — 100 kHz-regime, we can move the beams faster than the
typical trap frequencies in an ODT, which are below 10 kHz.

For generating the RF signals, we employ a software-defined radio as a
source. This device allows us to arbitrarily shape the input signal of the AODs
[123, 124]. The analog RF signal is converted into a digital signal that can
then be processed using software. Instead of manipulating the analog RF
signal using analog tools, the conversion to a digital signal allows for easier
programming of complex signal shapes suitable for versatile applications.
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The initial dipole trap setup included two beams with waists of 35 and
70 um, respectively. To create more delicate potential shapes, we replaced the
focusing lens of the 70 um beam with an objective that narrows the beam down
to 5pum [125]. During evaporation, harmonic potentials in horizontal direction
are painted with both beams. The 35 um beam creates a large trapping volume
for capturing atoms from the molasses phase. In the course of the evaporation,
the painting stroke is reduced from 1 mm to zero. Depending on the following
experiment, the painting stroke of the 5 um beam is reduced from 200 um to
about 15 um or less.

To optimize the evaporation sequence, we employed a machine-learning
algorithm called Differential Evolution [126]. This approach enabled us to find
optimal parameters and avoid getting trapped in local optima. As a result,
Bose-Einstein condensation in the all-optical evaporation approach can be
reached after 250 ms of evaporation. The total cycle time of 1.3 s is primarily
limited by 1s of MOT loading. Increasing the 2D-MOT flux by a more frequent
use of the dispenser could reduce the cycle time to 500 ms, competing with the
fastest rubidium BEC known to us [127]. The new results are illustrated in Fig.
5.1 which gives an updated overview of the state-of-the-art in BEC generation
with respect to the achieved atomic flux.

m Chip o
o Magnetic : ;

\l

10% 4 Optical

o Hybrid
* Previous result

"
£
© 108 % New results AL 3
© 3 : o
5 | ]
5 10 | (o a0
= " A a
Z m B . m 5
10% o
@ fastestBEC ©
0.5 1 5 10 50

Cycle time [s]

Figure 5.1: Updated overview of the BEC production time and atom number in
different sources, adapted from Ref. [121]. Experiments based on atom
chips (orange rectangles), magnetic traps (teal circles), all-optical schemes
(blue triangles) and hybrid setups (yellow diamonds) are compared to our
previous (black star) and new results (red stars). Atomic species other than
rubidium are marked in grey. The black arrow illustrates the expected
improvement of our new results by a more frequent use of the dispenser.
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5.2 IMPROVED ATOM NUMBER COUNTING CAPABILITIES

In the initial implementation of the detection-MOT presented in Ref. [119],
good noise characteristics were observed for small atom numbers. However,
the system suffered from instabilities caused by long beam paths. To address
this issue, a redesigned version was developed at the cost of a higher noise
contribution caused by background light.

In the updated setup, the incident angle of the beams with respect to the
detection system was reduced. This led to a small amount of light being
scattered into the detection system from reflections at the glass cell surface,
causing additional noise. Due to spatial constraints, avoiding reflections to
enter the detection system is difficult. Alternatively, reducing the laser power
decreases the background signal and therefore the noise contribution. By
decreasing the beam diameter from 3 mm to 1 mm, the laser power can be
reduced by a factor of 9 while maintaining the saturation parameter. Fig.
5.2 shows the results obtained by this upgrade. The single-atom counting
capabilities significantly improved and an extrapolation suggests a single-atom
resolution of up to 700 atoms.
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Figure 5.2: Accurate atom counting capabilities in the newest version of the detection-
MOT setup. (a)-(c) The histograms of repeated number measurements
display distinct peaks at integer numbers. The peaks’” widths ¢ are fitted
with Gaussian distributions (solid black line). The black data points in (d)
show the result of the fitted widths and the error bars give the standard
error of the fit. The red solid line is a linear fit to the widths. Extrapolating
the linear fit to ¢ = 1 gives a number resolution threshold of 700 atoms.

For certain measurements, it is desirable to have a detection system that
can resolve multiple spatial modes, such as several hyperfine levels split by
a Stern-Gerlach pulse. However, maintaining the single-atom counting ca-
pabilities in this case is very challenging. In a detection-MOT configuration,
atoms initially spatially separated, are confined in a single trap center and
become indistinguishable. There are options to split a MOT into multiple
spatially separated parts, i.e. by shining in a blue-detuned laser beam while
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maintaining single-atom resolution [128]. Alternatively, spatially resolved de-
tection by illumination with red-detuned light in molasses configuration is
possible. Without the magnetic quadrupole field, the confining force of the
MOT is avoided and the atomic clouds expand only slowly. The cooling effect
of the molasses still allows for long illumination times on the order of millisec-
onds. This configuration has been previously implemented in other setups
and counting resolution close the the single-atom level has been achieved
[107]. Implementing this detection configuration in our apparatus is feasible
without major modifications. We tested this method and achieved accurate
atom counting in three spatially separated modes.

5.3 NUMBER-RESOLVED TWO-MODE SQUEEZED VACUUM STATE

As a next step towards Heisenberg-limited atom interferometry, the number-
resolved analysis of an entangled state is of high interest. One excellent
candidate is the two-mode squeezed vacuum. By initiating spin changing
collisions of atoms in |F = 1,mp = 0), pairs of atoms in mp = £1 are created.
The resulting state |¥) is called two-mode squeezed vacuum and can be
described as

[ee]

(%) =) culnh®|[n) (5.1)
n=0
where |n) 41 are number or Fock states in the levels mp = +1. The coefficients
¢, depend on the strength and duration of the spin dynamics and describe the
relative quantity of created pairs [129].

Experimentally, a two-mode squeezed vacuum is created by the preparation
of a BEC in |[F = 1, mr = 0) and a MW dressing that enables spin changing col-
lisions. For its number-resolved detection, remaining atoms in |F = 1, mp = 0)
are removed and the state is detected in MOT-configuration. The joint detection
of atoms in mr = %1 results in a characteristic atom number distribution in
which only even and no odd numbers occur. This distribution is also referred
to as odd-even oscillations and it is a strong signature of a non-classical state.
Our preliminary results are displayed in Fig. 5.3.

One effect deteriorating the detection of clear odd-even oscillations is an
atom number offset. Imperfect removal of atoms in |F = 1,mp = 0) before
detection and loading atoms during detection both increase the number of
counted atoms. This effect, already described in Refs. [121, 122], is well under-
stood and characterized by the QDT. This atom number offset in the case of a
two-mode squeezed vacuum state will lead to the detection of odd numbers.
Another experimental challenge is the removal of all atoms in |F = 1,mp = 0)
without loss of atoms in mr = £1. Spin-changing collisions demand high
atomic densities as found in BECs. For the number-resolved detection of a
two-mode squeezed vacuum state, however, small populations are favourable.
As a result, a few hundreds of atoms occupying the same spatial mode as the
two-mode squeezed vacuum state have to be removed. Due to high densities
in the BEC and heating by the removal process, this results in a loss effect
which further increases the number of odd numbers. With the independently
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measured atom number offset of 0.3 atoms, a loss of 10% can be fitted to
the data shown in Fig. 5.3. Optimizing the experimental techniques for the
detection of clear odd-even oscillations is ongoing work in the laboratory.

o
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Figure 5.3: Preliminary data of a number-resolved two-mode squeezed vacuum state.
The blue histograms show the experimental data with error bars giving
the statistical error. The orange points show a simulation of a two-mode
squeezed vacuum state taking an atom number offset of 0.3 atoms and an
atom loss of 10% into account. The atom number offset has been obtained
from an independent measurement. The number of atoms in the two-mode
squeezed vacuum has been matched to the measured number of atoms.
The loss has been fitted to the data points.

5.4 ATOMIC HONG-OU-MANDEL EXPERIMENT

The preparation of a two-mode squeezed vacuum state combined with a
number-resolving detection enables the realization of an atomic Hong-Ou-
Mandel experiment. In its first realization [130], Hong, Ou and Mandel pre-
pared entangled pairs of photons by parametric down-conversion, superposed
the beams on a beam splitter and measured the number of coincident photons
at the output ports of the beam splitter. When the beam splitter was positioned
such that the photon pairs arrived at the same time, the coincidences at the
output ports decreased. This means that photons arriving simultaneously at
the beam splitter, leave the beam splitter together at the same output port.
This behaviour is characteristic for bosons and therefore can be observed with
bosonic atoms, as well. The first atomic Hong-Ou-Mandel experiment has been
performed in the group of Christopher Westbrook [131].

In our experiment, pairs of atoms are created by the generation of a two-
mode squeezed vacuum state. A beam splitter between the two modes can be
realized by MW pulses in the following way. A first MW m-pulse transfers all
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atoms of one mode to |F = 2,mp = 0) and a second MW 7t/2-pulse couples
the two modes acting as a beam splitter. As a result, two atoms combined
at the beam splitter will occupy the same mode afterwards. If the two-mode
squeezed vacuum state contains more than two atoms, pairs of atoms leave the
beam splitter together leading to the detection of only even numbers in each
mode. This could be observed by removing one of the modes and detecting
the remaining atoms in the detection-MOT or by keeping both modes and
applying the detection in molasses-configuration, allowing for the detection
of both modes simultaneously. As soon as the number-resolved detection
of the two-mode squeezed vacuum state has succeeded, all of the necessary
tools have been developed and implemented and the sequence could be easily
adapted for this experiment.

5.5 LONG-TERM GOAL

In the long term, the experiment aims to transition from the number-resolved
analysis of many-body quantum states to quantum-enhanced atom interferom-
etry. This shift is particularly interesting for experiments that are not limited
by technical noise sources but rather by shot noise. Typical atom interferomet-
ric gravimeters, for instance, face limitations due to technical noise such as
vibrations. However, for differential measurements, these noise sources can be
strongly suppressed by common noise rejection, making quantum-enhanced
atom interferometry highly appealing. Applications in fundamental research,
such as gravitational wave detection, can be built upon differential atom inter-
ferometric measurements, offering significant advantages through quantum
enhancement. Proposals like the European Laboratory for Gravitation and
Atominterferometric Research (ELGAR) pursue this approach [132].

Previous experiments have achieved impressive results by surpassing the
SQL with both small and large numbers of particles. The ultimate experimental
goal is to achieve a measurement sensitivity as close to the Heisenberg limit
as possible. While experiments with small particle numbers, as trapped ion
experiments, have shown metrological gain at the Heisenberg limit with up
to 10 particles, this poses a significant challenge in experiments with large
atom numbers [117]. First of all, a quantum state suitable for interferomet-
ric sequences has to be created. While certain entangled states, such as the
Greenberger-Horne-Zeilinger state, exhibit high sensitivity but are vulnerable
to technical noise, the twin-Fock state offers greater robustness while still
providing metrological gain close to the Heisenberg limit. Experimentally,
the twin-Fock state has been shown to surpass the SQL, but a phase sensi-
tivity close to the Heisenberg limit could not be achieved. One experiment
has specifically identified detection noise as the main limitation [87]. Our
experimental setup was especially designed to overcome this issue. With our
number-resolving detection, potentially scaling to 700 atoms, we have the
opportunity to extend interferometric sensitivity close to the Heisenberg limit
from 10 particles to hundreds of atoms.
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