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Chapter 1

Introduction

Single atoms trapped in tightly focused optical dipole traps, known as optical tweez-
ers, have emerged as a promising tool for quantum applications such as quantum sim-
ulation, computation, and metrology. In this thesis we will discuss the development of
an experimental setup for trapping single strontium atoms in preparation for quantum
simulation and computation experiments.

This chapter is ordered as follows. First we will present a short historical back-
ground on the origins of optical tweezers, laser cooling of atoms, and quantum simu-
lation and computing. Second we will discuss some more specific details of strontium.
Third we will mention some state of the art results in the field of single atoms trapped
in optical tweezers, and fourth we conclude with an outline of this thesis.

1.1 Historical Background

We will give a brief overview of the origins of the experimental tools and theoretical
ideas used in this thesis. This review is by no means exhaustive, but we cite detailed
review articles for each topic to point interested readers to more information on each
of the subjects.

The story of optical tweezers begins with the ideas of Nobel laureate Arthur Ashkin
[1]. In the early 1970s, Ashkin began studying the idea of using the radiative pressure
of light to optically trap neutral particles. This lead to the first simple optical tweezer
experiment in which the Gaussian focus of a laser beam was used to trap latex spheres
suspended in a water solution [2]. Ashkin, along with many others, began to consider
the possibilities of using this radiative force to trap individual atoms and molecules
and the ideas of laser cooling began to emerge and be experimentally realized in the
late 70s and 80s [1, 3, 4, 5]. This led to the first optical tweezer for neutral atoms, also
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known as an optical dipole trap [6]. On the way to this result, Ashkin also pursued
other possible applications for optical tweezers, such as trapping proteins, viruses,
and even organelles inside living cells [7, 8, 9]. This led to huge developments in the
microscopy of biological samples.

The field of laser cooling of neutral atoms also continued to evolve [4, 10]. These
new laser cooling techniques aided in the preparation of colder and denser atomic
gases and eventually in the production of the first Bose-Einstein condensate [11]. Now
many different atomic samples have been cooled to quantum degeneracy opening
many new interesting areas of study for atomic physics experiments [10, 12, 13, 14].

Also in the 1980s, the ideas of quantum simulation and computing began to emerge.
Richard Feynman first proposed the idea of simulating one quantum system with an-
other more controlled quantum system in 1982 giving rise to the concept of quantum
simulation [15]. In 1985, David Deutsch expanded on these ideas describing for the
first time a "universal quantum computer" on which "every finitely realizible physical
system can be perfectly simulated by a universal model computing machine operating
by finite means" [16]. In 2002, the generalization from a 2 level quantum bit of infor-
mation (qubit) to any number of internal states, d, known as a qudit was made in [17].
A number of different possible platforms for a quantum computer have been proposed
and realized such as trapped atoms, superconductors, photons, and quantum dots, see
[18, 19].

The fields quantum simulation and computation continued to expand with many
different ideas. Some ideas for quantum simulation included using the newly cre-
ated field of quantum gases as the simulation platform leading to many proposals and
experiments [12, 13, 14]. Around the same time, the first proposals of using strong
interactions of Rydberg gases (highly excited atoms) for quantum computing began to
appear [20, 21], closely followed by the first single atoms trapped in optical tweezers,
which would make a great platform for such computations [22]. The field of single
atom optical tweezer experiments continued to evolve over the next decade leading
to the first observation of the Rydberg blockade effect for two tweezers [23, 24] and
the first entanglement operations between two neighboring tweezer sites [25]. The
research area of single atoms in optical tweezers for quantum computing began to ex-
pand more [26], and has been growing at a staggering rate in recent years with new
experiments popping up around the world [27, 28].
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FIGURE 1.1: Level diagram for bosonic strontium. All transitions men-
tioned in this thesis have been included.

1.2 Strontium

The atom used throughout this thesis is strontium. Strontium has four different iso-
topes, three bosonic (84Sr, 86Sr, and 88Sr) and one fermionic (87Sr with nuclear spin
I = 9/2). Strontium is a group-two element also known as an alkaline earth metal.
Alkaline earth(-like) metals have a helium like atomic structure with two valence elec-
trons in an s-orbital, giving a ground state configuration of 1S0. The two valence elec-
trons make two types of electron excitation possible since the spins of the two valence
electrons can remain anti-parallel or become parallel, giving rise to singlet and triplet
excited states respectively [29], see Fig. 1.1 for a level diagram of strontium with all
levels relevant to this thesis.
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The triplet states of the alkaline earth-like metals are one of their unique proper-
ties. More specifically, the lowest lying 3PJ states are metastable states allowing for
new experimental applications in comparison to the more commonly used alkali met-
als. The 3P1 state can be used for a second stage narrow-linewidth magneto-optical
trap (MOT) operating on the 1S0 - 3P1 transition, which allows for colder temperatures
to be achieved along with opening the door to other valuable cooling methods and
continuous Bose-Einstein condensation [29, 30, 31, 32, 33]. The 3P0 state is a metastable
state with long lifetime, leading to an ultranarrow 1S0 - 3P0 transition, which has no spin
orbit coupling and is insensitive to magnetic fields to first order, making it a great tran-
sition for optical atomic clocks [29, 34, 35, 36, 37, 38]. The 3P2 state is also a long lived
metastable state with an electronic magnetic moment. The additional ultranarrow 1S0 -
3P2 transition opens additional possibilities for quantum simulation and quantum com-
puting [39, 40, 41]. For an extensive review and more details on strontium and other
alkaline earth(-like) metals see [29, 42].

Out of the alkaline earth-like atoms, strontium and ytterbium have become popular
choices for optical tweezer experiments over the last four years [30, 43, 44, 45, 46, 47,
48]. For both atoms two different isotopes have been used, the most abundant bosonic
isotope, 174Yb [43] and 88Sr [30, 44, 45], and a fermionic isotope, 171Yb [47, 48] and 87Sr
[46]. These experiments have already begun to show very impressive results, some of
which we will outline in the next section.

1.3 State of the art

The initial single atom optical tweezer experiments focused primarily on rubidium
atoms [23, 24]. Similar experiments with rubidium have been developed to a stage
where they can perform large scale quantum simulations [49, 50] and explore other
interesting topics such as increasing the number and lifetime of single atoms in tweezer
arrays [51, 52] and entanglement transportation [53]. Cesium atoms in optical tweezers
are now also used as a good candidate for quantum computing [54].

Although significantly less time has passed since the first alkaline earth-like sin-
gle atoms in tweezers [30, 43, 44], there have already been many impressive results.
Groups have demonstrated two types of imaging methods, one that uses the broad 1S0 -
1P1 transition [30, 43, 44, 48] and another that uses the narrow 1S0 - 3P1 transition [43, 47,
55], along with exploring different tweezer wavelengths in strontium [32, 34, 45] and
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ytterbium [47]. Multiple types of high fidelity qubits have been demonstrated as well
including direct addressing of the clock transition as a qubit [56], metastable state to
Rydberg state qubits [56, 57, 58], and hyperfine ground state qubits in the fermionic
isotopes [46, 47, 48]. With strontium, groups have demonstrated optical clocks using
tweezer arrays [34, 35, 36], and demonstrated loading single atoms from tweezer traps
into a 2D optical lattice opening other new opportunities [56, 59]. The fact that alka-
line earth atoms have two valence electrons has also been exploited for Rydberg atom
trapping [60] since the remaining ground state electron allows for the atom to remain
trapped [60, 61].

1.4 Thesis outline

The remainder of this thesis is outlined as follows:

• In Chapter 2, we present the main experimental results of this thesis that have
been published as "Narrow-line imaging of single strontium atoms in shallow
optical tweezers" [55]. Here we present our results on the first demonstration
of high-fidelity imaging of single Sr atoms using its narrow (7.4 kHz-wide) 1S0 -
3P1 transition, where we trap the atoms in non-magic wavelength tweezers. After
an introduction, this article starts with an overview of our experimental proce-
dure (Section 2.3) and continues with the details and characterization of our red
imaging method (Section 2.4). This section includes a description of the attractive
Sisyphus cooling process, optimized parameters, detection fidelity, and survival
probabilities. We proceed with our results on selectively imaging (hiding) a spe-
cific tweezer trap of the array (Section 2.5). The ability to selectively image a sin-
gle site is a specific advantage of narrow-line imaging in non-magic wavelength
tweezers and could prove useful for quantum error correction or state specific
detection in 87Sr. After the conclusion (Section 2.6), additional details of the ex-
perimental setup are presented in the appendices (Section 2.7 and Section 2.8).

• In Chapter 3, we present some theoretical calculations. In Section 3.1, we discuss
how light and magnetic fields affect the internal states of the atom and outline
how to calculate the polarizability (light shift) and Zeeman shift for different in-
ternal states of strontium including the ones of fermionic 87Sr. Calculating these
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shifts accurately is important for characterizing trap depths, and to find magic-
wavelengths between different internal states. In Section 3.2, we briefly outline
the method for composing an n-level coupling Hamiltonian and evolving this
Hamiltonian with dissipation by using the Lindblad master equation. This evo-
lution is required for the calculations of the following two sections. In Section 3.3,
we cover in detail our simulation of the attractive Sisyphus cooling process men-
tioned in Section 2.4 including additional results and limits of the cooling pa-
rameters. The simulation outlined in this section works for other types of laser
cooling in an optical tweezer, including sideband cooling and repulsive-Sisyphus
cooling. In Section 3.4, we present the main theoretical result of this thesis with
the author’s main contribution to the publication "Solving correlation clustering
with QAOA and a Rydberg qudit system: a full-stack approach" [41]. In this sec-
tion, we propose a single qudit coupling scheme in 87Sr. We calculate the required
transition dipole moments for varying magnetic field strength in order to deter-
mine coupling strengths, analyse the dominant error sources and summarize the
limits or required parameters, and present a possible method for experimental
implementation.

• In Chapter 4, we present some additional experimental details and results. This
section’s primary focus is to give additional details that were excluded from
Chapter 2 and try to highlight methods that we found useful in initially acquiring
single atom results. In Section 4.1 we begin with a brief overview of the exper-
imental setup, focusing on the changes to the experiment after the theses of O.
Onishchenko [62] and S. Piatchenkov [63]. In Section 4.2, we outline the optical
setup of the tweezer system including the alignment and characterization proce-
dure along with the alignment to the vacuum chamber. In Section 4.3, we present
our initial results with NIR-tweezers including the wavelengths of 785 nm and
813 nm. We focus on our preliminary results and first signs of single atoms in
order to help future experiments work through this initial period as fast as pos-
sible. We also include our first red imaging results and alignment of the spatial
light modulator tweezer array after our first single atom results. In Section 4.4,
we continue with some of the critical parameters that we have found to help sig-
nificantly improve the performance of our experimental setup and allow for us
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to achieve the results presented in Chapter 2. In Section 4.5 we finish with pre-
senting some additional information on our site-selective imaging technique and
our results on using an additional movable tweezer to sort the atoms of the array
into a defect-free array. This process is required for using Rydberg excitation of
the atoms for engineering interactions between atoms in different tweezer sites.

• In Conclusion and outlook, we briefly mention some of the ongoing work in the
lab along with future plans for the experiment and conclude the thesis.



8

Chapter 2

Narrow-line imaging of single
strontium atoms in shallow optical
tweezers

This chapter has been published as [55].

2.1 Abstract

Single strontium atoms held in optical tweezers have so far only been imaged using the
broad 1S0 - 1P1 transition. For Yb, use of the narrow (183 kHz-wide) 1S0 - 3P1 transition
for simultaneous imaging and cooling has been demonstrated in tweezers with a magic
wavelength for the imaging transition. We demonstrate high-fidelity imaging of sin-
gle Sr atoms using its even narrower (7.4 kHz-wide) 1S0 - 3P1 transition. The atoms are
trapped in non-magic-wavelength tweezers. We detect the photons scattered during
Sisyphus cooling, thus keeping the atoms near the motional ground state of the tweezer
throughout imaging. The fidelity of detection is 0.9991(4) with a survival probability of
0.97(2). An atom in a tweezer can be held under imaging conditions for 79(3) seconds
allowing for hundreds of images to be taken, limited mainly by background gas colli-
sions. The use of a fully closed (cycling) transition for imaging will provide a useful
tool for state specific detection. We detect atoms in an array of 36 tweezers with 813.4-
nm light and trap depths of 135(20)μK. This trap depth is three times shallower than
typically used for imaging on the broad 1S0 - 1P1 transition. Narrow-line imaging opens
the possibility to even further reduce this trap depth, as long as all trap frequencies are
kept larger than the imaging transition linewidth. Imaging using a narrow-linewidth
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transition in a non-magic-wavelength tweezer also allows for selective imaging of a
given tweezer. As a demonstration, we selectively image (hide) a single tweezer from
the array. This provides a useful tool for quantum error correction protocols.

2.2 Introduction

Optical tweezers have emerged as a powerful tool for quantum applications. They
enable state of the art quantum simulation and computation [49, 50, 56, 58], high fi-
delity and long coherence time qubits [46, 47, 48, 57, 64], quantum metrology [34, 35,
36], quantum chemistry [65, 66], among numerous other applications. Optical tweez-
ers with alkaline-earth(-like) atoms, in particular with strontium and ytterbium, have
been recently realized, offering new possibilities in expanding these applications [30,
43, 44].

In all strontium tweezer experiments demonstrated so far, the fluorescence of single
atoms on the broad (30 MHz) 1S0 - 1P1 transition at 461 nm was recorded, while simul-
taneously cooling the atoms on the narrow (7.4 kHz) 1S0 - 3P1 transition at 689 nm [30,
32, 34, 35, 36, 44, 45, 46, 56, 57]. This ‘blue imaging’ method allows for high-fidelity
detection of single atoms in tweezers with high survival probability [30, 32, 44]. How-
ever, blue imaging requires repumpers to close the 5s4d 1D2 decay channel, which can
only be done at tweezer wavelengths where also the 1D2 state is trapped [32, 34, 46,
57]. Furthermore, the slightly higher scattering rate obtained in the blue imaging pro-
cess (∼ 75 kHz) can only be used as long as the tweezers are sufficiently deep. Any
excess heating from the imaging process can then be cooled away after the image. As
the trap depth of the tweezer is reduced, the advantage of fast imaging is lost because
the scattering rate must also be reduced to balance heating from imaging and cool-
ing. Reducing the tweezer trap depth has the advantages of decreased laser power
requirement per tweezer (allowing for more tweezers using a given laser source) and
increasing metastable state lifetimes (reduced off-resonant scattering of tweezer light).

A simpler method for imaging alkaline-earth(-like) atoms in tweezers is to use the
narrow 1S0 - 3P1 transition for both cooling and imaging. Single atom detection by flu-
orescence imaging on a (less) narrow transition has previously been demonstrated in
ytterbium for two different isotopes. In both cases tweezers with a magic-wavelength
for the imaging transition were used [43, 47].
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Here we detect single 88Sr atoms using only the 1S0 - 3P1 transition for simultane-
ous‘red imaging’ and cooling. We use optical tweezers that are non-magic for the imag-
ing transition, but magic for the Sr clock transition (1S0 - 3P0 ). We detect the photons
scattered during an attractive Sisyphus cooling process [32], thus keeping the atoms
near the motional ground state of the tweezer throughout imaging.

Attractive Sisyphus cooling is possible at tweezer wavelengths where the excited
state experiences a deeper trap depth than the ground state. More specifically, at our
tweezer wavelength of 813.4 nm, the excited state (|e〉 ≡ 3P1 |mj| = 1) confinement is
1.24 times greater than the ground state (|g〉 ≡ 1S0), see Fig. 2.1(a). This cooling process
can be very efficient with a proper choice of parameters, leading to a large reduction
in energy per scattered photon, and a small number of scattered photons needed to
cool the atom [67]. In addition, the non-magic trapping causes the harmonic oscillator
states of |e〉 and |g〉 to be non-orthogonal, for both the radial and axial directions. A
single cooling beam can thus remove energy from all directions [32, 67].

With balanced heating and cooling from the imaging process, the trap depth can
be significantly decreased, reducing the power required per tweezer. Additionally, red
imaging can be performed without repumpers, since optical pumping to metastable
states is much reduced. The only remaining pumping is due to off-resonant scattering
of 813-nm tweezer light when the atom is in |e〉, which has a low rate that is even
further decreased by using shallow tweezers. Specifically, the calculated off-resonant
scattering rate of tweezer photons from an atom in the 3P1 state is 1.3 Hz under imaging
conditions, where the finite fraction of time spent in the excited state is taken into
account.

Imaging in shallow tweezers does limit the scattering rate that can be achieved
without unacceptable atom loss, for both red and blue imaging. Shallow tweezer imag-
ing therefore requires a longer exposure time for high-fidelity single atom detection
compared to imaging in deeper tweezers. We show for red imaging that the maxi-
mum scattering rate (Γ/2 ≈ 23 kHz for the 1S0 - 3P1 transition, where Γ= 2π×7.4 kHz
is the transition linewidth) can be closely approached with proper modulation of the
frequency and intensity of the cooling beam, while maintaining a lower temperature
than when using blue imaging. This allows for a reduction of the trap depth by a factor
of ∼ 3, while only marginally increasing the imaging duration and maintaining a near
unity detection fidelity and survival probability.

We proceed by presenting an overview of the experimental setup and the procedure
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for preparing single atoms in Sec. 2.3. In Sec. 2.4, we present our imaging method along
with a description of the attractive Sisyphus cooling process, optimized parameters,
detection fidelity, and survival probabilities. In Section 2.5 we demonstrate the ability
to selectively image (dark out) a specific tweezer from the array and we conclude in
Sec. 2.6.

2.3 Overview of experimental setup and procedure

Similar to previously demonstrated strontium tweezer experiments, we load the opti-
cal tweezers with a small and random number of atoms from a magneto-optical trap
(MOT) operating on the narrow 1S0 - 3P1 transition [30, 32, 34, 35, 36, 44, 46, 56, 57]. Our
procedure for creating the MOT is similar to the one of [68], but uses a reduced number
of MOT beams to make space for a microscope objective and dynamically moves the
MOT from a loading position into the objective focus, see Appendix A.

We create two dimensional arrays of optical tweezers using a phase-only spatial
light modulator (SLM) to imprint a phase onto an 813.4-nm laser beam creating an ar-
ray of foci [49, 50]. This array is then imaged onto the narrow linewidth MOT through
an NA=0.5 microscope objective. An additional dynamically movable tweezer is cre-
ated using the same microscope objective and a pair of crossed acousto-optic deflectors
(AODs), see Appendix B.

The tweezer trap depth used throughout this paper is 135(20)μK unless otherwise
specified. For our 1/e2 tweezer waist of ∼ 0.84μm, the ground state radial (axial) trap
frequencies are ωradial = 43(3) kHz (ωaxial = 6.6(5) kHz), respectively. This trap depth
is chosen such that the excited state axial trap frequency (7.3(6) kHz) is comparable
to the linewidth of the 1S0 - 3P1 transition. We characterize the trap depth and waist
of our tweezers spectroscopically on both the mj=0 and |mj|=1 1S0 - 3P1 transitions, see
Appendix B. The trap frequencies are calculated from the estimated values of the waist
and the measured AC Stark shifts.

Once the tweezers have been loaded and the MOT is switched off, a single (non-
retro-reflected) 689-nm beam is used to address the tweezer array during all further
experimental stages that need 689-nm light (light-assisted collisions, imaging, cooling,
spectroscopy), see Fig. 2.1(b). This beam, here simply called imaging beam, is linearly
polarized perpendicular to the tweezer propagation axis to maximize the fluorescence
into the microscope. Additionally, we tune the linear polarization of the tweezer light
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FIGURE 2.1: (a) A sketch of the Sisyphus cooling process at the root of our
imaging technique. The tweezer potential is deeper for the excited state
(3P1) than for the ground state (1S0). The order of events for a cooling cy-
cle is shown from left to right. The atom initially rolls down the ground
state potential where it is preferentially excited near the bottom of the po-
tential. The atom then rolls up the steeper excited state potential before
decaying back to the ground state at a lower energy. This leads to a re-
duction in energy per scattered photon related to the trap depth mismatch
[32, 67]. (b) A simplified schematic of the experimental setup. A high nu-
merical aperture objective (NA = 0.5) creates the optical tweezers and col-
lects the atomic fluorescence. A single beam (imaging beam) is used for
light-assisted collisions, cooling, and imaging in the tweezer array. The
polarization of both this imaging beam (Eimg) and the SLM tweezer pat-
tern (Etweezer) are shown. The direction of gravity with respect to the ob-
jective is also shown (g). (c) Averaged fluorescence of strontium atoms in
the 6×6 array of tweezers used throughout the majority of this work. We
collect photons scattered from the 1S0 - 3P1 (|mj | = 1) transition during the
cooling process in order to image the atoms in the array. The image is the
average of 100 experimental realizations using 500 ms of exposure each.
(d) Image obtained by one such experimental run. Approximately half of
the tweezer traps are filled on average.
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to match the propagation axis of the imaging beam. This maximises the σ± component
of the imaging beam because we operate the tweezers at a 0 G magnetic field making
the tweezer polarization the dominant quantization axis.

To prepare tweezers containing either a single or no atom, we use light-assisted
collisions to induce pairwise loss, leaving either zero or one atom remaining in each
tweezer [69]. The imaging light used in this process is tuned to a frequency between the
Stark shifted resonance of the 1S0 - 3P1 (|mj| = 1) transition and an electronically excited
molecular state that is further red detuned and that asymptotically corresponds to the
3P1 state [30, 70].

We perform imaging by collecting the scattered photons from the Sisyphus cooling
process as presented in Sec. 2.4. The fluorescence is collected via the same microscope
objective used to generate the tweezers, and then separated using a long pass dichroic
mirror with 750-nm cutoff. The collected fluorescence light is sent onto an EMCCD
camera [71, 72]. The number of photons in 5×5 pixel regions of interest (ROIs) around
each tweezer center is summed. We collect photons for 100 ms in order to separate the
single atom signal from the background noise of the camera. This procedure leads to a
histogram with two peaks, corresponding to zero and one atom in a tweezer, as shown
in Fig. 2.4(a). An atom is assumed to be in a tweezer if the photon number lies above a
threshold located between the two peaks, see Sec. 2.4(D).

In the previously demonstrated blue imaging technique, the metastable 3P0 and 3P2

states must be repumped to the ground state during imaging because of decay of 1P1

to those metastable states [32, 34]. During red imaging, these repumpers are only used
to compensate optical pumping into 3P0,2 by the tweezer light that can happen when
the atom is in the 3P1 (|mj| = 1) state. However, we find that this is unnecessary for
the shallow traps used in this work. Nonetheless, we have the ability to repump the
metastable states via the 3S1 state using two lasers at 679 nm and 707 nm for the 3P0

and 3P2 states respectively.
For all the results presented in this paper, we begin an experimental run by prepar-

ing single atoms using the above method followed by an initial image to determine
which tweezers are filled. After this,we perform measurements as required by the ex-
periment under consideration. The average initial image of 100 preparations for a 6×6
array and an image of a single run is shown in Fig. 2.1(c) and (d) respectively.
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All plots presented are for 100 repetitions of each experiment unless stated other-
wise and the data is the average of all 36 tweezer sites. Taking into account the typi-
cal tweezer loading efficiency of 50%, each data point consists of approximately 1800
realizations. The error bars for the entire paper show the standard deviation over the
array and are dominated by variation originating from tweezer depth inhomogeneities
across the array. The raw data and the analysis tools used in this research can be found
in Ref. [73].

2.4 Imaging via Sisyphus cooling

Our imaging and cooling relies on the attractive Sisyphus cooling technique first pro-
posed in [67, 74] and more recently observed experimentally in tweezer arrays [32, 34,
46] as well as in a continuous beam decelerator [31]. We can keep the scattering rate
near maximum with near zero trap loss or heating in tweezers as shallow as 135(20)μK
by intentionally keeping the imaged atoms slightly hotter than the coldest possible
temperature, and by proper choice of imaging/cooling parameters.

2.4.1 Sisyphus cooling criteria

Attractive Sisyphus cooling relies on a trap depth mismatch between the excited and
ground state potentials as shown in Fig. 2.1(a). In addition, three conditions must be
fulfilled for the cooling to work. First, the excited state of the atom must experience
stronger confinement than the ground state. Second, one must have the ability to excite
the atom selectively from the bottom of the potential, and third the excited atom must
have sufficient time to move away from the center of the potential before decaying
[67]. The first condition is fulfilled in our setup by properly choosing the trapping
wavelength, while the second and third conditions can be fulfilled by using the narrow
linewidth 1S0 - 3P1 transition in strontium.

The first condition is needed for the atoms to lose kinetic energy by rolling up the
steeper potential of the excited state before decaying. This allows for a reduction in
potential energy on the order of the differential trap depth per scattering event. The
narrow linewidth of the transition allows for the atoms to be selectively excited from
the bottom of the trap if the differential trap depth is larger than the linewidth. The
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lifetime of the narrow transition is long enough to satisfy the third condition if the trap
frequencies are larger than the linewidth. The atom will then more likely decay near
the motional turning point, away from the center of the trap.

2.4.2 Optimal cooling

To investigate the performance of our cooling/imaging technique and find optimal
cooling parameters, we measure the temperature by the release and recapture method
[75]. We switch the tweezers off, wait a time trelease before turning them back on again,
and then image the atoms to determine their survival fraction. Atoms are lost quicker
when they are hotter. The temperature is determined by comparing the survival frac-
tion for several values of trelease with Monte-Carlo atom trajectory simulations [32, 75].

To characterize cooling performance, we start by preparing a sample and detecting
which tweezers contain an atom (see Sec. 2.3). We then cool for a time tcool and perform
release and recapture. Next, we cool the array again before taking a final image to see
which atoms survived and calculate the survival fraction.

The results of such measurements under optimal cooling conditions for three tcool

are shown as examples in Fig. 2.2(a). The first measurement is taken directly after the
first image (tcool = 0 ms, red circles). The second briefly cools the atoms (tcool = 2 ms,
green squares). The third approaches the asymptotically coldest achievable tempera-
ture by using a long cooling time (tcool = 20 ms, blue triangles).

Comparing this data with release and recapture simulations yields a temperature
of approximately 1.8μK (dashed line in same figure) for an optimally cooled atom
(tcool= 20 ms), which is consistent with a temperature near the radial motional ground
state energy of roughly T = �ω

2kb
∼1.1μK for our trap depth [75]. The release and

recapture simulations are based on classical trajectories and could lead to an overes-
timation in the temperature as the atom approaches the motional ground state of the
trap. Therefore we take this temperature estimate as an upper bound.

To optimize cooling, we vary cooling light frequency or intensity while keeping
trelease = 60μs and tcool = 20 ms fixed. Figure 2.2(b) shows an example of such a mea-
surement for which the detuning is varied. As explained in Sec. 2.4(C), the imaging
process is also interlaced with brief cooling phases. Here we vary the cooling fre-
quency both during the period tcool and during the brief cooling stages interlacing the
imaging process. We find the highest recapture fraction, and therefore optimal cooling,
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(c)(b)

(a)

FIGURE 2.2: (a) Temperature measurements using the release and recap-
ture method for three different cooling times, tcool, after taking an image.
The red circles show an atom directly after an image (tcool = 0 ms), green
squares show a briefly cooled atom (tcool = 2 ms), and blue triangles show
an optimally cooled atom (tcool = 20 ms). Error bars show the standard de-
viation calculated over the 36 atom array. All other errors fall well inside
these error bars. The dashed (solid) lines show the results of Monte Carlo
simulations for temperatures of 1.8μK (3μK) respectively. As discussed
in Sec. 2.4(C), we use an interlaced imaging/cooling technique that ends
with 1.5 ms of cooling. The time tcool starts after the final 1.5 ms of cooling
at the end of the first image, so tcool is the amount of additional cooling.
(b) Recapture fraction of a single atom versus the cooling frequency for
tcool = 20 ms and trelease = 60μs. Here we vary the cooling frequency both
during the period tcool and during the brief cooling phases interlacing the
imaging process. The vertical line shown at -663 kHz indicates the ap-
proximate Stark shifted resonance of the cooling transition. (c) Average
motional quanta n̄, obtained by numerical simulation, in dependence of
cooling light detuning at optimal intensity. The cooling transition is indi-
cated as in (b).
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for a frequency of −775 kHz from the free space resonance and an intensity of ∼ 88 Isat

(Rabi frequency ∼ 2π× 50 kHz). Note that for frequencies blue of the Stark shifted res-
onance, atoms are heated out of the tweezer, causing the zero and one atom signals in
the histogram to merge. To still distinguish zero and one atom we keep the threshold
determined for histograms using optimal detection parameters (our ’standard’ thresh-
old).

We compare the experimentally determined optimal parameters and the tempera-
ture with results of a numerical simulation of the cooling process. The simulation is
based on solving the steady state of a Lindblad master equation for a two-level atom
in a pair of 1D quantum harmonic oscillators (QHO), one for each internal state |g〉,
|e〉. The ratio of the QHO frequencies is given by ωg/ωe =

√
αg/αe = 0.899, with αg,e

the dynamic polarizabilities at the tweezer wavelength. Choosing a traveling wave for
the Sisyphus cooling laser, the transition dipole moments between vibrational states
of different QHO’s are calculated as deg 〈m| eikx |n〉, with |m〉, |n〉 the vibrational states
for internal states |g〉 and |e〉, respectively, and deg the transition dipole moment of the
1S0 - 3P1 transition.

We find the optimal parameters and the minimum temperature to be in good agree-
ment (10%) with the experimentally found ones. In Fig. 2.2(c) we show the number of
average motional quanta after cooling in dependence of detuning at optimum inten-
sity (all parameters of this simulation are given in Appendix C). At the minimum we
obtain n̄ ≈ 0.25, which is in good agreement with measurements using sideband spec-
troscopy done by another group using the same cooling method [35, 57, 58].

2.4.3 Optimizing the imaging parameters

We now discuss the imaging procedure and optimize its parameters. In a first approach
we record the fluorescence of atoms while cooling. We find that the parameters that are
optimal for cooling lead to a low scattering rate. The rate increases if the imaging beam
frequency is chosen such that the atom is hotter. In the following we determine the
imaging frequency and intensity that lead to highest scattering rate. We then explore
a method to increase the fraction of atoms that survive imaging: interlacing imaging
with brief cooling stages.

The imaging frequency that leads to maximal scattering is found to be near the
Stark shifted resonance (trap bottom). The scattering rate increases with imaging beam
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intensity approaching the theoretical maximum of ∼ 23 kHz at our chosen operating
intensity I ∼ 350 Isat. Deviations of ±50% from this value have barely any effect on the
scattering rate where lower intensities than this range cause a detectable decrease in the
scattering rate away from the saturated regime. Higher intensities cause unnecessary
heating of the atom and excess camera background noise during detection. To clearly
distinguish one atom from zero atoms, we image for 90 ms (see Sec. 2.4(D)).

The scattering rate is maximized for different conditions than the ones leading to
optimum cooling. The optimum cooling frequency is not close to the Stark shifted
resonance, but approximately 2-3 radial motional sidebands to the red of the shifted
resonance. This behavior is consistent with the fluorescence being suppressed once
the atom is cooled and there are no longer motional quanta to remove, leaving the
laser off resonance. The optimum cooling intensity (∼ 88 Isat) is much lower than the
intensity used for imaging. Imaging is therefore accompanied by sub-optimal cooling,
leading to a higher equilibrium temperature than optimum cooling, and potentially to
higher atom loss.

We attempt to increase the fraction of atoms that survive imaging by interlacing
imaging with cooling pulses. A similar approach of interlaced imaging and cooling
was demonstrated for blue imaging in [45]. In order to determine how much cooling
is needed we execute a single imaging pulse with the full duration needed for reli-
able single atom detection (90 ms) followed by cooling. We estimate the temperature
change during cooling by measuring the recapture fraction for a release time of 60μs,
see Fig. 2.3(a). Cooling proceeds quickly for a few milliseconds, then approaches the
steady-state for tcool � 8ms. This indicates that about 10% of the total imaging time
should be spent on cooling to maintain a low temperature.

To keep the temperature low during the imaging process, we interlace the 90 ms of
imaging time with eight cooling pulses of 1.5 ms duration, i.e. we alternate eight times
between 11 ms of imaging and 1.5 ms of cooling, each time changing frequency and
intensity. This is the standard imaging timing sequence for all images in this work,
unless stated otherwise. The duration of one cooling pulse was chosen to allow sig-
nificant cooling while not wasting time at a low scattering rate for marginal additional
cooling, see Fig. 2.3(a). The cooling pulse time is much longer than the timescales de-
termining a single Sisyphus cooling cycle (axial and radial trap period, excited state
lifetime, and inverse scattering rate) and allows the atom to scatter ≤ 34 photons.

We now reoptimize the imaging frequency to maximize the fraction of detected
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FIGURE 2.3: (a) Determination of cooling time scale. After heating
the atoms for 90 ms with imaging light only (detuning of -675 kHz and
I ∼ 350 Isat), we cool them for the time tcool and then measure the sur-
vival fraction after release and recapture. We use a fixed release time of
trelease = 60μs. (b) Detected atom fraction in a second image versus imag-
ing frequency. The cooling frequency is fixed at -775 kHz from free space
resonance of the 1S0 - 3P1 transition. Red circles show data recorded using
imaging interlaced by 1.5-ms-duration cooling pulses using an optimized
duty cycle of 88% imaging and 12% cooling. Grey diamonds show data
recorded using imaging without interlaced cooling and instead a 12 ms
cooling stage at the end of the image. The detuning is plotted with respect
to the free space resonance of the 1S0 - 3P1 transition. The vertical solid line
shows the approximate Stark shifted resonance of the transition. The inset
displays a vertical zoom onto the three points of best performance. The
point at -675 kHz shows the highest survival probability of 0.97(2).
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atoms using imaging interlaced with cooling. This fraction is measured by preparing a
sample of single atoms using interlaced imaging with optimized operating parameters
(see Sec. 2.3), and then determining how many atoms are also detected on a second
interlaced image in dependence of the imaging frequency used for that image, see
Fig. 2.3(b) (red circles). We also show the detected fraction without interlacing imaging
with cooling (Grey diamonds).

The best performance is reached for a detuning of -675 kHz from the free space res-
onance (-12 kHz from the Stark shifted resonance), with a detected fraction of 0.97(2).
We use this detuning for all images in this work unless stated otherwise. The benefit
of imaging interlaced by cooling is that the survival probability is ∼3% higher than
what we could obtain without interlaced cooling. This can be clearly seen in the inset
of Fig. 2.3(b) where we zoom in on the points of best performance.

At the points highlighted by the inset, the detected fraction of atoms in the second
picture is equivalent to the survival probability. However we specifically choose this
alternate label because the reduction in the detected fraction for higher and lower de-
tuning is due to different mechanisms. For blue detuning from the optimum value
(right hand side of the plot in Fig. 2.3(b)) the reduction is dominated by the probability
of an atom to be lost during imaging as evident from an increased variation in collected
photon number. The blue detuned light can heat the atom out of the tweezer before
sufficient photons can be scattered for detection. In the region red detuned of the opti-
mum value (left hand side of the plot) the poor detected fraction is instead dominated
by insufficient scattering rate as evident from a decreased average number of collected
photons. The reduction in scattering rate also leads to the drastically increased error
bars at further red detuned frequencies. For frequencies more than 50 kHz away from
optimum the zero and one atom signals merge. Again, we use our standard threshold
to distinguish zero and one atom.

We compare the temperature after our imaging process (which ends in a 1.5 ms
cooling stage) to the one obtained after a long cooling time (20 ms additional cooling)
using release and recapture measurements, see Fig. 2.2(a). Directly after the imaging
process the data is well described by a simulation assuming 3μK (red circles and solid
line). This is not much above the temperature obtained after long cooling of about
1.8μK (blue triangles and dashed line).
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2.4.4 Detection fidelity, survival probability and minimum tweezer

depth

To distinguish tweezers containing one or zero atoms on fluorescence images we use
a photon count detection threshold. We now illustrate this method and determine the
optimum detection threshold and the detection fidelity. We measure the fraction of
atoms that survive imaging and discuss its dependence on tweezer trap depth. Finally,
we compare the lifetime of atoms under cooling and imaging conditions.

Figure 2.4(a) shows a histogram of the number of collected photons in a tweezer
ROI, where the average offset from background photons and camera noise is sub-
tracted. Two distinct peaks are visible: one around zero photons, corresponding to
no atom in the tweezer, and another around 50 photons, corresponding to the fluo-
rescence count of a single atom. As is standard procedure [30, 32, 34, 44, 46, 76, 77],
we postulate that an atom is present if the photon count is above a detection thresh-
old, marked as dashed vertical line in the histogram. It may happen that randomly
very few photons are scattered despite an atom being present in the tweezer or vice
versa, leading to a wrong detection result. The detection fidelity is the probability
of the detection to be correct. We determine it by calculating the overlap between a
skewed Gaussian (fit to the zero atom peak) and a Gaussian (fit to the one atom peak)
following the procedure outlined in [77]. As a double check, we calculate the fidelity
following the procedure outlined in [45], which does not rely on fitting the histogram.
Both methods agree within our quoted uncertainty. Using the detection threshold as
an optimization parameter, we obtain a maximum detection fidelity of 0.9991(4) for a
135(20)μK trap depth.

The duration of images can be decreased to 50 ms with only a small loss in detec-
tion fidelity (fidelity reduced to 0.985). The loss is dominated by misidentifying a filled
tweezer as empty at the optimal threshold, and is limited by background light on the
camera and not by camera electronic noise. In particular the stray light of the repump
lasers contributes to misidentification (the band pass filter in front of the camera insuf-
ficiently filters their light). In fact, we obtain a better detection fidelity without using
the repump lasers, also because optical pumping to metastable states happens rarely
during imaging for our optical tweezer intensities. This is the reason why we do not
use the repump lasers during our imaging process for shallow traps.

To determine the probability of an atom to survive the imaging process we record
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FIGURE 2.4: (a) A histogram showing fluorescence photon counts from
ROIs around single tweezers during imaging. This histogram combines
the results of 1000 experimental runs using a 6×6 tweezer array. The clear
separation of the peaks highlights the uniform scattering over the array.
The EMCCD counts per ROI have been converted to the number of in-
cident photons. We use a bin size of 0.79 photons (150 EMCCD counts).
The dashed line indicates the threshold separating the 0 atom peak (left)
from the one atom peak (right). The EMCCD camera has a quantum ef-
ficiency of 92% at 689 nm. Fluorescence is collected for 100 ms during
which we perform 8 cycles consisting of 11 ms of imaging light followed
by 1.5 ms of cooling light. (b) The survival fraction versus the time spent
under optimized imaging cycles (red circles) and under optimal cooling
(blue triangles). The dashed lines show fits to the data (see text).
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two images in sequence. The probability to detect an atom on the second image if it
was present on the first is 0.97(2).

The trap depth can be reduced to 99(15)μK without sacrificing detection fidelity.
However, once the tweezer trap depth is decreased below the ∼ 135μK level, the chance
of recovering the atom on a second image starts to decrease. For example we measure
a decrease in survival probability to 0.926(65) for a trap depth of 99(15)μK.

Survival probability is reduced for trap depths below ∼ 135μK because one of the
Sisyphus cooling criteria outlined in Sec. 2.4(A) is not met. For such low trap depths,
the excited state axial trap frequency becomes lower than the natural linewidth of the
transition (∼ 7.4 kHz). When the axial trap frequency becomes that small the cooling
process does not sufficiently compensate fluorescence recoil heating in the axial direc-
tion. This is supported qualitatively by our Sisyphus cooling simulation when we set
the trap frequency to the axial value. As the trap frequency is varied to lower values,
we see that cooling quickly deteriorates for values below the natural linewidth. This
analysis also shows there is still something to be gained in cooling performance from
a higher axial trap frequency.

The fact that Sisyphus cooling works for higher trap depths highlights the ability
of the single radial cooling beam to remove energy from all directions simultaneously.
Imaging at even lower trap depths could be achieved by using closer to spherically
symmetric potentials as those in [36] or in a 3-D lattice [56], allowing reliable imaging at
even lower trap depths. Already the achieved trap depth of 135μK for reliable imaging
is three times less than obtained with blue imaging in 813-nm tweezers [32], making
it possible for us to obtain three times more tweezers for a given 813-nm laser source
power. We note that [44] uses similar trap depths (200 μK) to those in our work albeit at
a different tweezer wavelength of 515-nm. At this wavelength and with the higher NA
microscope objective used in [44], much higher trap frequencies are obtained. Because
of this, we predict that in such a system a similar reduction in trap depth should be
possible.

In Figure 2.4(b) we show the survival probability over time thold when continually
imaging or when just cooling. For these long measurements we turn on the repump
lasers and close the atomic beam shutter. We fit the data by e−(t/τ)α , where α and τ are
fit parameters. For continual imaging cycles the fit provides α=1 and a 1/e lifetime of
τ=79(3) seconds, allowing for hundreds of pictures to be taken of a single atom. This
decay of the survival fraction is equivalent to pN1 , where N is the number of elapsed 100
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ms long images and p1 = 0.9986(4) [32]. For continuous cooling the fit provides α=0.8
and τ=116(5) seconds. The deviation from a pure exponential decay might be due to
slowly improving vacuum quality over the course of each measurement, triggered by
the atomic beam shutter closure. When analysing individual tweezers, we find that
some tweezers have the same lifetime under cooling and imaging conditions.

The discrepancy between the value of p1 and our quoted survival probability for a
single image is still unknown to us, however we hypothesize a few causes. One cause
might be the slowly improving vacuum as mentioned above. Another might be tech-
nical issues during the process of recording an image. Such an image recording error
would not contribute much to p1, as images are only recorded at the beginning and
end of N imaging durations. If such hypotheses are true, p1 would be the more accu-
rate value for the survival probability and achievable for single pictures with technical
improvements.

The finite lifetime can have a variety of origins. We verify that the temperature of
the atoms stays constant under both investigated conditions, excluding a slow process
heating the atoms out of the trap. We find that the lifetime depends on the vacuum
quality, as lifetime degrades over months and increases to the values stated above only
after flashing titanium sublimation pumps. The decrease in lifetime from cooling to
imaging conditions for most tweezer sites indicates that the small trap depth variation
between tweezers of 3% make it impossible to optimize cooling and imaging for all
tweezers.

We observe day to day changes of the survival probability originating from drifts
away from ideal conditions, in particular magnetic field drifts. Magnetic field drifts
on the ∼ 20 mG level affect the single image survival probability significantly (∼ 2%
reduction).

2.5 Site selective imaging

Our imaging technique provides an additional advantage. Using an easily achievable
differential Stark shift, one can tune a certain tweezer out of resonance with the imag-
ing light used for the rest of the array. This allows for selective imaging of either the
remaining tweezers of the array or of the single shifted tweezer. The ability to selec-
tively readout a single atom from the array is a necessary step for error correction in
many quantum computation algorithms [78, 79].
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To demonstrate the ability to select (or dark out) an atom from the image, we use a
tweezer created by the crossed AODs to create a deeper potential for a single tweezer
site in a 3×3 tweezer array. To characterize site selective images, we record four con-
secutive images in one experimental run, see Fig. 2.5. The first image (Fig. 2.5(a)) is
taken directly after single atom preparation, as described in Sec. 2.3. The AODs are
then turned on for the second and third image (Fig. 2.5(b,c)), in which we image the
single shifted tweezer and the rest of the array respectively. To record atoms in the
shifted tweezer, we increase the imaging detuning to -2 MHz (i.e. 1.325 MHz to the red
of the usual imaging detuning). In the fourth image we turn off the additional tweezer
and again image the entire array (Fig. 2.5(d)).

We can image the single site such that it is detected in image two with a survival
probability of 0.96(2), and never appears in image three. Moreover, the entire atom
array survives this ’dark out’ measurement with a probability of 0.95(2).

The lower survival probability, in comparison to the value obtained in Sec. 2.4, is
due mainly to worse balancing of the trap intensities for the nine trap array used for
this measurement. Here the traps were only balanced to about 7% (the value we tend to
get from calculated phase patterns before any additional balancing is performed). This
variation is larger than the frequency tolerance that we see for our imaging process of
about 3.8% i.e. a 12.5 kHz frequency difference for our Stark shift. Additionally, the
cooling frequency and intensity in the deeper single tweezer were not fully optimized.
We note that the AC Stark shift chosen here is too small to fully protect quantum in-
formation of the remaining atoms but provides an initial proof of concept. However a
stronger AC Stark shift, on the order of 20 MHz, could make this feasible.

2.6 Conclusion

In conclusion, we have demonstrated the detection of single Sr atoms in shallow tweez-
ers with high fidelity (0.9991(4)) and survival probability (0.97(2)). Detection is based
on imaging on the red, narrow linewidth 1S0 - 3P1 (|mj| = 1) transition. We show that
with proper frequency and intensity modulation a high scattering rate can be main-
tained while keeping the temperature of the atoms low.

Our red imaging technique works for a wide range of trap depths, and for shallow
traps, red imaging is advantageous over blue imaging. We need slightly (∼2-fold)
increased imaging times (100 ms instead of 50 ms) in comparison to blue imaging on
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FIGURE 2.5: Site selective imaging using an additional tweezer to apply
a differential Stark shift to one tweezer. (a) A first image is recorded to
check loading. (b-c) After turning on the AOD tweezer on top of the cen-
ter tweezer, we image first only the center tweezer and then the rest of
the array by using respectively appropriate imaging and cooling detun-
ings. (d) When the AODs are turned off, all traps are visible in a final
image using the normal imaging detuning. The images show the average
fluorescence from 300 experimental realizations.
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the broad linewidth 1S0 - 1P1 transition in deep traps (450μK depth) [32]. However, in
shallow traps blue imaging is limited by the cooling rate, leading to excessive imaging
times in comparison to red imaging [56].

In contrast to blue imaging, red imaging avoids optical pumping of ground state
atoms into the metastable states (via 1D2). Imaging in shallow traps reduces off-resonant
scattering of trap light by metastable state atoms (3P0,2), leading to longer coherence
times. Red imaging in shallow traps combines both advantages and enables high-
fidelity shelving into metastable states for state specific detection or clock readout.

We show that, with a small additional Stark shift, we can isolate a single tweezer
of the array from the imaging process. This allows us to selectively image (or hide) a
single atom of the array. Through application of a bias field of ∼ 50 G, this selective
imaging technique could be further extended to state-selective imaging for hyperfine
ground states in the fermionic isotope. This opens the possibility of imaging more
than two hyperfine ground states without disturbing the others. This will be a useful
tool for quantum simulations or qudit style quantum computing [41, 80, 81].

It should be possible to extend red imaging to situations beyond the specific one
examined here. The small potential wells containing the atoms can also be created by
optical lattices, or other tightly confining dipole traps, making it possible to use the
technique in quantum gas microscopes or 3D lattice clocks. This detection technique
should work at nearly all tweezer wavelengths where one of the mJ states of 3P1 is
stronger trapped than the ground state. In particular, using 515-nm tweezers would be
an appealing option. This is because red imaging avoids the leakage channel through
1D2 from which blue imaging suffers [30, 44]. Tweezers at this wavelength are also
likely to trap most Rydberg states [60, 61, 82]. The large polarizabilities at this wave-
length, small diffraction limit of the tweezer light, and shallow required trap depth of
red imaging would allow for the creation of ≥ 1000 strontium atom tweezer arrays
with current laser technology.
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2.7 Appendix A: Experimental Sequence

We utilize a unique technique for loading our narrow linewidth MOT in order to create
optical access for the microscope objective. First, 88Sr atoms from an ∼ 500◦C oven are
slowed using a Zeeman slower operating on the 2π × 30 MHz wide 1S0 - 1P1 transition
at 461 nm. The slowed atoms are then further cooled and compressed by a four beam
’blue’ MOT, also using the 1S0 - 1P1 transition, in a 3D quadrupole field to milli-Kelvin
temperatures. This blue MOT consists of two sets of retro-reflected beams (1/e2 waist
of ∼ 12 mm) that are perpendicular to each other and horizontal. Refraining from im-
plementing the usual third MOT beam pair allows us to place the microscope objec-
tive along the gravity axis without complications from that beam pair, as shown in
Fig. 2.6(a). This blue MOT is an incomplete trap as it provides no confinement against
gravity. However the blue MOT is able to quickly cool and confine the atoms in the
horizontal plane, which comprises the only dimension along which atoms entering
from the Zeeman slower are fast. A significant fraction of atoms are then trapped in
the quadrupole magnetic field (52 G/cm gradient in the axial direction, which is ver-
tical) of the MOT by optical pumping to low-field seeking states of the 3P2 manifold.
This optical pumping is naturally happening when atoms rapidly scatter MOT light
and decay from 1P1 through the 5s4d 1D2 state to 3P2.

After quadrupole trap loading, all blue lasers are switched off and the magnetically
trapped atoms are repumped back to the ground state, using a 497 nm laser resonant
with the 3P2-3D2 transition. Simultaneously the quadrupole field gradient is reduced
to 0.63 G/cm in the vertical direction. The atoms are then loaded into a five beam
narrow linewidth "red" MOT operating on the 1S0 - 3P1 transition. Four of the five red
MOT beams are overlapped with the blue MOT beams and the fifth beam (1/e2 waist
of ∼6 mm) is propagating vertically upwards.

There is no need for a downwards propagating beam because the upward radia-
tion pressure force is limited by the narrow linewidth and the MOT quadrupole field
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FIGURE 2.6: (a) Detailed sketch of crucial elements of the experimental
setup. The arrow from the left indicates the beam of slowed atoms from
the oven. The Zeeman slower and repump beams are shown in blue. The
horizontal, overlapping blue and red MOT beams are shown in purple.
An additional vertically upwards propagating red MOT beam (shown in
pale red) provides confinement against gravity. The initial and final red
MOT positions are shown as intense red spots. The red MOT is moved
vertically 1 cm into the focus of the microscope objective. The 679 nm
and 707 nm repump lasers co-propagate with the cooling/imaging beam.
(b) Schematic of the tweezer setup. The main tweezer array is gener-
ated using an SLM. An additional tweezer can be created using a pair of
crossed AODs. The SLM and AOD tweezers are combined using a polariz-
ing beam splitter. Both systems are imaged through an NA= 0.5 objective
onto the atoms. Fluorescence light from the atoms is separated from the
tweezer light using a long pass dichroic mirror. The fluorescence is then
sent onto an EMCCD camera (Andor Ixon 897). (c) Experimental sequence
(numbers in brackets give time spans in ms). The figure uses acronyms for
blue MOT (B MOT), broadband red MOT (BBR MOT), single frequency
red MOT (SFR MOT) and light-assisted collisions (LAC).
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to a small phase-space region. This force is counter-balanced by gravity. The atoms
settle into a cloud on the lower part of a shell of equal B-field magnitude below the
quadrupole centre. This shell is defined by the detuning of the MOT beams being
equal to the Zeeman shift induced by the B-field. This trap scheme again does not
need a beam going through the microscope objective.

The red MOT beams are initially frequency modulated in order to create a comb of
frequencies from −60 to −3000 kHz detuning with 20 kHz spacing. The modulation
range and intensity of this broadband red MOT are decreased over 181 ms, while a
bias field of ∼0.6 G against gravity is ramped on, raising the atoms by 1 cm, from
the centre of the vacuum chamber to the focal plane of the microscope objective, by
shifting the center of the quadrupole field. An additional small bias field produced
by three orthogonal coil pairs is ramped while the MOT position is raised and used to
finely position the red MOT onto the tweezer array. The frequency modulation is then
switched off and single frequency red MOT beams, with a detuning of −100 kHz and
intensity of 8 Isat, are used to load the tweezers.

We optimize all parameters of the experiment up to this point on achieving the
desired red MOT atom number in a reliable way and in a short time. We find that for
MOTs (with our selected detuning) of 5×104 to 3×106 atoms, the entire tweezer array
can be loaded with ≥ 1 atom per site, where on the low end we get slightly below
unity filling. On the high end the high density of atoms in the tweezers leads to less
than half of the tweezers being filled with atoms, presumably because of additional
non-pairwise losses during the light-assisted collision step. Because of this robustness
to atom number fluctuations, we load the magnetic reservoir for a variable amount of
time at the end of an experimental sequence (∼ 200ms). The exact time is determined
by the need to store data of the last run on the data analysis computer and the need
to prepare the next experimental sequence in the experiment control computer. This
procedure creates a MOT of approximately 5×105 atoms at a temperature ≤ 1.5μK in
the focal plane of our objective.

Slightly before the MOT is switched to single-frequency operation, the tweezers
are switched on, see also next Appendix. After the red MOT has reached its final
position we wait for 50 ms to load the tweezers. Then we switch off the MOT lasers
and quadrupole field, and ramp the bias magnetic fields to 0 G at the position of the
tweezers.

Single-atom detection only worked properly once we spectrally filtered the 689-nm
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laser light used to induce fluorescence. The source of all 689-nm light is an exter-
nal cavity diode laser (ECDL) that is short-term stabilized on a reference cavity with a
linewidth of 35 kHz, which in turn is long-term stabilized (in length) on a spectroscopy
signal. Light from the ECDL is amplified by injection locked lasers and then used on
the experiment. Initially we used light from the ECDL directly to inject the amplify-
ing diodes. This ECDL light is spectrally broadened by servo bumps from the locking
electronics and amplified spontaneous emission and we found it impossible to pre-
pare and detect single atoms. We then used the light that is transmitted through and
therefore filtered by the reference cavity to inject the amplifying diodes, allowing us
to achieve the single atom preparation and detection results presented here. The red
MOT behavior did not noticeably change when switching from unfiltered to filtered
light.

The light used for light-assisted collisions, imaging, and cooling is sent onto the
tweezer array via a single beam with a polarization perpendicular to both the tweezer
propagation axis and the tweezer polarization, and a 1/e2 waist of ∼ 1 mm. We find
robust single atom preparation of ∼ 50% for a detuning of approximately −100 kHz
from the Stark shifted resonance (-750 kHz from free space resonance). We change the
intensity of the beam from low (I ∼ 88 Isat for 10 ms) to high (I ∼ 700 Isat for 150-
200 ms) then back to low (I ∼ 88 Isat for 10 ms) in order to cool the loaded atoms into
the tweezer, induce light-assisted collisions [30, 69], and cool the single atom before
taking the first image of an experimental run.

2.8 Appendix B: tweezer creation

The 813.4-nm laser light used for the optical tweezers in our experiment is generated
by an external cavity diode laser, which is amplified to 1.7 W using a tapered amplifier
(TA). The output of the TA is divided into two optical paths, a main path to create the
tweezer array using an SLM (Meadowlark P1920 1920×1152) and a second path for
a movable tweezer using AODs (AA opto-electronic DTSXY-400-800), see Fig. 2.6(b).
The main output path is sent through a dispersive prism in order to filter out any
amplified spontaneous emission from the TA and is then sent through an acousto-optic
modulator for intensity control before being coupled into a fibre. The second path is
sent without further filtering into an optical fibre.
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The optical tweezers are created by imaging an array of beams through a micro-
scope objective (NA= 0.5, Mitutoyo 378-848-3). An almost arbitrary and stationary
pattern of tweezers is created using the SLM. In order to calculate the phase pattern
of the desired tweezer pattern we use the weighted Gerchberg-Saxton algorithm [83].
The phase imprinted onto the incident beam by the SLM is a sum of phases including
the tweezer array pattern phase, a lens phase to Fourier transform the phase to a real
image, a grating phase to separate the zeroth order, and a factory correction phase.

The sum of these phases creates an array of foci ∼ 180 cm from the SLM. This array
is imaged through the microscope objective (effective focal length f = 4mm) with
a field lens of f = 500mm taking care that the array of beams is conjugated onto
the aperture of the microscope objective. In this work all results shown have been
performed with the SLM creating a square 6×6 array of tweezers unless otherwise
noted.

Additional balancing of the tweezer trap depths can be achieved by fine tuning the
SLM pattern. As a first step we spectroscopically measure the depth of each tweezer
by inducing heating on the 1S0 - 3P1 (mj = 0) transition, which is weaker trapped than
the ground state. The loss feature is then fit with a Gaussian, and the center frequency
is extracted for each tweezer. The detuning of this frequency from the free-space reso-
nance is proportional to the tweezer intensities. The amplitude of each tweezer, in the
pattern to be calculated, is then weighted based on these measured center frequencies.
The tweezer phase pattern is then recalculated using these new weights. This proce-
dure allows us to balance the trap depths across the 6×6 array to a standard deviation
of approximately 3% [30, 75, 76]. This procedure was not executed for the 3×3 array
used in Sec. 2.5.

We characterize the depth of our tweezers using spectroscopic method explained
above. The error in our trap depth determination has two sources. The choice of either
the blue edge frequency or center frequency, based on if a purely thermally broadened
line shape or a purely power broadened line shape is fit respectively, provides 15μK
of error [30]. An additional 5μK uncertainty comes from the 3% standard deviation of
the optimized SLM pattern. For the tweezers used throughout the paper, we estimate
a waist of ∼ 0.84μm and an optical power on the atoms of ∼ 2.33 mW per tweezer.This
is in good agreement with our externally measured waist of ∼0.78 μm. The microscope
transmission is also characterized externally to be ∼36%.
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The AC Stark shifts depend not only on the light intensity, but also on the polar-
ization of the light and the magnetic field. To zero the magnetic field, we collect fluo-
rescence induced on the 1S0 - 3P1 (mj = ±1) transitions from many atoms trapped in a
tweezer. We assume the frequency with the maximum fluorescence to be near the bot-
tom of the trap. We then apply B-fields along each Cartesian axis separately and look
for the zero crossing point where a single fluorescence feature can be seen in the scan
of imaging frequency. We measure the tweezer polarization to be linear directly before
the microscope objective, and with zero B-field see that the measured lines are in good
agreement with our polarizability calculations for linearly polarized tweezers (α(1S0)=
286 a.u., α(3P1 (|mj| = 1))= 355 a.u., and α(3P1 (mj = 0))= 199 a.u.). We note that a more
robust characterization of the trap depth would also include trap frequency measure-
ments as those in [30, 35, 44, 45], but we have not yet performed such measurements
due to either lack of the required laser or technical limitations in our system.

An additional tweezer (or tweezers) can be created using a crossed pair of acousto-
optic deflectors (AODs) whose position in the focal plane can be controlled through ra-
dio frequency tones sent to the AODs. Unlike the SLM’s slow refresh rate, this tweezer
can move at speeds sufficient for sorting atoms into defect free arrays, or for quickly
applying an additional tweezer for isolating one tweezer from the rest of the array (see
Sec. 2.5).

2.9 Appendix C: Sisyphus cooling simulation parameters

For the Sisyphus cooling simulation we consider a trap depth of kB×135μK = h ×
2.8MHz. For our estimated waist of 0.84μm, this gives a radial trap frequency of 43 kHz
for the ground state. We calculate the 1S0 (αg) and 3P1 (|mj| = 1, αe) polarizabilities
to be 286 a.u. and 355 a.u. respectively. For the results presented in Fig. 2.2(c), we
use a Rabi frequency of 2π × 42 kHz. We include 15 harmonic oscillator levels in our
calculation.
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3.1 Polarizability in the presence of a magnetic field

In the past few decades, optical dipole traps have become a powerful tool for ultracold
atom experiments. These traps rely on interaction between atoms and a far off resonant
laser. The potential created by the interaction of an atom and an oscillating electric
field, such as those of a continuous wave laser, is referred to as the AC Stark shift,
the optical dipole potential or simply the light shift [3, 84, 85]. The dipole potential
was first used to trap atoms in 1986 by Chu et al. [6], where a single strongly focused
Gaussian laser beam tuned to far below the D1 resonance in sodium is used to trap
sodium atoms.

For a given internal state of the atom, the radial potential1 of an optical dipole trap
created by a single focused laser beam can be calculated using the expression

U0 = − 1

2ε0c
I0(r)α(λL) = − PL

ε0cπw2
0

e−2r2/w2
0α(λL), (3.1)

where ε0 is the vacuum permittivity, c is the speed of light, I0(r) is the intensity of the
trapping laser, r is the distance from the center of the focus, α(λL) is the polarizability
of the atomic state at the trapping laser wavelength (λL), PL is the laser power, w0 is the
waist of the tweezer beam2. The polarizability is the proportional constant between
light intensity and light shift. It is related to the detuning from atomic transitions of
the state of interest and the polarization of the light. For the ground state of alkali and

1For the axial potential, the expression in Eqn. (3.1) changes the intensity profile from the Gaussian
focus to the evolution along the propagation of the beam using instead I0(z) ∝ 1 + (λLz/πw

2
0)

2, where
λL is the trapping laser wavelength.

2The polarizability is most often reported in atomic units. The conversion factor 4πε0a30 can be used
to convert from atomic units to SI units (F m2)).
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alkaline-earth atoms, considering the effect from the most dominate transition gives a
reasonable estimation of the strength of the polarizability, however for excited states
where there are many transitions of similar lifetimes, a more detailed calculation is
needed [85]. Here, we will outline a technique for calculating the polarizability for
different states of strontium. We will compose a polarizability operator, which will
be used to calculate of the polarizability of the sublevels of a desired internal state.
For completeness, we will refer to the Hamiltonian consisting of this operator and the
prefactors in Eqn. (3.1) at r = 0 as the light shift Hamiltonian.

Atomic state sublevels can also be shifted by external magnetic fields. This is
known as the Zeeman Effect. The shift of the sublevels of a given atomic state by mag-
netic fields provides an extra tuning knob for changing the energy of the sublevels.
Separating these sublevels in energy allows for the use of unique laser frequencies
and intensities for addressing different sublevel transitions between two atomic states.
This is very useful for forming complex atom-light coupling Hamiltonians for use in
quantum simulation and computation, such as in the example outlined in Section 3.4.
We briefly introduce the Zeeman Hamiltonian, which will be used for determining the
splitting between internal sublevels, focusing mainly on the triplet 3P1,2 states.

In optical tweezers, the Zeeman shift of magnetic sublevels at small magnetic fields
on the order of a few Gauss and the light shift from the tweezer laser can be similar.
This similarity in energy scales makes it important to include the light shift Hamilto-
nian and Zeeman Hamiltonian in the determination of energy shifts, because the total
energy shift can be significantly altered compared to simply adding up the effect of the
individual Hamiltonians. However, in general the eigenstates of the Zeeman Hamil-
tonian are not the same as those of the light shift Hamiltonian. Therefore, the Zeeman
shifts and light shifts are not additive. Small changes to the shift can have adverse
effects on certain processes like cooling or could affect our trap depth characteriza-
tion, see Section 2.8. However, the combined shift can provide a useful tool for tuning
two internal states of an atom to a so-called magic condition where the energy of the
two states is equal and first-order insensitive to variations of laser intensity or mag-
netic field amplitude [34, 44]. The usual approach for calculating the polarizability is
to decompose it into scalar, tensor, and vector contributions. Here we use a different
method for calculating the polarizability that is more practical for combining with the
Zeeman shift.
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This section is outlined as follows. First we will describe a tensor method for calcu-
lating the polarizability for the bosonic (88Sr) and fermionic (87Sr) isotopes of strontium.
Second, we will briefly outline the Zeeman Hamiltonian, again for both isotopes. Third
we will conclude with some specific results, including results for ellipticity tuning of
the polarizability, magic angles between the magnetic field and tweezer polarization,
and magic wavelength estimations for the 1S0 - 3P2 transition [40].

3.1.1 Polarizability

To calculate the polarizability, we use the method outlined in [86] adapted to strontium.
We start by defining polarization unit vectors in the Cartesian basis,

	uσ− =
1√
2

⎛
⎜⎝

1

−i

0

⎞
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where we have chosen our basis such that 	uπ = 	uz, defining this as the quantization
axis, which will be a convenient choice later when a magnetic field along the z-axis is
introduced.

We can construct two additional unit vectors describing elliptical polarizations,

	uγ = (sin γ,−i cos γ, 0), (3.4)

and for considering an angle between the linear polarization of a laser propagating
along the y-axis and a magnetic field oriented along the z-axis,

	uθ = (sin θ, 0, cos θ). (3.5)

The unit vector 	uγ is constructed such that the angle γ represents the ellipticity of the
polarization, where γ = 0,−π/4, π/4 are equivalent to linear3 left hand circular, and

3The linear polarization at γ = 0 is equivalent to the superposition of σ+ + σ−, which is equivalent
to π-polarization in the absence of magnetic field.
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right hand circular-polarizations respectively. Here, we have arbitrarily chosen z as
the propagation axis of our tweezer and y as the major axis. The unit vector 	uθ is con-
structed such that the angle θ is the angle between a magnetic field defining the quan-
tization axis along z and the linear polarization of the trapping laser, which means the
relevant range of θ is from θ = 0 (parallel) to θ = π/2 (perpendicular). Here, we have
chosen y as the propagation axis of the tweezer and z as the major axis for convenient
combination with the Zeeman Hamiltonian when a magnetic field is applied along the
z-axis. This second unit vector (	uθ) allows one to calculate the effect of a magnetic
field on the potentials of different excited state sub-levels in strontium as well as being
a valuable tool for finding so-called magic angles between a B-field and polarization
where the differential light shift between two states vanishes [34, 44].

To use the defined polarization unit vectors to extract the proper polarizability
terms for the dipole allowed transitions, we must convert to a spherical basis. This
is done using

	esph = U−1 · 	uCart =

⎛
⎜⎝

1/
√
2 i/

√
2 0

0 0 1

−1/
√
2 i/

√
2 0

⎞
⎟⎠ · 	uCart (3.6)

where we have chosen the basis {σ−, π, σ+} for 	esph. These unit vectors allow for the
proper selection of matrix elements from the polarizability operator that we will con-
struct.

With the polarization unit vectors defined in spherical coordinates, we can now
begin to construct the polarizability operator. To calculate the polarizability we must
use the electric dipole operator, dq, to calculate the transition dipole moment (TDM)
for a given transition between two states, |J,m〉 and |J ′,m′〉 [87]. To calculate the TDM,
we can use the Wigner-Eckart theorem. This theorem allows for the decomposition of
any matrix element of an irreducible spherical tensor operator with respect to a |J,m〉
basis into the angular momentum vector space created by |J,m〉 into the product of
two terms. One term is a Clebsch-Gordan coefficient and the other is a common factor
shared by all matrix elements independent of angular momentum orientation. Using
the Wigner-Eckart theorem, we can express the TDM as

〈J ′,m′|dq|J,m〉 = 1√
2J ′ + 1

〈J ′‖d‖J〉CJ ′,m+q
J,m , (3.7)

where 〈J ′‖d‖J〉 is the reduced transition dipole moment (RDM) from initial state J to
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FIGURE 3.1: Illustration of the quantum numbers used in the polarizabil-
ity calculation. J and J ′ represent the fine structure levels for the ground
and excited states of the atomic transition of interest. Each state contains
(2J+1)mJ sublevels; m and m′ which are depicted for two different cases.
For case one (left most arrow), a pure σ− polarization is displayed leading
to q = q′ = −1 defining the levels m and m′ as shown. For case two (right
two arrows), elliptical polarization leads to components of both σ+ and π
light resulting in q = 1 and q′ = 0 and defining m and m′ as shown. Such
effects lead to off-diagonal terms in the polarizability matrix of Eqn. (3.11).

excited state J ′ in a.u., CJ ′,m+q
J,m is the Clebsch-Gordan coefficient for the dipole transi-

tion, |J,m〉 → |J ′,m+ q〉 where q = (−1, 0, 1) corresponds to the light polarization of
(σ−, π, σ+) respectively, and m′ = m + q [87]. In Fig. 3.1, we have included a simple
diagram that helps to better illustrate these different quantum number.

From here we can calculate the polarizability operator for a given transition J → J ′

using

α̂q,q′(J, J
′, λ) =

1

β

αFS

π

|〈J ′‖d‖J〉|2
2J ′ + 1

ν̃J ′ − ν̃J
(ν̃J ′ − ν̃J)2 − ν̃2

λ

×
∑
m

CJ ′,m+q
J,m+q−q′C

J ′,m+q
J,m × |J,m+ q − q′〉 〈J,m|

(3.8)

where αFS is the fine structure constant, ν̃J ′,J are the energy of the respective states
expressed in cm−1, and ν̃λ is the trapping laser wavelength also expressed in cm−1

[86]. The prefactor, β = 5.29 × 10−9 cm, allows for the energies ν̃ to be expressed
in cm−1 while maintaining a.u. for the polarizability. This is a convenient choice for
using tabulated data such as from the NIST atomic database and other publications [30,
88, 89]. We have also introduced the term q′ for the explicit case where two different
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polarizations of light are present. Such situations can lead to a change in m by off-
resonant coupling as depicted in Fig. 3.1. This provides a polarizability tensor operator
of the form |J,m+ q − q′〉 〈J,m| with matrix elements

α̂
(4)
mi,mf ,q,q′(J, J

′, λ) = 〈J,mf |α̂q,q′(J, J
′, λ)|J,mi〉, (3.9)

where mi and mf represent the initial and final mJ state of the atom respectively. This
provides a rank-4 tensor with indices mi, mf , q, and q′ of size (2J +1)× (2J +1)× 3× 3.

The rank-4 tensor can be combined with the spherical basis polarization unit vec-
tors, with polarization given by Eqn. (3.6). This constructs a rank-2 tensor where the
different polarizabilities of specific sublevels can be extracted with the two indices mi

and mf . This rank-2-tensor is

α̂(2)
mi,mf

(J, J ′, λ) =
∑
q,q′

e∗q · α̂(4)
mi,mf ,q,q′(λ) · eq′ = 	e ∗

sph · α̂(4)
mi,mf ,q,q′(J, J

′, λ) ·	esph, (3.10)

with size (2J + 1) × (2J + 1). For pure σ−, π, or σ− polarizations, we have q = q′ and
mi = mf , but in the case of elliptical polarization or when an angle is present between
the quantization axis and polarization, this is not necessarily the case and we obtain
"Raman" coupling terms between two mJ sublevels of the same J in the polarizability
operator.

To calculate the total polarizability, we then take the sum of all contributions for
transitions from a given initial state J ,

α̂mi,mf ,tot(J, λ) = αother(J, λ) +
∑
J ′

α̂(2)
mi,mf

(J, J ′, λ) (3.11)

where αJ,other accounts for the grouped together contributions from all other non-dominant
transitions and the ionic-core polarizability. The latter is a small contribution consist-
ing of two factors, the polarizability of the ionic core and a small change due to the
presence of the valence electron [90]. These contributions are taken to be scalar, tend
to vary smoothly with wavelength, and are generally small in comparison to the other
transitions [30, 88, 89, 90]. We model αJ,other as a function of the form

αother(J, λ) = a+
b

λ− c
(3.12)
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with free parameters a, b, and c fitted to literature data listed as ’other’ of transition
J [30, 88, 89]. We use additional literature data around our tweezer wavelength of
813.4 nm to optimize the results of the fit near this wavelength [34, 35, 36, 77]. The
uncertainty in this function is the dominant discrepancy between the values obtained
here and by other works mentioned, but this is usually below a few percent and even
lower when compared with numbers like differential shifts between internal states,
magic wavelengths, and magic angles [30, 32, 34, 35]. For the 3P2 state the case is even
simpler since we have only a single value for the other and core contributions. In that
case αJ,other(λ) is purely defined by a global correction a and is a leading source of any
possible error in our 3P2 calculations presented later. In Tab. 3.1, we present the values
of the free parameters for different internal states of strontium.

Eqn. (3.11) is a matrix whose eigenvalues can be seen as the polarizabilities of dif-
ferent mj levels of a given state J for our effective quantization axis. The polarizability
includes all contributions of higher excited states (and sublevels). The choice of polar-
ization unit vector used in 	esph allows for us to calculate the polarizability for different
polarizations including for elliptical polarizations using Eqn. (3.4).

State a [a.u.] b [nm× a.u.] c [nm]
1S0 [30] 11.57 45.88 470.61
3P0 [88] 25.2832 2173.54 322.64

3P1 [30, 34] 35.03 6011.86 355.61
3P2 [89] 46.8 0 0

TABLE 3.1: Fit parameters of αJ,other(λ) for 1S0 and 3P0,1,2. The fit is done
using λ expressed in nanometers. Reference data citations are presented
in the table for each state. These fits are not necessarily unique and other
fits could provide similar results. Aside from the references mentioned,
the fits for 1S0, 3P0, and 3P1 were optimized around 813-nm to mimic the
reported differential shift results of other experiments [32, 34, 35].

Polarizability for 87Sr

To extend the calculation of the polarizability to 87Sr, where I = 9/2, we must include
the hyperfine splitting induced by the nuclear spin plus spin-orbit coupling (Ĵ · Î).
This can be by done using Condon and Shortley normalization for the reduced matrix
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element, which gives according to the Wigner-Eckart theorem

〈F ′(J ′, I),m′|d̂q|F (J, I),m〉 = CF ′,m+q
F,m 〈F ′(J ′, I)‖d⊗ 1̂I‖F (J, I)〉, (3.13)

where 1̂I is the unit operator acting on the nuclear spin subspace [86, 91]. This expres-
sion can be further reduced by using the coupling law for the reduced matrix element,
which gives

|〈F ′(J ′, I)‖d⊗ 1̂I‖F (J, I)〉|2 = fF ′,F |〈J ′‖d‖J〉|2, (3.14)

where

fF ′,F = (2J ′ + 1)(2F + 1)

∣∣∣∣∣
{

F ′ I J ′

J 1 F

}∣∣∣∣∣
2

(3.15)

is the relative oscillator strength for decay from |F ′〉 → |F 〉 [86, 91].
This allows for us to rewrite Eqn. (3.8) as

α̂mi,mf ,q,q′(F, J, J
′, λ) =

1

β

αFS

π

|〈J ′‖d‖J〉|2
(2Je + 1)

ν̃J ′ − ν̃J
(ν̃J ′ − ν̃J)2 − ν̃2

λ

×
∑
F ′

∑
m

fF ′,FC
F ′,m+q
F,m′−q′C

F ′,m+q
F,m × |F,m+ q − q′〉 〈F,m| ,

(3.16)

where we have included the summation over all the hyperfine excited state manifolds
[86]. The derived expression holds for detunings that are much larger than the hyper-
fine splitting. In the case of a near resonant laser, it would be required to include the F ′

specific detunings into the summation, however this is only a minor correction in the
far-off-resonant conditions considered here. The same procedure as outlined above can
be used to calculate the rank-2 tensor product in Eqn. (3.10), and to calculate the total
polarizability α̂mi,mf ,tot(F, J, λ) in Eqn. (3.11), where the same fit values from Tab. 3.1
are used in Eqn. (3.12) for the αJ,other(λ) contributions.

3.1.2 Zeeman Hamiltonian

For the simpler case of 88Sr where there is no nuclear spin, the calculation of the mag-
netic field shift is trivial. It can be written in the standard fashion

HB =
μB

h
gJ 	J · 	B, (3.17)
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where gJ 
 1.5 is the Landé g-factor for both the 3P1 and 3P2 states and μB is the Bohr
magneton [92].

Calculating the Zeeman shifts for 87Sr is slightly more complicated. We briefly out-
line the procedure used in [92]. The Zeeman interaction Hamiltonian in the presence
of a weak magnetic field B along the z-axis is given by

Hz = (gsSz + gLLz + gIIz)
μB

h
B, (3.18)

where gs 
 2, gL = 1, and Sz, Lz, Iz are the z components of the electron spin, orbital,
and nuclear spin angular momentum, respectively, and h is Planck’s constant [92]. The
nuclear spin g factor, gI , is calculated using the expression

gI =
μI(1− σd)

μB

h
|I| . (3.19)

Here μI = −1.0924(7)μN is the nuclear magnetic moment for 87Sr, where μN is the
nuclear magneton[93]. The diamagnetic correction is σd = 0.00345 for 87Sr [92].

To extend the Hamiltonian to arbitrary field strengths for 87Sr we can consider the
hyperfine and Zeeman interaction together using a spin-orbit mixed state basis [92].
Although we will only present the result of this process here, an interested reader can
see [92] for further details on this technique. In short it allows for us to write the total
Zeeman Hamiltonian as the sum of Eqn. (3.18), hyperfine effects HA and quadrupole
effects HQ.This gives

ĤZT = Hz +HA +HQ = Hz + A	I · 	J +Q
3
2
	I · 	J(2	I · 	J + 1)− IJ(I + 1)(J + 1)

2IJ(2I − 1)(2J − 1)
, (3.20)

where the values for A and Q can be found listed in Tab. 3.2 for the 3P1 and 3P2 states
[92]. Although not much work was done with fermions in tweezers for this thesis,
this Hamiltonian will be important for a few calculations considered in the following
(sub)sections. We briefly look at the influence that a small magnetic field would have
on the trap depths of the 3P1, F = 11/2 sublevels in the following subsection as well as
later in 3.4, where diagonalization of this Hamiltonian is required to extract the proper
magnitude of the transition dipole matrix elements, since the mixing of hyperfine lev-
els will depend on the magnitude of the magnetic field used.
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State A (MHz) Q (MHz)
3P1 −260 −35
3P2 −212.765 67

TABLE 3.2: Quantities of A and Q in the total Zeeman Hamiltonian
(Eqn. (3.20)) for the 3P1,2 states, taken from [92].

3.1.3 Polarizability results

Now that we have outlined the process for calculating both the polarizability and Zee-
man Hamiltonian, we can start to look at some results. We can substitute the total po-
larizability matrices, α̂mi,mf ,tot(J, λ) and α̂mi,mf ,tot(F, J, λ) for 88Sr and 87Sr respectively,
into Eqn. (3.1) to calculate the light shift Hamiltonian, giving

ĤE = −4PLa
3
0

cw2
0

α̂mi,mf ,tot(J, λ), (3.21)

and
ĤE = −4PLa

3
0

cw2
0

α̂mi,mf ,tot(F, J, λ), (3.22)

respectively, where we use the subscript E for electric field. Here, we have included
the conversion factor from a.u. to Joules (4πε0a30) and use the peak intensity at r = 0.
Here we will present a few results for different states of interest. To keep the discussion
independent of trap power and waist, we will present all results as polarizabilities in
atomic units. The RDMs along with energies ν̃J and ν̃J ′ for transitions between initial
states J and final states J ′ can be found for the J ≡ 1S0, 3P0, 3P1, and 3P2 states in
Tab. 3.3. We will use these values to evaluate the polarizability using Eqn. (3.11). We
will start with polarizability plots of different pure polarizations for the bosonic case.
We will continue with results for the fermionic isotope 87Sr. To finish, we will consider
tuning the polarizability by varying the trap polarization ellipticity, which will enable
us to tune the polarizability.

Bosonic strontium polarizability

In Figure 3.2 the polarizability versus trapping wavelength is plotted for the 1S0, 3P2,
and 3P0 states of 88Sr and for pure σ−, σ+, and π polarizations. Looking at the plots
for σ±, we see that close to the magic wavelength of the clock state, at 813.4 nm, there
is also a near magic crossing with the 3P2, mj = 0 sublevel. Such a magic wavelength



44 Chapter 3. Theory

Initial state (J) Final state (J ′) ν̃J ν̃J ′ RDME
5s2, 1S0 [30] 5s5p, 3P1 0 14504.3 0.151

5s2, 1S0 5s5p, 1P1 21698.5 5.248
5s5p, 3P0 [88] 5s4d, 1D2 14317.5 18159.0 2.607

5s5p, 3P0 5s6s, 3S1 29038.8 1.962
5s5p, 3P0 5s5d, 3D1 35006.9 2.450
5s5p, 3P0 5p2, 3P1 35400.1 2.605
5s5p, 3P0 5s7s, 3S1 37424.7 0.516
5s5p, 3P0 5s6d, 3D1 39685.8 1.161
5s5p, 3P0 5s8s, 3S1 40761.4 0.302
5s5p, 3P0 5s7d, 3D1 41864.4 0.822
5s5p, 3P0 5s9s, 3S1 42451.2 0.270
5s5p, 3P0 5s8d, 3D1 43070.3 0.820

5s5p, 3P1 [30] 5s2, 1S0 14504.3 0 0.151
5s5p, 3P1 5s4d, 3D1 18159.0 2.322
5s5p, 3P1 5s4d, 3D2 18218.8 4.019
5s5p, 3P1 5s4d, 1D2 20149.7 0.190
5s5p, 3P1 5s6s, 3S1 29038.8 3.425
5s5p, 3P1 5s6s, 1S0 30591.8 0.045
5s5p, 3P1 5s5d, 1D2 34727.4 0.061
5s5p, 3P1 5s5d, 3D1 35006.9 2.009
5s5p, 3P1 5s5d, 3D2 35022.0 3.673
5s5p, 3P1 5p2, 3P0 35193.4 2.657
5s5p, 3P1 5p2, 3P1 35400.1 2.362
5s5p, 3P1 5p2, 3P2 35674.6 2.865
5s5p, 3P1 5p2, 1D2 36960.8 0.228
5s5p, 3P1 5p2, 1S0 37160.2 0.291
5s5p, 3P1 5s7s, 3S1 37424.7 2.657

5s5p, 3P2 [89] 5s4d, 3D1 14898.5 18159.0 0.603
5s5p, 3P2 5s4d, 3D2 18218.8 2.335
5s5p, 3P2 5s4d, 3D3 18218.8 5.538
5s5p, 3P2 5s4d, 1D2 20149.7 0.104
5s5p, 3P2 5s6s, 3S1 29038.8 4.508
5s5p, 3P2 5s5d, 1D2 34727.4 0.362
5s5p, 3P2 5s5d, 3D1 35006.9 0.462
5s5p, 3P2 5s5d, 3D2 35022.0 1.96
5s5p, 3P2 5s5d, 3D3 35045.0 5.00
5s5p, 3P2 5p2, 3P1 35400.1 3.00
5s5p, 3P2 5p2, 3P2 35674.6 5.12
5s5p, 3P2 5p2, 1D2 36960.8 0.683

TABLE 3.3: Tabulated values of reduced transition dipole matrix elements
(RDMEs, in a.u.) for the ground state (1S0) and three metastable triplet
states of strontium (3P0,1,2) along with the energies (in cm−1) of the initial
(J) and final (J ′) states of each transition. The citation in which the values
for each state can be found is given after the first term of each state.
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FIGURE 3.2: Polarizability of the 1S0, 3P0, and 3P2 states of 88Sr for trap-
ping light with (a) σ−-, (b) σ+-, and (c) π- polarizations. The labels in the
bottom right corner are for all three graphs. In graph (c), the 3P2 mJ = +1
and mJ = +2 sublevels are degenerate with mJ = −1 and mJ = −2 sub-
levels respectively. Because of this, we only plot mJ = +1 and mJ = +2
sublevels for (c). We find a magic wavelength crossing between 3P0 and
3P2, mJ = 0 at 750 nm for σ± polarized trapping light. For all polar-
izations, a magic wavelength is present between 3P0 and 3P2, |mJ | = 1
around 550-600 nm.
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could be useful either for direct interrogation of the 1S0 - 3P2 transition or for construct-
ing a qubit by off resonant coupling of the metastable 3P0 and 3P2 states [94]. For σ−

and σ+ polarized light there exists a magic wavelength between 3P0 and 3P2, mj = 0

around 750 nm.
Another important state to know the polarizability for is the 3P1 state. The transi-

tion between this state and the ground state is used for cooling in all strontium tweezer
experiments, and in our case also for imaging [30, 32, 34, 44, 45, 46]. The narrow
linewidth imaging procedure that we have developed relies on one of the mJ sublevels
of 3P1 experiencing a stronger trapping potential than the ground state (see Chapter 2
for details). To find the wavelengths at which this occurs, we have plotted the polariz-
ability versus wavelength, again for all three pure polarizations, in Fig. 3.3. We see that
for the range of 700-900 nm and around 515 nm, one of the mJ sublevels experiences a
stronger trapping potential than the ground state.

Fermionic strontium (87Sr) polarizability

We continue with presenting the results for the polarizability of 3P2 in 87Sr. For a few
theoretical projects, we were interested to know if a magic wavelength arose for the
1S0 - 3P2 transitions in strontium [41, 95]. At first thought, it would seem unlikely that
the tensor shifts for all the mF sublevels of a given 3P2 hyperfine manifold would be
comparable to each other. Contrary to this expectation, we did find that such a con-
dition exists for the F = 11/2 manifold! In Fig. 3.4, we show the polarizability of the
the F = 11/2 manifold versus wavelength for σ−, σ+, and π polarizations. Coinciden-
tally, we see that for π-polarized light the mf specific shift nearly disappears over the
whole spectrum! The unexpected uniformity results from the summation of the dif-
ferent Clebsch-Gordan coefficients in Eqn. (3.16). We see for all the cases with J = 2,
F = 11/2, and π-polarized trap light, the allowed transitions (J = 2 → J ′ = (1, 2, 3))
have uniform polarizability for all mF sublevels. Interestingly, if we look at different
values of I , we see that this always happens for states with J = 2 and F = I +1. Other
than this mathematical origin, we have no explanation for why this occurs, however it
could prove to be a useful tool in future experiments.

We predict two near magic wavelengths for 1S0 - 3P2 , F = 11/2 around 517.7 nm and
881.7 nm. At these two wavelengths the polarizabilities of different mF levels have de-
viations of at most ±0.7% and ±1.1% respectively. The difference in deviation of these
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FIGURE 3.3: Polarizability for the 1S0, and 3P1 mJ sublevels for (a) σ−, (b)
σ+, and (c) π- polarization. For π-polarization, the mj = ±1 sublevels are
degenerate so only the mj = −1 sublevel is visible. The legend is valid for
all three graphs.
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FIGURE 3.4: Polarizability versus trapping wavelength for the 12 mF sub-
levels of the 3P2, F = 11/2 hyperfine manifold. We have included 1S0

polarizability as well for reference. It is worth noting that all 10 mF lev-
els of 1S0 are degenerate in the absence of magnetic field. The polariz-
ability is shown for (a) σ−, (b) σ+, and (c) π- polarized trap light. We see
that for π-polarization all mF sublevels have near equal polarizability over
the whole wavelength range leading to mf state independent near magic
wavelengths at 517.7 nm and 881.7 nm (black circles in (c)). We do not
include a legend because the specific mF sublevels labeling is not relevant
here and the main message is the variation between different sublevels.
1S0 is the same color as in all polarizability plots.



3.1. Polarizability in the presence of a magnetic field 49

two wavelengths comes mainly from the magnitude of the polarizability and distance
from a transition. It is also worth noting that the 881.7 nm crossing will be more sen-
sitive to small variations in the other contribution, Eqn. (3.12). Since the crossing is far
from any transitions, small changes could lead to shifts of even 20 nm in the magic
crossing point. For σ± polarizations, the mf specific crossing spreads out over 100’s of
nm as shown by the other two plots in Fig. 3.4. For completeness, and to highlight the
uniqueness of this effect, we plot the polarizability around 900 nm for the three most
relevant hyperfine manifolds, F = 11/2, 9/2, and 7/2, for π-polarization in Fig. 3.5. We
also show a zoom for both magic wavelength crossings of the F = 11/2 manifold in
the same figure.

Next, to see if it is feasible to use our narrow linewidth imaging procedure with
87Sr, we calculate the polarizability of the 3P1, F = 11/2 manifold. This is because
only this manifold has a cycling transition between the mF = ±11/2 and the stretched
ground states. Although the region around 515 nm is no longer ideal for our narrow
linewidth imaging procedure (i.e. a deeper trapped 3P1, mF = ±11/2 state), we do find
that the same range of 700-900 nm will still work nicely for narrow line imaging in 87Sr
which includes both the clock magic wavelength and the 1S0 - 3P2 magic wavelength
estimated above, see Fig. 3.6.

Using elliptical polarization for tuning the polarizability

The last results for the polarizability that we will present are for the case of ellipti-
cal polarization. We can study the effect of the ellipticity on the polarizability of the
states. For reference, an ellipticity angle of γ = 0 is equivalent to linear polarized light,
while γ = ±π/4 is equivalent to σ± respectively [30]. Using this method of polarization
tuning, we can induce state mixing between different mJ sublevels to shift the polar-
izability. This can be useful for finding magic wavelength conditions. Here we will
present results starting first with the bosonic case and finishing with one example for
the fermionic case.

To find an exact magic wavelength crossing between the two metastable states, 3P0

and 3P2, and the ground state, 1S0, we calculate the polarizability versus ellipticity
angle γ of the trapping light at the clock magic wavelength of 813.4272 nm [34]. The
results of this calculation are shown in Fig. 3.7(a), where we use the labelling of |φa〉-
|φe〉 for the 5 eigenstates of 3P2 since they are no longer pure mJ sublevels. At the
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FIGURE 3.5: Polarizability for π-light at different wavelengths around 900
nm for the different F -manifolds of 3P2 where (a) F = 7/2, (b) F = 9/2,
and (c) F = 11/2. We have included two additional zooms of F = 11/2
around the two predicted magic wavelengths of 517.7 nm and 881.7 nm.
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FIGURE 3.6: Polarizability for the different mF sublevels of 3P1, F = 11/2
for π- polarized light, where again the plus and minus mf levels of the
same quantum number are degenerate, leading to 6 unique curves. For a
guide we have additionally included the polarizability of 1S0 and identi-
fied the |mF | = 11/2 sublevel with an arrow. The |mF | = 11/2 states re-
main deeper trapped than the ground state until over 900 nm. This means
that narrow linewidth imaging should work nicely at both the 1S0 - 3P0 and
1S0 - 3P2 (F = 11/2) magic wavelengths.

center of the plot the polarization is equivalent to the superposition of σ+ + σ−, which
is equivalent to π-polarization in the absence of magnetic field, and the color code
matches that of the mJ sublevels in Fig. 3.2. At the edge of the plot where γ = ±π/4,
the eigenstates are again pure mJ sublevels of 3P2, however the colors no longer match
the previous figure. For instance, the mj=0 state is now equivalent to |φb〉. We find the
magic ellipticity angle for the 1S0, 3P2, and 3P0 states at γ = ±27◦ (0.151π).

A similar analysis is done for a magic wavelength between 1S0 and 3P2 for a trap-
ping wavelength of 515 nm. There is no magic ellipticity angle between 3P0 and 3P2

at this wavelength unfortunately, but a magic angle between 1S0 and 3P2 offers some
advantages aside from the qubit candidate of an ultra-narrow linewidth transition at
magic conditions. These advantages include the large polarizability (∼ 950 a.u.), the
short wavelength leading to small diffraction-limited tweezer spots, and the trapping
of Rydberg states at this wavelength. The results are shown in Fig. 3.7(b), where we see
two magic angles of γ = ±8◦ (0.04π) and γ = ±33◦ (0.183π) for two different sublevels.

We can also perform ellipticity tuning for the 3P1 state, where a magic condition
between 1S0 and one of the mJ sublevels of 3P1 could be useful for sideband cooling of
an atom in a tweezer. We have included the plots for this tuning at 515 nm and at 813.4
nm in Fig. 3.8(a) and (b) respectively. We see that at 515 nm such a condition exists for
the angle γ = 22.7◦ (0.126π), but no such angle exists for 813.4 nm. We will see in the
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FIGURE 3.7: (a) Polarizability versus ellipticity angle γ for the 1S0, 3P0

and the five 3P2 mJ sublevels at 813.42 nm (note that 1S0 and 3P0 have
equal polarizability at this wavelength). We find a magic ellipticity angle
between 1S0, 3P0 and 3P2 at γ = ±27◦ (0.151π). (b) same as (a) but at 515.2
nm. We find no magic angle between 3P0 and 3P2, but we find two magic
angles for 1S0 and two different sublevels of 3P2 at γ = ±8◦ (0.04π) and
γ = ±33◦ (0.183π).
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FIGURE 3.8: (a)Polarizability versus ellipticity angle for the 1S0 and the
three 3P1 mJ sublevels at 813.42 nm. (b) Polarizability versus ellipticity
angle for the same states as the previous plot, but at 515.2 nm. We find a
magic ellipticity angle of γ = ±22.7◦ (0.126π).

following section that a different tuning method can still be used for tuning to magic
conditions at this wavelength.

We conclude this discussion with results for ellipticity tuning of the 3P1, F = 11/2

state in 87Sr at 813.4 nm as shown in Fig. 3.9. This plot shows how the picture becomes
much more complicated with the additional hyperfine sublevels. We include this plot
mainly for completeness but it is worthwhile to note how polarization impurity in the
tweezer beam could lead to state specific shifts. We see small ellipticity angles should
have little to no effect on the cooling/imaging transition where one of the stretched
sublevels are used. Again it is important to note that the pure sublevels can only be
found at the three points in this plot, where the strongest (weakest) polarizability cor-
responds to the mf = −11/2(+11/2) sublevels at γ = π/4 and vice versa at γ = −π/4.

3.1.4 Combining the light shift and Zeeman Hamiltonian

Finally, we consider how an angle between the magnetic field and the polarization
affects the overall shift. To do this we must evaluate the full Hamiltonian, which is the
sum of the light shift and Zeeman Hamiltonian,
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FIGURE 3.9: Polarizability versus ellipticity angle for the 1S0 and the 12
mF sublevels of 3P1, F = 11/2 at 813.42 nm. We plot this mainly to show
the effect of polarization impurity on the mF dependent polarizability.

Ĥfull = ĤB,ZT + ĤE, (3.23)

where the choice of Zeeman Hamiltonian corresponds to the choice of polarizability
matrix used in ĤE

4. We here consider a linearly polarized laser beam (typically the
tweezer beam) propagating orthogonal to a magnetic field, with an angle θ between
the magnetic field direction and the polarization. The results presented here will focus
on using the polarization unit vector 	uθ from Eqn. (3.5) to calculate the combined shift
when there is an angle between the magnetic field and the linear tweezer polarization.

Starting again from the simpler case of 88Sr using HB, we present some brief results
to highlight the agreement between our method and the measured magic angles from
previous publications. A magic angle for the 1S0 - 3P1 transition has been measured at
both 515 nm [44] and at 813.4 nm [34]. We are able to reproduce these results obtaining
the magic angles of θ = 23◦ (0.128π) at 515 nm and θ = 49◦ (0.272π) at 813.4 nm as
shown in Fig. 3.10 (a,b). Magic polarization angles with respect to a magnetic field
tend to be a more robust way for cancelling differential shift between two states. This
is because paraxial effects at the tight focal points of tweezers, along with the small
angles of the different tweezer beams on the waveplate required for ellipticity tuning,
could affect the uniformity of polarization across the tweezer volume and thereby the
differential light shift cancellation. Additionally, we have included a plot for the same
tweezer in the presence of a weak magnetic field (250 mG) in Fig. 3.10(c) to highlight

4One should use ĤB for 88Sr with Eqn. (3.21) and ĤZT for 87Sr with Eqn. (3.22).
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how stray fields can cause undesired shifts and splittings and emphasize the impor-
tance of good magnetic field zeroing.

Since magic angle tuning can be a more robust method for canceling the differential
shift, we also examine if a magic angle exists for one of the 3P2 sublevels and the 1S0

and 3P0 states at 813.42 nm. We find that a such a magic angle does exist at θ 
 75◦

(0.417π) as shown in Fig. 3.11. In the same figure we have also include the B-field
dependence of this magic angle in order to determine the required field strength to
cancel out the differential shift. We see for a trap depth of approximately −6 MHz
a field strength of about 3 G is required. In the final plot we show how the magic
condition can be saturated as the power of the trapping laser is increased. For example,
a 5 G field is able to suppress the shift up to 
 10 mW of power for a 0.8μm waist
tweezer. Converting back to trap depth, this gives a relation between trap depth and
magnetic field strength of approximately 2 MHz/G.

Finally, in Fig. 3.12, we present the total shift for the mF sublevels of the 3P1,
F = 11/2 hyperfine manifold versus the angle between a small magnetic field of
B = 500 mG and linear polarization. This calculation is valid for low fields where the
Zeeman shift is still linear and F remains a good quantum number [87]. The state label-
ing is even harder to keep track of in this plot because of the unique Zeeman and light
shifts for different mF sublevels and the angle dependent state mixing. An important
note to make though, is that when the B-field and polarization are aligned (θ = 0, π)
the polarizability matrix is composed of pure mF sublevels. This allows for simple cal-
culation of the total shift for a given state by addition of the polarizability and Zeeman
shift. This is an important consideration for state specific narrow linewidth imaging
on the 1S0 - 3P1 transition in 87Sr.

3.2 n-level coupling Hamiltonian with dissipation

In order to understand both how laser cooling works for an atom in an optical tweezer,
and how the internal states of an atom can be used as qubit or qudit states, we must first
compose a coupling Hamiltonian describing describing the coupling between 1S0 and
3PJ . Since for both applications the ingredients of this Hamiltonian are the same, we
start by outlining its derivation and the corresponding master equation (Section 3.2),
before using it for the two applications mentioned (Section 3.3 and Section 3.4).
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FIGURE 3.10: Total shift for different angles between magnetic field and
linear polarization for 3P1 with the light shift of 1S0 included for refer-
ence with (a) 515 nm trap light, 1.5 mW laser power, 0.8 μm waist, and
20 G field (b) 813 nm trap light, 5 mW laser power, 0.8 μm waist, and 20
G field, and (c) 813 nm trap light, 5 mW laser power, 0.8 μm waist, and
0.25 G field. In plots (a) and (b) the other 3P1 sublevels have been shifted
out of the plot area by the magnetic field. The last plot highlights angle
dependence of a stray magnetic field on changing the total shift of the 3P1

sublevels. These small shifts can significantly affect the performance of
the cooling process, highlighting the importance of properly zeroing the
field or at least properly choosing the angle between an applied field and
the polarization. As expected we see that there is a symmetry around π/2
for all of these graphs.
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FIGURE 3.11: (a) Total shift vs angle between the magnetic field and linear
polarization for 3P2 with the light shift of 1S0 included for reference at
a trap wavelength of 515.2 nm using PL = 1.5 mW, w0 = 0.8μm, and
B = 20 G. We find a magic angle of θ = 40◦ (0.222π). (b) Same as (a)
at a trap wavelength of 813.4 nm using PL = 5 mW. We find a magic
angle at θ = 75◦ (0.417π). In plots (a) and (b) the other 3P2 sublevels
have been shifted out of the plot area by the magnetic field. (c) Total shift
vs strength of magnetic field at a trap wavelength of 813.4 nm and with
θ = 75◦ (0.417π) and the same parameters used in the previous plot. We
see that a field strength greater than 2.5 G is sufficient for 3P2, mJ = 0
differential Stark shift cancellation at this trap depth. (d) Total shift vs
tweezer laser power. We plot the results for a low B field (B = 5 G) so that
the deviation from magic is visible at a low intensity (≤ 12 mW). All other
parameters are the same as the previous plots (θ = 75◦, w0 = 0.8μm).
The legend at the bottom applies to all graphs and is assigned in the basis
where the magnetic field defines the quantization axis.
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FIGURE 3.12: Total shift vs angle between magnetic field and the linear
polarization of the trap light for the mf sublevels of the 3P1, F = 11/2
hyperfine manifold. We use PL = 5 mW, w0 = 0.8μm, and trapping wave-
length 813.4 nm with magnetic field strength of 500 mG.

The strength of coupling between a 1S0 state |i〉 and a 3PJ state |f〉 by light is de-
scribed by

Ω =
a0eE0

2�
〈f | d |i〉 , (3.24)

where Ω is the Rabi frequency, E0 is the magnitude of the electric field, and 〈f | d |i〉 is
the TDM between f and i in atomic units (see Eqn. (3.7)). We note that here we use
the TDM for which the Clebsch-Gordan coefficient is defined for i to f with q equal to
the desired coupling. For a given transition, the Hamiltonian describing the atom light
interaction is

Ĥ0 = �ωaσ̂ff +
�Ω

2
(σ̂fi + σ̂if )(e

iωLt + e−iωLt), (3.25)

where ωa is the frequency of the atomic transition, σ̂ff = |f〉 〈f |, σ̂fi = |f〉 〈i|, σ̂if =

|i〉 〈f |, and ωL is the frequency of the laser driving the transition. Transforming to
the interaction picture using a unitary transformation Û = e−i�ωaσ̂ff , the Hamiltonian
becomes

ĤI
0 = Û †H0Û − �ωaσ̂ff =

�Ω

2
(σfie

i(ωa+ωL)t + σife
iΔt + σfie

−iΔt + σife
−i(ωa+ωL)t), (3.26)

where Δ = ωL − ωa. The interaction Hamiltonian can be further reduced using the
rotating wave approximation to neglect the fast rotating terms, and a second unitary
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transformation with Û = e−i�Δσ̂ff t to give

Ĥ = Û †Ĥ0Û − �Δσ̂ff = −�Δσ̂ff +
�Ω

2
(σ̂if + σ̂fi). (3.27)

Ĥ describes the coupling between two given states of the atom. From here we can
describe a larger system using the summation over all relative states,

Ĥtot = �

di−1∑
i=0

df−1∑
f=0

−Δf σ̂ff +
Ωif

2
(σ̂if + σ̂fi), (3.28)

where i �= f , di,f is the number of states/dimension of the qudit in the respective state
and d = di + df , and Δ0=0. Expressed in matrix form this becomes

Ĥtot =
�

2

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

0 Ω0,1 Ω0,2 . . . Ω0,d−1

Ω1,0 −2Δ1 Ω1,2
. . . ...

Ω2,0 Ω2,1 −2Δ2
. . . ...

... . . . . . . Ωd−2,d−1

Ωd−1,0 . . . . . . Ωd−1,d−2 −2Δd−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎠
. (3.29)

Here it is worth noting that the off-diagonal couplings may not follow the same elim-
ination of fast rotating terms after applying the rotating wave approximation. Based
on their relative detunings with respect to the leading diagonal coupling’s detunings,
this effect can be accounted for by additional AC Stark shifts or by keeping time de-
pendent Ωif ’s for these terms. Based on the desired calculation, Δf can take on two
representations. To construct the Hamiltonian for laser cooling, Δf can represent the
change in energy for different quantum harmonic oscillator levels (QHOs) along with
the QHO specific detunings between the ground and excited state, see Section 3.3. To
construct the multiple state coupling Hamiltonians in Section 3.4, Δf is the detuning of
the laser from the specific transition i to f where i = f − 1. Many of the Rabi frequen-
cies displayed in the matrix of Ĥtot will go to zero based on either the absence of a laser
coupling between the two states, or because they are forbidden by selection rules.

Using density matrix formalism, we can evaluate the evolution under this Hamil-
tonian in the presence of laser noise and finite excited state lifetime using the Lindblad
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master equation,

ρ̇(t) = − i

�
[Ĥtot, ρ̂(t)] + LL + LD, (3.30)

where ρ̇(t) is the time derivative of the density matrix ρ̂, LL is the Lindblad super
operator for dephasing from laser noise,

LL =
ΓL

2

∑
trans

(2Ŝtransρ̂Ŝtrans − Ŝ2
transρ̂− ρ̂Ŝ2

trans), (3.31)

Ŝtrans = |i〉 〈i| − |f〉 〈f | is the collapse operator for a laser resonant with the transition i

to f and ΓL is the spectral linewidth of the laser. Ŝtrans describe the effect of dephasing
from each coupling laser [96]. LD is the Lindblad super operator for excited state decay,

LD =
Γd

2

∑
if

(2Ĉif ρ̂Ĉ
†
if − ρ̂Ĉ†

if Ĉif − Ĉ†
if Ĉif ρ̂), (3.32)

with Γd is the excited state decay rate and collapse operator Ĉif (Ĉ†
if ) which can take

two forms based on the specific application [97]. In the case of laser cooling, Ĉif =

|ng〉 〈me| (Ĉ†
if = |me〉 〈ng|) and describes the relevant decay processes from e to g with

QHOs m and n respectively. In the case of the multiple state coupling Hamiltonian,
Ĉif = |i〉 〈f | (Ĉ†

if = |f〉 〈i|) describes the relevant decay channels from an excited state
sublevel to the correct ground state sublevels.

3.3 Laser cooling in optical tweezers

Laser cooling of strontium in optical tweezers relies on the near harmonic potential
created by the Gaussian focus of the tweezer beam as shown in Fig. 3.13(a). Two
different cooling methods have been demonstrated for strontium atoms in tweezers.
Both of these methods utilize the narrow 1S0 - 3P1 transition.

The first cooling method is known as sideband cooling. This method has also been
used in a variety of other systems aside from optical tweezers [98, 99, 100, 101]. For
strontium, sideband cooling can take place when the ground and excited state poten-
tials, Ug and Ue respectively, are equivalent. The laser detuning can then be set to
Δmn = −ωg, where ωg is the ground state trap frequency, such that the atom is excited
to the n − 1 harmonic oscillator level of the excited state. For large enough trap fre-
quencies the atom decays with high probability back down to the n − 1 ground state,
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FIGURE 3.13: (a) Sketch of the two Harmonic oscillators created for the
ground (Ug) and excited states (Ue) deep within the Gaussian potential of
the tweezer. Laser cooling of strontium atoms in optical tweezers relies
on such potentials. We have included some labels for terms that will be
used throughout the following subsection. These include the vibrational
levels of the ground (|n〉) and excited states (|m〉), Rabi Frequency (Ωmn),
decay rate (Γmn), detuning (Δmn), and trap frequency (ωg). Δmn is defined
as the detuning from the mth excited state QHO to the nth ground level
QHO of the trap, thus because of the way the arrow of Ωmn is drawn, the
gap indicated in the image is Δ01. (b) A sketch of the Sisyphus cooling
process. The tweezer potential is deeper for the excited state (3P1) than for
the ground state (1S0). The order of events for a cooling cycle is shown
from left to right. The atom initially rolls down the ground state potential
where it is preferentially excited near the bottom of the potential. The
atom then rolls up the steeper excited state potential before decaying back
to the ground state at a lower energy. This leads to a reduction in energy
per scattered photon related to the trap depth mismatch [32, 67].

such that an absorption emission cycle leads to the removal of one vibrational quan-
tum. Since the excited state trap frequency, ωe is equal to ωg, this process works for
any level n such that the atom can be cooled to the motional ground state of the trap
with a single detuning. For this process to work, one must be in the resolved side-
band regime where ωg � Γ and the Lamb Dicke regime [99]. The first requirement
makes sure atoms can be excited from a specific harmonic oscillator level because the
trap frequency is much larger than the radiative decay rate of the excited state and the
second ensures that the recoil energy of the cooling photon will not lead to a change
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in motional state of the atom. This method of cooling is used not only with optical
tweezers but also with ions [98, 99], neutral atoms in optical lattices [56, 100, 101], and
even micro-mechanical oscillators [102].

The second method, which has only been demonstrated in strontium, is a form
of Sisyphus cooling that relies specifically on a difference in potential depths for the
ground and excited state [30, 31, 32]. We will focus the discussion on the case of attrac-
tive Sisyphus cooling as this is the method currently used in our experiment [32].

Attractive Sisyphus cooling relies on the same trap frequency parameters as outline
above but instead of equal trap depths relies on a trap depth mismatch of Ug < Ue, see
Fig. 3.13(b). In a classical picture, the hot atom can be seen as a particle oscillating
inside the trap. The cooling laser is tuned such that the atom is selectively excited
from the bottom of the potential. When the trap frequency is larger than the radiative
decay, the atom is more likely to decay from its turning point of motion through the
trap. Because the excited state potential is steeper, the atom ’climbs’ the excited state
potential only up to a point that is closer to the center of the trap compared to the
turning point of the initial ground state oscillations. The atom then decays back down
to the ground state having lost energy related to trap depth mismatch. In addition,
the non-magic trapping causes the harmonic oscillator levels of |e〉 and |g〉 to be non-
orthogonal, for both the radial and axial directions, allowing for a single cooling beam
to remove energy from all directions [32, 67].

In the quantum picture both cooling processes can be seen to be more or less the
same with only a small difference related mainly to the ratio of the trap depths. For
the simulation outlined here, we will focus mainly on the attractive Sisyphus cooling
example as that is what is used in our experiment, however, the same technique can
be easily used to calculate sideband cooling or repulsive Sisyphus cooling (Ug > Ue) as
well.

3.3.1 Cooling simulation

The simulation is based on solving the Lindblad master equation, see Eqn. (3.30), for
a two-level atom in a pair of 1D QHOs, one for each internal state |g〉, |e〉. We use 1D
QHOs in the calculation for simplicity and ignore the anharmonicity of the Gaussian
potential. Additionally, we consider an infinite trap depth but truncate the calculation
to a finite number of harmonic oscillator levels. The ratio of the QHO frequencies
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is given by ωg/ωe =
√

αg/αe, with αg,e the dynamic polarizabilities at the tweezer
wavelength. At our tweezer wavelength of 813.4 nm, we calculate this ratio to be
∼0.899.

To construct the desired coupling Hamiltonian, we start by choosing a traveling
wave for the Sisyphus cooling laser. The transition dipole moments between vibra-
tional states of different QHOs are calculated as deg 〈m| eikx |n〉, with |m〉, |n〉 the vibra-
tional states for internal states |g〉 and |e〉, respectively, and deg the transition dipole
moment of the 1S0 - 3P1 transition. This allows us to write the Rabi frequency between
vibrational states as

Ωmn =
ea0degE0

2�
〈me|eikx̂|ng〉, (3.33)

where E(x) = E0e
ikx is the travelling wave of the cooling laser. We can also calculate

the decay from a given oscillator level, Γmn, as

Γmn = Γ3P1
|〈me|eikx̂|ng〉|2, (3.34)

where Γ3P1
is the radiative decay rate of 3P1.

We see that both of these terms require us to calculate the integral 〈m|eikx̂|n〉. One
might think that direct calculation of this integral should be possible as done in [103],
but in practice we find this to be numerically slow and unstable. Instead we can split
the integral into two parts

〈me|eikx̂|ng〉 =
∑
ig

SmiDin (3.35)

where Smi is the squeezing operator and Din is the displacement operator with known
matrix elements for each and ig goes over all vibrational levels of |g〉.

To split the integral in half we start by inserting an identity matrix from the ground
state, Î =

∑
ig
|ig〉〈ig|, to give us

〈me|eikx̂|ng〉 = 〈m|Îeikx̂|n〉 =
∑
ig

〈me|ig〉〈ig|eikx̂|ng〉. (3.36)

Here Smi = 〈me|ig〉 and Din = 〈ig|eikx̂|ng〉 and the subscripts g and e have been added
to label the ground and excited Fock states respectively. As shown in Fig. 3.14, we can
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FIGURE 3.14: Visualization of splitting of the integral 〈m|eikx̂|n〉 into two
parts. This figure illustrates how the displacement operator (Din) corre-
sponds to a change in the harmonic oscillator level of the ground state,
whereas the squeezing operator (Smi) relates to the Franck-Condon over-
lap between an excited QHO state and the ground QHO states.

see that the displacement operator corresponds to a change in the harmonic oscillator
level of the ground state, whereas the squeezing operator relates to the Franck-Condon
overlap between an excited QHO state and the ground QHO states.

To solve for the matrix elements of the displacement operator, we consider the re-
lation between the position operator, x̂, and the momentum operator, p̂. x̂ and p̂ are
conjugate variables with commutator [x̂, p̂] = i�. This can be seen as x̂ being the gen-
erator of displacement in p̂ and vice versa. More explicitly, the operator eikx̂ is the
displacement by �k in momentum space giving us

eikx̂ = eikx0(a+a†) = eiηg(a+a†) (3.37)

where a† and a are the creation and annihilation operators respectively, and we have
substituted the Lamb Dicke parameter of the ground state, ηg = kx0 =

√
ωR/ωg where

�ωR is the recoil energy from the emission of a photon. By expressing the displacement
operator as such, we can use the results of Cahill and Glauber [104] for a harmonic
oscillator in which they calculate the matrix elements for the displacement operator
D(ξ) = e(ξa

†−ξ∗a). After substituting iηg for ξ, the solutions to the matrix elements are
given by
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〈m|D(iηg)|n〉 = (n!/m!)1/2(iηg)
m−ne−η2/2L(m−n)

n (η2g), (3.38)

where n and m are the integer values of the oscillator levels, and Ln is the generalized
Laguerre polynomial. This expression gives correct numbers for m > n but goes wrong
numerically in Mathematica, if m < n and n − m gets large. In that case, we can use
the symmetry 〈m|D(iηg)|n〉 = 〈n|D(iηg)|m〉 to remove this issue from the calculation.

To obtain tractable expressions for the squeezing operator, Smi, we can use the re-
sults on squeezed number states from Albano et al. [105]. The states in the excited level
QHO are spatially compressed by a ratio β = ηe/ηg =

√
ωg/ωe, such that β < 1 when

the upper trap is the deeper one. The Franck-Condon overlaps for different Fock states
can be calculated with the squeezing operator S(r),

S(r) = exp
[
r

2

(
â2 − (â†)2

)]
. (3.39)

where r = − ln β. The squeezing operator defined here is in fact a Bogoliubov trans-
formation:

SâS† = cosh(r)â+ sinh(r)â†. (3.40)

Using this transformation on the position or momentum operator gives

Sx̂S† = e−rx̂,

Sp̂S† = erp̂, (3.41)

which shows how the squeezing operator acts as mechanical squeezing of the trap to
a stiffer one in position and a spread in momentum space consistent with a squeezed
state picture. We can rewrite the first half of the split integral, Smi as

Smi = 〈me|ig〉 = 〈mg|S(r)|ig〉 ≡ 〈n|m, r〉, (3.42)

allowing us to use the solution outlined in [105],

〈n|m, r〉 = (m!n!)1/2

cosh (r)(m+n+1)/2
×

min(m,n)∑
k

(
sinh(r)

2

)(m+n−2k)/2
(−1)(n−k)/2

k! (m−k)!
2

(n−k)!
2

(3.43)

k =

{
0, 2, 4, 6 . . . n,m even
1, 3, 5, 7 . . . n,m odd,
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to extract the required matrix elements for the calculation. With this we have the two
terms required to solve Eqn. (3.35).

To evaluate the cooling performance under different parameters, we can now use
the Lindblad master equation, Eqn. (3.30) with Γd = Γmn. For this simple simulation
we neglect the laser noise super operator.

3.3.2 Results

To analyse the performance of cooling we can integrate the Lindblad master equation
out to different times. We choose a single motional level of the ground state as the start-
ing condition, vi, and set a maximum number of motional levels, vmax, to be included
along with the parameters r, ηg, ωg, Δ, Ω, and Ug. We present the results for such a
calculation in Fig. 3.15, where we use the parameters vi = 15, vmax = 30, r = 0.054,
ηg = 0.326, ωg = 2π× 45 kHz, Δ = −2π× 710 kHz, Ω = 2π× 30 kHz, and Ug = 2π× 2.8

MHz and calculate the populations for 125 μs steps. We plot the population of each of
the QHO levels of both the excited and ground states in Fig. 3.15(a), where we have
highlighted the most interesting levels. After a few milliseconds of cooling, we see that
the initial state of 16g is no longer populated and there is only a significant population
remaining in 3 levels, the lowest motional level of the ground state (0g), excited state
(0e), and first excited motional level of the ground state (1g). The sum of 0g and 0e

give us the true motional ground state population of ∼ 95.1% as the 0e population will
decay with high likelihood to 0g after the cooling laser is switched off. The only other
state with a significant population is 1g where ∼ 3.5% remains. This shows that an
atom in the tweezer can be cooled in a few milliseconds down to the motional ground
state

To simplify the results, we can look at the average motional level, n̄, of the atom, as
shown in Fig. 3.15(b), where the average motional level vs time under the same con-
ditions is plotted. This shows the atom is cooled to near the motional ground state in
approximately 3 ms, however we note that the time it takes for the atom to be cooled
is related to the initial state/temperature of the atom, but the initial cooling rate of ap-
proximately 10 quanta/ms remains fairly constant with fixed conditions independent
of initial state. This simulation shows the great potential performance of the cooling
method and can be used for final optimizations, especially when attempting to reduce
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FIGURE 3.15: Time evolution of attractive Sisyphus cooling. We evaluate
the Lindblad master equation using the parameters vi = 16, vmax = 20,
r = 0.0532, ηg = 0.333, ωg = 2π×43 kHz, Δ = −2π×700 kHz, Ω = 2π×30
kHz, and Ug = 2π × 2.8 MHz as outlined in the main text. We calculate
the populations of each state at 125 μs steps using the previous result as
the initial state. (a) The evolution of the state population for each motional
level. Since there are a total of 40 levels considered in the calculation (20
ground and 20 excited QHO levels), we label the four most relevant states
in place of a legend. States are labelled with their QHO level and subscript
related to which internal state the atom is in (g ≡ 1S0 and e ≡ 3P1 ). Under
these conditions we find a ground state fraction of ∼ 94%. (b) Evolution of
the average motional level, n̄, of the atom under the same conditions. We
see the atom is cooled from the 16th motional level to the near motional
ground level in approximatly 3 ms.
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cooling timescales in our system. However, the simulation takes a significant amount
of time to calculate and instead a more efficient method can be used for optimization.

As an alternative to the system evolution under the Hamiltonian, we can instead
solve for the steady-state populations of each state. Since after a few milliseconds the
state populations are already constant, we can consider the steady-state solutions of
the Lindblad master equation setting ρ̇(t) = 0. We can then plot the average motional
level after cooling to steady-state and use this as a faster method for determining final
parameters. As examples of such optimizations, we present in Fig. 3.16 the steady-
state populations for varying the detuning (Δ), Rabi frequency (Ω), ground state trap
frequency (ωg).In addition Fig. 3.16(d) shows the pop of all motional levels under the
optimal conditions mentioned above.

In Fig. 3.16(a), we show the average motional level of the atom versus the detun-
ing. The vertical dashed line indicates the calculated Stark shifted resonance of the
transition from 0g to 0e for the given trap depth. We find the best cooling happens
for a detuning of −690 to −750 kHz where a value of n̄ < 0.3 is obtained. This range
includes the detunings related to the first (−709 kHz) and second (−753 kHz) red mo-
tional sidebands. This is consistent with the explanation that in the quantum picture
Sisyphus cooling and sideband cooling can be seen as the same cooling mechanism.
As the cooling laser is even further red detuned (left of the plot), we see that the cool-
ing performance decreases. As the atom is cooled, there are no longer higher order
motional transitions that can take place. This leaves the laser far detuned from the
low motional sidebands, effectively decreasing the scattering rate of the cooling laser
as it becomes far off resonant in comparison to the transition linewidth. This is also
why we choose to modulate the laser in order to maximise fluorescence from the 1S0 -
3P1 transition during the imaging process as explained in Chapter 2.

In the next plot, Fig. 3.16(b), we present the average motional level versus the Rabi
frequency of the cooling laser. The two different data sets show the performance at
two different detunings, −690 kHz and −740 kHz, related to the range defined by
the detuning scan. We see that in both cases as the intensity of the cooling laser is
decreased, the average motional level also decreases. More specifically, we see that for
Rabi frequencies below 75 kHz, the average motional level is n̄ ≤ 0.5. In the shallow
tweezers considered throughout this section we see that the cooling saturates at low
intensities and similar performance is achieved over a range of Rabi frequencies. At
higher trap depths (not shown here), we see that an optimal intensity exists, and as
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FIGURE 3.16: Steady state results of the Lindblad master equation for (a)
detuning, (b) Rabi frequency, and (c) ground state trap frequency. All
other parameters are the same as in Fig. 3.15 except we use vmax = 30
(r = 0.0532, ηg = 0.333, ωg = 2π×43 kHz, Δ = −2π×700 kHz, Ω = 2π×30
kHz, and Ug = 2π × 2.8 MHz). (b) We have included two different detun-
ings in this plot, Δ = −2π × 690 kHz (blue circles) and Δ = −2π × 740
kHz (teal squares). (c) Here both ωg and ηg are varied since ηg =

√
ωR/ωg.

The veritcal dashed line shows the point where ωg = Γ3P1
. (d) For com-

pleteness, we include the steady state solution of all states under the opti-
mized conditions used in Fig. 3.15, where we have increased the number
of harmonic oscillator levels to 50. The results are the same as those of
the evolution after 5 ms, confirming that the 20 QHO levels used in the
evolution calculation were sufficient.
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the intensity is further decreased the cooling performance again deteriorates related to
inadequate power broadening of the transition in comparison to the spacing between
motional levels.

In the experiment, we observe a minimal trap depth for high fidelity imaging of
Ug = 2.8 MHz, see Chapter 2. We relate this minimum to the point where the Sisyphus
cooling is no longer able to compensate for heating in the axial direction. At shallower
trap depths, the excited state axial trap frequency is less than the natural linewidth of
the transition. In the classical picture of the steeper hill for the excited state potential,
this trap depth is where the atom is no longer more likely to decay away from the
center of the trap, which reduces the energy lost per cooling photon absorbed [67].

To better understand the effect of the trap frequency on the cooling performance
we calculate the average motional level for different trap frequencies while keeping
the trap depth fixed as shown in Fig. 3.16. At trap frequencies comparable to our ra-
dial trap frequency and higher we see great cooling performance that asymptotically
approaches n̄ = 0 as the trap frequency increases. Although there are still improve-
ments to the cooling performance as we go to a 30 kHz trap frequency, the rate of im-
provement for higher frequencies decreases significantly. For lower trap frequencies
we see that the cooling performance gets worse as more motional sidebands remain
after cooling. The vertical dashed line shows the point where ωg = Γ3P1

. We see that
as we approach this value, and go to even lower trap frequencies, the rate of cool-
ing degradation accelerates significantly, consistent with our simple picture. This also
highlights how methods that use a more spherically symmetric trap, or smaller waists
can still have high quality cooling performance in even shallower traps [36, 44, 56].

Finally, we plot the steady-state solution of the Lindblad master equation under
optimal conditions in Fig. 3.16(d). These results reproduce the populations of all states
in Fig. 3.15(a) at times after about 4 milliseconds. This also shows that all motional
states greater than one for both the ground and excited states are not populated with
any significant fraction. To summarize the results, we find the lowest temperature for
a detuning of 1-2 motional sidebands red of the Stark shifted resonance, at an intensity
Ω ≤ ωg, and a trap frequency ωg � Γ3P1

.
The current calculation already shows good agreement to the results seen in our

experiment, see Chapter 2. We can nicely estimate cooling times and experimental
parameters such as intensity and detuning for the cooling laser within easily scanned
ranges. The calculation even gives nice qualitative results supporting the minimum
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trap depth that we measure in the experiment. However, the calculation could of
course be improved with some additions outlined here. We could add the true 3D
potential of the tweezer created from the Gaussian focus of the beam. This will give us
more information on how well a single beam from the radial direction cools the atom
in all directions. The non-magic trapping present in the Sisyphus cooling scheme pre-
sented here causes the harmonic oscillator states of |e〉 and |g〉 to be non-orthogonal,
for both the radial and axial directions. Extending the calculation to 3D would thus
provide more direct information on the axial cooling performance. Additionally, by
considering a 3D trap, we could manipulate the angle between the cooling beam and
the radial plane of the tweezer to understand if this helps improve cooling in the axial
direction. We could also examine how multiple cooling frequencies or even frequency
sweeps could help to improve our cooling and more importantly our narrow-linewidth
imaging process (Chapter 2). Finally, we could also include the Lindblad super oper-
ator for dephasing from laser noise in Eqn. (3.31). This would be a valuable addition,
since we see the effect of laser noise on the cooling process already, see Chapter 2.

3.4 Qudits with strontium

The following subsection is related to the publication [41].
In this section we describe a proposed implementation of qudits using 87Sr. While

most current experimental efforts focus on the use of qubits, neutral atoms are a natural
platform for qudits and we specifically focus on the example of fermionic strontium,
87Sr [29, 68, 106]. The reason is that it possesses a nuclear spin I = 9/2 that is decoupled
from the electronic spin in the 1S0 ground state. Consequently this state features dmax =

2I+1 = 10 hyperfine sublevels, which are relatively insensitive to electric and magnetic
field fluctuations. Moreover, by using strontium, one can make use of the long-lived
excited states from the 3PJ manifold, which has been exploited in a recent experiment
to create a Bell state with fidelity reaching 99% [57].

We present a full stack approach from algorithm to implementation in [41]. We
study the correlation clustering problem using the quantum approximate optimiza-
tion algorithm (QAOA) and qudits, which constitute a natural platform for such non-
binary problems. Specifically, we consider a neutral atom quantum computer includ-
ing Hamiltonian formulation of the algorithm, analysis of its performance, identifica-
tion of a suitable level structure for 87Sr and specific gate design. We show the qudit
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implementation is superior to the qubit encoding as quantified by the gate count. The
majority of this large collaborative project falls beyond the scope of this thesis, but
we will briefly mention the main ingredients before proceeding with the single qudit
formulation that will be the focus of this section.

In QAOA, some combinatorial optimization problem is encoded into a cost Hamil-
tonian HC , a mixing Hamiltonian HM , and some initial quantum state |ψ0〉 [107]. The
cost Hamiltonian encodes the cost function to be optimized meaning that it must act
diagonally on the n-qudit computational basis states and is related to the two-qudit op-
erations, which in our case would be induced through Rydberg excitation. The mixer
Hamiltonian is usually taken to be the transverse field Hamiltonian HM =

∑
j Σ

x
j ,

where Σx
j is the Pauli X operator generalized to spin 9/2 acting on the jth qudit. The

mixer acts on the single qudit subspace and defines the connectivity, which determines
how many unique states of the qudit are coupled to each other. The initial quantum
state |ψ0〉 is usually equivalent to a uniform superposition of all computational states
in the single-qudit Hilbert space. QAOA creates a parameterized quantum state by
alternating between the application of βkHM and γkHC starting from the initial state
|ψ0〉 for a predetermined number of rounds (indicated by subscript k), where βk and
γk are the optimization parameters. The state is then measured in the computational
basis to return a candidate solution. The cost function can then be estimated through
the repetition of state preparation and measurement [107]. Here we will focus on the
formulation and characterization of the single qudit mixer, HM , in 87Sr.

For completeness, we now briefly mention some details of the correlation cluster-
ing problem. Generally, the objective of clustering problems is to group elements into
a family of subsets, named clusters, such that the elements within a cluster are more
similar to one another than elements in different clusters. In case of the correlation
clustering problem, we would like to cluster based only on given pairwise relations
and without specifying the number of clusters in advance based only on pairwise re-
lations. The problem was introduced by Bansal et al. [108] to the theoretical computer
science community and has applications amongst others in social psychology, statisti-
cal mechanics and biological networks.

Instances of correlation clustering problems are commonly represented as a graph
problem, where the nodes are the elements to be grouped in clusters and edge weights
represent similarities between these elements. Correlation clustering is then formally
defined in the following way: let G(V,E) be an undirected graph, where V,E denotes
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the sets of nodes (also known as vertices) and edges, respectively. Let N be the total
number of nodes, i.e. N = |V |. Every edge (u, v) ∈ E, where u, v ∈ V are the vertices
connected by the edge, is labelled either ‘+’ or ‘–’, depending on whether the elements
are similar or dissimilar, respectively. For more details, see [41].

In this section we will outline a series of steps needed to formulate the desired
single qudit mixer. First we will briefly present the mixer Hamiltonian that we need
for the problem. Second, we will present the chosen coupling scheme for implement-
ing the mixer, and outline the determination of the parameters of the system, such as
transition dipole moments (TDMs), maximum Rabi frequencies, and magnetic field
strengths. Third, we continue on to a more specific example of results for a d = 4 qu-
dit. Fourth, we present investigations of the initial state preparation and error sources
that apply to any dimension qudit quantifying the results such that they are easily com-
pared with the fidelity of other qubit schemes. Fifth, we will conclude with a discussion
of the experimental implementation of this coupling scheme.

3.4.1 Mixer Hamiltonian

In short, we wish to compose a coupling Hamiltonian that can mix over the single
qudit subspace. Such a Hamiltonian was given in the work by Hadfield et al. [107],
where the following single-qudit mixing Hamiltonian is proposed

hM(r) =
r∑

i=1

(
(Σx)i + (Σx†)i

)
, (3.44)

where r ∈ {1, . . . , d−1}, a parameter determining the connectivity of the mixer and Σx

is the generalized Pauli X-operator, given by

Σx =

⎛
⎜⎜⎜⎜⎝
0 1

1
. . .

1 0

⎞
⎟⎟⎟⎟⎠ . (3.45)
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This defines how many qudit states are coupled, acting similar to a qudit shift register.
One observes that for r = 1, the single-qudit mixer is equal to

hM(r = 1) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

0 1 1

1
. . .

. . . . . .
. . . 1

1 1 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

(3.46)

such that every level is connected to its nearest neighbours, including periodic bound-
ary conditions. The full mixing Hamiltonian is then

HM =
∑
u∈V

hM , (3.47)

where u specifies a specific qudit from the set of all qudits V , i.e., all nodes of the graph
in the correlation clustering problem. We can pick any value of r ∈ {1, . . . , d − 1},
where the special cases at the boundary are called the single-qudit ring mixer for r = 1

and the fully-connected mixer for r = d−1. In the following subsections, we will focus
specifically on the r = 1 case.

3.4.2 Single qudit coupling scheme for r = 1 mixer

The relevant level scheme of 87Sr is sketched in Fig. 3.17(a). As stated above, the
ground state manifold, which we denote with a slight abuse of notation as |S〉 ≡
|1S0, F = 9

2
〉, consists of d = 2F + 1 = 10mF -sublevels, mF ∈ {−9/2, . . . , 9/2}. We also

denote |P〉 ≡ |3P2, F = 11
2
〉 the excited state manifold, which we will use to implement

the single and two qudit gates [40]. Here we choose the 3P2 manifold in particular
due to its long lifetime, which allows for a resonant excitation to the Rydberg state,
and resonant qudit excitations as described below. In our QAOA example, Rydberg
excitations are used for the implementation of the cost Hamiltonian. These two qudit
operations will not be discussed here, but details can be found in [41].

The choice of the P-manifold is motivated by the fact that, unlike the other possible
choices such as |3P2, F = 7

2
〉 or |3P2, F = 9

2
〉, it possesses a magic wavelength λtweezer ≈
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(a)

87Sr

  = 6.4 mHz
   = 156 s

( B/h)g   0.5 MHz/G

(b)

= O(0.5) MHz

= 671 nm

|0c

|0R |1c

|1s |8c

|8R

|9s

|9c

|2c

(c)

- + -

FIGURE 3.17: (a) Relevant level scheme of 87Sr. The proposed qudit
states are realized by the ground state manifold |S〉 = |1S0, F = 9/2〉.
The two-qudit gates are realized by exciting the states from |S〉 to a Ry-
dberg manifold |Ry〉 = |n3S1〉 through an intermediate state from the
|P〉 = |3P2, F = 11/2〉 manifold (red and green arrows). The dark red ar-
row indicates the transition to the |3P1, F = 11/2〉 manifold used for mea-
surement of the quantum state. (b) Parameters of the manifolds |S〉 , |P〉
relevant for the single qudit operations: transition wavelengths λ, typical
Rabi frequencies Ω, decay rates Γ and the associated lifetimes τ from the
excited |P〉 manifold and the Landé g-factor quantifying the Zeeman split-
ting of the magnetic sublevels. The values of ΓP, τP are taken from [109].
The P-manifold states are used to realize the single qudit gates such as
the mixing unitaries, which are shown in (c) for r = 1. We have included
state labeling for computational and storage states using the subscripts c
and s respectively. As explained in the main text, these storage states can
be used to extend the time before a tweezer photon is scattered, an effect
that can cause decoherence. Two qudit operations, such as the implemen-
tation of the cost Hamiltonian, require computational states of |S〉 to be
transferred to the same mF level of |P〉. These states have been labelled
with the subscript R for Rydberg.

881 nm, for which the transition frequencies |S,mF 〉 − |P,mF ′〉 are approximately in-
dependent of the intensity of the tweezer light for all mF and mF ′ sublevels, which
ensures a position independent addressing frequency of the individual sublevels as
discussed in Section 3.1 (Fig. 3.5).
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The actual addressing relies on the Zeeman splitting of the P-manifold and has
been experimentally demonstrated using 173Yb [39]. Applying moderate values of the
magnetic field B results in linear Zeeman splitting with an energy shift between the ad-
jacent mF ′ sublevels of μBgB/h, where μB and h is the Bohr magneton and the Planck
constant respectively and g is the Landé g-factor. The Zeeman shift in the mF sub-
levels of |S〉 comes purely from the nuclear Landé g factor, gI , whereas the shift in the
mF sublevels of |P〉 comes primarily from the spin-orbital Landé g factor, gJ . Since
gJ � gI , the frequency of the laser needed for each qudit transition is unique, reduc-
ing unwanted couplings and off resonant scattering in the system. We calculate the
Zeeman shift for the |P〉 state following the procedure outlined above in Section 3.1.
For the P-manifold, g ≈ 0.36 and μBg/h ≈ 0.5MHz/G [92]. This provides a splitting
of ≈ 50MHz between adjacent mF ′ sublevels for a magnetic field amplitude of 100G,
allowing for both resonant and off-resonant addressing as discussed in [41]. Here we
will focus specifically on the resonant r = 1 case. We have summarized the relevant
parameters in Fig. 3.17(b).

To create the r = 1 single qudit mixer, we consider resonant excitation between
adjacent mF sublevels of the |S〉 and |P〉 manifolds of 87Sr, see Fig. 3.17(c). The excited
state |P〉, used for every other qudit state, is a metastable state with a minutes long
lifetime in the absence of the trapping light, however, this lifetime will be limited by
scattering of the trap light from the |P〉 - 3S1 transition. This will occur at a rate of 1

Hz and is the limiting time scale for a sequence of gates. This time scale can be further
increased by transferring the |P〉 states down to the |S〉 of the same mF in between op-
erations, which is limited by scattering of tweezer photons off the |S〉 - 1P1 transition
and by background gas collisions at a rate of < 0.1 Hz. For example, phase coherence
times well over 10 seconds have been demonstrated in nuclear spin encoded qubits of
87Sr [46]. This coupling scheme adds two additional types of pulse sequences to a gate
sequence. Atoms can be moved to a storage state by transferring the |P〉 computational
states down to their respective |S〉 sublevels. For two qubit operations, the |S〉 compu-
tational states can be transferred to the |P〉 sublevels of the same mF . We have added
additional state labels to Fig. 3.17(c) to clarify the difference between these states.

The unique addressing frequencies allow for balancing the strength of the differ-
ent Rabi frequencies in the system by using unique powers for each coupling laser.
To estimate the power needed for each beam, we must calculate the TDMs for the
different transitions involved at the magnetic field that will be used. At zero field,
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FIGURE 3.18: Transition dipole matrix elements from |S〉 to |P〉. The hor-
izontal axis is the |S,mF 〉 state of the transition. The values of the TDMs
are presented in μ-a.u. and results are shown for σ− (red), π (blue), and σ+

(green) at both (a) 0 G and (b) 160 G. We chose the value of 160 G because
this is the near maximum field at which the separation between hyperfine
manifolds is still larger than the separation between mF sublevels of the
same manifold. We see that a strong field also helps to balance the TDMs
for positive mF sublevels while increasing the variation for negative mF

sublevels. Because of this a smaller field might be favorable for a d = 10
qudit, whereas a large (160 G) field may be more favorable for smaller val-
ues of d.
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the TDMs are proportional to the Clebsch-Gordan coefficient for the transition. How-
ever, as a magnetic field is applied, F is no longer a good quantum number causing
non-negligible contributions from the other 3P2 F -manifolds to be present [87]. We
calculate the TDMs for the |S〉 - |P〉 transitions including contributions from the hyper-
fine E1 transition levels, F = 11/2, 9/2, and 7/2, by determining the eigenvectors of
the full Zeeman Hamiltonian of 3P2, see Eqn. (3.20), and using the decay rates from
[109]5. The results for 0 G and 160 G can be seen in Fig. 3.18. The value of 160 G is the
maximum field strength before the separation between neighbouring F -manifolds be-
comes insignificant in comparison to the detuning between mF sublevels of the same
manifold. It is worth noting that in this scheme the largest qudit possible might be
limited to a dimension of d < 10 because of the imbalance of the TDMs. This effect
can be slightly mitigated by using smaller Rabi frequencies and magnetic fields (see
Fig. 3.18, the most even couplings over all 10 sublevels is at 0 G). However, reducing
the speed of the qudit couplings and magnetic field strength can cause more adverse
effects from different decoherence sources of the system, such as unwanted couplings,
laser dephasing and finite excited state lifetime, making it hard to find reasonable pa-
rameters for a full d = 10 qudit. In this case the mixers could be implemented in a
step-wise fashion by means of the Givens rotations [111].

To consider the speed limit with which we can drive the transition before unwanted
decoherence from the coupling laser, we must consider a few sources of decoherence.
Mainly, we must consider the off-resonant scattering of the coupling laser off of the
broadest transitions of the qudit states of interest. For |S〉 this is the 30 MHz broad |S〉
- 1P1 transition at 461 nm, and for |P〉 this is the 7 MHz broad |P〉 - 3S1 transition at
707 nm. The latter transition from |P〉 is the more dominant decoherence mechanism
with an off resonant scattering rate that is more than an order of magnitude larger.
For a Rabi Frequency of Ω = 2π × 500 kHz between adjacent states and considering a
d = 4 qudit, the off resonant scattering from the |P〉 - 3S1 transition is approximately
Γsc = 22 Hz or a time of τsc = 45.5 ms before a dephasing photon is likely to have been
scattered off the unwanted transition. Taking the ratio Γsc/Ω allows for us to estimate
the infidelity from such events to be on the order of 8 × 10−5 per 2π-pulse (between
adjacent states). This should allow for a high number of operations to be performed

5The decay rate can be converted to the reduced transition dipole moment using the expression
a0e〈J ′‖d‖J〉 =

√
3πε0�cΓ/ω3 [87, 110]. The TDMs are calculated with Eqn. (3.7), summing over the

different F contributions.
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before such a decoherence event occurs. A similar analysis can be done for S giving
an order of magnitude lower infidelity. An additional consideration is the off-resonant
scattering of the coupling laser from a different |S,mF 〉 - |P,mF ′〉 transition. We discuss
this further in the following subsection using a more explicit example.

Finally, we briefly discuss the implementation of the mixing unitary UM(βk) =

exp[−iβkHM ] for the r = 1 case. We propose to implement the r = 1 case as shown
in Fig. 3.17(c). Here, the subscript k refers to the size of the time step used in the
QAOA computation.

Starting with all qudit states in their |S,mF 〉 sublevels i.e., from a uniform superpo-
sition over the mF sublevels of |S〉 such that the |P〉 computational states are in their
respective storage states, we apply the following sequence of pulses:

1. Apply
⌊
d
2

⌋
π-polarized π-pulses on the states {1, 3, . . . , l}, l = 2

⌊
d
2

⌋ − 1, on the
|S〉 − |P〉 transition, which brings them from |S〉 to |P〉. Here d ranges from 1 to d

and l is the computational qudit states as labeled in Fig. 3.4.5(c).

2. Apply the Rabi frequencies Ω�,�+1 connecting nearest-neighbour qudit states for
time τk.

3. Repeat step 1 to bring the
⌊
d
2

⌋
levels from |P〉 back to |S〉. Or

4. Perform step 1 on the states {0, 2, . . . , l} to bring the computational states into
their respective two-qudit computational states in preparation for application of
a cost Hamiltonian. See [41] for further details.

In Fig. 3.17(c), the choice of couplings is depicted by the red arrows and the cou-
pling Hamiltonian reads

ΩhΩ = Ω

⎛
⎜⎜⎜⎜⎜⎝

0 c0,1

c∗0,1
. . .

. . . cd−2,d−1

c∗d−2,d−1 0

⎞
⎟⎟⎟⎟⎟⎠ . (3.48)

When the individual Rabi frequencies Ω�,�′ are adjusted such that c�,�′=�+1 = 1 ∀ �,
hΩ → hM and the sequence 1-3 corresponds to the mixing unitary UM , with the mixing
parameter βk = Ωτk where τk is the step size of the operation in the QAOA sequence.
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One important remark is in order: the mixing Hamiltonian, Eqn. (3.46), implements
a “periodic boundary condition” in that it couples the levels 0 and d− 1 (and similarly
for higher r). Such coupling is typically not native to a physical qudit, which instead
corresponds to an “open boundary condition” as is apparent from Eqn. (3.48). We
discuss the difference between using Eqn. (3.48) in place of Eqn. (3.46) in more detail
in [41] where we see that our hardware specific mixer is not expected to result in a
significant decrease in performance.

3.4.3 d=4 qudit example

To consider a more concrete example, we can examine the qudit coupling for the r =

1 and d = 4 case. An illustration of the coupling scheme is presented in Fig. 3.19.
The coupling lasers alternate between σ− and σ+ polarization for couplings from |S〉
- |P〉 and |P〉 - |S〉 respectively. We will leave all coupling matrices in the form of Ĥtot

(Eqn. (3.29)) instead of the qudit mixer mentioned above.
With only the desired couplings included, the Hamiltonian takes the form of

Ĥtot =
�

2

⎛
⎜⎜⎜⎜⎝

0 Ω0,1 0 0

Ω1,0 −2Δ1 Ω1,4 0

0 Ω4,1 −2Δ4 Ω4,5

0 0 Ω5,4 −2Δ5

⎞
⎟⎟⎟⎟⎠, (3.49)

for states |0〉 = |S, 9/2〉, |1〉 = |P, 7/2〉, |2〉 = |S, 5/2〉, |3〉 = |P, 3/2〉. However, for
proper consideration of all off resonant couplings, decay channels, and laser noise, the
Hamiltonian

Ĥtot =
�

2

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 Ω0,1 0 0 0 0 0 0

Ω1,0 −2Δ1 Ω1,2 0 Ω1,4 0 0 0

0 Ω2,1 −2Δ2 Ω2,3 0 0 0 0

0 0 Ω3,2 −2Δ3 Ω3,4 0 Ω3,6 0

0 Ω4,1 Ω4,3 −2Δ4 Ω4,5 0 0

0 0 0 0 Ω5,4 −2Δ5 Ω5,6 Ω5,7

0 0 0 Ω6,3 0 Ω6,5 −2Δ6 0

0 0 0 0 0 Ω7,5 0 −2Δ7

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (3.50)
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FIGURE 3.19: Coupling scheme for a d = 4 qudit with all required cou-
pling lasers present. The states are labelled with both their respective mF

sublevels and state in the 4 level qudit basis where states (|0〉 , |1〉 , |4〉 , |5〉)
compose the computational basis. The mF labels correspond to vertically
aligned sublevels of both |S〉 and |P〉. σ− transitions are shown in red and
σ+ transitions are shown in green. the unwanted, but unavoidable, off res-
onant couplings of each laser are shown as well with less opacity. Zeeman
shifts are not to scale.

is needed, where the states |0〉 to |7〉 are |S, 9/2〉, |P, 7/2〉, |S, 7/2〉, |P, 5/2〉, |S, 5/2〉,
|P, 3/2〉,|S, 3/2〉, and |S, 1/2〉 respectively. This Hamiltonian shows all allowed cou-
plings in the system. When implementing the desired coupling of Eqn. (3.49), the Rabi
frequencies Ω1,2,Ω3,4, and Ω5,6 can be set to zero with proper choice of polarization
while others, Ω2,3, Ω3,6, and Ω5,7,, will still be present with a large detuning caused by
the Zeeman shift of the |P〉 levels in the presence of a magnetic field. Additionally, with
proper tuning of the laser frequencies to resonance, certain detunings can also be set
to zero, specifically Δ1,Δ4, and Δ5. Considering equal Rabi frequencies for all desired
couplings for Eqn. (3.49) and after setting the proper terms to zero, we can rewrite
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Eqn. (3.50) as

Ĥtot =
�

2

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 Ω 0 0 0 0 0 0

Ω 0 0 0 Ω 0 0 0

0 0 0 Ω2,3 0 0 0 0

0 0 Ω3,2 −2Δ3 0 0 Ω 0

0 Ω 0 0 0 Ω 0 0

0 0 0 0 Ω 0 0 Ω

0 0 0 Ω 0 0 0 0

0 0 0 0 0 Ω 0 −2Δ7

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (3.51)

giving us the Hamiltonian of the four-level-qudit.
A plot of the evolution under this Hamiltonian using the Lindblad master equation

(Eqn. (3.30)) is shown in Fig. 3.20. Rabi frequencies of Ω = 2π× 500 kHz, laser noise of
ΓL = 2π×100 Hz, Δ3 = −2π×20 MHz and Δ7 = 2π×40 MHz (Zeeman shifts induced
by B ≈ 40 G) have been used to create these plots and all others, unless otherwise
specified. The only Rabi frequencies that differ from Ω is Ω2,3 (Ω3,2). Instead we set
this Rabi frequency to 2.415Ω because two beams off resonantly affect this transition
as shown in Fig. 3.19. The deviation of this Rabi frequency from two accounts for
the different TDMs of each transition6. The detunings of these two beams are equal
up to a sign (one is +20 MHz and the other is −20 MHz due to Zeeman splitting),
so we set the detuning to the blue detuned frequency of the mF splitting induced by
the magnetic field (corresponding to Δ3= 20 MHz). With these parameters, we have
observed coherent oscillations for well over 300μs between the four computational
states with no population being transferred to the unwanted mF sublevels outside the
computational basis.

To further examine the fidelity of the mixing Hamiltonian, we calculate the fidelity
after a 2π-pulse using

F ≡ tr
√
ρ1/2σρ1/2, (3.52)

where ρ is the density matrix after the evolution of the Lindblad master equation and

6At the chosen magnetic field, the ratio of TDMs are 〈P, 5/2‖dq‖S, 7/2〉/〈P, 7/2‖dq‖S, 9/2〉 = 1.691
and 〈P, 5/2‖dq‖S, 7/2〉/〈P, 3/2‖dq‖S, 5/2〉 = 0.724. The sum of these ratios gives the value 2.415Ω. A
similar method could be used for the off resonant σ+ beams. However since the TDMs of these transi-
tions are weaker than the transition being addressed, we instead overestimate the error by leaving them
at Ω.
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FIGURE 3.20: Evolution of Lindblad master equation for a 4 level qudit
using the Hamiltonian in Eqn. (3.51) and the levels outlined in Fig. 3.19.
The initial state is a superposition over all four qudit states. We use the
parameters Ω = 2π×500 kHz, laser noise of ΓL = 2π×100 Hz, Δ3 = 2π×20
MHz and Δ7 = 2π×40 MHz to make this plot. We set all Rabi frequencies
equal to Ωl,l′ = Ω except for Ω2,3 (Ω3,2) which is set to 2.415Ω. We observe
coherent evolution over several oscillations and no unwanted coupling
to states outside the computational basis throughout the evolution. The
fidelity after a 2π-rotation is F = 0.9998 under these conditions. See text
for further details.

σ is the density matrix for an ideal superposition of the four computational states [19].
With the parameters used for Fig. 3.20, we find a fidelity of F = 0.9998 after a 2π-pulse
(1.795μs). The limiting factor on the fidelity for these parameters is laser noise which,
with state of the art technology, can be reduced significantly lower than the 2π × 100

Hz considered here. In the absence of laser noise we find a fidelity of F = 0.999993.
We have preformed similar calculations to check the required magnetic field strength
and find the 40 G field used here to be sufficient and even with the maximum field of
160 G (see Fig. 3.18), the fidelity on increases by 1.5×10−6.

3.4.4 Initial state preparation, state isolation, and off resonant scat-

tering

A few additional situations must be considered to understand the fidelity of the state
preparation and the qudit coupling. The three remaining effects we will consider here
are the fidelity of a π−pulse for the two level case, which quantifies the fidelity in a way
comparable to a single qubit rotation, the required field for isolating the individual
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mF sublevels from each other, and the effect of off resonant scattering from the |P〉 -
3S1 transition. We note that even more analyses could be done to further understand
gate fidelity, such as including polarization purity, laser intensity noise, and magnetic
field noise into the calculations, some of which we will also briefly comment on in the
following subsection.

To analyse the state preparation fidelity, we consider all the relevant levels of a three
state qudit coupling scheme and examine the situation of a single laser driving the |0〉
to |1〉 transition, i.e. a qubit like drive scheme, as shown in Fig. 3.21(a). We include the
third state to model all possible decay channels. An evolution of the Lindblad master
equation is shown in Fig. 3.21(b). We see that a fidelity of well over 99% is preserved
even after 10 oscillations (infidelity of 1 × 10−4 per π−pulse, see inset). For preparing
the required superposition we will use a number of fractional π−pulses where each
one achieves the same coherence as the evolution illustrated by this coupling, limiting
the need for individual examination. See Section 3.4.5 for further details on the state
preparation.

To examine the protection of off resonant scattering from the wrong mf by the cou-
pling beams, we use the same Hamiltonian as Fig. 3.21, but place half of the initial
population into the |2〉 (|S, 7/2〉) state and see if any population is transferred to the |3〉
(|P, 5/2〉) state, see Fig. 3.22. This allows us to determine the magnetic field required to
mitigate any depopulation of neighboring mF sublevels via off resonant coupling. The
required magnetic field to keep the fidelity unchanged is approximately ∼ 80 G/MHz
of Rabi frequency to prevent such scattering events from occurring. We consider only
the effect of the coupling laser on the nearest mF state because subsequent states will
be even further detuned by the Zeeman shifts leading to smaller effects.

Finally, we examine the effects of decoherence from off resonant scattering of the
|P〉 - 3S1 transition using a 3 level Hamiltonian with states |0〉 = |S, 9/2〉, |1〉 = |P, 7/2〉,
and |2〉 = 3S1. We calculate the effect of direct off resonant coupling using the laser
power of the coupling beams to calculate the Rabi frequency of this transition, and the
difference of the |P〉 - 3S1 (707 nm) and the |S〉 - |P〉 (671 nm) transitions as the detuning.
We calculate by considering all off resonant scattering rates of this transition as a loss
channel out of P. The effect is negligible (1 × 10−6) on the time scales of interest with
the chosen parameters.
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FIGURE 3.21: (a) Level scheme for a d = 3 qudit. The states are labelled
with both their respective mF sublevels and state number in the 3 level
qudit basis. The mF labels correspond to vertically aligned sublevels of
both |S〉 and |P〉. We start with the atom in the |0〉 state and apply a single
coupling laser between states |0〉 and |1〉 to characterize the evolution of
this qubit like system for state preparation. (b) Evolution of the Lindblad
master equation for the system described in (a). We use this to evaluate
the performance of the fractional pulses required for superposition state
preparation. We see that over 10 full rotations can be completed with a
nearly negligible infidelity. Specifically, we observe an infidelity of 1 ×
10−4 per π−pulse as shown in the inset. All parameters are the same as
specified for Fig. 3.20.

3.4.5 Experimental Implementation

The proposed experiment begins with the preparation of single 87Sr atom trapped in
optical tweezers formed by laser beams at λ = 881 nm imaged through a microscope
objective to create a static array of traps, see Chapter 2 and Chapter 4. A defect free
array of tweezers can be made using an additional movable tweezer, see Section 4.5.
The choice of wavelength comes from the near magic wavelength condition for the |S〉 -
|P〉 transition in which a differential Stark shift of at most ± 125 kHz/mK trap depth is
expected for certain mF sublevels7, see Section 3.1. Trap depths on the order of 200μK
are required during the imaging process and gate operation to remain in the Lamb

7This separation is for the furthest separated mF states in a d=10 qudit, where the levels
|P, |mF | = 7/2〉 and |P, |mF | = 1/2〉 are the furthest separated for linear polarization, see Fig. 3.5.
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FIGURE 3.22: (a) To examine the protection by the Zeeman shift of the
neighboring mF state from unwanted scattering of the coupling laser, we
use the same system as described in Fig. 3.21, but instead use an initial
state with an equal superposition of |0〉 and |2〉. (b) Evolution of the Lind-
blad master equation of the system described in (a). The protection comes
from Zeeman shift induced by the applied magnetic field. We find that
a ratio of ∼ 80 G/MHz for B−field strength to Rabi frequency provides
adequate protection of |2〉. The field strengths here are B = 40 G and all
other parameters are the same as in Fig. 3.20.

Dicke regime for the axial confinement of the tweezer. This means the mF specific
differential light shifts are negligible when the tweezer trap depths are balanced to a
few percent, see Section 4.4, and when considering Rabi frequencies above 0.5 MHz
where unwanted detunings of ±25 kHz only affects the fidelity on the 10−5 level.

For imaging the atoms in the tweezers, scattered light from the cycling transition of
|S, 9/2〉 - |3P1, F = 11/2,mF = 11/2〉 can be collected onto an EMCCD camera through
the microscope objective. Although the length of time required for an image increases
due to the low scattering rate of this transition when compared to current methods,
this scheme has the advantage of simultaneously cooling the atoms while light is be-
ing collected allowing for shallower traps to be used during the imaging process, see
Chapter 2. Furthermore, this method allows for state specific detection of individual
mF sublevels in the presence of a large (> 50 G) magnetic field. Only atoms in the
|S, 9/2〉 sublevel will be imaged in this case after which each additional state can be
transferred to mF = 9/2 state using optical pumping, or via stimulated Raman adia-
batic passage or Raman coupling. This imaging method allows for storage of the qudit
states in the mF sublevels of |S〉 which reduces the chance of off resonant scattering



3.4. Qudits with strontium 87

while the other mF sublevels are being imaged. It also allows for imaging of all 10
mF sublevels within the expected tweezer lifetimes of � 10 seconds in the absence of
cooling. This time is limited mainly by background gas collisions and can be increased
further by improving vacuum quality. The initial image and post-sorting confirmation
image can both be done in the absence of a magnetic field and will directly initialize all
atoms into the |S, 9/2〉 sublevel8.

Two different magnetic fields are required for all of the single and two qudit op-
erations. One coil will create a bias magnetic field, B‖, along the propagation axis of
the tweezers for use during the single qudit operations. The second coil creates a mag-
netic field, B⊥, perpendicular to the propagation of the tweezers, and along the axis of
the imaging/cooling beam. The second coil allows for the necessary π−polarization
from the coupling beams for de-excitation of |P〉 computational states to their respec-
tive storage states, or for excitation of the |S〉 computational states to their respective
|P,mF 〉 sublevel for Rydberg excitation. Additionally, B⊥ allows for the imaging light
to be pure σ+ polarization, which is required for state specific detection of the differ-
ent mF sublevels. The time required for changing between these two magnetic fields
could be a significant source of dead time since the field needs to be switched anytime
we transfer between computational states and storage states.

A final consideration for the magnetic fields is the required stability. The necessary
stability for the fields is dependent on the shift per Gauss of the different mF sublevels
of |P〉 which will determine the required laser frequencies for each coupling laser. The
Zeeman shift for these sublevels fall into the range of ∼ 500 kHz/G meaning a mag-
netic field stability of ∼ 10 mG will be sufficient for the Rabi frequencies we consider
as long as the field varies slowly with respect to the duration of the algorithm.

A series of fractional π−pulses from the individual coupling lasers can prepare the
desired initial superposition across all qudit states. The length of each pulse takes
the form of (d − i − 1)π/(d − i) where d is the number of qudit levels and i is the
initial state of the pulse ranging from i = 0 (for |0〉) to i = d − 1 (for |d− 1〉). For
example, to prepare an initial super position over all 10 computational qudit states a
series of pulses with magnitude 9π/10, 8π/9,. . ., π/2 are used. Comparing this with
the π−pulse fidelity determined from Fig. 3.21 and other error sources outlined above,
we see the superposition state can be prepared with a fidelity exceeding 0.999. An

8If σ+ polarized-light is used for the cooling beam, the Clebsch-Gordan coefficients of the
|3P1, F = 11/2〉 state will lead to all atoms being pumped to the stretched state.
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additional five π-polarized π−pulses would be required to transfer the computational
states down to their respective storage states.

After this initialization step, all coupling frequencies can be turned on for the single
qudit gate or pulses can be serialized. The magnetic field can then be switched from the
B‖ to the B⊥ configuration for transferring the 3P2 qudit states to their storage states, or
for exciting the 1S0 qudit states to their respective 3P2 sublevels in preparation for a two
qudit gate. Once the entire gate sequence is completed, all qudit states are transferred
to their 1S0 sublevels and imaging can be performed in presence of a high magnetic
field as explained above. Since the state transfer during imaging can also swap out the
atoms already in mF = 9/2, once an atom is detected in a specific site, its mF sublevel
assignment is fixed and will not change even if it disappears or reappears in a later
image.

For engineering site selective qudit couplings, a similar system to the one described
in [46] can be used. The coupling beams for the different qudit transitions can be cre-
ated using the sideband of an EOM with multiple drive frequencies from an arbitrary
waveform generator to create the necessary frequencies and intensities for each transi-
tion. Ideally, a method for filtering of the unwanted sidebands and carrier frequencies
should be used. The unwanted sidebands and the carrier will induce off resonant scat-
tering on the |P〉-3S1 transition, which limits the number of gates. Due to the significant
power required for the coupling beams, this could significantly reduce the time avail-
able for the algorithm. One possibility to remove these unwanted frequencies would
be to instead use an AOM in a double-pass configuration with multiple frequencies.

The coupling light is divided into two separate paths of perpendicular linear po-
larizations, with each path going to a pair of perpendicularly aligned acoustic optic
deflectors (AODs) allowing for single site addressing of each tweezer. By using two
separate pairs of AODs the available laser power can be most efficiently used and un-
wanted laser frequencies/polarizations can be avoided. The two paths are recombined
using a polarizing beamsplitter before being sent through a Pockels cell for conversion
to the required σ± polarization for the coupling beams. The Pockels cell offers the
additional advantage of fast switching of the polarization when π−polarized light is
required. Both paths are constructed in a 4f configuration through the microscope and
aligned with the tweezers similar to shown in Fig. 4.4. We have briefly analysed the
purity of the polarization by adding unwanted couplings. We observe that a polariza-
tion impurity of 1% only affects the gate infidelity on the 10−4 level.
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The described coupling setup also allows for one to control which two tweezer
sites are involved in a two qudit operation since the |P〉 - |Ry〉 transition is used for the
two qudit coupling. If all tweezers are placed into their |S〉 storage states (as opposed
to their |P〉 computational states), we can selectively choose which tweezer sites and
which qudit states to entangle by using the coupling beam as the first photon in the
two photon excitation to the Rydberg state.
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Chapter 4

Experimental setup and tweezer results

Our starting point was a Sr quantum gas machine that was able to produce both Bose
Einstein condensates and degenerate Fermi gases with the intent of moving towards
quantum simulation experiments and eventually to a quantum gas microscope. We de-
cided to change strategy and instead make a tweezer experiment due to the versatility,
fast repetition rate, and powerful capabilities of these experiments for both quantum
simulation and quantum computing [46, 47, 49, 50, 57, 64]. In the following sections
we will cover the developments to the experimental setup involved in switching from
a quantum gas machine to a tweezer machine along with some additional tweezer re-
sults. This includes initial results of loading atoms into the tweezers, our first single
atom signals along with the ingredients that we found most helpful in obtaining this
signal, further optimizations to near unity survival rates, and results of site selective
imaging and sorting.

An in depth description of the strontium apparatus and laser systems used in this
experiment can be found in the PhD theses of O. Onishchenko [62] and S. Piatchenkov
[63]. Some additional details on our first tweezer setup and a great discussion of mi-
croscope objective properties and characterization can be found in the master thesis of
I. Knottnerus [112].

Similar to other groups in the field of optical tweezers for strontium [30, 44, 45],
our first attempts at preparing single strontium atoms were with 515-nm and 532-nm
tweezers (green tweezers). We never managed to make these tweezers work. We had
many suspicions for what the problem could be, and the main one was our tweezer
light source.

By this time, other groups were presenting new results with 813-nm tweezers [32,
34]. The benefits of better imaging survival rates and much longer lifetimes [32] moti-
vated us to switch to a similar tweezer wavelength. Here we will discuss some results
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with 785-nm tweezers and mainly the results with 813-nm tweezers (NIR tweezers).
This section is ordered as follows. We will begin with a brief outline of the exper-

imental setup and our unique procedure for making a μK cloud of strontium atoms
at the focal plane of the microscope objective (Section 4.1). Next we will discuss the
NIR tweezer system including characterization of the relevant parameters externally
and alignment onto the experimental setup (Section 4.2). We continue by outlining the
procedure for single atom preparation and detection in optical tweezers including our
first results and the limiting factors that prevented us from seeing these results sooner
(Section 4.3). In Section 4.4 we discuss the optimizations performed to reach high fi-
delity preparation, detection, and survival of single atoms in larger tweezer arrays and
the limit on minimum trap depth that we observe. Finally, as an important initial step
to quantum computation and simulation experiments, we finish with our results on
sorting single strontium atoms into defect free arrays in Section 4.5.

4.1 Overview of experimental setup

The experimental setup used in this thesis was originally constructed to be a quan-
tum gas microscope, however we later decided to pursue tweezer arrays instead. A
detailed description of the design of this machine can be found in [62, 63]. After com-
pleting the work on 1S0 - 3P2 spectroscopy [40], we began the conversion to a tweezer
machine. Here we will discuss the changes to the machine since this publication, skip-
ping the green tweezers and instead focusing on the upgrade to NIR tweezers. In
addition to this information, an overview of the experiment and additional details on
the experimental procedure used for preparing a red MOT can be found in Section 2.3
and Section 2.7 respectively.

In Fig. 4.1, a picture of the experimental setup along with a CAD drawing of the
vacuum chamber is shown. In the picture, we show the tweezer optical setup on
the upper most breadboard, the objective mount assembly hanging down to the main
chamber, and the tweezer fluorescence imaging system. The CAD drawing shows the
placement of the tweezer objective inside of the MOT coils along with the path of the
atoms from the oven.

The tweezer fluorescence imaging system images the fluorescence of trapped atoms
onto an EMCCD camera (Andor Ixon 897), using the objective that is also used to
project tweezers onto the atoms. The fluorescence light is split from the tweezer laser
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a)

b)

FIGURE 4.1: (a) Picture of the experimental setup focusing on the science
chamber and tweezer optics. The uppermost breadboard is the tweezer
optical setup and the breadboard above the Zeeman slower is the tweezer
fluorescence imaging system. The objective mount assembly is also visible
hanging down to the main chamber with the microscope objective hidden
by the MOT coils (the two black cubes above the main chamber are part
of this assembly, see Fig. 4.5). (b) CAD drawing of vacuum chamber with
the oven, Zeeman slower, MOT coils and tweezer objective visible. For
further details on the vacuum chamber and electromagnetic coil designs
see [62, 63].
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path with a dichroic mirror placed inside one of the mounting cubes, visible in both
Fig. 4.1 and Fig. 4.5. Originally, we used a long pass dichroic mirror with a 505-nm
cutoff wavelength (Thorlabs, DMLP505L) for splitting the 461 nm fluorescence from
the green or NIR tweezers. Once we obtained single atoms, we swapped the dichroic
to one with a 750-nm cutoff wavelength (Edmund optics, #34 − 745) to enable col-
lection of 689 nm fluorescence light with a high efficiency. This dichroic still works
for blue imaging, although it has a few percent lower reflectance than the previous
dichroic at 461 nm. We use an f = 80mm achromatic doublet lens on a translation
stage as the field lens for focusing the light from the infinity corrected objective onto
the camera chip, giving a magnification of 20. Due to space limitations, the lens is
placed further away than the ideal position at the sum of the field lens focal length
plus the effective focal length of the objective. Since the objective is infinity corrected,
this translates mainly to a reduced field of view for the fluorescence imaging system.
The magnification is chosen such that a single tweezer (diameter ∼1.6μm) is the size
of a few pixels of the Andor 897 EMCCD camera used for imaging (pixel size of 16μm,
which corresponds to 0.8μm in the tweezer plane with our chosen magnification of
20). In a trade off between resolution and signal-to-noise (with higher magnification,
the resolution becomes better, but the readout noise increases as there are more pixels
in the area of one tweezer’s fluorescence), this choice optimizes the imaging system
for signal to noise ratio over resolution. Finally, two filters are always placed on the
camera, one band pass filter centered around the imaging wavelength (461 nm during
blue imaging and 689 nm during red imaging) to remove any stray light in the lab and
a cutoff filter to specifically eliminate any possible tweezer light.

By installing the tweezer objective along the vertical axis we block the retro reflec-
tion of the upward propagating MOT beams. At first we expected additional optics
above the objective to be required for sending collimated beams back through the ob-
jective, however this was not the case. First, for the red MOT the downward propagat-
ing vertical MOT beam of the red MOT provides little confinement due to the radiative
pressure of the upward propagating beam vs the force of gravity pushing down [42].
Because of this, the downward propagating red MOT beam could be removed with
almost no effect on the red MOT atom number or temperature. This is not the case for
the blue MOT beam though. When trying to add a single upward propagating blue
MOT beam, we see nearly no fluorescence from the blue MOT, meaning that atoms
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are pushed out of the central capture zone. When we remove the vertical beam en-
tirely we see a blue MOT that resembles a 2D MOT (with the difference of using a 3D
quadrupole magnetic field). Although this "MOT" does not provide any confinement
against gravity, the blue light still pumps atoms to the 3P2 state via the leakage decay
channel through the 1D2 state. We expect that some of these magnetic atoms will be
trapped in the 3D quadrupole field of the MOT. The observation of a blue MOT with-
out vertical MOT beam gave us the idea to try loading the red MOT from the magnetic
reservoir loaded by this blue MOT. This leads to greater than an order of magnitude
reduction in atom number in comparison to the normal 3D blue MOT operation, how-
ever we are still able to capture over 106 atoms per second into the red MOT.

One of our colleagues, Dr. B. Pasquiou from the SrPAL experiment, had an idea
to increase the number of atoms that ended up in the 3P2 reservoir. This became an
interesting bachelor thesis project that deserves to at least quickly be mentioned. The
proposed idea was to pump atoms from the 1P1 state to the 5s5d 1D2 state during
the blue MOT instead of relying on the natural decay that occurs through 5s4d 1D2

state. This proved to be possible, and allowed for us to see a greater than three-fold
increase in red MOT atom number quite easily. More specifically, we use a laser near-
resonance with the 5s5p 1P1 - 5s5d 1D2 transition at 767 nm and with an intensity of
approximately 2Isat. The laser light is sent to the experiment with a non-polarization
maintaining multi-mode fiber. The beam was collimated to a waist of 3 mm as to
sufficiently illuminate the whole blue MOT and it was retro-reflected to increase the
intensity on the atoms and to minimize momentum kicks. This light is then shone
onto the atoms during the blue MOT loading phase at different frequencies and the
red MOT atom number is measured.

Results from this quick experiment to improve our red MOT loading are shown
in Fig. 4.2 for different frequencies of the 767-nm laser. Even with this simple setup,
we saw an increase in atom number from 1.3×106 to 5×106. A number of improve-
ments could possibly increase this atom number even further, such as better frequency
stabilization of the 767-nm laser, polarization maintaining of the fiber, examination of
different polarizations, and more accurate scans of the intensity and frequency.

At the moment, we also still do not fully understand the underlying mechanism
as to why this increased decay to the 3P2 reservoir occurs. However, we were unable
to reproduce the same increase on another experiment with a 3D MOT. This points
to the simple conclusion that we speed up the decay to 3P2 before atoms can be lost
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due to a lack of confinement against gravity. In a 3D MOT this loss process is not
present. Each atom has plenty of opportunity to be pumped into 3P2 and accelerating
this process shouldn’t make much of a difference. We note that the red MOT loading
rate with the 767-nm laser present is still below what was achieved in our machine with
a 3D MOT. Our experimental sequence is not currently limited by loading time when
using 88Sr, as mentioned in Section 2.7, which lead to a pause on the investigations into
improved loading. However, this increased loading could prove to be a very useful
tool for other isotopes in our system, where the increased loading efficiency would be
a useful ingredient to keep cycle times down.
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FIGURE 4.2: Atom number in final red MOT stage vs 767-nm laser fre-
quency. The 767-nm laser is on throughout the entire experimental se-
quence. The frequency range is displayed in MHz after subtracting the
offset frequency (390599000 MHz). We use a HighFinesse WS-30 waveme-
ter referenced to our 689-nm laser to measure the laser frequency. The
horizontal dashed line indicates our normal average atom number with-
out 767-nm light and the vertical dashed line indicates our estimation of
the 1P1 - 1D2 transition frequency.

The red MOT position must be moved vertically approximately 1 cm in order to
load the tweezers. This movement is necessary because the MOT is centred in a vac-
uum chamber that has more than twice the height of the microscope objective working
distance. Placing the blue MOT quadrupole centre above the centre of the vacuum
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chamber during loading was not possible due to lack of a strong enough coil to offset
by this distance. Additionally, we did not explore this option because a change in ver-
tical offset field of ∼100 mG already begins to reduce the loading flux. With the large
red MOT beams that we use, moving the red MOT is easily accomplished by applying
a bias field along the vertical direction, shifting the quadrupole center upwards. We
use a quadrupole field strength of 0.63 G/cm, which means a bias field of 0.63 G will
shift the center by 1 cm.

We have worked hard to minimize any fluctuations in the red MOT position since
the position stability is crucial for loading the tight focus of the tweezers especially in
the vertical axis. The power supply driving the MOT coils during the red MOT phase,
and the small additional bias field coil have been replaced with high precision current
drivers originally designed for laser diode drivers. These power supplies provide 1
A of power with sub mA precision, which is sufficient for both coil sets. Since the
two coils have sensitivities of 1 G/cm/A and 1 G/A for the quadrupole and bias coils
respectively, these power supplies provide sub mG precision on these coils. Our red
MOT position stability was further improved with better polarization stability of the
red MOT vertical beam. A polarizing beamsplitter is placed after the optical fiber that
delivers light to the experiment in order to clean the MOT beams’ polarizations. This
beamsplitter converts poor polarization stability of the fiber into intensity fluctuations
in the MOT beam, which lead to significant fluctuations in the red MOT position. Ad-
ditionally, overcoming a small experimental sequence problem also helped to improve
the repeatability of our red MOT position. The DDS we use for the red MOT (Analog
Devices AD9852) allows for frequency modulation, which we use to create the broad-
band red MOT (see Section 2.7 for details on our sequence). When we started working
with tweezers, we would leave some modulation on all the time in order to try to
slightly increase the size of our red MOT. However, we used a frequency span that
was the same as the modulation frequency, which is outside the DDSs specifications
and provoked erratic behavior, with sometimes only a single frequency somewhere in
the desired frequency span being produced. This erratic behavior led to a shot-to-shot
fluctuation in red MOT position as well. Switching the DDS to single frequency oper-
ation before tweezer loading alleviated this problem. After these improvements to the
position stability, the center of the red MOT fluctuates by less than ±25μm throughout
the course of a day of operation with a drift of less than 50 nm/10 minutes.

The last important improvements were to the camera and control software of the
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experiment. With tweezer experiments the fast repetition rate of the experiment and
number of experimental runs needed for data sets required some small upgrades to
the way we take and save pictures as well as to the control software. In many ultra-
cold atom experiments, including the others in our lab and even our experiment before
the conversion to a tweezer machine, multiple computers are used to operate the ex-
periment. Specifically, in our experiment two separate computers were used. One
for creating the command sequence for all of the electronics and DDSs, and one for
the camera servers and image processing. The main issue with this system is that the
time wasted in communication between the two computers can sometimes approach
or even greatly surpass the duration of an experimental sequence for preparing and
detecting single atoms. With ultracold atom experiments this dead time is rather neg-
ligible since the experiments take 10’s of second in comparison to our near once per
second repetition rate. A main ingredient slowing down this transfer was the image
processing being done by our imaging software. This can be extremely useful but
causes a delay before the next experimental run can take place. To mitigate these prob-
lems we upgraded our camera software to directly save the pictures itself and moved
to a single computer for camera and control software. This has an added benefit for
when we sort the atoms, because in this case the camera software needs to quickly send
the atom number in each tweezer back to the control software. The control software
needs this information to determine good moves for atom sorting, see Section 4.5.

We have developed a new image viewer software which is independent from the
control and camera software. It simply reads the images that the camera software
stored on an SSD (solid state disk) and analyzes them in parallel to the execution of
experiments. This viewer actively checks the data folder, analyzes all new data, and
updates all the plots we ask for, providing us with a nearly real time view of what
is happening on the experiment. We have tailored this viewer more specifically to-
wards tweezer style experiments as well by including options such as choices between
number of counts or a normalized number of occurrences above a given threshold (oc-
currences/runs), analysing individual tweezers or averaging over the array, viewing
multiple pictures from the same sequence and directly calculating the survival rate be-
tween different images, along with plotting the data for a parameter being scanned
and displaying the single shot images and averaged image for a given data point. The
back end code of the viewer is written in python and the GUI was designed with Qt
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designer. An image of the GUI interface is shown in Fig. 4.3.1

FIGURE 4.3: A screenshot of the GUI of our image viewer software. In the
upper left we have a number of buttons for functions. In the center three
panels we have the plot of the data set for the selected image number, the
histogram of the selected data point and imagenumber, and three tweezer
array images. The three images are the last two images taken (of the same
experimental run) and an average image for the selected data point and
image number. The data set displayed here is one of the data sets from
Fig. 2.3. On the right side we have the list of ROIs to be included along
with additional quick options for plotting the results.

1The back end and GUI coding for this viewer was done primarily by I. Knottnerus.
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4.2 Tweezer production, characterization, and alignment

Single atom tweezer experiments always contain two main ingredients. The first is
some method for creating arrays of tightly focused optical dipole traps (known as
tweezers) in which to capture atoms. The second is some method for high resolution
detection, which is usually done by collection of atomic fluorescence. Both of these
ingredients require a high resolution imaging system created from either a microscope
objective or an aspherical lens (or pairs of those on opposite sides of the tweezer plane).
Here we will discuss the creation of tweezer arrays in our experimental setup and the
imaging system used for tweezer characterization (characterization imaging system).

We began our journey into the preparation of single strontium atoms with a very
simple system consisting of a single acousto-optic modulator (AOM) and a choice from
two different green laser sources, a diode-pumped solid state 532-nm laser (Thorlabs
DJ532-40) or a free-running 515-nm laser diode (Nichia NDG4216) to make our tweez-
ers. For creating the tweezers and imaging, we used our home built NA = 0.44 mi-
croscope objective [113]. This objective was originally designed for use in a quantum
gas microscope with the primary application being collection of fluorescence at 461-
nm from the broad 1S0 - 1P1 transition. For green tweezers, the chromatic aberrations
(which leads to a focal shift for different colors) is small enough that the imaging plane
of the 461-nm light can be shifted with the field lens to match the focal position of the
tweezers [112]. Some more details on this setup can be found in [63] and [112].

When we struggled to produce clean results with this system, we theorized on a
number of problems that could be the cause of this system failing. However once one
finds the true problem, the theories one came up with along the way become irrelevant.
We will not comment on these theories here, and instead eliminate the anticipation
of an interested reader by briefly mentioning that the problem with this system was
most likely frequency noise on the cooling laser, see Section 4.3. However as stated
above, we decided to switch to NIR tweezers before a doubt-free single atom signal
was obtained.

Once the decision to switch from green to NIR tweezers was made, a number of
changes and upgrades were done to the experimental setup. First, the NIR laser light
source is an external cavity diode laser, which is amplified using a tapered amplifier
(TA). Due to lab logistics, we started with a spare 785-nm laser source before eventually
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switching to an 813-nm laser source. Second, due to the poor performance and large fo-
cal shift of our home built objective at near-infrared wavelengths, we decided to switch
to a commercial NA=0.5 objective (Mitutoyo 378-848-3). Due to the design of our vac-
uum chamber and the working distance of the microscope objective, the atom cloud
must be moved vertically by 1 cm into the focal position of the microscope. Because of
this asymmetry, we only installed a single objective on the machine, which is used for
both imaging and tweezer production, see Section 4.1. Third, we upgraded from an
Andor Luca to an Andor iXon 897 camera in order to reduce the charge-induced cur-
rent noise during imaging. Finally we upgraded from a single AOM to two different
methods of tweezer production. We now use a pair of crossed acousto-optic deflectors
(AODs) for creating fast movable tweezers and a spatial light modulator (SLM) for
creating arbitrary 2D arrays of tweezers.

4.2.1 Tweezer production

Our initial optimizations and first experiments with NIR tweezers were performed
with a TA at 785-nm. The choice of this over the clock magic wavelength at 813-nm
was based purely on laser availability. Since another experiment in our lab foresaw the
need for the available 813-nm TA, we instead started off using a spare TA for rubidium
cooling at ∼780 nm. This TA was tuned to 785-nm without any loss in output power
(max output of 1.8 W). Our cooling simulations supported that the attractive Sisyphus
cooling at this wavelength would work as well as at the previously demonstrated
wavelength of 813-nm. The choice to change to 813-nm tweezers was done during
the debugging process due mainly to a worry of off-resonant scattering from the 1P1-
5s5d 1D2 transition at 767-nm during fluorescence imaging using the 1S0 - 1P1 transition
(again, the actual problem was most likely due to frequency noise on the cooling laser).
The main output path is sent through a dispersive prism in order to filter out any am-
plified spontaneous emission from the TA. We have always operated with the prism in
the path of the main tweezer array.

For creating the tweezer arrays, we started first with a pair of AODs (AA opto-
electronic DTSXY-400-800). The AODs work exactly like an AOM but are designed
for beam deflection over frequency shifting [114]. This is done by the selection of a
crystal that uses a slower speed of sound leading to a larger deflection angle for a
given radio frequency. The radio frequencies required for the AODs were produced
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FIGURE 4.4: A schematic of the tweezer optical setup. On the left, the
AOD path is shown. The region inbetween lens f1 and f2 the beams are
focusing to create the pre-image of the tweezer array. The SLM setup is
also visible in the main picture. Since the SLM is used as the focusing lens
for the pre-image, the individual tweezer beams continue to diverge after
the pre-image. Because of this the field lens f3 must be placed further from
the microscope objective than f3. The top inset shows the characterization
imaging system (not to scale). The second objective provides the resolu-
tion to image the tweezer foci. The bottom inset shows the tweezer laser
path from the TA to fibers that bring the light to the tweezer optical setup
(not to scale). This includes a dispersive prism for filtering the amplified
spontaneous emission of the TA and AOM for global intensity control of
the SLM array.
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by a number of DDSs that are mixed together to form multiple first order diffraction
spots from the AODs. The two AODs are placed perpendicular to each other such that
a 2D array of tweezer spots can be made. The size of the array that can be created with
the AODs is limited to the number of radio frequencies sent to each AOD. Later on,
this configuration also allows for a single tweezer to be scanned over the field of view
of the microscope focal plane, which is useful for sorting and site-selective imaging. A
simple sketch of the AOD setup can be seen in Fig. 4.4.

The AOD setup must be aligned in a 4f configuration for proper transmission of all
beams through the aperture of the microscope objective. We send a collimated beam
(w0 = 1.1 mm) into the AODs. The AODs are placed directly against each other with the
second AOD aligned to the Bragg angle of the first.2 The diffracted, but still collimated,
beams begin to expand away from each other like rays in a geometrical optics picture.
Each beam is controlled by two frequencies, one from the vertical AOD (AODv) and
one from the horizontal AOD (AODh). By placing the first lens (f1= 250 mm) of the
setup a distance f1 away from the AODs, we collimate the rays with respect to each
other. This fixes the distance between neighboring beams while creating a focused im-
age at a distance f1 from the lens. The beams expand and a second lens (f2 = 600 mm)
is placed at a distance f2 away from the initial image plane. This creates an array of
beams with waist w0 ≈ 2.5 mm, which is larger than the microscope aperture radius
of 2 mm. Ideally, the ratio of waist to aperture should be ≈1 for the most efficient use
of the optical power and largest trap frequencies for a given input power [77]. How-
ever, we chose to make the waists larger in favor of less sensitivity to misalignment
over most efficient power usage. The collimating lens f2 again causes the individual
collimated beams to begin ’converging’ in the geometrical optics picture. Placing the
microscope at a distance f2 away from the second lens allows for equal transmission of
all beams through the microscope aperture. The choice of lenses for this system comes
mainly from the limitation of how close we can get to the microscope objective while
still having room for two adjustment mirrors, for a PBS cube to combine the SLM and
AODs, a dichroic mirror to split off imaging light, and without significant changes to

2This method leads to slight deviations from perfect alignment for different frequencies on the first
AOD, however this effect is small for the array sizes considered in this thesis. A more robust method
would be to use an additional 4f configuration for imaging the first AOD onto the second AOD [30, 44,
115]. We did not find this to be necessary and instead saved our limited optical breadboard space for the
addition of our SLM setup. The AODs are used only for sorting or site selective imaging now, but if one
wants to make large arrays with the AODs, then one should use this slightly more complicated setup.
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the existing experimental setup. A shearing plate interferometer is a very useful tool
for checking that the beams are properly collimated before the microscope objective.

After our first successful production of single strontium atoms in tweezers and our
first narrow-linewidth imaging results (see Section 4.3), we upgraded the experimental
setup to include an SLM enabling the production of larger 2D arrays. An arbitrary
wave form generator for the AOD frequencies could have accomplished the same scale
up to more tweezers, however, the SLM also has a few added benefits. The SLM is able
to create arbitrary tweezer patterns, such as hexagonal, triangular, or kagome arrays
just to name a few. The SLM allows for better trap balancing since many pixels of the
SLM control a single tweezer unlike the AOD where many tweezers share the same
frequency tone(s) in large arrays. With the SLM, the trap light is the same frequency
for every tweezer, which can be useful for magic wavelength tuning of the tweezers.
For example, in tweezer based clocks the shift of the tweezer frequency away from
magic by the AOD(s) can be seen in the 1S0 - 3P0 spectroscopy [34, 35, 36]. After this
addition to the setup, the main path with filtering prism is used for the SLM and a
second path split off by a PBS from the TA is used for the AODs with no additional
filtering.

The phase-only reflective SLM used in our experiment is a device for manipulating
the phase of an incident laser beam. By applying a voltage to one (or many/all) of
the pixels in the display, the orientation of the liquid crystals inside the pixel change
orientation. This changes the refractive index of the pixel and thus the path length the
laser travels. In turn the SLM manipulates the phase of the incident laser beam based
on the phase pattern applied to the pixels allowing for arrays of foci to be created via
a Fourier transform induced by a lens [49, 50, 116].

The SLM setup is also shown in Fig. 4.4. Since the SLM has a slow refresh rate,
the path starts with an AOM, before the optical fiber, which brings the light to the
optical breadboard of the tweezer setup, for switching and global intensity control of
the array (see inset of figure). After the fiber, a collimated beam with waist of 6 mm is
sent to the SLM. Because the SLM has an active area of 10.7 mm × 17.6 mm, we chose
to match the beam waist closer to the short axis for a balance of maximizing the area
of the SLM used for creating the tweezer pattern while not wasting excess power on
clipping the beam on the short axis. The light is reflected off the SLM with the phase
pattern imprinted.

The phase pattern contains a number of different contributions summed together.
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First, there is the factory correction phase given to us by Meadowlark that is intended
to compensate flatness imperfections from the surface of the SLM. Second, we add a
grating phase to separate the non-diffracted zeroth order beam from the diffracted fist
order. Third, we add a Fresnel lens phase for focusing the array, thereby saving the
extra optical path length for a second focusing lens in the optical setup. The effective
lens we initially used was the combination of two slightly different focal length vertical
and horizontal lenses due to an astigmatism at the focal plane of the lens. This most
likely has to do with how the SLM chip is mounted, creating a slight curved cylindri-
cal mirror in one direction, which is not properly removed by the factory correction
phase. We later replaced the lens combination by one lens and switched to using a
combination of Zernike polynomial phases to remove optical aberrations from the sys-
tem, see Section 4.4. All of these phases can be easily generated using the Meadowlark
SLM software. The final phase pattern added to the SLM is the phase for creating the
tweezer array.

To calculate the phase pattern for creating the tweezer array, we use the weighted
Gerchberg-Saxton algorithm [83, 117, 118, 119]. The algorithm creates a phase mask to
match a desired intensity pattern in the image plane by iteratively looking at the pro-
jected light field in the image plane (i.e. the focused tweezers) and diffraction plane
(i.e. the incoming Gaussian beam) and applying boundary conditions on the ampli-
tude. The algorithm starts with randomly assigned phases, φ0, from 0 to 2π for each
pixel. The phase is then multiplied by the incident amplitude pattern, A0 (Gaussian
beam incident on the SLM) to obtain a starting value for the light field. At each iter-
ation we start with the field after the SLM being defined as A0e

iφi
n and perform a fast

Fourier transform (FFT) to convert the phase to an Intensity distribution. This creates
a new intensity pattern and phase of Af

ne
iφf

n . If the calculated intensity pattern, |Af
n|2,

matches the desired array intensity pattern, It, we have found a good phase pattern.
If it does not match, we multiply the FFT calculated phase, φf

n, of the pattern by the
desired amplitude,

√
It, and then perform an inverse FFT bringing us back to the SLM

plane. This gives the field An+1e
iφn+1 . After setting the amplitudes An+1 to A0 this

field is used as starting point for the next iteration with the new phase φn+1 [83]. The
process is repeated until the desired convergence of the intensity pattern is reached,
which usually occurs in < 100 iterations. Any intensity pattern can be reached by this
procedure including tweezer arrays with individual intensities for each tweezer spot.
These individual intensities and iterative procedure will be a useful tool for balancing
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the trap depths, see Section 4.4.
With the sum of these four phases, the SLM creates a focused pre-image of the array

at a distance of ∼183 cm from the SLM. The collimating lens, f3 = 500mm, is placed
500 mm from the focus to collimate the individual beams. The combination of SLM lens
phase and the lens f3 demagnifies the large initial beam to a waist of ∼ 2.2mm. Unlike
in the AOD setup, the individual beams are not propagating parallel to each other at
this point but instead are diverging away from each other. To properly transmit all
the beams through the objective, the lens must be placed further back than f3. We
calculate the distance with a set of ABCD matrices using the aperture of the objective,
focal length of the collimating lens and size of the SLM. This procedure also gives us
the distance from the SLM to the pre-image focal plane.

4.2.2 Tweezer characterization and alignment

To characterize tweezer parameters such as waist and microscope transmission, we
constructed an external test setup. The setup uses the same technique as outlined in
[63, 112, 113]. The procedure to characterize the quality of the tweezer foci created by
the main objective uses a characterization imaging system consisting of a second mi-
croscope objective (imaging objective), an additional magnification to spread the focus
over a sufficient number of pixels to perform an adequate fit, a field lens to focus the
image, and a camera. For the analysis presented here, we simplified the characteriza-
tion imaging system by upgrading to a higher NA finite conjugate objective (Newport
M-60×, NA=0.85). The higher NA of this microscope objective removes the need for
any deconvolution of the imaging system from the object being measured (in our case
the tweezer waist) [112]. The finite conjugation of the objective also means it produces
an image with no need for a field lens and the large magnification (quoted specs 60×,
measured 80× in setup) eliminates the need for any additional magnification.

For the initial examination of the AOD tweezer arrays, we constructed an external
mount for the tweezer production optical setup (Fig. 4.4). This setup was elevated
approximately 1 meter above the optical table in order to conveniently send beams
through the top of the full objective mount assembly from the experimental setup, see
Fig. 4.5, in place of building the test setup directly onto the optical table. We chose to
characterize the tweezer system in this way in order to look at the position stability of
the tweezers in the actual experimental setup as well as to confirm the ability to blindly
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align the objective to the setup since we lack the ability to observe our tweezers in-situ
once installed on the experiment.

To start the alignment procedure, the objective mount assembly is placed in position
against the optical setup breadboard. The tweezer beam is centered onto the assembly
mirror that sends the beams down to the objective. Custom irises (4 mm diameter) are
used to center the beam on the two apertures of the mount, one at the top of the mount
and one at the top of the microscope holder (75 mm from microscope aperture), see
Fig. 4.5 for details. This is usually done with a single beam at the center of the AODs
frequency range, but additional beams can prove useful for fine tuning at later steps.
Once centered, the irises are removed. The beams of the tweezers are now roughly
aligned near the final position.

Before installing the tweezer objective into the test setup, the characterization imag-
ing system needs to be calibrated. For the calibration process, a target must be installed
first. The target used for calibration was made at ETH Zurich3, see Fig. 4.6. It was
made with a focused ion beam used to carve pinholes into a Cr-Pt-Pd film on a glass
plate. There are 6 patterns on the target, each with 6 holes in a unique 20 μm square,
where the specific pattern we use has holes with diameters of 200 nm. These small
holes act like point sources when light is transmitted through them. Since the small
holes are hard to find, additional 20 μm squares are used to locate the spot pattern.
These squares can even be seen by eye and allow us to roughly position the desired
pattern inside the beam. A single beam at the center of the AOD frequencies is used
to illuminate the target pattern. The Cr-Pt-Pd film acts nicely as a mirror allowing for
us to make sure the target, which will define our calibrated imaging plane, is perpen-
dicular to the incoming beam. The target is placed as close as possible to the expected
tweezer objective focal plane to avoid changing the characterization imaging system
when we switch to measuring tweezers.

Once the target has been installed, the characterization imaging system can be
aligned. As briefly mentioned above, the imaging objective is a finite conjugate ob-
jective, meaning we only need the objective and a camera for the imaging system.
The one downside of this objective is its extremely short working distance (0.48 mm).
Therefore our adjustable objective mount can easily be moved too far, pushing the ob-
jective against the target and damaging it. To avoid this danger, special care must be
taken during alignment. We use a Gimbal mirror mount (Thorlabs GM100) with an

3We thank Joakim Reuteler for the manufacture of the target
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FIGURE 4.5: CAD drawing of the objective mount assembly. We have in-
dicated with arrows the positions at which we place the alignment irises
(Iris1 and Iris 2), the mirror used to retro-reflect the tweezer beam during
alignment (Mirror), and the dichroic mirror mount of the tweezer fluores-
cence imaging system (IMG dichro mount). We also indicate one of the
three tilt adjustment knobs used for aligning the tilt of the tweezer objec-
tive to the stationary window of the vacuum chamber and for moving the
objective closer to the window. The microscope mount is depicted in gold
to make it more easy to identify. The microscope objective and the objec-
tive mount are inside the MOT coils once installed on the machine, see
Fig. 4.7.
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FIGURE 4.6: (a) Schematic of the characterization target. The squares for
rough alignment and finding the individual patterns are shown. All di-
mensions are in μm. (b) Target pattern used for all characterization. (c)
Picture of pattern illuminated with 785 nm light. This gives a resolution of
σfit=0.27(3) μm. (d) Picture of AOD tweezer array in the test setup show-
ing a waist of 0.81(2) μm.
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additional tube to mount the objective such that the tilting plane of the mount is as
close as possible to the focal plane while still having enough space to get close to the
target. The Gimbal mount is connected to a set of three translation stages, one for
each Cartesian axis. A mirror reflects the transmission of the imaging objective to the
camera. The camera is also mounted to a translation stage along the imaging axis to
compensate for any adjustments needed to the focal plane of the objective. An exam-
ple image of the calibrated characterization imaging system is shown in Fig. 4.6(c),
where we measure σfit = 0.27(3)μm corresponding to a resolution of 0.78(9) μm and
a magnification of 14.1 pixels/μm4. The fits suggest that we do not reach the diffrac-
tion limit of the imaging objective (resolution of 0.57μm), however the resolution and
magnification are sufficient to provide an estimate of the tweezer waists.

With a calibrated characterization imaging system we can measure the tweezer
waists. We first install a vacuum chamber viewport under the tweezer objective in
order to reproduce the beam distortion that the tweezer beam experiences in the ex-
perimental apparatus. This viewport was left out of the test setup so far because it
is not required for calibration of the characterization imaging system or for the initial
alignment to the center of the tweezer microscope objective. We adjust the window
such that the incoming tweezer beam is retro-reflected. An IR viewer can be useful in
seeing the weak reflection. This step is crucial because angles between tweezer objec-
tive and window significantly affects the quality of the tweezer foci produced by the
tweezer objective. Once the window is in place, the tweezer objective can no longer
be screwed into its mount. Because of this, the objective mount assembly position is
marked using blocks such that we can can lift up the assembly, install the tweezer ob-
jective into the mount, and place the assembly back in the same position. A mirror is
then placed on top of the objective mount and the angle of the mount is adjusted such
that the beam is again retro reflected. During the first attempts the final adjustments
can be done using the characterization imaging system to confirm the alignment is
good. Once the process is complete and the 1/e2 waists of AOD tweezer array in the
test setup are measured to be 0.81(2) μm. This is approximately 20% higher than the

4We define the terms σfit and resolution based on those defined in [112]. The former is related to the
normal Gaussian distribution, ∝ e

− 1
2 (

x
σfit

)2 , and related to NA through σfit = 0.21λ/NA. In a perfect
imaging system, the Airy disk is the point spread function of a point source. The diffraction limit is
defined as the distance from the principal maximum of the Airy disk to the first minimum, given by a0 =
0.61λ/NA. The resolution is defined as the conversion of the Gaussian distribution to the diffraction
limit giving r0 ≈ 2.9σfit. See [112] for an extensive explanation of these terms.
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expected diffraction limited spot size of the tweezer objective. The deviation from opti-
mal is most likely due to the difference between the designed cover glass thickness (3.5
mm) and the one on our experimental setup (3.175 mm on the machine, however for
the test setup a window of 3.2 mm is used). This most likely causes additional spher-
ical aberrations limiting the quality of our focus. After the alignment of the tweezers
is finalized, the characterization imaging system magnification and resolution can be
recalibrated with the target to confirm that the adjustments did not significantly alter
either value.

We confirm that the tweezer objective is properly aligned with respect to the col-
limating lens (f1) by looking at the transmission of individual tweezer beams. The
system is properly aligned to the objective when all beams of the array show not only
similar waists but also the same transmission. For the tweezer beams used, we mea-
sure a transmission of 50% for 785 nm and 36% for 813 nm.

The external alignment allowed for us to check the position stability of the tweez-
ers, which we were worried about since the objective mount assembly acts as a long
lever arm. We saw that external influences were causing a significant jitter on the array
position. To alleviate this, we added some additional supports attached to the assem-
bly below the imaging dichroic cube and going to the more sturdy support system
of the experimental setup. Shortening the lever arm in this simple way sufficiently
dampened any oscillations.

The SLM was also initially characterized externally. For simplicity this characteri-
zation was done with optics on an optical breadboard instead of optics integrated in
the elevated test setup. As a consequence the optical setup around the SLM was con-
structed twice, once for the test and once in the experimental setup. To transfer the
alignment of the SLM’s optical setup from test breadboard to apparatus, we traced
all the optics poles and mounts onto the optical breadboard and then transferred the
pattern to a clear plastic film. We cut out the individual component placements and
used this template to place the optics onto the final optical breadboard of the exper-
imental setup. We added the characterization imaging system shown in Fig. 4.4 to
the optical layout on the machine, allowing for us to look at the overlap between the
AODs and the SLM. We have observe that this characterization imaging system is not
an exact reproduction of the tweezers on the atoms. For example, using images of the
tweezer array to perform trap depth balancing does not directly correlate to balanced
trap depths for the atoms. However, this additional characterization imaging system
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is a powerful tool for debugging purposes.

Alignment to the experimental setup

FIGURE 4.7: A close up picture of the tweezer objective mounted inside
the MOT coil. The objective must be aligned orthogonal to the window
and suspended just above the window (0.9 mm from the front face of the
objective to the window) such that the tweezers can be aligned to the red
MOT. We had to modify the objective mount assembly in order for it to
pass the MOT coils.

With satisfactory tweezer waists measured externally, the tweezer optical setup is
installed on the experimental apparatus, using the alignment procedure outlined next.
This procedure is complicated by the fact that the vacuum chamber window is fixed
and that the microscope objective must be mounted inside the MOT coils, seeFig. 4.7.
To help us align the microscope objective orthogonal to the window, we first install the
objective mount assembly and tweezer breadboard on the machine, but without the
objective. We use the two mirrors after the collimating lens to adjust the beam position
such that the central beam of the array is aligned with both irises placed onto the mount
and the beam is retro-reflected by the window. The windows on the machine are AR
coated making the reflection from the window very weak, but it is still visible with an
IR viewer. Once this alignment is completed, we place a mirror on top of the objective
mount and retro-reflect the beam using the mount adjustment knobs. The position
of the objective mount assembly is then marked with blocks before we remove it to
add the tweezer objective. Once the tweezer objective and the mount assembly are
reinstalled, the irises and retro-reflection mirror on top of the mount are used for fine
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adjustment of the beams to compensate for any slight displacement from reinstalling
the objective mount assembly. This procedure was characterized externally by many
repetitions of the process after slight displacements of the window. The idea for this
alignment procedure came from a similar method used in [120].

Once the system is aligned we still need to find the focal position of the tweezers
and overlay the MOT with this position. This can feel like looking for a needle in a hay
stack, but we found one very helpful trick to ease the search. To find the focal point
of the objective, we send light resonant with the 1S0 - 1P1 transition along the imaging
path such that it is reflected off the dichroic mirror and is co-propagating with the
NIR tweezer beam entering the tweezer objective. Since the path from our oven to our
science chamber is a straight long path, we have a nearly collimated beam of fast trav-
elling atoms going through the location of the tweezers when no laser cooling light is
on. However, the long path of the Zeeman slower allows only atoms with relatively
low radial velocity (few 10 m/s) to pass into the science chamber. The resonant beam
through the objective, which is perpendicular to the atomic beam, is inducing fluo-
rescence in atoms with low radial velocity. The short lifetime of the excited state of
the transition allows for the atoms to rapidly scatter photons as they pass through the
beam. This allows us to see the tweezer focal position in the chamber with our MOT
imaging system under long camera exposure as shown in Fig. 4.8(a).

The placement of the objective was initially too high above the chamber, which re-
quired us to move it closer to the window. The tweezer objective is mounted inside the
MOT coils eliminating the direct line of sight to the distance between the tweezer objec-
tive and the window. To make sure we didn’t press the objective into the window and
possibly ruin our vacuum, we made the simple origami tool displayed in Fig. 4.8(b).
We folded the paper a number of times to create a given thickness(measured with a
caliper). The paper can then be slid underneath the objective to confirm that such a
gap is still present between the objective and window as shown in Fig. 4.8(c). The ob-
jective can then be lowered with the adjustment knobs of the objective mount taking
into account the threads per mm of the adjustment screws. We used this process to go
from 3 mm away from the window down to approximately 0.9 mm.
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a)
Side view

Bottom view

~0.5 mm
b)

c)

FIGURE 4.8: (a) Atomic fluorescence from a 461-nm beam sent through
the microscope objective and co-propagating with the tweezer beam. The
461-nm beam is resonant with the 1S0 - 1P1 transition and propagates per-
pendicular to the atomic beam coming from the oven. The direction of
the incoming beam is indicated with a blue arrow and a scale bar has
been included for reference. The image is taken with an exposure time
of 3 seconds. This method was used to locate the tweezer traps in order
to properly position the red MOT. (b) An origami tool made for moving
the tweezer objective closer to the vacuum window. (c) A picture of the
origami tool in practice taken from below the vacuum chamber. The win-
dow diameter is 50.8 mm and the direction of the incoming atomic beam
from the oven is again indicated with blue for reference. We use the thick-
ness of the folded paper to determine the distance between the objective
and window. After determining the distance, the objective is lowered with
the tilt adjustment knobs. We remove layers from the origami tool un-
til it again fits. The process can be repeated until the desired distance is
achieved.
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4.3 Initial tweezer loading and single atom preparation

In this section we will present the initial results for loading tweezers, cooling and sin-
gle atom preparation including our initial red imaging results. The main purpose of
this section is to discuss some details and observations that lead to our first single atom
signal and that are not included in Section 2.4. It is more intended to highlight the prob-
lems and first signs that allowed for us to achieve the nice results shown in Chapter 2,
in order to help others to achieve similar results faster. We will start by discussing our
initial results with a 2×2 array of AOD tweezers and then continue to our more recent
results with the SLM tweezers.

4.3.1 With AOD tweezers

Initially we started the search for atoms loaded in tweezers using imaging light reso-
nant with the 1S0 - 1P1 transition, also referred to as blue imaging throughout this thesis.
The fluorescence of the atoms in tweezers was induced by two independent collimated
beams each with their own AOM control. The unique AOM for each path allows for
the frequency of the beams to be tuned independently as to avoid a standing wave and
to allow for the intensity of the beams to be balanced. The beams are aligned such that
they are both coupled back into each other’s optical fibers bringing them to the experi-
ment to make sure they are retro reflected. This alignment is done to minimize momen-
tum kicks from the imaging beams. The imaging beams are also aligned perpendicular
to the tweezer objective to concentrate the heating from photon recoils of the imaging
light to the radial axis. The blue imaging beams polarization are linear (horizontal)
and also perpendicular to the tweezer propagation to maximise fluorescence, similar
to what is done in Chapter 2. The same repumper and cooling/red imaging beams
mentioned in Chapter 2 are also already present, with the exception that the cooling
beam polarization was placed parallel to the tweezer propagation (vertical). With the
original AODs tweezer configuration, there was still a 30◦ angle between the cooling
beam propagation and tweezer polarization. Choosing vertical polarization thus max-
imises the power available for cooling by placing the polarization perpendicular to
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the quantization.5 Blue imaging provided the advantage of allowing for images of the
red MOT to be used for aligning the atoms below the tweezer objective, as shown in
Fig. 4.9.

FIGURE 4.9: In-situ fluorescence of the red MOT imaged through the
tweezer objective. We induce fluorescence on the 1S0 - 1P1 transition. We
have included four tweezer ROIs at the separation used with the AOD
tweezer array in the bottom left for a scale comparison.

With the red MOT positioned below the tweezer objective, we began to load the 785
nm tweezers and try to image them. We find an important ingredient to produce reli-
able results is to start from uniform loading of the array, i.e., all tweezers loaded with at
least one atom. An example of the fully loaded array plus the histogram it produces is
shown in Fig. 4.10(a) where a single broad peak shows an unknown number of atoms
has been loaded into each tweezer, leading to at least some fluorescence before either
cooling or imaging light begins to kill pairs of atoms or even heat out single atoms.
This is also where MOT stability is critical because poor MOT loading stability can be
mistaken for single atom preparation in extreme cases6.

5Since we operate the tweezers at zero magnetic field, the mJ = ±1 states are degenerate and ad-
dressed with σ±-polarized light respectively. By placing the linear polarization of the cooling beam per-
pendicular to the quantization axis defined by the tweezer polarization, we maximize σ±-polarization
of the light.

6If you only load the tweezers approximately 50% of the time, the histogram of occurrences vs counts
look very similar to a single atom histogram. Two main differences can be an inconsistent number of
counts from different tweezers, and a non randomized loading, i.e. all tweezers loaded or no tweezers
loaded instead of 50% of the traps randomly loaded in each shot.
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Once the tweezers were loaded, we began with scanning the 689-nm cooling laser
looking for the frequency where we see the Sisyphus cooling working as evident by
the increase in fluorescence counts since the cooling is now compensating some of the
heating of the 461-nm fluorescence. An example of such a scan is shown in Fig. 4.10(b).
The detuning of the best cooling was found to be around −5.25 MHz from free space
resonance for the trap depths being used at this time. From this measurement we esti-
mated the trap depth to be approximately 650μK7 deep by assuming the best cooling
frequency will be near equivalent to the Stark shifted resonance.

After the first signs of cooling, we began to look at how long atoms survived in
the presence of cooling light and how much imaging light it would take to heat the
atoms out of the trap. We began to see a significant lifetime in the presence of cooling
exceeding a few seconds, meaning that the cooling light was at least not killing the
atoms8. However, we still had a poor survival in the presence of 461-nm light even
for very low scattering rates of 10-20 kHz. With this performance we attempted to
look for a balance of interleaved 461-nm imaging light with 689-nm cooling light to try
collecting enough blue photons before the atom was heated out. An example of such a
run is shown in Fig. 4.11.

Even these long images did not produce a single atom signal fully separated from
the zero atom signal. This led to two ideas of why we were struggling so much with
the imaging process. Either cooling was not working sufficiently well or off resonant
scattering of the tweezer light was accelerating our loss to 3P2 or another metastable
state. Since a fairly exhaustive search of all cooling parameters had been done, we
chose to first look into the latter. One possibility for such a loss channel would be
off resonant excitation via the 5s5p 1P1-5s5d 1D2 transition at 767 nm when the atom
is in the excited state during imaging. As mentioned above, once this 1D2 state is
populated, the atom is very likely to decay to 3P2. Because of this we tried adding
different repumpers for depopulating both the 3P2 and 3P0 states but saw no significant
change. A reason for this could have been anti trapping of the 1D2 state causing heating
or even direct atom loss before the desired decay can occur. This would be similar to
the behavior seen for the 5s4d 1D2 state in 515-nm tweezers [30, 44].

To further reduce the chance of off resonant scattering of the tweezer light, we chose

7Disclaimer: As we will mention later in the chapter, The actual trap depth was 400 μK.
8We note that this is still not a truly clear sign of cooling but at least we knew we were surviving the

689-nm light for extended periods
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FIGURE 4.10: (a) A histogram of the number of occurrences vs EMCCD
counts per ROI for 785 nm AOD tweezers loaded with at least one atom.
A single broad peak above zero counts shows that at least one atom per
tweezer has been loaded in every image. The data is for all four tweezer
ROIs. The inset image shows the average image of all experimental runs
used to make the histogram. (b) Scan of the 689-nm cooling laser fre-
quency during imaging. The frequency is plotted as the detuning from
the free-space resonance of the 1S0 - 3P1 transition. The increase in average
EMCCD counts around −5 MHz indicates the cooling is working because
the atoms are able to scatter more 461-nm photons before being lost from
the tweezer. Throughout this section all data plotted in blue was taken
using the blue imaging technique [32]. All data plotted in red was taken
using our red imaging technique, see Chapter 2.
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FIGURE 4.11: A histogram of the number of occurrences vs EMCCD
counts per ROI for a long duration image of the 785 nm AOD tweezers.
A combination of MOT light, cooling light, and 461-nm light were used
before the image to try inducing light assisted collisions. The lack of two
distinct peaks is indicative of a loss process or pumping to a metastable
state before a sufficient number of photons were collected per atom.

to switch the tweezer laser source to 813-nm light. This choice was supported with the
numerous nice results that had already been reported at this tweezer wavelength [32,
34, 35, 36, 57]. The tweezer optical setup was constructed with all achromatic lenses
specifically for an easy conversion to this further detuned wavelength. With small
realignments we were quickly able to recover the same signal.

With the new tweezer wavelength we again scanned the cooling frequency and
found the best cooling around -3.5 MHz as shown in Fig. 4.12(a). This Stark shift is
consistent with the smaller differential Stark shift of the 1S0 - 3P1 transition for 813-nm
vs 785-nm, see Section 3.1. With the new tweezer laser the cooling performance still
seemed insufficient to compensate for the heating induced by the 461-nm light. We
again examined the situation of interleaved blue light (≤1 ms at a time at 20-30 kHz
scattering rate) followed by a long cooling cycle (≤50 ms) for imaging, but for even
longer images (∼2 seconds) and less total blue light(∼30). With the right settings we
began to see a stretch of what we assumed to be the single atom signal but still a lack
of separation, see Fig. 4.12(b). At this point the only remaining issue could be from the
cooling performance.

As mentioned in Section 2.7, the source of all 689-nm light is an external cavity
diode laser (ECDL) that is short-term stabilized on a reference cavity with a linewidth
of 35 kHz, which in turn is long-term stabilized (in length) on a spectroscopy signal.
Light from the ECDL is amplified by injection locked lasers and then used on the ex-
periment. The data presented in this section so far is done with the light directly from
the ECDL.
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FIGURE 4.12: (a) Cooling frequency scan in 813 nm AOD tweezers. The
frequency is plotted as the detuning from the free-space resonance of the
1S0 - 3P1 transition. The frequency has shifted with respect to Fig. 4.10 be-
cause of the change in differential Stark shift. (b) A histogram of the num-
ber of occurrences vs EMCCD counts per ROI for a long duration image of
the 813 nm AOD tweezers. The lack of separation still points to a problem
with cooling.
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Based on results from our colleagues on the SrPAL team, we knew that there are
so called servo bumps on the 689-nm laser [121]. Servo bumps are induced by the
locking electronics pushing the noise of the free-running ECDL to a higher frequency
outside the bandwidth of the locking electronics. This noise was already seen to have
a negative effect on the SrPAL experiment, and the effort to use the very weak cav-
ity transmission to injection lock an amplifying diode (without delocking the primary
ECDL) had already been done9. Based on the improvement in cooling performance
seen by the SrPAL team, we decided to switch the injection light of our amplifying
diodes to the cavity-filtered light as well.

With the filtered light, we again went to look at loading and cooling performance.
We directly saw better loading even when no cooling was applied. This could have to
do with noise on the red MOT light heating atoms as they are loaded into the tweezer.
When scanning the cooling frequency, we saw a very different looking plot for cooling,
see Fig. 4.13(a). First, the frequency at which cooling starts to work is shifted by nearly
two MHz, which is very similar to the edge of the servo bumps observed on the 689-
nm ECDL [121]. Based on this observation, we were most likely using the servo bump
for cooling as opposed to the carrier! This means that not only a much weaker but also
a much noisier laser source for cooling was being used. It also means that our earlier
trap depth estimation was wrong, and the actual trap depth was closer to 400 μK.
Second, there seems to be a dip in performance around −1.5 MHz detuning. As will
be discussed further, this dip is actually the frequency at which light assisted collisions
are taking place. Third, the decrease in cooling performance seems to be much more
gradual as we move to further red detuned frequencies. This could likely be related
to the reduced noise and higher intensity of the cooling laser with the cavity-filtered
light.

With the improved cooling performance, we attempted to look for single atoms.
With very little effort, we saw our first clean single-atom signal, shown in Fig. 4.13(b).
For this histogram the sequence is as follows. Atoms are loaded into the tweezers, the
magnetic fields are set to zero at the location of the tweezers, 689-nm light is shone
onto the atoms for 300 ms with a detuning of −1.5 MHz with an intensity of ∼ 200
Isat. Counter-propagating 461-nm beams are then shone for 2 ms with a detuning of
−200 and −210 MHz for each beam with an intensity of 0.03 Isat. The camera is then
triggered to begin the fluorescence collection. During the image the cooling light is

9Thank you Chun Chia and Rodrigo! See [121] for details.
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FIGURE 4.13: (a) Cooling frequency scan with cavity-filtered 689-nm light
in 813 nm AOD tweezers. The frequency is plotted as the detuning from
the free-space resonance of the 1S0 - 3P1 transition. The difference between
this plot and the one of Fig. 4.12(a) is quite evident. First, even though the
same tweezer trap depth is used, the cooling frequency has shifted signif-
icantly closer to resonance (−2 MHz instead of −3.5 MHz). Upon further
investigation, one can also correlate the feature around −1.5 MHz to the
frequency at which light assisted collisions occur, see Fig. 4.14. b) Our
first histogram clearly indicating single atoms. To make this histogram
we perform cooling at a detuning of −1.5 MHz at an intensity of 200 Isat
for 300 ms before the image. Counter-propagating 461-nm beams are then
shone for 2 ms with a detuning of −200 and −210 MHz for each beam
with an intensity of 0.03 Isat. During the image the cooling light is left on
continuously while the 461-nm light is blinked on for 1.25 ms every 5 ms
for 50 cycles leading to a total image duration of 250 ms. Based on the
differential Stark shift, we can estimate the trap depth of the tweezers to
be 400 μK.
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left on continuously while the 461-nm light is blinked on for 1.25 ms every 5 ms for 50
cycles leading to a total image duration of 250 ms.

After achieving a doubt free single-atom signal, we worked on optimizing the sys-
tem by characterizing the light-assisted collision step, using the release and recapture
method to determine the atom temperature, looking at lifetime under cooling condi-
tions, adding repumper beams, and looking at different imaging parameters to reduce
the time for a picture. These scans lead to similar results as presented in Section 2.4.
We also estimated our tweezer waists to be about 0.8 μm by measuring the differential
Stark shift of the optimal cooling at different trap depths and estimated the tweezer
objective transmission for 813 nm to be lower than expected at 36% for our input beam
waist. Aside from these quick optimizations and measurements, we did not spend
much time on a robust optimization of the blue imaging technique and instead moved
directly towards attempting narrow-line imaging with the 1S0 - 3P1 transition (red imag-
ing).

The first step for converting to red imaging was swapping the dichroic mirror and
camera filters. As mentioned above, the dichroic mirror for red imaging also sup-
ports blue imaging, although the 461-nm reflectance is a few percent lower (still > 95%

reflectance). This allowed for us to swap the dichroic and realign the fluorescence
imaging system back quickly with blue imaging. The camera filters on the other hand,
specifically the band pass filter to minimize any background light, is unique for each
imaging technique. We use a single lens tube with the two filters (one band pass filter
and one cutoff filter) for each imaging technique. The filter tube is then screwed di-
rectly onto the iXon camera lens mount. The filter tubes can be swapped with minimal
effect on the fluorescence imaging system by using the translation stage to move the
imaging field lens.

After installing the proper filters on the camera, we began to look at the background
noise on the camera. When using the same light for imaging and the final MOT stage, it
is important to make sure no light remains on the table from the MOT beams. We place
a mechanical shutter blocking all MOT light before the fibers that deliver the light to
the experimental setup, instead of using just an AOM to extinguish the MOT beams.
On occasions when this shutter has broken, we see that the few nanowatts of residual
power from the AOM-attenuated, upward propagating MOT beam is much brighter
than any single atom signal. This light could also be harmful as we move to shallower
tweezer traps because it could induce heating.
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Looking at camera exposures after a normal experimental sequence with all the
lasers needed, we saw that every little reflection of red light contributed significantly
to the background noise. Examples include badly aligned beams clipping on the cham-
ber, beamsplitters for combining repumpers with the red imaging/cooling beam, the
dichroic combining red and blue imaging beams, and reflections of the beam off other
optical elements after it travels through the chamber. We were even able to see the
remnants of the red MOT beams charging the electron wells of the camera pixels even
when the camera was not in exposure mode. These problems were easily solved with
better light management, including beam dumps, tented covers over beamsplitters
and dichroic mirrors, shuttering off any beams that were not in use, and including an
additional shutter in front of the camera to prevent any light from reaching it before
exposure. The speed of the camera shutter does prevent imaging of the red MOT since
the red MOT beams must be extinguished before the camera shutter is opened causing
the MOT to fall and expand out of the focal plane before an image can be taken. This is
not a hindrance once the tweezer loading fields are known. Small adjustments to MOT
position can then be done by optimizing tweezer loading.

Before looking for a red imaging signal, the polarization of the red imaging/cooling
beam needs to be rotated to horizontal (perpendicular to the tweezer propagation) to
maximise the fluorescence into the tweezer objective. As mentioned above, at this time
there was a 30◦ angle between the tweezer polarization, which defines the quantization
axis, and the cooling beam propagation axis. The tweezer polarization defines the
quantization axis since we work at near zero magnetic field as described in Section 3.1.
This means the σ± intensity of the beam is 75% of the actual intensity. We tested this
would not cause any issues with cooling performance with blue imaging first.

Our first imaging attempts at the previously characterized best cooling frequency
for blue imaging resulted in extremely low counts that were nearly indiscernible from
the zero atom signal. After scanning the imaging frequency, we saw the most fluo-
rescence counts around -1.1 MHz as shown in Fig. 4.14(a). At first we thought this
had something to do with a misalignment of the tweezers from switching the dichroic
mirror, but we quickly realized it was more to do with the poor scattering rate at the op-
timum cooling frequency. We also saw that we could easily image the many-atom peak
without causing light-assisted collisions. We then scanned the frequency of the light-
assisted collision step and saw directly quite clean single-atom results, see Fig. 4.14(b)
and (c) respectively.
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FIGURE 4.14: (a) EMCCD counts collected during a red image vs the red
imaging frequency used in 400 μK deep tweezers. The imaging beam has
an intensity of 200 Isat. The frequency is plotted as the detuning from the
free-space resonance of the 1S0 - 3P1 transition. (b) Probability of detecting
a loaded tweezer (detected fraction) vs frequency used to induce light as-
sisted collisions. At −1.45 MHz we observe a clear dip to 50%. (c) First
histogram of red imaged single atoms. This series was taken in the ab-
sence of the cut-off filter used to remove reflected tweezer light from the
image. This additional noise increases the width of the zero atom peak.
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With these nice initial results, we began to further optimize the system. This led to
additional observations of certain factors limiting the performance of our system. We
noticed that stray magnetic fields have a significant affect on performance and imag-
ing frequency, trap depth balancing will be crucial for best results, and good vacuum
quality is important, see Section 4.4. We also began looking at performance at shal-
lower trap depths but struggled to balance the tweezer trap depths sufficiently to have
the same results in all tweezers. We assumed the problem with balancing came from
either a lack of resolution in the built in DDS attenuators or from the fact that a sin-
gle rf frequency controls two tweezers10 making balancing the four traps non-trivial.
Later on, when looking at scans of the AOD frequencies for atom sorting, we noticed
an interrupted data line in the parallel bus controlling the DDS that could have also
been responsible for the struggle to adequately balance trap depths. Nevertheless, it
was at this point that we decided to install the SLM since it would not only lead to
more tweezers, but also allow for balancing of the trap depths with modifications of
the phase pattern sent to the array.

4.3.2 With SLM tweezers

Once we achieved nice red-imaging results, we moved on to installing the SLM. As
mentioned above, we first characterized the SLM setup externally before transferring it
onto the experimental setup. Once the system was installed, we began to look at larger
arrays of tweezers. We noticed that the differential Stark shift of the 1S0 - 3P1 transition
was significantly lower than measured for similar power per tweezer using the AODs.
Our first assumption was poor alignment to the tweezer objective. After some opti-
mizations we ruled out this as a significant source of the error. We decided to look
at the image plane created by the SLM to characterize the initial waist and to look
for aberrations. This allowed for us to see the presence of astigmatism in our foci.
We corrected for this effect by using two slightly different cylindrical lens phases for
the vertical and horizontal axes. Later, we added the external characterization system
shown in Fig. 4.4 to the experimental setup allowing for observation of the tweezer

10For the four tweezer square grid used at this point, a single rf frequency controls the horizontal
or vertical position and amplitude of two tweezers simultaneously. Since there are 4 frequencies and
amplitudes and four tweezers, one would think it is possible to perfectly balance the trap depths but
this cross talk makes it harder than expected. However, in the end the limiting factor could very well
have come from the missing bit in the data sent to the DDSs that could have caused these issues. We did
not recheck if the AOD tweezers could be balanced after connecting the data bus correctly.
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foci on the machine, although with a copy of the objective11. This system is very help-
ful for additional characterizations of other optical aberrations along with alignment
of the AOD tweezer array to the SLM array, especially in the axial direction. This will
be discussed further in the following sections.

An additional λ/2 wave plate is used in the tweezer path. This is done to remove
the angle between the tweezer polarization and the propagation direction of the cool-
ing beam. Since a PBS cube is used for combining the two tweezer paths, the polar-
ization of the SLM tweezers is perpendicular to the polarization of the AOD tweezers.
This means that without the added waveplate 25% of the cooling beam intensity would
be the proper polarization for cooling of SLM tweezers.

To properly align the SLM array through the tweezer objective we used a 10 × 10

array of tweezers. By measuring the red imaging frequency that induces the maximum
fluorescence for each trap, we could align the array such that any gradients in trap
depth or clipping due to alignment are removed. We concluded this procedure when
the trap depth variation appears more random than patterned. An example of an early
image in this alignment procedure along with an image at the end of the procedure is
shown in Fig. 4.15.

We began to attempt single-atom preparation in the very shallow traps of this 100-
site tweezer array. The maximum achievable trap depth for this array was only on
the order of 60 μK. This depth is estimated using the approximately −300 kHz Stark
shift of the 1S0 - 3P1 (|mj| = 1) transition. In traps this shallow we were only able to
poorly prepare and image single atoms. Atoms are easily lost from such shallow traps
where the axial trap frequency is only about 4.8 kHz. Relating this back to our results
and interpretations outlined in Section 2.4 and Section 3.3, this axial trap frequency is
already significantly lower than the linewidth of the 1S0 - 3P1 transition and even ap-
proaches the photon recoil energy of 689-nm photons. Not only does this reduce the
cooling performance based on the Sisyphus cooling mechanism, but at this depth we
are no longer in the Lamb-Dicke regime. This means the atom is no longer guaranteed
to decay to the same motional level. We decided to increase the trap depth by working
with a smaller number of traps.

We started focusing on a 7×7 array to move closer to the regime where we knew red
imaging still works based on our work with the AODs tweezers. However, even after

11There could still be small manufacturer differences between these two objectives. We did not do any
direct comparison between the two objectives since the second objective was purchased at a later time
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a) b)

FIGURE 4.15: Averaged fluorescence images of a 10 × 10 at the (a) begin-
ning and (b) end of the alignment procedure. The fainter tweezer sites are
less regularly loaded or atoms in them more often removed by the imaging
light. At the beginning a clear gradient is visible across the array where as
at the end the variation in loading is random. The sensitivity of our red
imaging technique to trap depths provides a useful tool for aligning and
balancing the trap depths.

trap depth balancing (next section) and optimization of all parameters as discussed in
Section 2.4, we still found a maximum survival fraction of the atom in a second picture
of only 92%, see Section 2.4. We still saw good cooling performance and significantly
long lifetimes at these trap depths but still had a loss that we couldn’t remove. At this
trap depth the axial trap frequency is still below the natural linewidth. Although we
had surpassed the photon recoil energy, we came to the conclusion that slightly deeper
traps were still required. This led to us switching to the 6×6 array used for the results
in Chapter 2.

Aside from the square patterns used for optimizations and the results in Chapter 2,
we have also made other SLM patterns and used them for trapping atoms in differ-
ent geometries. In Fig. 4.16 we show examples of fluorescence images for different
tweezer patterns. Some of these examples could be useful for quantum simulations
while others were just for fun.
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FIGURE 4.16: Atomic fluorescence images of atoms trapped in different
SLM tweezer arrays. All images presented here are the average of many
preparations and made using our red imaging technique. We have in-
cluded the Quantum Delta NL logo that demonstrates nicely the ability to
create an arbitrary pattern, a kagome lattice, a triangular lattice and a 7×7
square lattice.
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4.4 Optimizations of tweezer performance

During the optimization of our single-atom survival in tweezers we have noticed a few
critical elements that have helped us to achieve the best results. We have found three
main parameters that must be optimized to achieve the highest survival rate aside from
trap depth, and the frequency and intensity of the 689-nm laser during light-assisted
collisions, cooling, and imaging steps. These three additional parameters are vacuum
quality, magnetic field zeroing, and trap depth balancing.

We have found the vacuum quality to have a significant effect on the single-atom
survival under imaging and cooling conditions even at the 10−10 mBar level. With
pressure gauges built into our ion pump we are able to measure the pressure down
to 1×10−10 mBar. Even after a few months of normal operation, the ion pump current
was so low that we only can give this limit as upper estimation of the vacuum pressure.
However, we do see that over this time period the single-atom lifetime in the tweezers
had a significant decrease on the order of a factor of two. The vacuum quality in our
science chamber can be improved by the use of titanium sublimation pumps installed
on the apparatus. By coating the vacuum chamber with titanium, a getter material,
we see an increase in the vacuum lifetime to the values reported in Chapter 2 without
seeing a change in the ion pump current. Because of this increase in performance, we
routinely fire the titanium sublimation pumps at least once a month when operating
the experiment to maintain the best performance.

Our red imaging technique is a fantastic tool for both zeroing stray magnetic fields
and for trap depth balancing of the tweezers. One disadvantage of using narrow-
linewidth imaging on a Stark shifted resonance is that small variations in the field or
traps can noticeably shift the imaging frequency. However, this can also be seen as an
advantage during optimization since it provides a lot of information with a quick scan
of the imaging frequency. We are able to gain this information just from the imaging
frequency with highest fluorescence counts even with many atoms in the array. This is
very useful for initial optimizations when the stray fields or trap depth variation can
prevent or seriously affect single-atom production.

Zeroing magnetic fields at the location of the tweezers can be extremely tricky at
low fields of a few hundred mG up to even 1 G because of competing quantization
axes between the Zeeman and Stark shifts on the transition frequencies as discussed
in Section 3.1. The differential shifts of the |mj| = 1 sublevels of 3P1 are also sensitive
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to the angle between the magnetic field and tweezer polarization. Our method for
zeroing the magnetic field components starts with applying a significant offset field of
a few hundred mG along one Cartesian axis. With this biased field, we image tweezers
filled with multiple atoms at different imaging frequencies. We then vary the field to
minimize the splitting between the |mj| = 1 resonances. The process is then repeated
for each Cartesian axis which allows for us to determine the approximate magnetic
field required for each axis to zero the magnetic field at the location of the tweezers.

Once the rough estimation of the best field is finished, we perform higher precision
scans on single atom samples. The field is set to the assumed zero as the red MOT
is shut off before the parity projection and a subsequent imaging process, where two
back to back images are taken. We have found the survival fraction between first and
second image to be the most sensitive parameter to the zero field calibration. We then
scan the individual x, y, and z components of the magnetic field independently to find
the highest survival fraction. This procedure is done in an iterative manner until we
are satisfied with the final field and we see that the field has stabilized. We see an initial
magnetization of our machine and small drift of the magnetic field throughout the day
mainly in the z-axis (tweezer propagation axis). We usually perform these precision
magnetic field scans every few hours to make sure the field stays at near zero. A more
robust method would be to use the system development next door by the RbSr team
for field monitoring and calibration. After the initial field zeroing process, we confirm
the zeroing of the fields by the single, as narrow as possible, |mj| = 1 line and by
confirming that the relation between the mj = 0 and |mj| = 1 matches our calculations
for the polarizability at zero magnetic field.

To balance the trap depths of the SLM we use a similar procedure as with the mag-
netic field zeroing. We find the initial calculated phase patterns usually have a stan-
dard deviation of around 7% for the tweezer trap depths measured on the atoms. We
have found the same rough optimization as with the magnetic field zeroing procedure
works well for the first iteration. We again use a sample of many atoms prepared in
each tweezer and scan the imaging frequency to find the frequency of the maximum
fluorescence. We use this frequency as an estimate of the trap depth and determine
the deviation of each trap depth from the average. We use this deviation to modify
the weights used for recalculating the tweezer pattern with the weighted Gerchberg
Saxton algorithm as described in Section 4.2.

Further trap balancing is then done with spectroscopy of the weaker trapped 3P1
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mj=0 state. Since this excited state is weaker trapped, there is a less significant broad-
ening of the detected signal due to cooling12. At first, when the variation is still signifi-
cant, scans can be done with 20 to 50 kHz precision. However, as the uniformity of the
array increases, the precision of the scan should be increased. The deviation from the
average center frequency is used to determine the weights for the next iteration of the
phase pattern. An example of this procedure is shown in Fig. 4.17, where we show the
deviation in center frequency after each iteration along with scans of the 1S0 - 3P1 mj=0
spectroscopy for the initial phase pattern and final phase pattern after four iterations.
We find the intensity converges down to the 1% level after only a few iterations. This
is even better than what we report in the red imaging paper (Chapter 2) due mainly to
some small technical changes such as better fit functions for the signal, finer resolution
scans, and faster iteration from the fast Fourier transform code.

Finally, we have found the addition of Zernike polynomial phases to the calculated
phase pattern helps us to reduce any aberrations from the tweezer optical system [122].
This additional step helps us to improve the waists of the tweezers instead of just bal-
ancing the intensity in each tweezer. Specifically, we use the rectangular Zernike poly-
nomials outlined in [123]. To find the proper Zernike polynomials, we started with
the external characterization imaging system. By taking images of the tweezers and
fitting the tweezer waists for different polynomial phases we can reduce the size of the
waists of the tweezers as measured by the characterization imaging system. Unfortu-
nately this external calibration did not translate directly to the actual traps measured
with atoms. The initial optimization did provide a good estimation and sign of the
polynomials.

We again turn to many atoms trapped in tweezers to further optimize the values
of the Zernike polynomials. We perform scans of the imaging frequency for different
polynomials looking for the largest differential shift on the imaging frequency. This
procedure has noticeably improved the size of our waists leading to a nearly 10 %

decrease in size of the waist. This procedure could also be partially responsible for
the improved uniformity that we can now achieve on the system since it has also been
done to our patterns with highest uniformity.

We have found four polynomials to have the most significant contribution. The
first two relate to the astigmatism from the SLM mentioned above in Section 4.2. More

12This is also because we look at a detected fluorescence signal on the mj = 1 state instead of loss
spectroscopy as done with the mj = 0 spectroscopy.
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FIGURE 4.17: (a) Iteration number vs standard deviation of the center fre-
quency of the loss spectroscopy feature. By using the measured center
frequencies we can alter the weights of the weighted Gerchberg Saxton
algorithm to balance the tweezer trap depths. After four iterations the de-
viation is less than 1% over the 36 tweezer sites. (b) Plot of the probability
of detecting the atom in a second shot after the spectroscopy laser pulse
vs spectroscopy frequency for a tweezer pattern before any additional bal-
ancing (Iteration zero). Because of the variation in trap depth it is hard to
see a distinct line with all 36 tweezers plotted. The frequency is plotted as
the detuning from the free-space resonance of the 1S0 - 3P1 transition. (c)
Same as (b) but after four iterations. We now see a single loss feature for
all traps.
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specifically, if we use a normal Fresnel lens phase instead of the two cylindrical lens
phases mentioned above, we find the contributions of astigmatism in x and y to be
−0.8λ and 1.1λ respectively13. The other two significant contributions relate to the de-
viation in thickness between the vacuum window in our apparatus and the designed
cover glass thickness (3.125 mm vs 3.5 mm respectively). This deviation causes pri-
mary spherical aberrations of the tweezers. We find the smallest waist for the primary
spherical polynomial phase of magnitude 3λ14. This correction also causes a shift in
the focal position since primary spherical aberrations are a focal position varying with
radius at the pupil plane. To correct for the change in focus position, an additional
defocus polynomial can be added as well. The magnitude of the defocus should be 1.5
times that of the spherical polynomial based on the formulas for the Zernike polyno-
mials, see [123]. The individual Zernike polynomial phases that give the best results
along with the sum correction phase are presented in Fig. 4.18.

FIGURE 4.18: The four smaller images show the Zernike polynomial
phases resulting from our Zernike polynomial optimization of the tweezer
trap depths, see text for details. The top row has the x (left) and y (right)
Astigmatism phases, and the bottom row has the primary spherical (left)
and defocus (right) phases. The large image shows the sum of these four
phases and is the correction phase used in our experiment.

13Aberrations of the optical system introduce wave front distortion, W (x, y). The distortion can be
quantified to a change in the wavefront phase using Δφ(x, y) = kW = 2π(W (x, y)/λ) [122]. We report
the aberration correction phases in units of the period λ as is the common convention, see [112, 122] for
more details. A negative λ correction shifts the focusing axis back to the proper focal plane and vice
versa for positive λ.

14The positive correction phase corrects for inadequate focusing of the peripheral rays.
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4.5 Site selective imaging and sorting

For both the site-selective imaging presented in Section 2.5 and sorting the randomly
filled tweezer array into a defect-free array, we use the AODs to create an additional
movable tweezer. This tweezer can be used to increase the Stark shift of a given
tweezer site allowing for selective imaging of a given tweezer site. The movable tweezer
can also be used to grab an atom from an SLM tweezer and drag it to a different SLM
tweezer for sorting. In this section we will go over some initial observations from op-
timizing the site selective imaging along with our first results with sorting the tweezer
array.

4.5.1 Site-selective imaging

Before either site-selective imaging or sorting could be performed, we needed to align
the AODs relative to the SLM array. The characterization imaging system in Fig. 4.4
was used for this alignment. After aligning we chose frequencies for the AODs such
that the tweezer from the AODs would overlap with a tweezer site of the SLM. At first
we were only concerned with choosing a single site for studying site-selective imaging.
The high resolution of the characterization imaging system also made alignment of the
SLM and AODs foci along the propagation axis possible.

For our first attempts with site-selective imaging, we were only concerned if we
could hide a single atom from the array. With the majority of the optical power going to
the SLM array (the same trap depth of 135(20) μK as in Chapter 2 is used), we measured
a maximum fluorescence of the AODs tweezer at a frequency of −700 kHz from the
free space resonance of the 1S0 - 3P1 transition. By aligning the AOD tweezer to an SLM
site and imaging at the normal SLM imaging frequency (−675 kHz), we directly saw
that the site aligned to the AODs tweezer could be removed from the set of imaged
tweezers, without losing the atom from the hidden trap. A series of three pictures in
Fig. 4.19 shows an example of this result.

However, when attempting to image the hidden atom at the expected shifted imag-
ing frequency (the sum of the shift of the two tweezers) we saw nothing even though
the atom was still present in a third picture after the AODs have been switched off.
A more thorough scan of the imaging frequency allowed us to see the atom, but at a
frequency nearly half of what we expected for a single tweezer at −350 kHz from the
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FIGURE 4.19: First time hiding an atom from the image. From left to right,
the images show averaged images over 100 experimental runs for (a) the
initially loaded array (b) the array with one site removed from the image
by the addition of an AOD tweezer to that site, and (c) the final confirma-
tion image with the AOD tweezer removed such that the whole array is
again visible.

free space resonance, not even close to the expected shift for the sum of the two tweez-
ers at −1.375 MHz. Although we are not sure why this effect happens, one hypothesis
could be that the perpendicular polarization of the two tweezers with respect to each
other leads to competing quantization axes. Because of this effect, we image the atoms
using some super position of the |mj| = 1 and mj = 0 states of 3P1. Before introducing
the Zernike polynomial corrections to the phase pattern, we did not have sufficient
power for both to create a 36 tweezer SLM pattern and to make the AODs tweezer
deep enough to observe a further shifted imaging frequency. To combat this effect we
sent more power to the AOD by reducing the power to the SLM. To still maintain deep
enough tweezers we used a smaller 3×3 array instead of the usual 6×6 array. After in-
troducing the Zernike polynomial phases onto the SLM the traps are now deep enough
to make a 6×6 array and have a deep enough AODs tweezer.

4.5.2 Sorting

Sorting atoms into defect-free arrays is an important tool for quantum simulation and
computation experiments in optical tweezers since the primary method for introducing
interactions into the system is with Rydberg interactions. Since the strength of the
Rydberg interaction is ∝ 1/r6, the interaction strength is highly sensitive to the spacing
r between the atoms. Because of this, the randomly filled array after initial single atom
preparation would not be well suited for most quantum simulation and computation
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experiments. However, this problem has been circumvented through the use of an
additional movable tweezer to sort atoms from tweezers that contain an atom but don’t
need one into sites that need an atom but don’t have one in the pattern desired for
the experiment [124, 125]. Here we will discuss the implementation of sorting in our
system and present our first results of defect free arrays.

For sorting, we began with a full mapping of AOD frequencies to tweezer loca-
tions using the characterization imaging system. While performing this mapping, we
observed jumps in the AOD tweezer position that were not smooth with changing fre-
quency. This led us to examining the data transfer to the DDSs controlling the AOD
frequencies. It was at this point that we found the disconnected parallel bus data line
that sometimes occurred with the data being sent to the DDSs. This was easily fixed
by exchanging the cables connecting the DDSs to the control system data bus.

After calibrating the AOD frequencies to tweezer positions, we could begin to try
moving atoms to different sites. To simplify the initial tests, we moved a single row of
atoms out of the traps and then moved the rest of the rows down one row as shown
in Fig. 4.20. This tested our tweezer position calibration and ability to move atoms
from all sites without having to worry about errors such as identifying which tweezer
is filled, assigning locations or ordering moves. Once we confirmed that atoms could
be moved we could then move on to modifying the control and camera software to
perform the sorting.

We chose to implement the Hungarian algorithm for identifying the moves used in
sorting the atoms [125, 126]. The Hungarian algorithm was developed as a solution to
the assignment problem. It allows for us to calculate the cost of moving each atom to
the desired location [126]. By minimizing the total cost of all moves, we can determine
near optimal moves. To minimize the distance that atoms must travel, we use distance
squared as the cost. The Hungarian algorithm does have a poor scaling with the num-
ber of sites considered. With the small arrays used in our system this is not a problem,
however, with larger arrays other algorithms could be more beneficial[124].

The sorting procedure goes as follows. First we prepare single atoms and take an
initial image. The camera server then analyses the number of counts in the predeter-
mined ROIs of each tweezer and, based on an assigned threshold of EMCCD counts,
decides whether each trap is empty or filled. The list of trap assignments is then sent
to the control software. The trap assignments are used along with the Hungarian al-
gorithm and desired pattern to assign the best moves. Once the best moves have been
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a) b)

FIGURE 4.20: Averaged images from a test of our calibration of SLM
tweezer locations to AOD frequencies. The first image on the left is to see
which tweezer sites were loaded with an atom. The AOD tweezer is then
used to remove any atoms from the tweezers in the yellow box. Atoms
in the white box are then moved down to the row below one at a time
in order to avoid accidentally placing two atoms in the same trap. The
confirmation image on the right shows that the atoms have been moved
down and the top row of traps (green box) are now empty. This procedure
allowed for us to test moving the atoms without worrying about the cal-
culation of moves.

assigned, the list of moves must be reordered to avoid any collisions during the sort-
ing process that could lead to multiple atoms in a tweezer site and inevitably atom loss
from light-assisted collisions during the confirmation image. The sorted list is then
converted to AOD frequency sweeps using the previously calibrated frequency map-
ping. The required frequency sweeps of the AODs are then performed on the tweezer
array to execute the sorting. A confirmation image is taken after all moves are com-
pleted to confirm the desired array has been prepared. An example of such a sorting
can be seen in Fig. 4.21.

To optimize the survival of atoms during the sorting procedure we have examined
survival in dependence of the speed of ramping the sorting tweezer on and off as
well as the speed at which we move the atoms, see Fig. 4.22. These parameters are
also dependent on the trap depth of our movable tweezer. For these results we use
the maximum trap depth obtainable with our available power for the AOD tweezer,
which is currently limited to about 400μK (∼ 3 times deeper than the tweezer array),
see Section 2.5. We found that survival was more sensitive to the tweezer ramp on and
off time than to the tweezer movement speed. For our tweezer trap depths (135μK
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FIGURE 4.21: Two pictures providing an example of the sorting procedure
in our experiment. The first image is used to determine which traps are
filled. We use the Hungarian algorithm to assign the correct moves and
then sort the moves to avoid any collisions. The moves are shown as yel-
low arrows, and the tweezer ROI numbers are shown in white. After the
sorting is completed, we take a second image to confirm that the sorting
has been successful.

for the array and 400μK for the movable tweezer), we need to ramp on and off the
sorting tweezer in about 1 ms and we can move the atom at a speed of 40 nm/μs for
the best results defined as highest probability to detect the desired atom pattern on
a verification image. The movement speed is most likely limited by the depth of the
sorting tweezer. With these parameters we obtain a probability of preparing an atom
in a desired trap of 0.97. This means, for the 16 filled trap pattern presented here, we
prepare a defect free array 61% of the time, which is comparable to results shown by
other groups [49, 124].
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FIGURE 4.22: (a) Probability of preparing an atom in a desired trap vs
AOD tweezer ramp on time. After approximately 1 ms the probability
reaches its maximum of 0.97. (b) Same as (a) but for AOD tweezer ramp
off time. (c) Probability of preparing an atom in a desired trap vs speed of
the moving tweezer. The x-axis is plotted for change in rf-frequency of the
AOD per ms. The frequency can be converted to a distance giving a max
speed of 40 nm/μs (20 MHz/ms) before the speed affects the probability
of performing the desired move.
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Conclusion and outlook

In this thesis we have presented our results on constructing a defect-free array of single
88Sr atoms in optical tweezers. This includes a detailed discussion and characterization
of our narrow-linewidth imaging technique along with extra details of the experiment
and our work on preparing defect-free arrays via atom sorting. We have also presented
the theoretical calculations that helped us to characterize our system along with one of
our theoretical ideas for future work of a possible qudit coupling scheme in 87Sr.

Our experimental setup is able to consistently produce single atoms in arbitrary
arrays, and sort the atoms into the desired sites. The main component missing in order
to perform our first quantum simulation experiments is the ability to perform Rydberg
excitation of the atoms for entanglement.

During the course of this thesis, Thies Plaßmann constructed a UV laser for exciting
atoms from one of the 3PJ states to either the 5sns 3S1 or 5snd 3DJ Rydberg series for
states n = 40 to n = 80 [127]. The laser is constructed to be tunable from 316 - 324
nm in order to perform with this level of versatility. To accomplish this high level
of tunability, the laser consists of two IR-fiber amplifiers seeded with external cavity
diode lasers. The two lasers plus amplifiers are tunable from 1060-1090 nm and 1570-
1600 nm, respectively, while still producing 5 W each. The light from the two amplifiers
is then combined using sum frequency generation in order to produce light from 632 -
648 nm, which is then frequency-doubled via second harmonic generation to produce
the required UV-light. The red light is also locked to an optical cavity whose length is
controlled via our 689-nm laser in order to remove any long term drift in the cavities
length. The cavity lock is able to reduce the short term linewidth of the laser to 11 kHz
at 632-nm. For more details see Thies’ thesis [127]. Thies was also awarded the 2022
Master thesis award by the Division of Atomic, Molecular, and Optical Physics of the
Netherlands’ Physical Society (NNV AMO).

With this laser, we can already explore quantum simulations taking advantage of a
ground state to Rydberg qubit by either using one of the metastable 3P0,2 states [57, 58],
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or by excitation through the 3P1 state [47, 60]. The UV laser system has now been in-
stalled into the experimental setup along with all (re)pump lasers for preparing atoms
in a given metastable state (using lasers resonant with the 5s6s 3S1 transitions) and
the 408-nm laser for addressing the ion core transition for auto ionization [57] or for
controlling the two qubit gate [47].

One possible extension of our experimental setup is the addition of 515 nm opti-
cal tweezers. Commercial laser sources at this wavelength can be purchased for up
to 10 W. By utilizing our narrow-linewidth imaging technique, we could eliminate
the loss channel exhibited by the blue imaging technique (loss via decay to the anti-
trapped 1D2 state) and perform high-fidelity imaging in trap depths as low as 80μK
while still maintaining an axial trap frequency larger than the 3P1 decay rate. Due
to the large polarizability of the 1S0 and 3P1 states at 515 nm, tweezers with this trap
depth would only require a few hundred μW per trap, making the production of sev-
eral thousands of tweezer sites feasible, even with significant loss of laser power from
optical components such as the SLM and microscope objective. New problems, such
as the microscope field of view or loss of efficiency of the SLM for increasing deflection
angles from the 0th order [49], would instead be the limiting factors for the number
of tweezers. Tweezers at 515 nm would also trap atoms in Rydberg states as the ion
core polarizability is less than the ponderomotive polarizability of the electron [61, 77]
as already demonstrated in Yb [60]. As shown in Section 3.1, a magic angle between
magnetic field and polarization exists for the 1S0 - 3P2 transition at 515 nm, which could
be utilized for single qubit operations.

Another logical extension of our experimental capabilities would be to implement
the necessary components in order to prepare and detect single 87Sr atoms in tweezers.
Our experimental setup is already able to produce a red MOT at the focal position of
the microscope objective. We only lack certain magnetic field coils required for detec-
tion [46]. This would allow for us to analyse the performance of our narrow-linewidth
imaging technique for nuclear-spin-state-specific detection and is a necessary step for
implementing the qudit coupling scheme proposed in Section 3.4.

Finally, through our new collaboration with the Technische Universiteit Eindhoven
through the Quantum Delta NL ecosystem, we plan to help investigate one- and two-
qubit coupling schemes for use in a variational quantum eigensolver [128].
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Summary

Single strontium atoms held in optical tweezers have so far only been imaged using the
broad 1S0 - 1P1 transition. For Yb, use of the narrow (183 kHz-wide) 1S0 - 3P1 transition
for simultaneous imaging and cooling has been demonstrated in tweezers with a magic
wavelength for the imaging transition. We demonstrate high-fidelity imaging of sin-
gle Sr atoms using its even narrower (7.4 kHz-wide) 1S0 - 3P1 transition. The atoms are
trapped in non-magic-wavelength tweezers. We detect the photons scattered during
Sisyphus cooling, thus keeping the atoms near the motional ground state of the tweezer
throughout imaging. The fidelity of detection is 0.9991(4) with a survival probability of
0.97(2). An atom in a tweezer can be held under imaging conditions for 79(3) seconds
allowing for hundreds of images to be taken, limited mainly by background gas colli-
sions. The use of a fully closed (cycling) transition for imaging will provide a useful
tool for state specific detection. We detect atoms in an array of 36 tweezers using 813.4-
nm light and trap depths of 135(20)μK. This trap depth is three times shallower than
typically used for imaging on the broad 1S0 - 1P1 transition. Narrow-line imaging opens
the possibility to even further reduce this trap depth, as long as all trap frequencies are
kept larger than the imaging transition linewidth. Imaging using a narrow-linewidth
transition in a non-magic-wavelength tweezer also allows for selective imaging of a
given tweezer. As a demonstration, we selectively image (hide) a single tweezer from
the array. This provides a useful tool for quantum error correction protocols. This is
the main experimental result of this thesis [55].

We continue with some theoretical calculations including calculations that are im-
portant for the main experimental result along with a possible future quantum com-
putation scheme based on qudits. These calculations include discussions of how light
and magnetic fields affect the internal states of the atom and outline how to calculate
the polarizability (light shift) and Zeeman shift for different internal states of strontium
including for states of fermionic 87Sr. Calculating these shifts accurately is important
for characterizing trap depths, and to find magic-wavelengths between different in-
ternal states. We also cover in detail our simulation of the attractive Sisyphus cooling
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process mentioned in [55] including additional results and limits of the cooling pa-
rameters. The simulation outlined here also works for other types of laser cooling in
an optical tweezer, including sideband cooling and repulsive-Sisyphus cooling. Finally,
the theoretical section concludes with the main theoretical result of this thesis, which
was the author’s main contribution to the publication "Solving correlation clustering
with QAOA and a Rydberg qudit system: a full-stack approach" [41]. Here, we pro-
pose a single qudit coupling scheme in 87Sr. We calculate the required transition dipole
moments for varying magnetic field strength in order to determine coupling strengths,
analyse the dominant error sources and summarize the limits or required parameters,
and present a possible method for experimental implementation.

The thesis continues with some additional experimental details and results. This
section’s primary focus is to give additional details that were excluded from [55] and
tries to highlight the methods that we found useful in initially acquiring single atom
results. This includes a brief overview of the experimental setup, an outline of the
optical setup of the tweezer system including the alignment and characterization pro-
cedure along with the alignment to the vacuum chamber, and our initial results with
NIR-tweezers including the wavelengths of 785 nm and 813 nm. We focus on our pre-
liminary results and first signs of single atoms in order to help future experiments work
through this initial period as fast as possible. We also include our first red imaging re-
sults and alignment of the spatial light modulator tweezer array after our first single
atom results. We also mention some of the critical parameters that we have found to
help significantly improve the performance of our experimental setup and allow for
us to achieve the results presented in [55]. We finish the main content of the thesis by
presenting some additional information on our site-selective imaging technique and
our results on using an additional movable tweezer to sort the atoms into a defect-free
array. This process is required for using Rydberg excitation of the atoms for engineer-
ing interactions between atoms in different tweezer sites. Finally in the outlook and
conclusion we mention our ongoing work towards Rydberg excitation of atoms in the
array and conclude.
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Samenvatting

Enkele strontium atomen in optische tweezers zijn tot op heden enkel afgebeeld via de
brede 1S0 - 1P1 overgang. Voor Yb is de nauwe ((183 kHz-breed) 1S0 - 3P1 overgang ge-
bruikt voor gelijktijdig afkoelen en afbeelden van atomen in tweezers met een magis-
che golflengte voor deze overgang. Wij demonstreren het afbeelden van enkele Sr
atomen met hoge fidelity , gebruikmakend van de nog nauwere (7.4 kHz-breed) 1S0 -
3P1 overgang in Sr. De atomen zijn gevangen in niet-magische-golflengte tweezers.
We detecteren de fotonen die verstrooid worden tijdens het Sisyphus koelen van de
atomen, waardoor de atomen rond de bewegingsgrondtoestand van de tweezer bli-
jven gedurende het afbeelden. De fidelity van het afbeelden is 0.9991(4), waarbij de
atomen een overlevingskans hebben van 0.97(2). Een atoom in een tweezer kan 79(3)
seconden gehouden worden in de afbeeldingsomstandigheden, waardoor er honder-
den afbeeldingen gemaakt kunnen worden van het enkele atoom. Dit getal is voor-
namelijk gelimiteerd door botsingen met overige deeltjes in het vacuum. Het gebruik
van een bijna gesloten transitie voor het afbeelden zou nuttig kunnen zijn voor het de-
tecteren van specifieke toestanden. We detecteren atomen in een rooster van 36 tweez-
ers gemaakt van 813.4 nm licht met een valdiepte van 135(20) μK. Deze valdiepte is
drie keer kleiner dan gebruikelijk bij het afbeelden met de brede 1S0 - 1P1 overgang.
Narrow-line afbeelden staat toe om de valdiepte nog verder te verminderen, zolang
alle valfrequenties groter blijven dan lijnbreedte van de overgang gebruikt voor het
afbeelden. Afbeelden met een nauwe overgang in een niet-magische tweezer kan ook
gebruikt worden als valspecifieke afbeeldingstechniek. Ter demonstratie, verbergen
we en beelden we selectief één enkele tweezer uit het rooster af. Dit is een nuttige
techniek voor foutencorrectie in quantum computing. Bovenstaande vormt het voor-
naamste experimentele resultaat van dit proefschrift [55].

We presenteren daarnaast enkele theoretische berekeningen, waaronder berekenin-
gen die belangrijk zijn voor het experimentele werk en een mogelijke implementatie
van quantum computing gebaseerd op qudits. Deze berekeningen gaan in op hoe
licht- en magneetvelden de interne toestanden van het atoom beïnvloeden en schetsen
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hoe de polariseerbaarheid en de Zeeman verschuivingen voor verschillende interne
toestanden van strontium, waaronder het fermionische 87Sr, berekend kunnen wor-
den. Het berekenen van deze verschuivingen is belangrijk voor het karakteriseren
van valdieptes en om magische golflengtes tussen verschillende interne toestanden.
De simulatie van het attractieve-Sisyphus-koelingsproces dat genoemd wordt in [55]
wordt uitgebreid behandeld en gepresenteerd met extra resultaten en limieten van de
koelingsparameters. Deze simulatie werkt ook voor andere koelprocessen in een op-
tische tweezer, waaronder sideband cooling en repulsive-Sisyphus cooling. De the-
oretische sectie besluit met het belangrijkste theoretische resultaat in dit proefschrift,
namelijk de bijdrage die de auteur heeft geleverd aan het artikel “Solving correlation
clustering with QAOA and a Rydberg qudit system: a full-stack approach" [41]. Daarin
stellen we een qudit koppelingsschema voor in 87Sr. De benodigde overgangsdipool-
momenten bij veranderende magnetische veldsterkte worden berekend om de koppel-
ingssterkte te berekenen, de grootste oorzaken van fouten worden bestudeerd en de
limieten van parameters worden samengevat, en een mogelijke experimentele imple-
mentatie wordt gepresenteerd.

Het proefschrift vervolgt met enkele andere experimentele details en resultaten.
Het hoofddoel van deze sectie is om details te belichten die niet in [55] aan bod kwa-
men en er is getracht de methodes toe te lichten die nuttig waren bevonden in het
verkrijgen van de eerste resultaten met enkele atomen. Hieronder valt een kort overzicht
van de experimentele opstelling, een omschrijving van de optische opstelling van het
tweezersysteem met procedures voor uitlijnen en karakterisatie, en de eerste resul-
taten met tweezers van golflengte 785nm en 813nm. De focus ligt vooral op eerste
resultaten en eerste tekenen van enkele atomen, in de hoop dat toekomstige experi-
mentalisten werk bespaard blijft. Daarnaast zijn ook de eerste resultaten met het rood-
licht-afbeelden en uitlijnen van de spatial light modulator tweezers na het verkrijgen
van de eerste resultaten. Daarnaast worden enkele kritieke parameters genoemd die
significant de werking van onze experimentele opstelling verbeterd hebben en het mo-
gelijk maakten om de resultaten in [55] te behalen. Daarna wordt extra informatie
gegeven over de valspecieke afbeeldingstechniek en de resultaten van het gebruiken
van een extra beweegbare tweezer om de atomen te sorteren tot een compleet gevuld
rooster. Dit proces is nodig voor het gebruiken van Rydberg excitaties van de atomen
om interacties tussen atomen in verschillende tweezers te genereren. Als laatst wor-
den de vorderingen tot Rydberg excitaties van de atomen besproken en een conclusie
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gegeven.
Single strontium atoms held in optical tweezers have so far only been imaged using

the broad transition. For Yb, use of the narrow (183 kHz-wide) 1S0 - 3P1 transition for
simultaneous imaging and cooling has been demonstrated in tweezers with a magic
wavelength for the imaging transition. We demonstrate high-fidelity imaging of sin-
gle Sr atoms using its even narrower (7.4 kHz-wide) 1S0 - 3P1 transition. The atoms are
trapped in non-magic-wavelength tweezers. We detect the photons scattered during
Sisyphus cooling, thus keeping the atoms near the motional ground state of the tweezer
throughout imaging. The fidelity of detection is 0.9991(4) with a survival probability of
0.97(2). An atom in a tweezer can be held under imaging conditions for 79(3) seconds
allowing for hundreds of images to be taken, limited mainly by background gas colli-
sions. The use of a fully closed (cycling) transition for imaging will provide a useful
tool for state specific detection. We detect atoms in an array of 36 tweezers using 813.4-
nm light and trap depths of 135(20)μK. This trap depth is three times shallower than
typically used for imaging on the broad 1S0 - 1P1 transition. Narrow-line imaging opens
the possibility to even further reduce this trap depth, as long as all trap frequencies are
kept larger than the imaging transition linewidth. Imaging using a narrow-linewidth
transition in a non-magic-wavelength tweezer also allows for selective imaging of a
given tweezer. As a demonstration, we selectively image (hide) a single tweezer from
the array. This provides a useful tool for quantum error correction protocols. This is
the main experimental result of this thesis [55].

We continue with some theoretical calculations including calculations that are im-
portant for the main experimental result along with a possible future quantum com-
putation scheme based on qudits. These calculations include discussions of how light
and magnetic fields affect the internal states of the atom and outline how to calculate
the polarizability (light shift) and Zeeman shift for different internal states of strontium
including for states of fermionic 87Sr. Calculating these shifts accurately is important
for characterizing trap depths, and to find magic-wavelengths between different in-
ternal states. We also cover in detail our simulation of the attractive Sisyphus cooling
process mentioned in [55] including additional results and limits of the cooling pa-
rameters. The simulation outlined here also works for other types of laser cooling in
an optical tweezer, including sideband cooling and repulsive-Sisyphus cooling. Finally,
the theoretical section concludes with the main theoretical result of this thesis, which
was the author’s main contribution to the publication "Solving correlation clustering
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with QAOA and a Rydberg qudit system: a full-stack approach" [41]. Here, we pro-
pose a single qudit coupling scheme in 87Sr. We calculate the required transition dipole
moments for varying magnetic field strength in order to determine coupling strengths,
analyse the dominant error sources and summarize the limits or required parameters,
and present a possible method for experimental implementation.

The thesis continues with some additional experimental details and results. This
section’s primary focus is to give additional details that were excluded from [55] and
tries to highlight the methods that we found useful in initially acquiring single atom
results. This includes a brief overview of the experimental setup, an outline of the
optical setup of the tweezer system including the alignment and characterization pro-
cedure along with the alignment to the vacuum chamber, and our initial results with
NIR-tweezers including the wavelengths of 785 nm and 813 nm. We focus on our pre-
liminary results and first signs of single atoms in order to help future experiments work
through this initial period as fast as possible. We also include our first red imaging re-
sults and alignment of the spatial light modulator tweezer array after our first single
atom results. We also mention some of the critical parameters that we have found to
help significantly improve the performance of our experimental setup and allow for
us to achieve the results presented in [55]. We finish the main content of the thesis by
presenting some additional information on our site-selective imaging technique and
our results on using an additional movable tweezer to sort the atoms into a defect-free
array. This process is required for using Rydberg excitation of the atoms for engineer-
ing interactions between atoms in different tweezer sites. Finally in the outlook and
conclusion we mention our ongoing work towards Rydberg excitation of atoms in the
array and conclude.
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