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ABSTRACT

Optical tweezer arrays of neutral atoms have been demonstrated in recent years to be

a useful platform for quantum simulation, computation, and metrology. Realizing

the full potential of these applications requires increasing qubit numbers while si-

multaneously maintaining high-�delity control, which has proved a major challenge

across quantum platforms. To date, quantum science experiments have typically

been operated with at most hundreds of qubits.

In this thesis, we review the relevant physics of the optical tweezer array architecture

and present the technical advances involved in scaling the platform to 6,100 atomic

qubits. In tandem with scalability, we demonstrate robust vacuum design, state-

of-the-art coherence times, and high single-qubit gate �delities. To capitalize on

the intrinsic connectivity of the architecture at large scale, we investigate long-

distance coherent atom transport and brie�y describe progress towards two-qubit

gate implementation. Finally, we discuss the prospects for scaling the optical tweezer

array platform further by an order of magnitude.
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LIST OF ILLUSTRATIONS

Number Page

1.1 Mountain Range for Quantum Advantage. Within the landscape of

quantum science, there's something of a mountain range for quantum

advantage. There are various peaks or goals that scientists want

to achieve, as well as many paths up these peaks, represented by

various platforms for quantum science. In this thesis, we climb and

bushwhack along the path of neutral atoms in optical tweezer arrays. 3

1.2 6,100 atomic qubits. Pictured is a single shot image of 6,100 atomic

qubits in 12,000 optical tweezers. This thesis discusses the approach

used to reach this order of magnitude improvement in scaling, and

presents data demonstrating that these atomic qubits have state-of-

the-art trap lifetimes, long coherence times, and record single-qubit

gate �delities. We additionally demonstrate long-distance coherent

motion of qubits across the array, and preliminary two-qubit gate

�delities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Overview of the Experimental Sequence. Atoms are �rst a, loaded

into the vacuum chamber from the 2D MOT source cell and b, trapped

in a 3D MOT using optical and magnetic �elds (coils not pictured).

c,d, Then tweezers are focused into the MOT cloud, and atoms are

attracted to the highest intensity focal point. e, The atoms are then

parity-projected and cooled using PGC (polarization gradient cool-

ing) beams, and f, single atoms are left in the traps, which are imaged.

After single atoms are located g, science can be done (pictured is a

beam used for qubit state preparation, microwaves used for single-

qubits gates, and another tweezer used for moving atoms), after which

h, atoms are imaged again, mapping presence to an atomic state. . . . 9

2.1 Cs 6(1•2 Polarizability The ground state dynamic polarizability for

cesium hyper�ne states is shown for light that is linearly polarized.

The static light shift dominates the ground state polarizability. The

vector light shift is exactly zero, and the tensor light shift is very

small. All states in the NIST database are included in the calculation. 15
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2.2 Gaussian Approximation vs Diameter-matched Clipped beam

Pictured is the comparison of the intensity pro�le of a Gaussian

beam that is focused by an objective for two scenarios. In blue, the

objective aperture radius is matched to the waist of the beam and thus

clips the beam, causing some power loss and additional di�raction.

In orange is a beam with the same parameters that is not clipped

with an aperture, and thus satis�es the Gaussian approximation. The

intensities are normalized by the peak Gaussian beam intensity. For

both cases, we choose a wavelength of _ = 1060 nm and an objective

NA of 0•65 in accordance with our physical experimental parame-

ters. For these parameters, the ideal Gaussian beam waist is 527 nm

and the clipped waist (as determined by the waist at 1•42 the peak

intensity) is 759 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 Schematic depicting scattering on Cs D1 line. The approach to

calculating scattering rates is described in equation 2.35, and we

depict here the process of a laser with frequency l! and polarization

n̂! scattering o� of excited state j4i 2 :. In this example we choose

to depict scattering from the � = 4– <� = 0 hyper�ne ground state

of Cs through 6%1•2. To �nd the total scattering rate of the particular

state, one needs to sum over all possible excited states j4i 2 : for all

excited states :, and all possible �nal states j 5 i. . . . . . . . . . . . 22

2.4 Scattering rates from trapping potentials We look more closely

at Raman scattering rates as a function of wavelength at �xed trap

depths. For each calculation we include only the hyper�ne sublevels

in the D1 and D2 lines in the calculation of Im¹Uº, but we take all

states into account in our calculation of Re¹Uº. In particular, we look

at scattering from � = 4– <� = 0 in a, Cs at * = 1 mK trap depth,

b, in Cs at * = 0•06 mK trap depth (the depth that we use during

microwave operation in chapter 3), and c, from � = 2– <� = 0 in

Rb at * = 1 mK. We then also show in d, total scattering rates and

Rayleigh scattering rates along with Raman scattering in the same

conditions as in plot a, for a sense of scale. . . . . . . . . . . . . . . 23



xv

2.5 Cs level structure. Some lower-lying states in Cs that will be ref-

erenced throughout this thesis are depicted along with representa-

tive Rydberg states. Note that not all lines are included for all

states. Notable are the 895 nm D1 and 852 nm D2 transitions from

6( 1•2 ! 6% 1•2 and 6(1•2 ! 6% 3•2 respectively used for trapping,

cooling, and single-qubit operations as described in this section. Ad-

ditionally, we will use the two-photon Rydberg transition (455 nm

and 1061 nm) through 7%3•2 for entanglement, as introduced in sec-

tion 4.5. The 685 nm quadrupole transition 6(1•2 ! 5� 5•2, and the

917 nm transition from 6%3•2 ! 6� 5•2 will also be discussed along-

side approaches for imaging and readout in the context of quantum

computation (section 4.4). . . . . . . . . . . . . . . . . . . . . . . . 27

2.6 Experimental Sequence A typical experimental sequence is pic-

tured, with increasing time from left to right, and relevant laser

parameters indicated as on or o� or ramped throughout. We typically

load the MOT for 90 ms after which we implement 3D PGC cooling.

We then implement various techniques to expel atoms unintention-

ally trapped in o�-axis traps. Then we image for 100 ms, re-cool the

atoms using 2D PGC, and do our science operations. We �nally take

another image, mapping atom loss onto the � = 4– <� = 0 state that

we push out. This �gure is adapted from Ext. Data Fig. 1c in [59] . 29

2.7 Cs hyper�ne structure. We picture the Cs hyper�ne structure for

the ground state 6(1•2 and the excited states 6%1•2 and 6%3•2. The

frequency spacings are labeled from [71] and we include in color the

lasers that are used in this work. On the D2 line (red), MOT&PGC

beams are used for cooling and imaging the atoms respectively, along-

side the repump. The pushout is used for readout mapped to loss from

the � = 4 ground state. On the D1 line (blue), optical pumping is

used for state preparation of the qubits in j� = 4, <� = 0i and Raman

is used for single-qubit rotation. Primarily in this work, however, we

implement single-qubit gates using microwave transitions (green). . 30
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2.8 Glass Cell. We include a CAD rendering of our cooling and state-

preparation beams at the glass cell. The 2•5 cm diameter retro-

re�ected MOT beams (and co-propagating repumping beams) are

mutually orthogonal, with the anti-Helmholtz �eld axis being in the Î

direction. The 3•5 mm diameter 2D PGC beams (and co-propagating

repumping beams) are located in the x-z plane. The optical pumping

D1 beam (and co-propagating D2 repumping beam) used for state

preparation is propagating along Ĝ and is linearly polarized. . . . . . 31

2.9 Tweezer and Imaging pathways. We depict the initial iteration

of our combination of tweezer pathways with the imaging pathway

on a dichroic. The objective both forms the optical tweezers from

the SLM phase patterns which are imaged to the back focal plane,

and also collects scattered photons from atoms when they are cycled

on the imaging transition. These photons are then imaged onto a

qCMOS camera and photon histograms are mapped to the presence

or absence of an atom via thresholding (see section 2.6.1). This �gure

is reproduced from [59]. . . . . . . . . . . . . . . . . . . . . . . . . 36

2.10 Microwave setup A schematic that represents the microwave gen-

eration setup. Signals are generated by the AWG, referenced to a

10 MHz standard and used to IQ modulate a signal generator. The

signal is then doubled and �ltered and passed through an isolator.

After being ampli�ed, the signal goes to the horn which is pointing

at the atoms. A small amount of signal is returned at a bi-directional

coupler to be analyzed on an oscilloscope. . . . . . . . . . . . . . . 38

2.11 Di�raction e�ciency and WGS compensation For the 2D FOV

given by the SLM that is used in this work as calculated in subsec-

tion 2.4.2, we plot a, the di�raction e�ciency given by the intensity

envelope across the FOV, as derived in equation 2.59 and normalized

to the maximum di�raction e�ciency. In b, we plot the theoreti-

cally required weight ,8 in the WGS algorithm we use with � = 0•6

in order to compensate for the decreased di�raction e�ciency with

distance from the center, as described in subsection 2.4.3. . . . . . . 48
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2.12 Spatial �ltering SLM 0 th order We utilize two di�erent approaches

for spatial �ltering the SLM 0th order in the focal plane after our

SLM phase pattern is focused through a lens. In particular we use

a D-mirror based approach (a and c) and a mirror-with-a-hole based

approach (b and d). a, Pictured are the tweezers created by two �ber

ampli�ers and labeled on the averaged atomic image. We create

11,513 (488) tweezers with laser light at 1061 nm (1055 nm), for a

total of 12,001 tweezers. The 1055 nm tweezers �ll the gap created

by the spatial �ltering of the 0th order in the 1061 nm tweezer pathway

by the pair of D-mirrors. b, A schematic drawing of the mirror with

a hole. In this approach (applied on the 1055 nm tweezer pathway),

the array is aligned such that the 0th order light travels through the

3 = 300 �m hole into a beam dump, and the 1st order is re�ected such

that the SLM light can be relayed to the objective. We utilize a mirror

with a \ = 15° opening. c, An image of the optical pathway using D-

mirrors to �lter the SLM's 0th order, where the two D-mirrors can be

seen glued to a separation-adjustable mount and on a six-axis stage.

d, An image of the optical pathway in which we use a mirror with a

hole to �lter the SLM's 0th order, mounted to a six-axis stage. . . . . 50

2.13 WGS Algorithm. A schematic describing the process of the Weighted

Gerchberg-Saxton (WGS) algorithm, iterated over index =, for the 8C�

round of uniformization at tweezer sites f:g. Included in the teal

arrow are the input parameters. The left-hand side of the box la-

belled `WGS' describes parameters of amplitude and phase in the

SLM plane, and the right-hand side describes parameters of the am-

plitude and phase of the light in the Image Focal plane. We use about

# = 50 iterations and �x the phase q0= after #•2 iterations. The red

arrow indicates the iteration and update applied from the feedback of

an atomic loading signal. We implement about 5 rounds of feedback

on this signal, updating the �C0A64C–8–:in the WGS algorithm each time

based on the weights determined from tweezer loading. The asterisk

indicates a new hybrid momentum WGS that allows for both more

consistent convergence and lower error as seen in Fig. 2.17. . . . . . 53
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2.14 WGS Weights after Loading-based uniformization The WGS weights

given to tweezers during the tweezer homogenization procedure, as a

function of angular distance from the 0th-order re�ection o� the SLM,

with the physical distance this corresponds to given our optical setup

shown on the upper axis. In teal is plotted the weights obtained after

the tweezer depths are uniformized experimentally based on loading

probability. Note that this plot corrects the version in the original

extended data of [59], where the weights were calculated for a gain of

� = 1, though the data had been generated with � = 0•6. In yellow

is shown the weight compensation that would be expected based on

the di�raction e�ciency, as shown in 2D in Fig 2.11. The weight

increases with larger angle in order to compensate for the diminishing

di�raction e�ciency as a function of tweezer distance to the center.

This additionally informs our decision to create a circularly shaped

array. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.15 WGS scaling for baseline and hybrid WGS The WGS convergence

for an array with a constant number of 150 � 150 tweezers, covering

di�erent areas of the SLM FOV both for a a, uniform goal tweezer

weight distribution and b, a goal weight distribution that compensates

for the di�raction e�ciency of the SLM such that the amplitude

weight is given as ,: = 1•sinc¹ ?G
_ 5ºsinc¹?H

_ 5º . The convergence is

quanti�ed by the error signal as de�ned in equation 2.65, and the area

covered is scaled by changing the spacing between the tweezers in

the 150 �150 tweezer array. 50 WGS iterations are implemented and

the phase is �xed on the 27C� iteration for faster convergence [98].

The shaded regions represent the standard deviation of the data. . . . 56
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2.16 WGS Convergence scaling for two trap spacings. The error signal

is plotted as a function of the WGS iteration number, averaged over

50 runs for each value of `FOV �lling'. The spacing is maintained

in the generated arrays, and so the percentage of the FOV that is

�lled determines the number of tweezers being generated. We do

this for both a, 7•2 �m spacing as well as b, 5•0 �m spacing and plot

FOV �llings: f20%– 50%– 80%– 90%– 99%g. The shaded regions

represent the standard deviation of the corresponding data. We begin

with random phases and update the phase as described in the previous

section for iterations 0 through 26, �xing the phase thereafter. It is

clear for both cases of spacing that increasing the number of tweezers

limits the error signal that is reached after 50 WGS iterations to a

higher value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.17 Hybrid feedback for 7:2�m spacing WGS Convergence of baseline

(green, solid) and hybrid (purple, dashed) approaches for two array

sizes a, 98 � 98 and b, 132 � 132. The shaded regions represent

the standard deviation of the 50 repetitions that we average over.

The vertical dashed line represents the point at which the phase is

�xed and the feedback switches from the standard approach to the

momentum-based approach described in equation 2.66. The hybrid

approach outperforms the baseline by a factor of � 3 for these array

sizes with signi�cantly smaller error bars. . . . . . . . . . . . . . . 58

2.18 WGS scaling for baseline and hybrid WGS Convergence for the

WGS algorithm baseline (green, circular) and hybrid-momentum

(purple, square) approaches as a function of tweezer number. We

plot the �nal error signal, from the 50C� iteration of the convergence

algorithms, averaged over 50 repetitions. Solid markers represent

data taken for arrays with 5 �m spacing, and open markers represent

data taken for arrays with 7•2 �m spacing. Both trends are linear on

the log-log plot, and so we �t the power law scaling for both cases.

We observe slightly steeper scaling for the hybrid case, but a coe�-

cient that is � 6 times smaller, thus allowing for the hybrid case to

outperform the baseline for all cases plotted. The '2 values for the

�ts are 0•97 and 0•98 for the hybrid and baseline respectively. . . . . 59
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2.19 Out-of-plane traps Calculation of an out-of-plane intensity pro�le

from a section of a 122 by 122 site tweezer array at 1061 nm, whose

phase pattern is generated by a WGS algorithm. The tweezer axis

(x-axis in plots) is centered along a selected row in the array and the

out-of-plane axis (y-axis in plots) is perpendicular to the focal plane

of the tweezers, along the direction of light propagation. The focal

plane for the tweezers is at 0 �m, and we simulate for di�erent spacing

between the tweezers: a, 7.2 �m and b, 5.0 �m. We also show in

c, the case for which 5.0 �m spacing is achieved by alternating traps

generated with two di�erent lasers such that they do not interfere

by using for example orthogonal polarization or su�ciently di�erent

wavelengths. In d, we show the out-of-plane interference for the case

of alternating spacing between tweezers of 9.6 �m and 4.8 �m as is

used in section 4.2.4. The color scale for each case is normalized by

the highest intensity in the simulated slice. . . . . . . . . . . . . . . 61

2.20 Updated Tweezer paths. SLM and AOD tweezer combination path-

ways are pictured as a schematic to depict array combination and

pathway complexity. Two SLMs are used (Meadowlark 1920x1200

pixel HDMI-controlled SLM on the 1061 nm path and Meadowlark

HSP1920x1152 pixel PCIE-controlled SLM on the 1055 nm path).

The AODs are combined and then incident on a galvo mirror with

5 ms switch time, that will allow them to cover the full FOV of the

SLMs. We note that in the depicted con�guration, polarization is

used for recombination twice, and thus power will inevitably be lost

along some path. However, a dichroic approach to recombination

could be used� transmitting for example S and P polarization of one

wavelength and re�ecting one polarization of another wavelength. . . 64
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2.21 Zernike Polynomials. We include a, An example of one polynomial

(the 12C� order polynomial, associated with spherical aberrations)

being swept for loading probability averaged across all sites, after

which it will be set to the optimal value. b, We depict optimal

Zernike values for di�erent parts of the array, averaged by section to

demonstrate array size e�ects. We recently have pivoted to feedback

based on local Zernike being implemented in tandem with iterative

feedback following the algorithm presented in [92]. Note that the data

presented in a and b are from two separate optimization scenarios at

di�erent times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.22 Atom loading in 11,998 tweezer array a, A single shot image of

the stochastically-loaded array. b, An averaged image over the array.

Insets are close-up views of the selected subsection. Atoms are spaced

by 7•2 �m and the array is about 900 �m in diameter. Contrast is

enhanced for visual clarity . . . . . . . . . . . . . . . . . . . . . . . 68

2.23 Filling fraction Histogram of number of atoms loaded into tweezers

in each image, averaged over 16,000 images. On average, we load

6,139 single atoms (51.2% of the array), with a relative standard

deviation of 1.13%. . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.24 Loading probability per-site a, Map of the loading probability per

site across the tweezer array. b, Histogram of loading probability per-

site across the tweezer array. The lowest loading probability is 25.1%

for one tweezer, which is the only tweezer not shown in the histogram,

but included in the quoted average and seen in the map. This tweezer,

however, does not exhibit a signi�cant di�erence in imaging survival

probability, coherence time, or single-qubit gate �delity. Therefore,

this tweezer site could also be utilized in the experiment. . . . . . . . 70

2.25 Trap depth per-site Site-resolved trap depth a, map and b, his-

togram. Across the 12,000 tweezer array using the � = 4 ! �0 = 4

depumping [102], we perform a di�erential light shift measurement

and observe an average trap depth of :� �0•18¹2º mK with a standard

deviation of 11.4% across the sites. . . . . . . . . . . . . . . . . . . 71
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2.26 Polarizability of 6%3•2 in linear trap Polarizability calculations for

the 6%3•2– � = 4 state of Cs in linearly polarized light. We use the

j6(1•2– � = 4i ! j6% 3•2– � = 4i transition for depumping during

the trap depth measurement. We note that the � 200au spread of

magnetic sublevel state energies leads to a larger standard deviation

in our trap depth measurement. . . . . . . . . . . . . . . . . . . . . 72

2.27 a, Schematic of the Raman con�guration used to address the atomic

motion. We use a highly dispersive double-passed chirped Bragg

grating (CBG) to obtain a large bandwidth, which we scan across

using a 9.2 GHz EOM. b, Raman spectroscopy results exhibiting

sidebands corresponding to the radial motion (in green) and the ax-

ial motion (in purple). We measure a radial trapping frequency of

29.30(4) kHz and an axial trapping frequency of 5.64(3) kHz. The

sideband signal is broadened due to inhomogeneities in the array.

From the lineshape �t, we extract standard deviations across the array

of 4.7 kHz and 1.9 kHz, respectively. The measurement is averaged

over the 11,513 tweezers created with the 1061 nm light as shown in

Fig. 2.12a c, Fine-grained spectroscopy data acquired with a lower

Rabi frequency to resolve the axial sideband. . . . . . . . . . . . . . 75

2.28 Point-spread function and imaging weights a, The point-spread

function (psf) of collected photons, averaged over all sites that are

above threshold in each of 16,000 images of the 11,998 tweezer array.

The 7 pixel width corresponds to 6•3 �m in the tweezer focal plane.

The waist radius of the psf is 1.7 pixels with a standard deviation of

0.2 pixels. b, The weight function , ¹D– Eº applied to each pixel of

the 7 � 7 square-pixel box around each site. Here, D and E refer to

the camera pixel coordinates centered on a given site. The weight

function is chosen to optimize imaging �delity based on the model-

free characterization. . . . . . . . . . . . . . . . . . . . . . . . . . 79

2.29 Scattering Rate Uniformity a, Map of scattering rates across the

11,998 tweezer array. Uniformity in scattering rate allows a global

threshold to be used across the array to determine atom presence,

rather than requiring a site-by-site approach for high �delity. b, A

histogram of number of scattering rates across all the sites in the array. 79
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2.30 Imaging Histograms a, Weighted photon distribution histogram ac-

cumulated over 16,000 images, with threshold designated with which

we determine presence (right of threshold), or absence (left of thresh-

old) of a single atom. The inset is the same histogram in log-scale so

that the overlapping tails that contribute to errors can be visualized.

b, Unweighted photon distribution histogram with log-scale inset. c,

Imaging �delity overlay with the log-scale histogram, designating the

�delity as a function of where the threshold is positioned relative to

the number of weighted photons. d, Individual sites are selected at

random and compared with a global threshold. . . . . . . . . . . . . 81

2.31 20 ms Imaging Imaging histogram for 20 ms imaging time. The

weight function used is the same as the one shown in Fig. 2.28. Using

model-free imaging characterization, we �nd an imaging �delity of

99.9571(4)% and a survival probability of 99.176(1)%. Inset: log-

scale histogram where the number of photons for each site is rescaled

by the threshold for this site. . . . . . . . . . . . . . . . . . . . . . . 85

2.32 Imaging Survival Array-averaged survival fraction after many suc-

cessive images. Between each image, we hold the atoms for 10 ms,

without applying any cooling beams. We �t the data with ?¹#º / ?#
1 ,

where ?¹#º is the survival fraction after imaging # times. From

the �t, we �nd a steady-state imaging survival probability of ?1 =

0•9998952¹1º. The light purple �ll shows the estimated 68% con�-

dence interval. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

2.33 Imaging survival a, Map and histogram of the imaging survival

probability per site across the tweezer array, as characterized using

the three image analysis of data from 16,000 iterations. Note that the

vertical axis of the histogram �gure is plotted on a log scale. The mean

of site-resolved imaging survival probability is 99.985%, and the

minimum value 99.66%. b, Predicted upper bound on the probability

of detecting a defect-free array after an ideal rearrangement sequence

(estimated as ?¹1j1º= where = is the number of atoms in the �rst

image), limited by imaging survival and false positives. The threshold

in the �rst image can be displaced to reduce false positives, at the

cost of excluding some atoms. Note that we may ignore the issue of

false negatives in the �rst image, since we can always physically eject

residual atoms in sites that are determined to be negative. . . . . . . . 88
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2.34 Vacuum chamber A view of a CAD model of our vacuum chamber

with relevant beams labeled as well as relevant vacuum parts and

pumps. The titanium sublimation pumps were particularly optimized

in order to coat the glass-to-metal transition and provide as much

pumping surface area as possible. The 2D MOT source cell, ion

pump, and top titanium sublimation pump are visible. At the glass

cell, bigger red beams are MOT beams, smaller bright red beams are

PGC beams, and the dark red beam parallel to the cell axis is for state

preparation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

2.35 Vacuum-limited Lifetime Prediction The lifetime of an atom in

a tweezer is plotted as a function of the pressure from background

gases. We consider the cases where the background pressure is only

from Cs-Cs collisions (blue) and where the background pressure

only arises from Cs-He collisions (green). We �nally consider the

case where both have equal partial pressures contributing to the total

pressure (purple). We plot alongside these calculations, the measured

value (dashed red) of 1374(60) seconds, and note that from MolFlow

simulations, we expect that Cs-Cs collisions dominate, and that thus

our lifetime measurement corresponds to pressure around 7 � 10�12

torr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

2.36 Vacuum-limited Lifetime Measurement Array-averaged survival

fraction as a function of hold time is plotted. Three experiments

are shown in the �gure: pulsed cooling, continuous cooling, and

no cooling. The green markers show data with a 10-ms 2D PGC

block applied every 2 s during the wait time (pulsed PGC). The red

markers show data with 2D PGC block continuously applied during

the wait time (continuous PGC), while the blue markers show the

data without cooling during the wait time (no PGC). The error bars

are smaller than the markers. We �nd a 1•4 lifetime of around 2.2

min without cooling. When the pulsed PGC block is applied, by

�tting the data with ?¹Cº / exp¹�C•gº, we �nd a vacuum lifetime of

g = 22•9¹1º min. When the 2D PGC is applied continuously, we

obtain g = 17•7¹2º min. . . . . . . . . . . . . . . . . . . . . . . . . 93
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2.37 Pictured are photos of our vacuum chamber (a,b) as well as a CAD

rendering of the design (c). (a) A view of the chamber as well as

the 3-layer breadboard system on which our experiment is built. Our

chamber is on a linear motion stage such that it can be retracted

from the science position for the purpose of baking, or beam or

objective alignment. (b) A view of the science cell. In green are high-

�eld coil holders for water-cooled coils, allowing for up to around

1G/A magnetic �eld in each direction (see Appendix B). (c) A CAD

rendering of the vacuum chamber, including the linear stage, coil

holders and vertical breadboard. . . . . . . . . . . . . . . . . . . . 94

3.1 Microwave spectroscopy We map out hyper�ne transitions using

microwave spectroscopy after pumping broadly into the � = 4 hy-

per�ne manifold. Since we push out atoms in the � = 4 manifold

at the end of the measurement (such that it corresponds to loss), the

dips represent frequencies at which population is transferred to the

� = 3 manifold. The center transition is <� = 0 ! < � = 0, and we

determine a 2.7G magnetic �eld from the hyper�ne state separation.

We note that the broader transitions are driven by linear polarization

(< � = 0 ! < � = 0, < � = �1 ! < � = �1, < � = �2 ! < � = �2),

and the alternating more narrow resonances we believe are transitions

driven with remaining components of circular polarization in the RF

�eld. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.2 Di�erential light shift - trap depth calibration Estimation of [,

the ratio of the di�erential polarizability of the hyper�ne qubit to

the electronic ground state scalar polarizability. The average qubit

frequency is measured by Ramsey interferometry for di�erent trap

depths, and the slope is compared with the trap depth inferred from

the light shift of the � = 4 $ � 0 = 4 D2 transition from its free-space

resonance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.3 Relative di�erence of qubit and clock frequency across the ar-

ray Relative di�erence of the qubit frequency with the cesium clock

frequency 5clock � 9– 192– 631– 770 Hz, measured by Ramsey inter-

ferometry. The standard deviation is 1•5 � 10�9 , or 14 Hz in absolute

value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
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3.4 Rabi oscillations a, Array-averaged Rabi oscillations between the

hyper�ne clock states 0 and 1. The �tted Rabi frequency is 24.611(1)

kHz. The observed decay after several hundred microseconds stems

from the spatially-varying Rabi frequency across the sites in the array.

b, Inhomogeneity of the Rabi frequency across the atom array. The

re�ection o� a vertical metallic breadboard near the vacuum cell

creates this spatial gradient orthogonal to the propagation axis of the

microwaves. The Rabi frequency standard deviation is 0.5%. . . . . 99

3.5 T1 coherence time Measurement of the depolarization time )1.

Atoms are initially prepared inj1i . After a given time, the remaining

population inj1i is measured, with or without a c pulse before the

measurement. The population di�erence, conditioned by the appli-

cation of the pulse, constitutes the )1 contrast. This extended )1 time

is largely enabled due to the choice of far-detuned traps. . . . . . . . 101

3.6 T�
2 coherence time Array-averaged Ramsey oscillations. During free

evolution, the microwave drive �eld is detuned by 1 kHz, resulting in

Ramsey oscillations. The characteristic decay time of these oscilla-

tions is ) �
2 = 14•0¹1º ms from �tting the average signal of all atoms.

The light blue dashed line shows the decay time )�¹siteº
2 = 25•5 ms

from �tting individual sites �rst and averaging the decay time after-

wards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.7 Uniformity of T �
2 coherence time across the array Map and his-

togram of )�
2 across the atom array. The average uncertainty per site

is 1.5 ms. The average )�
2 for sites generated by the �ber ampli�er at

1055 nm is 23.2(1) ms, while it is 25.58(3) ms for sites generated by

the �ber ampli�er at 1061 nm. . . . . . . . . . . . . . . . . . . . . 103

3.8 T2 coherence time. Measurement of the dephasing time )2 after dy-

namical decoupling. After an initial c•2 pulse, a variable number of

XY16 dynamical decoupling cycles with a �xed time g = 12•5 ms be-

tween c pulses are used to o�set the reversible dephasing. The phase

of the �nal c•2 pulse is chosen to be either 0 or c, and subtracting

the population di�erence in these two cases provides the coherence
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3.9 Uniformity of T 2 coherence time across the array. Map and his-

togram of )2 across the atom array. The average uncertainty per site

is 2.8 s. The average )2 for sites generated by the �ber ampli�er at

1055 nm is 19.2(4) s, while it is 12.32(6) s for sites generated by the

�ber ampli�er at 1061 nm. We use averages weighted by the un-

certainty on each site, since we observe that the unweighted average

results in a bias from the value obtained by global �tting. . . . . . . 105

3.10 T2 dependence on trap depth. Measurement of the coherence time

) 2 at di�erent trap depths, for two di�erent periods between c pulses.

Error bars indicating 68% con�dence intervals are shown when larger

than the dot itself. Note that this experiment was performed with the

11,513 tweezers generated by the �ber ampli�er at 1061 nm only (

Fig. 2.12). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

3.11 Randomized benchmarking of single-qubit gates. Randomized

benchmarking of the global single-qubit gate �delity. For each num-

ber of Cli�ord gates, 60 di�erent random gate strings of this length

are applied, after which the overall inverse of the string is applied.

For a given gate string length, each translucent marker of a given

color represents the return probability for a string of gates while the

solid green markers indicate the averaged return probability over the

60 di�erent strings. The inset lists all the colors used to indicate the

60 random gate strings for a given length. The decay of the �nal

population to 1•2 is �tted to ¹1 � 3º# and �2 = 1 � 3•2 represents

the average Cli�ord gate �delity. . . . . . . . . . . . . . . . . . . . . 112

3.12 Single-qubit RB dependence on trap depth The population inj1i

after 1,000 random Cli�ord gates is measured for di�erent trap depths,

exhibiting only limited improvement when the trap depth is reduced.

This indicates that the single-qubit gate �delity is likely limited by

residual magnetic �eld noise, which could be readily mitigated by

technical improvements . Error bars indicate estimated 68% con�-

dence intervals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

3.13 Uniformity of single-qubit gate �delity across the array Map and

histogram of single-qubit gate �delity obtained by global randomized

benchmarking. The average gate �delity is 99.9834(2)%. . . . . . . 114
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3.14 60 Hz Noise A spin-echo sequence is employed to probe the 60 Hz

phase noise in our system. The free-evolution time of each arm, g, is

set to a half-period of 60 Hz, which enhances the noise. By varying

the time Cdelay between the line trigger and the spin-echo sequence,

we map the periodic noise at 60 Hz to the population inj1i . . . . . . 114

4.1 Survival during long-distance atom transport Experimentally mea-

sured atom survival for di�erent trap depths and two distances of 510

�m and 200 �m. The signal for each depth is �tted to an error

function. Atoms are transported using the constant jerk trajectory

with a straight, single-axis move as opposed to the diagonal moves

used in the coherent transport study in the subsequent sections. Note

that these moves could be executed considerably faster by mitigating

cylindrical lensing, as elaborated on in section 4.1.1. . . . . . . . . . 117

4.2 Survival with and without cylindrical lensing. Schematic and

atom survival for a diagonal (blue) or straight (pink) move for ten

tweezers (with depth :� � 0•28 mK) spaced by �10•6 �m. Despite

being shorter, a straight move needs to be executed more slowly than

a diagonal one due to cylindrical lensing. . . . . . . . . . . . . . . . 118

4.3 Coherent transport. Coherence of an atom after being transported

diagonally 610 �m (blue) in 1•6 ms or held stationary (gray). . . . . . 121

4.4 Interleaved randomized benchmarking IRB sequence used to bench-

mark the move �delity. Random Cli�ord gates are interleaved be-

tween each of the " ¹Ÿ #º moves, with the total number of gates #

constant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.5 610 �m AOD move survival and coherence. Benchmarking results

for repeated 610 �m diagonal moves. Top: atom survival for varied

times, �tted to a clipped Boltzmann distribution. 1•6 ms moves

are used for the middle and bottom panels. Middle panel: IRB

return probability for static and transported atoms. Curves are �ts

that include coherence and atom losses. Bottom panel: average

instantaneous transport �delity after a given number of moves, �tted

from the IRB return probability. The curve width represents the

68% con�dence interval. The instantaneous �delity of 99•953¹2º%

is constant for the �rst �30 moves. . . . . . . . . . . . . . . . . . . 125
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4.6 270 �m AOD move survival and coherence. Results of the ran-

domized benchmarking of transport, for 270 �m at two di�erent trap

depths, as speci�ed above each sub�gure. Similarly to Fig. 4.5 we

present the atomic survival for various move durations (top panel),

the IRB return probability for the speci�c duration� 1 ms and 0•4 ms

respectively� highlighted in blue (middle panel), and the extracted

instantaneous transport �delity. The curve width in the bottom panel

represents the 68% con�dence interval. . . . . . . . . . . . . . . . . 126

4.7 Machine-learning optimized SLM-AOD transfer. a, Layout of the

transfer experiment showing 195 dynamic AOD traps (bright blue)

overlapped with 1061 nm static SLM traps (pale blue). Atoms are

repeatedly picked up and moved away by 2.4 �m, then held for 100 �s.

During this time, the SLM traps are turned o� to ensure that atoms left

behind in SLM traps are removed (this way, atom survival correctly

corresponds to a successful pick-up and drop-o�). Then SLM traps

are subsequently turned on, and atoms held in AOD tweezers are

moved back and dropped o� into the SLM traps. For IRB data shown

in Fig. 4.8, gates are interleaved between each round-trip transfer. A

pick-up and split-move operation (or equivalently a merge-move and

drop-o� operation) are considered a `one-way transfer'. b, Best hand-

optimized trajectory for trap transfer, using a quadratic depth pro�le

and a constant jerk movement. Here we implement the pick-up and

the tweezer separation move in sequence, without overlap. c, To speed

up atom transfer between static and dynamic traps while preserving

high survival, we optimize, via machine learning, a trajectory where

dynamic AOD traps are simultaneously ramped and moved. The

dashed lines and black dots represent the values that are optimized

by the algorithm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
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4.8 Interleaved randomized benchmarking for SLM-AOD transfer.

Top panel: atom survival as a function of the number of repeated one-

way transfers for various one-way `pick-up & split' total durations.

In the case of hand-optimized trajectories, the AOD trap depth is

quadratically increased 48% of the total ramp-and-move duration,

and the AOD trap is moved with a constant jerk trajectory by 2.4 �m

during the remaining 52%. A 400 �s trajectory is optimized through

machine learning. Middle panel: return probability after IRB for

the machine-learning optimized trajectory. Bottom panel: extracted

instantaneous �delity of a coherent one-way transfer as a function of

the number of previous one-way transfers. . . . . . . . . . . . . . . 131

4.9 AOD-SLM transfer and long-distance transport. Schematic rep-

resenting the con�guration and operations used for coherent transfer

and transport of atoms across 375 �m using 47 AOD tweezers. The

SLM layout (totaling 11,416 sites) alternates narrow column spac-

ings of 4.8 �m and wide column spacings of 9.6 �m, between which

AOD tweezers are moved diagonally. Timescales for each operation

composing one-way moves are detailed in the �gure. . . . . . . . . . 132

4.10 IRB for AOD-SLM transfer and long-distance transport. Results

of the randomized benchmarking of coherent transfer and transport.

Top panel: atom survival as a function of the number of repeated one-

way pick-up and split, followed by a 375 �m move. Middle panel:

return probability after IRB. Bottom panel: extracted instantaneous

�delity of a coherent transfer, split and 375 �m move, as a function

of the number of previous such operations. . . . . . . . . . . . . . . 133

4.11 Possible layout for a large-scale zone-based atom array quantum

processor. A proposed con�guration for a zone-based architecture,

shown on the 12,000-site tweezer array for scale. The storage zone

contains enough sites to hold over 6,100 atoms, and the interaction

and readout zones are within 500 �m of any atom in the storage zone,

within the �eld of view of the AODs we use for movement. . . . . . . 135
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4.12 Quadrant-based rearrangement. A sketch of the quadrants that we

propose to rearrange using large-aperture AODs. Combining pairs of

AODs that cover each region will allow for parallel rearrangement.

One could also rearrange quadrants in succession one after another,

utilizing one set of AODs and a fast-steering mirror for switching.

Our current setup (Fig. 2.20) will enable two pairs of AODs to operate

at once, with a fast-steering mirror in the Fourier plane to switch to

the other two quadrants for rearrangement or other operation as needed.137

4.13 Tetris sorting algorithm adaptation for a quadrant. a, Illustra-

tion of the algorithm for a randomly selected example. b, Histogram

of the longest distance in each row-based rearrangement move (usu-

ally composed of several atom trajectories), averaged over �1,000

iterations of random initial con�gurations. This longest distance de-

termines the move's total duration. c, Histogram of the number of

atoms that are moved in parallel during a move. d, Histogram of the

required computation time for each waveform chunk of 524k sam-

ples for our parallel waveform generation algorithm (with 64 parallel

movements being summed). The average generation time is 488 �s,

and the generated waveforms sort on average 2-3 rows. . . . . . . . 139

4.14 Diagonal-move based rearrangement Schematic of a zone layout

that is compatible with diagonal motion with AODs. Each arrow

associated with a distinct AOD indicates the di�raction axis in the

direction of increasing acoustic frequency. To realize the vertical

(red) set of moves, one would use AODG and AODH, and for the

horizontal (green) set, AODG0 and AODH0 . . . . . . . . . . . . . . . 144

4.15 917 nm Hiding transition. We picture the 917 nm hiding transition,

demonstrating how it shifts the D2 imaging transitions to protect

relevant qubits. There are other options for hiding transitions from

6%3•2 to other � 5•2 states including to 7�5•2, where the wavelength

of interest 698 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
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4.16 Single-qubit hiding. Population remaining in the j1i state after

depumping with incident, resonant D2 light with intensity � 0•1� � B0C

in the case where we a, hide several hundred qubits in the center of

the array with 917 nm light with � 50W/mm2 intensity or b, don't

hide the atoms. We �t an e�ective )1 time in this scenario of around

942¹43ºms, taking into account the o�set due to the average �nal

population in the qubit j1i state after depumping. We note that in

this data we have not properly characterized the depumping time in

the case without hiding due to the di�erence in timescale. . . . . . . 147

4.17 Single-photon excitation wavelengths. We depict a numerical cal-

culation based on quantum defect theory for ground to Rydberg =%3•2

transition wavelengths from = = 35 to = = 85. . . . . . . . . . . . . . 150

4.18 Rydberg excitation pathway. We picture the two-photon excitation

pathway for Cs through the 7%3•2 state, consisting of a 455 nm and

1061 nm photon. We have available 120 W of power at 1061 nm and

2.5 W of power at 455 nm. . . . . . . . . . . . . . . . . . . . . . . . 151

4.19 Two-photon excitation wavelengths. We depict a numerical cal-

culation based on quantum defect theory for the wavelengths of the

upper leg of a two-photon transition in Cs 6(1•2! intermediate state

! =( 1•2 state, from = = 35 to = = 85. a, Wavelength of upper

transition through 7%1•2 state and b, wavelength of upper transition

through 7%3•2 state. . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.1 Relay Lens Requirements. For the case of using a di�ractive ele-

ment such as a metasurface to imprint a holographic phase, we show

a, a schematic for a relay con�guration to a high NA objective, and

the requirements on these relay optics when it comes to b, Cone half-

angle (CHA) as a function of beam diameter at the Fourier plane, and

c, Lens size requirements, as a function of the required CHA, deter-

mined by beam size. These requirements could be converted to being

independent of NA (through utilizing resolvable spots, although this

depends on where the beam is clipped). . . . . . . . . . . . . . . . . 162
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A.1 Pictured is the glass cell design for the experiment that was manufac-

tured by Japan Cell. Our cell is made of uncoated quartz, for the sake

of wavelength �exibility. It was designed to maximize NA, enable

large MOT beams around a large-diameter objective, and minimize

cell deformation under vacuum. The labels in the �gure are in units

of millimeters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

A.2 Vacuum-limited Lifetime MolFlow Simulations We depict simula-

tions for the equilibrium partial pressure from three di�erent sources.

We use a simpli�ed schematic for estimation purposes that still main-

tains the correct distances and sizes of our apparatus. The square box

is our steel chamber that has two attached TiSub pumps and an ion

pump, the top cell is our 2D MOT, and the bottom is our glass science

cell where we trap atoms. Contributions to background pressure are

depicted from a, outgassing of H2O from the quartz glass cell, b,

line-of-sight to Cs 2D MOT source cell, c, leakage of He through our

6.35mm thick quartz glass cell. The pressure throughout the chamber

appears more uniform for He leakage due to the lack of pumping via

the sputtered titanium. . . . . . . . . . . . . . . . . . . . . . . . . . 188

A.3 Titanium sublimation pump line-of-sight A sketch of the designed

line-of-sight sputtering from the TSPs to the glass cell. The TSPs are

mounted inside of custom nipples, attached to the 6" steel chamber top

and bottom (the top nipple and �lament are pictured here, but the same

procedure is implemented for the bottom TSP). The length for the

custom nipples is chosen in order to optimize line-of-sight sputtering

to coat the glass-to-metal transition in the arm of the glass cell. The

diagram denotes the choice for the minimum scattering angle for the

chosen line-of-sight sputtering. We note that an additional conical

reducer was added later between the glass cell and chamber due to

manufacturing issues, which slightly increases the distance between

the sputtering line-of-sight and the science cell in our experiment.

Labeled distances are in units of inches. . . . . . . . . . . . . . . . 192
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A.4 Baking timeline. We include a timeline of the baking procedure

that was implemented in the experiment. We note that much of the

process was not planned and several bakes were implemented in order

to troubleshoot unexplained leaks. We note that some of our long

vacuum lifetimes may be attributable to this bake process, despite the

unplanned nature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

B.1 Assembled Coil Mount Design Pictured is the assembled mount

structure on which the coils were wound. The mount material is

Garolite-10, and the mount con�guration can be adjusted relative

to the science cell in three axes, via custom aluminum attachments

anchored to both horizontal breadboard layers. . . . . . . . . . . . . 195

B.2 Measuring �elds Pictured is the location of the coils in the experi-

ment, during an operation to zero the magnetic �elds via measure-

ments made using an Arduino. The glass cell is removed from the

center of the �elds for this measurement, via the translation stage. . . 197

B.3 Water-cooled coil cross-section. The dimensions of the cross-

section of our copper water-cooled coils for reference. The inner

bore is for water cooling, and the dimensions of the copper wire with

and without insulation are labeled. The wires are coated in DDG

insulation, and the water supply is de-ionized. . . . . . . . . . . . . 198

C.1 Objective alignment. A schematic of the objective alignment in-

cluding the reference beam, tweezer beam, objectives, glass plates,

and alignment stages. . . . . . . . . . . . . . . . . . . . . . . . . . 199

C.2 Impact of objective tilt misalignment. The Strehl ratio (numerically

calculated via ray tracing and a Debeye-Wolf integral for each angle)

as a function of tilt angle between the objective and the glass cell,

presumably due to misalignment. The maximum intensity of the

tweezers created drops below 80% (The Marechal Criterion: marked

in dashed red) after around a tenth of a degree. This motivates

extremely careful alignment of the objectives relative to the glass cell. 200
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writing rather than at the time of experimental design. From these,
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water cooled, but all of the other axes are water cooled and wound

with coils whose cross-section is depicted in Fig. B.3. . . . . . . . . 196

B.2 Coil Speci�cations for Helmholtz con�guration. For each �eld

direction we include the Helmholtz �eld strength that can be ob-
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C h a p t e r 1

INTRODUCTION

This thesis introduces a new optical tweezer array experiment built using neutral

cesium atoms trapped in far-detuned traps. The experimental apparatus was designed

for scaling up qubit numbers in optical tweezer arrays by orders of magnitude, and

has thus demonstrated the scalability of neutral atoms for quantum science. In

this chapter, we begin with a broad overview of the �eld of quantum science (1.1)

and then give a motivation for the necessity of scaling quantum systems for useful

applications (1.2). We go on to provide an overview of pertinent work that has

preceeded this one across platforms in quantum computing and simulation (1.3),

before narrowing in on advancements in neutral atoms in optical tweezers (1.4).

Finally, we brie�y introduce the experimental approach taken for trapping atoms

(1.5), before outlining the contributions contained in this thesis (1.6), couched

within the ever-exciting new developments that optical tweezer arrays of neutral

atoms have presented.

1.1 The Landscape of Quantum Science

During the tenure of the work described in this thesis, the 100th anniversary of quan-

tum mechanics was celebrated, commemorating the Heisenberg paper that turned

the focus of the �eld towards observable quantities [1]. Rather than attempting

to picture electrons like planets orbiting atoms with de�ned trajectories that could

not be observed, this result pivoted to base the development of quantum theory on

measurable quantities, such as energy levels in an atom. This turning-point led

to the development of the matrix formulation of quantum mechanics, which has a

natural starting point in the two-level system. With matrices, one can describe for

instance, a spin-1/2 electron that can occupy either a spin up j "i =
�

1
0

�
or spin

down j #i =
�

0
1

�
state.

The matrix formalism of quantum mechanics led subsequently to an understanding

of the role of superposition, enabling a spin to be in multiple states at once, with

a probability of being measured in each state. For a two-level system in state jki ,

this can be written as jki = Uj "i ¸ Vj #i, where the probability of the spin being

measured in the j "i state is given by the normalized ?" = U2

U2¸V 2 .
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Extending this matrix-level understanding beyond a single spin occupying a par-

ticular Hilbert space results in a state that spans the tensor product of the Hilbert

spaces occupied by each spin. A natural consequence of this fact is the possibility

of entanglement, where the probability for measuring one spin in a particular state

is dependent on the measurement outcome of another spin. For two spins labeled

{1– 2}, one can write the state of the system jkBHBC4<i = Wj "i1 
 j #i 2 ¸ Xj #i 1 
 j "

i 2 ¸ n j "i 1 
 j "i 2 ¸ Z j #i 1 
 j #i 2, where, depending on the values of W– X– n and Z,

measuring spin 1 may change the probabilistic outcome of a measurement of spin

2. While we can write this state down for two spins quite easily, when the system

size increases to # spins, the number of complex coe�cients that we must use to

describe the system scales as 3# (3 being the number of states, where 3 = 2 for a

two-level system ), in contrast with the linear scaling O¹#º necessary to describe #

classical particles.

This scaling with system size poses simultaneously a challenge and an opportunity.

The challenge being that simulating quantum systems using classical computing

resources quickly becomes impossible with growing numbers of particles. However,

an opportunity can also arise, in that quantum particles inherently store information

quantum mechanically, and thus, as Feynman [2] and others [3, 4] discussed in the

1980's, quantum particles themselves can be used to simulate quantum systems.

There are a few modalities that attempt to capitalize on this opportunity. One is

quantum simulation, in which quantum systems can be simulated that have partic-

ular structures or dynamics that resemble the experimental platform being used.

Another is quantum computation, in which quantum particles can be manipulated

to implement gate-based computing with quantum properties. In this scenario, two

states of a quantum particle can be chosen to represent a quantum bit or qubit, and

universal quantum computing can be achieved to solve arbitrary quantum problems.

Beyond simulating quantum systems, properties of quantum particles such as en-

tanglement can be used to enhance sensing and metrology, and enable encrypted

information transfer that is more secure. The goal of using collections of quantum

particles to realize something that cannot be done using a classical computer: this

is the proposition of quantum advantage.

1.2 The Mountain Range: Quantum Advantage

Scientists have identi�ed many applications for which achieving quantum advantage

would provide signi�cant advancement, as laid out in the previous section and illus-
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Figure 1.1: Mountain Range for Quantum Advantage. Within the landscape of
quantum science, there's something of a mountain range for quantum advantage.
There are various peaks or goals that scientists want to achieve, as well as many
paths up these peaks, represented by various platforms for quantum science. In this
thesis, we climb and bushwhack along the path of neutral atoms in optical tweezer
arrays.

trated in Fig. 1.1. Experimentally reaching these goals, however, is a monumental

challenge for each application� a peak as it were, that the community is attempting

to summit. Various quantum platforms� including trapped ions, superconducting

qubits, solid state qubits, and neutral atoms � have begun to carve out pathways

towards these various peaks. However, across all of these platforms as well as for

each of these summits, there is a similar challenge, which is to scale up the system

size or qubit number, while simultaneously maintaining controllability and �delity

of the quantum system.

The necessity of scaling up system size becomes readily apparent as one looks more

closely at each application. For instance, in quantum metrology, optical atomic

clocks gain in stability and sensitivity as atom numbers increase [5]. This is true

both in the standard quantum limit as well as in the Heisenberg-limited case. For

quantum simulations at scale, increased system size can allow for probing boundary

versus bulk e�ects and can enable parallel implementation of large-scale simulations.

One could additionally use a large quantum simulator to study emergent collective

phenomena [6, 7] or demonstrate veri�able quantum advantage [8, 9].

Finally, and perhaps most strikingly, for realistic applications of quantum comput-

ing, quantum error correction (QEC) is required to overcome the tension between

increasing system size and required operational �delity [10, 11]. Such tension may

at �rst glance seem to be prohibitive to realizing useful computation, due to the fact
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that the �delity of preparing a quantum state drops exponentially with system size,

and so maintaining the same �delity at higher system size requires vast improve-

ments in operational �delity. However, encoding qubit information across many

qubits (collectively dubbed a `logical qubit') can allow errors to be identi�ed and

even corrected. This creates the possibility for overcoming limiting �delities to

implement computations at relevant scales for solving problems such as factoring.

However, the cost comes in qubit overhead, and once again the answer is simple, but

challenging: we need more qubits. In particular, QEC necessitates tens to hundreds

of physical qubits per logical qubit even with encodings that capitalize on arbitrary

connectivity [12, 13], and problems of interest require thousands of logical qubits.

While there have been recent results that have demonstrated increasingly high en-

coding rates [14, 15] this still adds up to paint a picture in which scaling up system

size of a quantum platform is paramount for reaching any of the summits.

1.3 Picking a path: Neutral atoms in optical tweezer arrays

Much recent work has been done to move forward the �eld of quantum science

towards the goals discussed in the previous section, and several platforms have

emerged as contenders to reach these peaks, particularly in the area of gate-based

fault tolerant quantum computing. They each have their bene�ts and drawbacks, as

we introduce here. However for each platform, system sizes and �delities have been

limited for quantum computing applications, and small demonstrations of QEC have

not been utility scale. Thus, the era of Noisy Intermediate-Scale Quantum (NISQ)

technology has developed [16].

Superconducting qubits are built on chip-based electrical circuits cooled to very cold

temperatures in cryostats [17]. Transmon qubits, whose development in 1985 has

received the Nobel Prize in 2025 [18], demonstrated the �rst two-qubit interactions

with �delity high enough to surpass the surface code threshold in 2014 [19] and have

been a leading technology for quantum computing during the NISQ era. Recent

results include demonstrating quantum error correction below the surface code

threshold on a 105 qubit processor [20]. Superconducting qubits operate with

signi�cantly faster clock times than ion qubits or neutral atom qubits, but they su�er

from deleterious e�ects when scaling. In particular, among other challenges with

fabrication, qubits require radio-frequency connections that add heat to the cryostat

and thereby limit the number of qubits that can be in one cryostat [21].

Single ions have been trapped using electric and magnetic �elds since the 1980s [22],
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and early on, trapped ions were proposed as a platform for implementing quantum

computing [23]. Entangling gates were demonstrated with trapped ions [24] in

1995, and the platform has been a leading candidate for quantum computing ever

since [25]. Long trap lifetimes and coherence times of ions have led to higher gate

�delities compared with other platforms and recent results demonstrate repeated

error correction on 30 qubits with error rates that improve compared with physical

error rates [26]. Ions however, are both slower than superconducting qubits, and

present signi�cant technical challenges for maintaining �delities and controllability

when scaling [25].

Single neutral atoms were trapped in optical tweezers (or tightly focused laser

beams) for the �rst time in 2001 [27] providing the basis for the neutral atom

quantum computing platform based on optical tweezer arrays. Proposals to utilize

Rydberg excitations for entangling gates in neutral atoms were developed around

the same time [28], and such entangling gates were �rst demonstrated in 2009 [29].

The controllability of the platform became clear with the development of arbitrary

atom rearrangement in 2016 [30�32] and �delities of two-qubit gates reached levels

necessary for surface code thresholds only in the early 2020s [33, 34]. While the

platform has only become a serious contender for realizing utility-scale quantum

computing in the last few years, the progress has been rapid and encouraging, with

recent results including operation of logical qubits with below threshold perfor-

mance [35, 36]. Neutral atoms exhibit slower clock times than do superconducting

qubits, limited by motion and readout. However, they have the advantage of the

possibility for all-to-all connectivity [37]. Until the work presented in this thesis,

it has not been clear whether scaling optical tweezer arrays of neutral atoms for

quantum computing while maintaining �delities would be possible.

This thesis will focus on the pathway being forged by neutral atom optical tweezer

arrays and will present novel results for scaling this quantum platform, particularly

geared towards summiting the peaks of quantum metrology, quantum simulation,

and quantum computation.

1.4 The neutral atom path: recent trailmarkers

Much work has already been done in blazing the pathways for neutral atoms towards

the peaks of quantum metrology, quantum simulation, and quantum computation.

In the following, we discuss a few relevant recent `trailmarkers' for neutral atoms.

Towards quantum metrology, work has been done using optical tweezer arrays of
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neutral atoms to combine the bene�ts of ion clocks that capitalize on single-particle

control, and lattice clocks which bene�t from high atom numbers [38�40].

Quantum simulation has been utilized by neutral atom optical tweezer arrays to

explore a myriad of topics, wherein a Hamiltonian native to the platform is realized

and mapped onto questions of interest [41]. The Hamiltonians that have been studied

are constrained by the type of interactions that are implemented and the particular

trapping architecture that is realized. In particular, one can implement Van-der

Waals interactions [42] or dipole-dipole interactions [43], and trap using various

tweezer geometries with di�erent interaction distances, or even choose to superpose

an optical lattice on top of the tweezers to enable hopping [44]. These systems have

been used to study quantum phase transitions [45�48] as well as many-body quench

dynamics [49, 50].

As already alluded to in the previous section, neutral atoms have in recent years

developed quickly as a relevant platform for quantum computation. Thus, it has

been more recently that gate sets for universal quantum computation have been

realized on neutral atom quantum processors [51�54]. Steps towards QEC have been

subsequently taken, preparing and executing computation using logical qubits [35,

36]. However, all of these scienti�c results were performed with 10s-100s of atoms.

Recently there have been a few experiments that have reached around a thousand

atoms trapped in optical tweezers via a non-contiguous array [55] or via continuous

loading [56, 57], but they have done so without simultaneously demonstrating long

coherence times and coherence-preserving transport. In parallel to this thesis work,

there has also been development of continuous loading into about three thousand

optical tweezers [58].

It is following this array of foundational work that we work to scale the platform

further such that advancement can be made towards quantum advantage in each

of these areas using optical tweezer arrays. We show here almost an order of

magnitude scaling for the platform of neutral atoms up to 6,100 qubits trapped

in 12,000 tweezers while maintaining high coherences and �delities [59]. This

represents the largest number of qubits across any platform, and paves the way for

fault tolerant quantum computing using 10,000 neutral atoms.

1.5 Introduction to the experimental sequence

We will provide here a bird's-eye view of the experimental sequence used to trap

single neutral atoms for quantum science. This is additionally pictured in a schematic
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