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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-fidelity 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 fidelities. To capitalize on
the intrinsic connectivity of the architecture at large scale, we investigate long-
distance coherent atom transport and briefly 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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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.

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

qubits 1 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 fidelities. We additionally demonstrate long-distance coherent

I
I
I
I
I
I
[ 1.2
I
I
I
I
I
I

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

1.3

Overview of the Experimental Sequence. Atoms are first a, loaded

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

mn a 3D MOT using optical and magnetic fields (coils not pictured).

¢, d, Then tweezers are focused 1nto the MO'T' 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 {, single atoms are left in the traps, which are imaged.

After single atoms are located g, science can be done (pictured 1s a

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

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

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

2.1

Cs 651/, Polarizability The ground state dynamic polarizability for

cestum hyperfine states 1s shown for light that 1s linearly polarized.

The static light shift dominates the ground state polarizability. The

vector light shift 1s exactly zero, and the tensor light shift 1s very

[ small. All states 1n the NIST database are included 1n the calculation.



Xiv

2.2

Gaussian Approximation vs Diameter-matched Clipped beam

Pictured 1s the comparison of the intensity profile of a Gaussian

beam that 1s focused by an objective for two scenarios. In blue, the

objective aperture radius 1s matched to the waist of the beam and thus

clips the beam, causing some power loss and additional diffraction.

In orange 1s a beam with the same parameters that 1s not clipped

with an aperture, and thus satisfies the Gaussian approximation. The

itensities are normalized by the peak Gaussian beam intensity. For

both cases, we choose a wavelength of 4 = 1060 nm and an objective

NA of 0.65 1n accordance with our physical experimental parame-

ters. For these parameters, the 1deal Gaussian beam waist 1s 527 nm

and the clipped waist (as determined by the waist at 1/e” the peak

mtensity) 1s /759 nm.| . . . ... oL

2.3

Schematic depicting scattering on Cs D; line. The approach to

calculating scattering rates 1s described 1n equation [2.35] and we

depict here the process of a laser with frequency w; and polarization

€, scattering off of excited state |e) € k. In this example we choose

to depict scattering from the F' = 4, mrg = 0 hyperfine ground state

of Cs through 6P /». To find the total scattering rate of the particular

state, one needs to sum over all possible excited states [e) € k for all

excited states k, and all possible final states [f).| . . ... ... ...

2.4

Scattering rates from trapping potentials We Took more closely

at Raman scattering rates as a function of wavelength at fixed trap

depths. For each calculation we include only the hyperfine sublevels

in the Dy and D, lines in the calculation of Im(«), but we take all

states into account in our calculation of Re(«). In particular, we look

at scattering from F' = 4,mr = O 1 a, Cs at U = 1 mK trap depth,

b, in Cs at U = 0.06 mK trap depth (the depth that we use during

microwave operation 1n chapter [3)), and ¢, from F = 2, mr = 0 1n

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

Rayleigh scattering rates along with Raman scattering in the same

conditions as in plot a, forasense of scale| . . . ... ... .. ...




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 D; and 852 nm D, transitions from

651> — 6P and 651, — 6P3), respectively used for trapping,

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

and 1061 nm) through 7P3, for entanglement, as introduced 1n sec-

tion{4.5] The 685 nm quadrupole transition 651, — 3Ds/, and the

917 nm transition from 6P3,, — 6Ds/, will also be discussed along-

|
|
|
I
cooling, and single-qubit operations as described 1n this section. Ad- |
|
|
|

side approaches for imaging and readout 1n the context of quantum

computation (sectionfd.4). |. . . . ... oo 27

2.6 Experimental Sequence A typical experimental sequence 1s pic-

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

I

I

I

I

I

I

I

I

I

I

I

I

I |
I |
| parameters indicated as on or off or ramped throughout. We typically |
| load the MOT for 90 ms after which we implement 3D PGC cooling. |
I |
I |
I |
I |
I

I

I

I

I

I

I

I

I

I

I

We then implement various techniques to expel atoms unintention-

ally trapped 1n off-axis traps. Then we image for 100 ms, re-cool the

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

another 1mage, mapping atom loss onto the F' = 4, mr = O state that

we push out. This figure 1s adapted from Ext. Data Fig. 1c i [S9]| . 29

2.7 Cs hyperfine structure. We picture the Cs hyperfine structure for

the ground state 657/, and the excited states 6P/, and 6P3/,. The

frequency spacings are labeled from [71]] and we include 1n color the

|
|
|
lasers that are used 1n this work. On the D, 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 D; line (blue), optical pumping 1s

used for state preparation of the qubitsin |F = 4, mr = 0) and Raman

1s used for single-qubit rotation. Primarily 1n this work, however, we

implement single-qubit gates using microwave transitions (green). | . 30




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-

reflected MOT beams (and co-propagating repumping beams) are

direction. The 3.5 mm diameter 2D PGC beams (and co-propagating

repumping beams) are located 1n the x-z plane. The optical pumping

|
|
|
mutually orthogonal, with the anti-Helmholtz field axis being in the Z |
|
|
|

D; beam (and co-propagating D, repumping beam) used for state

preparation 1s propagating along x 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

and also collects scattered photons from atoms when they are cycled

on the imaging transition. These photons are then 1maged onto a

gCMOS camera and photon histograms are mapped to the presence

or absence of an atom via thresholding (see section|2.6.1)). This figure

1s reproduced from [59].| . . . .. ..o o oo 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 IQQ modulate a signal generator. The

signal 1s then doubled and filtered and passed through an isolator.

After being amplified, the signal goes to the horn which 1s pointing

at the atoms. A small amount of signal 1s returned at a bi-directional

I
I
I
I
I
I
I
I
I
I
I
| the SLLM phase patterns which are imaged to the back focal plane,
I
I
I
I
I
I
I
I
I
I
I
I

coupler to be analyzed on an oscilloscope. | . . . . . .. ... ... 38
[2.11 Diffraction efficiency and WGS compensation For the 2D FOV

given by the SLM that 1s used 1n this work as calculated 1n subsec-

tion [2.4.2] we plot a, the diflraction efficiency given by the intensity

cally required weight W; in the WGS algorithm we use with G = 0.6

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

1n order to compensate for the decreased diffraction efficiency with

I
I
I
| to the maximum diffraction efficiency. In b, we plot the theoreti-
I
I
I

distance from the center, as described 1n subsection[2.4.3[ | . . . . . . 48




2.12 Spatial filtering SLM 0™ order We utilize two different approaches

for spatial filtering the SLM O™ order in the focal plane after our

SLM phase pattern 1s focused through a lens. In particular we use

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

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

amplifiers and labeled on the averaged atomic 1mage. 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 fill the gap created

by the spatial filtering of the 0 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 0™ order light travels through the

d = 300 pm hole into a beam dump, and the 1% order is reflected such

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

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

mirrors to filter the SLM’s 0™ order, where the two D-mirrors can be

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

d, An 1image of the optical pathway in which we use a mirror with a

hole to filter the SLM’s 0™ order, mounted to a six-axis stage. | . . . .

2.13

WGS Algorithm. A schematic describing the process of the Weighted

Gerchberg-Saxton (WGS) algorithm, iterated over index n, for the i’”

round of uniformization at tweezer sites {k}. Included in the teal

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

belled "WGS™ describes parameters of amplitude and phase 1n 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

N = 50 iterations and fix the phase ¢/ after N /2 iterations. The red

arrow 1ndicates 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 A;4,¢¢1,i « 1n 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 1n Fig. 2.1/ | . . . . .
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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 0""-order reflection off the SLM,

with the physical distance this corresponds to given our optical setup

shown on the upper axis. In teal 1s 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
G = 1, though the data had been generated with G = 0.6. In yellow

1s shown the weight compensation that would be expected based on

the diffraction efficiency, as shown in 2D 1n Fig [2.11]l The weight

increases with larger angle in order to compensate for the diminishing

diffraction efficiency as a function of tweezer distance to the center.

2.15 WGS scaling for baseline and hybrid WGS The WGS convergence

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

different areas of the SLM FOV both for a a, uniform goal tweezer

weight distribution and b, a goal weight distribution that compensates

for the diffraction efficiency of the SLM such that the amplitude

weight is given as W = 1/sinc( %)sinc(%) . The convergence is

quantified by the error signal as defined 1n equation[2.65] and the area

covered 1s scaled by changing the spacing between the tweezers in

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

the phase is fixed on the 27" iteration for faster convergence [98].

I
I
I
I
I
I
I
I
I
I
I
I
| This additionally informs our decision to create a circularly shaped
I
I
I
I
I
I
|
I
I
I
I
I

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

1s plotted as a function of the WGS iteration number, averaged over

50 runs for each value of ‘FOV filling’. The spacing is maintained

in the generated arrays, and so the percentage of the FOV that 1s

filled determines the number of tweezers being generated. We do

this for both a, 7.2 pm spacing as well as b, 5.0 pm spacing and plot

FOV fillings: {20%, 50%, 80%, 90%, 99%}. The shaded regions

represent the standard deviation of the corresponding data. We begin

with random phases and update the phase as described 1n the previous

section for 1terations O through 26, fixing the phase thereafter. It 1s

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

limits the error signal that 1s reached after 50 WGS 1iterations to a

highervalue. |. . . . ... ... oo

2.17

Hybrid feedback for 7.2um spacing WGS Convergence of baseline

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

sizes a, 98 X 98 and b, 132 x 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 1s

fixed and the feedback switches from the standard approach to the

momentum-based approach described 1in equation [2.66, The hybrid

approach outpertorms the baseline by a factor of ~ 3 for these array

sizes with significantly smaller errorbars. | . . . . . ... .. .. ..

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 final error signal, from the 50'" iteration of the convergence

algorithms, averaged over 50 repetitions. Solid markers represent

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

data taken for arrays with 7.2 pm spacing. Both trends are linear on

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

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

cient that 1s ~ 6 times smaller, thus allowing for the hybrid case to

outperform the baseline for all cases plotted. The R” values for the

fits are 0.97 and 0.98 for the hybrid and baseline respectively. | . . . .
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[ 2.19 Out-of-plane traps Calculation of an out-of-plane intensity profile

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

phase pattern 1s generated by a WGS algorithm. The tweezer axis

(x-axis 1n plots) 1s centered along a selected row 1n the array and the

out-of-plane axis (y-axis 1n plots) 1s perpendicular to the focal plane

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

plane for the tweezers 1s at 0 pm, and we simulate for different spacing

between the tweezers: a, 7.2 pm and b, 5.0 pm. We also show 1n

¢, the case for which 5.0 pm spacing 1s achieved by alternating traps

generated with two different lasers such that they do not interfere

by using for example orthogonal polarization or sufficiently different

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

of alternating spacing between tweezers of 9.6 pm and 4.8 pm as 1s

used 1n section4.2.41 The color scale for each case 1s normalized by

the highest intensity in the simulated shice,| . . . ... ... .. ...

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

SL.Ms. We note that in the depicted configuration, polarization 1s

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 reflecting one polarization of another wavelength.| . .
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2.21  Zernike Polynomials. We include a, An example of one polynomial

(the 12" order polynomial, associated with spherical aberrations)

being swept for loading probability averaged across all sites, after

which 1t will be set to the optimal value. b, We depict optimal

demonstrate array size effects. We recently have pivoted to feedback

based on local Zernike being implemented 1n tandem with iterative

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

I
I
I
I
| Zernike values for different parts of the array, averaged by section to
I
I
I
I

presented 1n a and b are from two separate optimization scenarios at

[ 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

I
| by 7.2 pm and the array 1s about 900 pm 1n diameter. Contrast 1S
I

enhanced for visual clarity| . . . . . ... ... ... ... L.

[ 2.23  TFilling fraction Histogram of number of atoms loaded into tweezers

| in each 1mage, averaged over 16,000 1images. On average, we load

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

[ 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 1s 25.1%

for one tweezer, which 1s the only tweezer not shown 1n the histogram,

but included 1n the quoted average and seen 1n the map. This tweezer,

however, does not exhibit a significant difference 1n 1maging survival

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

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

togram. Across the 12,000 tweezer array using the F =4 — F' =4

depumping [[102], we perform a differential light shift measurement

I
I
I
I
I
| probability, coherence time, or single-qubit gate fidelity. Therefore,
I
I
I
I
I

and observe an average trap depth of k5 x0.18(2) mK with a standard




2.26

Polarizability of 63, In linear trap Polarizability calculations for

the 6P/, F' = 4 state of Cs 1n linearly polarized light. We use the

16512, F = 4) — |6P3/5, F = 4) 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

1n our trap depth measurement.| . . . . . .. .. ... .. ... ...

2.27

a, Schematic of the Raman configuration 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-

1al 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 1s broadened due to inhomogeneities 1n the array.

From the lineshape fit, we extract standard deviations across the array

of 4.7 kHz and 1.9 kHz, respectively. The measurement 1s averaged

over the 11,513 tweezers created with the 1061 nm light as shown 1n

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

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

2.28

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

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

above threshold 1n each of 16,000 images of the 11,998 tweezer array.

The 7 pixel width corresponds to 6.3 pm 1n the tweezer focal plane.

The waist radius of the pst 1s 1.7 pixels with a standard deviation of

0.2 pixels. b, The weight function W (u, v) applied to each pixel of

the 7/ X '/ square-pixel box around each site. Here, u and v refer to

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

function 1s chosen to optimize 1maging fidelity based on the model-

[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 fidelity. 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 1images, with threshold designated with which

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

old) of a single atom. The 1nset 1s the same histogram 1n 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 fidelity overlay with the log-scale histogram, designating the

fidelity as a function of where the threshold 1s positioned relative to

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

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

2.31

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

weight function used 1s the same as the one shown 1n Fig.[2.28| Using

model-free 1maging characterization, we find an 1imaging fidelity of

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

scale histogram where the number of photons for each site 1s rescaled

by the threshold for thissite.| . . . . . ... ... ... ... ... ..

2.32

Imaging Survival Array-averaged survival fraction after many suc-

cessive images. Between each 1mage, we hold the atoms for 10 ms,

without applying any cooling beams. We fit the data with p(N) p’l" ,

where p(N) is the survival fraction after imaging N times. From

the fit, we find a steady-state 1maging survival probability of p; =

0.9998952(1). The light purple fill shows the estimated 68% confi-

[ 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 1terations. Note that the

vertical axis of the histogram figure 1s plotted on a log scale. The mean

of site-resolved 1maging survival probability 1s 99.985%, and the

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

of detecting a defect-free array after an 1deal rearrangement sequence

(estimated as p(1|1)" where n is the number of atoms in the first

1mage), limited by imaging survival and false positives. The threshold

in the first 1image can be displaced to reduce false positives, at the

cost of excluding some atoms. Note that we may 1gnore the 1ssue of

false negatives 1n the first image, since we can always physically eject

residual atoms 1n sites that are determined to be negative.[. . . . . . .
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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

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

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

|
|
|
pumping surface area as possible. The 2D MOT source cell, 1on |
|
|
|

PGC beams, and the dark red beam parallel to the cell axis 1s for state

preparation. . . . . . ... ..o 90

2 m-limi Lifetime Prediction The lifetime of an m 1n

a tweezer 1s plotted as a function of the pressure from background

gases. We consider the cases where the background pressure 1s only

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

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

pressure (purple). We plot alongside these calculations, the measured
value (dashed red) of 13°74(60) seconds, and note that from MolFlow

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

I
I
I
I
| case where both have equal partial pressures contributing to the total
I
I
I
I

our lifetime measurement corresponds to pressure around 7 x 10~12
OIT. |+ o v o e o e e e e e e 91

[ 2.36  Vacuum-limited Lifetime Measurement Array-averaged survival

fraction as a function of hold time 1s plotted. Three experiments

are shown 1n the figure: 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

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

are smaller than the markers. We find a 1/e lifetime of around 2.2

min without cooling. When the pulsed PGC block 1s applied, by

fitting the data with p(¢) « exp(—¢/7), we find a vacuum lifetime of

|
|
|
|
|
markers show data with 2D PGC block continuously applied during |
|
|
|
|
|
|

7 = 22.9(1) min. When the 2D PGC 1is applied continuously, we
obtaimT=177(2)min| . .. ... ... .. ... ... ... ... 93

I
I
I
I
I
| the wait time (continuous PGC), while the blue markers show the
I
I
I
I
I
I
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[ 2.3/ 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 1s built. Our

chamber 1s on a linear motion stage such that it can be retracted

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

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

1G/A magnetic field 1n each direction (see Appendix [B). (¢) A CAD

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

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

holders an rtical br rd. | ..

3.1 Microwave spectroscopy We map out hyperfine transitions using

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

perfine manifold. Since we push out atoms 1n the /' = 4 manifold

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

dips represent frequencies at which population 1s transferred to the

determine a 2.7G magnetic field from the hyperfine state separation.

We note that the broader transitions are driven by linear polarization

mp=0—->mp=0,mp=+1 >o>mp==x1,mp==+2 > mp = +2),

and the alternating more narrow resonances we believe are transitions

I
I
I
I
I
| F = 3 manifold. The center transition1s mr = 0 — mp = 0, and we
I
I
I
I
I

driven with remaining components of circular polarization in the RF

3.2 Differential light shift - trap depth calibration Estimation of 7,

the ratio of the differential polarizability of the hyperfine qubit to

the electronic ground state scalar polarizability. The average qubit

depths, and the slope 1s compared with the trap depth inferred from

I
I
I
| frequency 1s measured by Ramsey interferometry for different trap
I
I

the light shift of the ' = 4 & F’ = 4 D, transition from its free-space

3.3 Relative difference of qubit and clock frequency across the ar-

ray Relative difference of the qubit frequency with the cestum clock

ferometry. The standard deviation is 1.5 X 1072, or 14 Hz in absolute

I
I
| frequency fcock = 9, 192,631,770 Hz, measured by Ramsey inter-
|
I

value. | . . . ..
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[ 3.4 Rabi oscillations a, Array-averaged Rabi oscillations between the |
| hyperfine clock states O and 1. The fitted Rabi frequency 1s 24.611(1) |
| kHz. The observed decay after several hundred microseconds stems |
I |
I |

from the spatially-varying Rab1 frequency across the sites 1n the array.

b, Inhomogeneity of the Rabi1 frequency across the atom array. The

[ reflection off 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 1s 0.5%. | . . . . 99

3.5 T1 coherence time Measurement of the depolarization time 7;.

Atoms are initially prepared in |1). After a given time, the remaining

|
|
population in [1) is measured, with or without a 7 pulse before the |
|
|

cation of the pulse, constitutes the 7 contrast. This extended 77 time

1s largely enabled due to the choice of far-detuned traps. | . . . . . . . 101

3.6 T, coherence time Array-averaged Ramsey oscillations. During free |

evolution, the microwave drive field 1s detuned by 1 kHz, resulting in |

I
I
I
I
I
| measurement. The population difference, conditioned by the appli-
I
I
I
I
I

Ramsey oscillations. The characteristic decay time of these oscilla- |

tions is 7, = 14.0(1) ms from fitting the average signal of all atoms.
The light blue dashed line shows the decay time 7, (51t€) — 25,5 ms
from fitting individual sites first and averaging the decay time after- |
wards. | . . .. oL e 102

3.7 Uniformity of T"é coherence time across the array Map and his-

1s 1.5 ms. The average 7 for sites generated by the fiber amplifier at

togram of T, across the atom array. The average uncertainty per site |
|

1055 nm 1s 23.2(1) ms, while 1t 1s 25.58(3) ms for sites generated by
the fiber amplifier at 1061 nm. | . . . .. .. ... ... ... ..., 103
3.8 T, coherence time. Measurement of the dephasing time 7, after dy-

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

tween 7 pulses are used to offset the reversible dephasing. The phase

of the final 7/2 pulse is chosen to be either O or n, and subtracting

|
|
XY 16 dynamical decoupling cycles with a fixed time 7 = 12.5 ms be- |
|
|
|

the population difference 1n these two cases provides the coherence
contrast. The contrast decay is fitted to obtain 7> = 12.6(1)s.| . . . . 105
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3.9

Uniformity of T, coherence time across the array. Map and his-

togram of 7; across the atom array. The average uncertainty per site

1s 2.8 s. The average 75 for sites generated by the fiber amplifier at

1055 nm 15 19.2(4) s, while 1t 1s 12.32(6) s for sites generated by the

fiber amplifier at 1061 nm. We use averages weighted by the un-

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

results 1n a bias from the value obtained by global fitting. | . . . . .

3.10

T> dependence on trap depth. Measurement of the coherence time

1> at different trap depths, for two different periods between x pulses.

Error bars indicating 68% confidence intervals are shown when larger

than the dot 1tself. Note that this experiment was performed with the

11,513 tweezers generated by the fiber amplifier at 1061 nm only (

Fig. 212)). . . .

. 106

3.11

Randomized benchmarking of single-qubit gates. Randomized

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

ber of Clifford gates, 60 different random gate strings of this length

are applied, after which the overall inverse of the string 1s 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 different strings. The 1nset lists all the colors used to indicate the

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

population to 1/2 is fitted to (1 — d)" and F. = 1 — d/2 represents

the average Clifford gate fidelity.| . . . . . . ... ... .. ... ..

112

3.12

Single-qubit RB dependence on trap depth The population in [1)

after 1,000 random Clifford gates 1s measured for different trap depths,

exhibiting only limited improvement when the trap depth 1s reduced.

This indicates that the single-qubit gate fidelity 1s likely limited by

residual magnetic field noise, which could be readily mitigated by

technical improvements . Error bars indicate estimated 68% confi-

313

Uniformity of single-qubit gate fidelity across the array Map and

histogram of single-qubit gate fidelity obtained by global randomized

benchmarking. The average gate fidelity 15 99.9834(2)%. | . . . . .
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[ 3.14 60 Hz Noise A spin-echo sequence 1s employed to probe the 60 Hz

phase noise 1n our system. The free-evolution time of each arm, 7, 1s

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

the time 74e15y between the line trigger and the spin-echo sequence,

we map the periodic noise at 60 Hz to the populationin [1).[ . . . . .

4.1

Survival during long-distance atom transport Experimentally mea-

sured atom survival for different trap depths and two distances of 510

pm and 200 pm. The signal for each depth 1s fitted 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 1n the coherent transport study 1n the subsequent sections. Note

that these moves could be executed considerably faster by mitigating

cylindrical lensing, as elaborated on in section|4.1.11 |. . . . . . . ..

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 kg X 0.28 mK) spaced by ~10.6 pm. Despite

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

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

4.3

Coherent transport. Coherence of an atom after being transported

diagonally 610 pm (blue) in 1.6 ms or held stationary (gray).|. . . . .

121

4.4

Interleaved randomized benchmarking IRB sequence used to bench-

mark the move fidelity. Random Clifford gates are interleaved be-

tween each of the M (< N) moves, with the total number of gates N

4.5

610 um AOD move survival and coherence. Benchmarking results

for repeated 610 pm diagonal moves. Top: atom survival for varied

times, fitted 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 fits

that include coherence and atom losses. Bottom panel: average

nstantaneous transport fidelity after a given number of moves, fitted

from the IRB return probability. The curve width represents the

68% confidence interval. The instantaneous fidelity of 99.953(2)%
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4.6

270 um AOD move survival and coherence. Results of the ran-

domized benchmarking of transport, for 2770 pm at two different trap

depths, as specified above each subfigure. Similarly to Fig. 4.5 we

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

the IRB return probability for the specific duration— 1 ms and 0.4 ms

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

instantaneous transport fidelity. The curve width 1n the bottom panel

represents the 68% confidence 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 pm, then held for 100 ps.

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

behind 1in SLM traps are removed (this way, atom survival correctly

corresponds to a successful pick-up and drop-off). Then SLLM traps

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

moved back and dropped off into the SL.M traps. For IRB data shown

n 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-oft operation) are considered a ‘one-way transfer’. b, Best hand-

optimized trajectory for trap transfer, using a quadratic depth profile

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

the tweezer separation move 1n sequence, without overlap. ¢, 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. | . . . ... ... ... ... ... .. ..
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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 1s

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

and the AOD trap 1s moved with a constant jerk trajectory by 2.4 pm

during the remaining 52%. A 400 ps trajectory 1s optimized through

machine learning. Middle panel: return probability after IRB for

the machine-learning optimized trajectory. Bottom panel: extracted

instantaneous fidelity of a coherent one-way transfer as a function of

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

4.9

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

resenting the configuration and operations used for coherent transfer

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

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

ings of 4.8 pm and wide column spacings of 9.6 um, between which

AOD tweezers are moved diagonally. Timescales for each operation

composing one-way moves are detailed in the figure.| . . . . . . . .. 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 pm move. Middle panel:

return probability after IRB. Bottom panel: extracted instantaneous

fidelity of a coherent transfer, split and 375 pm move, as a function

of the number of previous such operations.| . . . . .. .. ... ...

4.11

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

processor. A proposed configuration for a zone-based architecture,

shown on the 12,000-s1te 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 pm of any atom 1n the storage zone,
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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 1n 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 1n each row-based rearrangement move (usu-

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

iterations of random 1nitial configurations. This longest distance de-

termines the move’s total duration. ¢, Histogram of the number of

atoms that are moved 1n 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 1s 488 ps,

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

I14

Diagonal-move based rearrangement Schematic of a zone layout

that 1s compatible with diagonal motion with AODs. Each arrow

direction of increasing acoustic frequency. To realize the vertical

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

horizontal (green) set, AOD,» and AODy/ |. . . . . ... ... ...

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

demonstrating how 1t shifts the D, 1maging transitions to protect

relevant qubits. There are other options for hiding transitions from

6P3/, to other D5/, states including to 7D5/,, where the wavelength

f inter DML | . o o e e e e e e e e e
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| 4.16 Single-qubit hiding. Population remaining in the |[1) state after

depumping with incident, resonant D, light with intensity ~ 0.1 X /.,

1n the case where we a, hide several hundred qubits 1n the center of

the array with 917 nm light with ~ 50W/mm? intensity or b, don’t

hide the atoms. We fit an effective 77 time in this scenario of around

942(43)ms, taking into account the offset due to the average final

population in the qubit |1) 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 difference in timescale. | . . . . . .

4.17

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

culation based on quantum detect theory tor ground to Rydberg nP3»

transition wavelengths fromn =35ton=85. . . . . . .. .. ...

150

4.18

Rydberg excitation pathway. We picture the two-photon excitation

pathway for Cs through the /P53, state, consisting of a 455 nm and

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

25Woftpowerat435nm.| . . . . .. . ...

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 65— intermediate state

— nSy,, state, from n = 35 to n = 85. a, Wavelength of upper

transition through 7P/, state and b, wavelength of upper transition

through 7P3p state| . . . . . .. ...

5.1

Relay Lens Requirements. For the case of using a diffractive ele-

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

a, a schematic for a relay configuration 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

¢, 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 1s clipped). |. . . . . .. ... ... ...

162
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Pictured 1s the glass cell design for the experiment that was manufac-

tured by Japan Cell. Our cell 1s made of uncoated quartz, for the sake

of wavelength flexibility. It was designed to maximize NA, enable

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

cell deformation under vacuum. The labels 1n the figure are in units

of millimeters. . . . . . . . . ...

Vacuum-limited Lifetime MolFlow Simulations We depict simula-

tions for the equilibrium partial pressure from three difterent sources.

We use a simplified schematic for estimation purposes that still main-

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

1s our steel chamber that has two attached TiSub pumps and an 1on

pump, the top cell 1s our 2D MOT, and the bottom 1s our glass science

cell where we trap atoms. Contributions to background pressure are

depicted from a, outgassing of H,O from the quartz glass cell, b,

line-of-sight to Cs 2D MOT source cell, ¢, 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. |. . . . . . ... ...,

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 1nside of custom nipples, attached to the 6" steel chamber top

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

procedure 1s implemented for the bottom TSP). The length for the

custom nipples 1s chosen 1n 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 i1ssues, which slightly increases the distance between

the sputtering line-of-sight and the science cell in our experiment.
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A.4 Baking timeline. We include a timeline of the baking procedure

that was implemented 1n the experiment. We note that much of the

process was not planned and several bakes were implemented 1n order |

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

unplanned nature.|. . . . . . ... .. L L 194

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

B.1 Assembled Coil Mount Design Pictured i1s the assembled mount |
[ structure on which the coils were wound. The mount material 1s |

Garolite-10, and the mount configuration can be adjusted relative |

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

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

ment, during an operation to zero the magnetic fields via measure- |

ments made using an Arduino. The glass cell 1s removed from the |

I
I
I
[ B.2 Measuring fields Pictured 1s the location of the coils 1n the experi- |
I
I
I

center of the fields for this measurement, via the translation stage. |. . 197

B r-cool 1l cross-section. The dimensions of the cross-

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

| bore 1s for water cooling, and the dimensions of the copper wire with |

isulation, and the water supply 1s de-ionized. | . . . . . . ... ... 198

C.1 Objective alignment. A schematic of the objective alignment 1n- |

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

and alignment stages. | . . . . .. ... ... ... L. 199

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

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

presumably due to misalignment. The maximum intensity of the

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

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

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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Page

2.1

Atomic Species Ground State Polarizability and Trapping Wave-

lengths. We approximate the expected available laser power for var-

1ous wavelengths, and the atomic polarizability at these wavelengths

for various atomic species. Note that this table has been updated to

reflect the laser power that 1s commercially available at the time of

writing rather than at the time of experimental design. From these,

we calculate a possible number of tweezers that can be created with

ImK trap depth, assuming an objective with 0.65 Numerical Aperture

(NA) and an unclipped Gaussian beam waist beam mnput. We include

the assumption of no loss (1.e. all the power transmits as tweezers),

and then 1nclude also a category for loss, assuming that only 15% of

the light reaches the atomic plane, after loss from an AOM, SLM,

many mirrors and cubes, and an objective. Highlighted 1n gray 1s

the choice of atom and wavelength that we have made for this thesis.

“We note however that the power available at the time of building the

apparatus described 1n this thesis was 120 W rather than 300 W, and

this 1s the power utilized 1n the thesis. The polarizabilities here are
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Time budget for quadrant rearrangement. This conservative es-

timate, detailed 1n the text, 1s based on data presented in our work
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compensating for cylindrical lensing, as detailed 1n section [4.3.4]
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using four sets of 2D AODs (“Parallel sorting” above), sequentially
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well as the tweezer splitting and merging timescales are calculated as

following: (62 rows + 62 columns) X 200 ps = 24.8 ms. The move
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and [190], and data for the ceramics was found from [191]]. | . . . .

Expected Contributions to Vacuum Background [eak rates and

pumping rates that were used for MolFlow Monte Carlo simulations

for various elements that we expect to contribute to the background

vacuum pressure. We consider H>O outgassing from the glass cell, Cs

background due to line-of-sight to the 2D MOT and He permeation

through the glass cell. We note that the H,O outgassing rate that

we expect 1s between values given in the cited literature due to the

amount of time and temperature at which we baked [205]. We note

that 1n the simulation, the sticking rates are applied to all areas that

are coated by the TSPs, while the 1on pump rate 1s applied to only

one side of the chamber

*We choose an outgassing rate of Cs in the source cell, such that the

equilibrium pressure in the cell is 5 x 10~/ mbar, which is central to

the range of 2D MOT pressure quoted by Inflegtion. | . . . . . . . .
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Chapter 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 field of quantum science (I.1)
and then give a motivation for the necessity of scaling quantum systems for useful
applications (I.2). We go on to provide an overview of pertinent work that has
preceeded this one across platforms in quantum computing and simulation (L.3),
before narrowing in on advancements in neutral atoms in optical tweezers (1.4).
Finally, we briefly introduce the experimental approach taken for trapping atoms
(L.5), before outlining the contributions contained in this thesis (I.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 100™ anniversary of quan-
tum mechanics was celebrated, commemorating the Heisenberg paper that turned
the focus of the field towards observable quantities [1]. Rather than attempting
to picture electrons like planets orbiting atoms with defined 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 | 1) = () or spin

down | |) = (9) 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 |¢) ,
this can be written as |¢) = | T) + S| |), where the probability of the spin being

measured in the | T) state is given by the normalized p; = azaT;ﬂ
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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 |[Wysem) =¥ 1 ® | )2 +6| L)1 ®] T
N+elHi1®| T+ 1)1 ®] )2, where, depending on the values of y, d, € and £,
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 N spins, the number of complex coefficients that we must use to
describe the system scales as d"V (d being the number of states, where d = 2 for a
two-level system ), in contrast with the linear scaling O(/N) necessary to describe N

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 identified many applications for which achieving quantum advantage

would provide significant 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. [I.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 fidelity

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 [S]]. 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 effects 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 verifiable quantum advantage [, 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 fidelity [10, 11]. Such tension may

at first glance seem to be prohibitive to realizing useful computation, due to the fact
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that the fidelity of preparing a quantum state drops exponentially with system size,
and so maintaining the same fidelity at higher system size requires vast improve-
ments in operational fidelity. However, encoding qubit information across many
qubits (collectively dubbed a ‘logical qubit’) can allow errors to be identified and
even corrected. This creates the possibility for overcoming limiting fidelities 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 field 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 benefits and drawbacks, as
we introduce here. However for each platform, system sizes and fidelities 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 first two-qubit interactions
with fidelity 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
significantly faster clock times than ion qubits or neutral atom qubits, but they suffer
from deleterious effects 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 fields 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
fidelities 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 significant technical challenges for maintaining fidelities and controllability

when scaling [25].

Single neutral atoms were trapped in optical tweezers (or tightly focused laser
beams) for the first 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 first demonstrated in 2009 [29].
The controllability of the platform became clear with the development of arbitrary
atom rearrangement in 2016 [30-32] and fidelities 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 fidelities 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 benefits of ion clocks that capitalize on single-particle

control, and lattice clocks which benefit 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 [4 1]. 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 different 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 [S1-54]. Steps towards QEC have been
subsequently taken, preparing and executing computation using logical qubits [35,
36]. However, all of these scientific 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 [S8].

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 fidelities [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



Figure 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 fidelities. We additionally demonstrate long-distance
coherent motion of qubits across the array, and preliminary two-qubit gate fidelities.

in Fig. for visual clarity.

Neutral atom experiments for quantum science are performed in vacuum chambers
under ultra-high vacuum (ultra-low pressure) conditions (See Fig. [2.37). The
atom of interest must first be released from a source within the chamber before

it can be trapped for experimental use. In our experiment, we use dispensers to
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output cesium (Cs) atoms into our commercial source cell, where we make a 2D
MOT (Magneto-Optical Trap) before pushing atoms through a pinhole into the
main vacuum chamber (see Appendix A for details of chamber design). Atoms
travel through this chamber to a glass cell, where they are trapped using magnetic
and optical fields into a 3D MOT with about 10 million atoms at temperatures
of around 100uK. For experiments using directly-loaded single atoms in optical
tweezers, laser beams (dubbed optical tweezers) are focused into this cloud of cold
atoms, and the oscillating electric field of these beams induces dipole moments on
surrounding atoms, attracting them to the center— the most intense part of the beam
(see Ch.2.1.3 for more details). Once there, atoms in each tweezer undergo light
assisted collisions, such that pairs of atoms are lost from the trap, parity projecting
on the initial number of atoms in the trap to leave single atoms randomly filling
~ 50% of the optical tweezers. Subsequently, atoms can be located via imaging,
and then science can be done — for instance, atoms can be rearranged, prepared in a
particular state, or subjected to single or two-qubit gate operations. Finally, a second
image can be taken in order to see where atoms remain. A given atomic state can
be mapped to atom-presence or location in order to perform readout for quantum

science experiments.

1.6 Outline

In this dissertation, we begin by discussing in more depth the trapping architec-
ture for neutral atom quantum computing, and the choice of cesium for fulfilling
the requirements for scalability while maintaining high fidelity and controllability
(Chapter [2.1} 2.3). We then discuss large array tweezer generation (Chapter 2.4)
and present the experimental platform scaled to 6,100 atoms and our measured high
imaging fidelity, long imaging survival and long vacuum lifetime: metrics necessary
on the level of controlling single atoms with high fidelity (Chapter [2.5}[2.7). We
turn to implementing qubit operations on 6,100 atoms and present our experimental
results of state-of-the-art coherence times and single-qubit gate fidelities at scale
(Chapter 3). We go on to look more closely at the connectivity present in the
neutral atom platform and present experimental data for the long distance transport
necessary for a large-scale quantum computer, as well as discussion towards other
zone-based operations including entanglement (Chapter 4). We conclude with a
discussion of the considerations necessary for scaling beyond 6,100 qubits toward
several tens or hundreds of thousands of qubits necessary for achieving a utility-scale
machine (Chapter [5)).



Figure 1.3: Overview of the Experimental Sequence. Atoms are first a, loaded
into the vacuum chamber from the 2D MOT source cell and b, trapped in a 3D
MOT using optical and magnetic fields (coils not pictured). ¢,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 cooling) 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.



10
Chapter 2

TRAPPING ATOMS AT SCALE

As we come to the question of scaling up the platform of optical tweezer arrays,
we first focus on the atom-light interactions that allow for atoms to be trapped with
optical tweezers (2.I). We then discuss considerations for scaling this trapping
architecture while simultaneously maintaining coherence (2.2)), followed by our
choice of cesium along with its prominent atomic transitions (2.3). We go on to
discuss tweezer array generation techniques (2.4)), and then finally our results for
trapping a record number of 6100 atoms (2.5), image characterization with state-
of-the-art high fidelity and survival (2.6) and record vacuum lifetimes allowing for
atoms to be held for 23 minutes (2.7). These results in sections represent
important characterization to make the atoms useful for quantum computation or
simulation, though they thus far represent characterization of classical properties
of the atoms and the apparatus. Quantum properties of the qubits are examined in
Chapter 3.

2.1 Optical Tweezers for Atom Trapping

In examining the experimental sequence as pictured in Fig. it becomes quickly
clear that there is a resource of millions of atoms in the Magneto-optical trap (MOT)
that are not being used in typical optical tweezer experiments that trap only tens to
hundreds of atoms. Thus, as we consider scaling up optical tweezer arrays, we must
focus first on increasing the number of optical tweezers that have enough depth to
trap an atom. In order to understand the use of optical tweezers as potential-wells
in which atoms can be trapped, we look first at the basics of light-atom interactions
that can be applied to this context. We begin by treating a two-level system, and then

discuss how this is extended to a multi-level atom including hyperfine structure.

2.1.1 Light-Atom Interactions: The two-level system
The Hamiltonian for a two-level system with energy difference between the states

of w,, can be written as

1
Hy = Z Eq|n){n| = Ehwega-z 2.1)
n

The Hamiltonian describing light-atom interaction in the dipole approximation can
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be written as H = Hy + H;,; with
Hip = =d - E(1) 2.2)

where d = eF is the dipole operator describing the position and charge of the
valence electron of the atom, and we can take E(f) = Eycos(wyt)é as the time-
varying electric field of the light with frequency wy, polarization €, and complex
amplitude Ey. The atom, via the dipole approximation, is assumed to exist within
a time-varying field that is constant in space relative to the size of the atom. The

interested reader is pointed to[60]] for a derivation of this starting point.

By inserting a complete set of states, d = Yonm |n)(n|ci |m)(m| and summing over

an excited and ground state in a two-level system labeled as e and g, one can write
d- E(1) = ~hQcos(w1)(Ig) (el + le)(g]) (2.3)

where we have defined 7Q = Eo(e|a? - €|g) as the Rabi frequency for the two-level
system. We can move into the interaction frame through a unitary transformation
and then can apply the rotating wave approximation (RWA) where quickly oscillating

components are dropped. Then the interaction Hamiltonian can then be written as

-hQ . .
H = —=(e"Ig)(el + e"¥le)(sl), (2.4)
hA | hQ
H=—6; - —0x. (2.5)
The energy eigenvalues of this Hamiltonian are found to be
hQ
E.-= iTR (2.6)

where Qr = VQ2 + A2 is the generalized Rabi frequency. In the case that the laser
is far-detuned from the transition and A >> Q, one can Taylor expand Q to find

that the eigenvalues are

A hQ?
E =t—+ — 2.7
A>>Q ) 4| Al ( )
which can be seen clearly to be a correction second order in perturbation theory to
the two-level system which is not interacting with light. This energy shift is called

the AC Stark shift, and gives rise to the trapping forces that we will use.

If we remind ourselves that that the Rabi frequency is related to the magnitude of
the electric field and therefore the intensity of the light (/ = %ceolEolz), we can see

that the energy potential created by the light incident on an atom is

(e|d - é|g)|?
) =+][———— 2.8
Ul) =+ 2 A (2.8)
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where c is the speed of light, and € is the vacuum permittivity.

To describe the dynamics of a closed level system under unitary evolution, we can
choose to use the ‘density matrix’ p = 2, p;|;){¥;|, which is a sum over the
outer product of the states in the Hilbert space, weighted by their probability. The

expectation value of any operator A can be calculated as (A) = Tr(pA).

One can derive dynamics by writing the Schrodinger equation in the von Neumann
form
dp

ih— = [H.p]. (2.9)

The two-level solutions under the Hamiltonian in equation [2.5] are given by the

so-called Optical Bloch equations.

2.1.2 Light-Atom Interactions: Many-level system

Oftentimes, one transition can be viewed as dominant in an atom relative to an
incident frequency of light, and so the two-level system is a useful conceptual
grounding for the origin of the optical tweezer trapping potential, as discussed in
the previous section. However, to calculate accurate energy potentials experienced
by an atom, one must include all of the states that can play a role in the light-atom

interaction.

In order to include the many states that will be relevant within an atom, we can
return to equation [2.3] and instead of just summing over ground and excited states,

we can sum over all relevant states.

N 1 - . .
d-E(t)=—3 Z (n|d - €lm)Eg(e™L + e L) |n)(m)| (2.10)
n,m

In the far-detuned limit, the AC Stark shift is a small correction to the bare energy
caused from mixing the state with other states. Thus, we can implement second-
order time-dependent perturbation theory on this periodic potential. We write down

the energy shift on state g from multiple states to be the following:

1 . ! !
AE 2 L 7 Ene 2( + ) 2.11
o= g 2l Bl e Y 5 ) @D
E2 > w
0 lo) |28
= —— eld- € 2.12
3 el el 212
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We will now choose to work in the hyperfine basis because for atoms with non-zero
nuclear spin in low-lying energy states— including for cesium, the main character of

this thesis— F and mf are ‘good’ quantum numbers.

What is a ‘good’ quantum number?

A quantum number is ‘good’ for a particular situation, when the eigen-
states of the system being described are also eigenstates (or almost
eigenstates) of the quantum number’s associated operator which is true

when the associated operator commutes with the relevant Hamiltonian.

The total spin of the atom S = > 8i» when coupled to the total orbital
angular momentum of the atom L= D Ik, gives a quantum number
J = S + L which results in values ranging from |S — L| to |S + L|. In an
atom with a nuclear spin I = 0, where spin-orbit coupling dominates, J
would be a ‘good’ quantum number and the energy splitting is described
by the fine structure. However in the case of an atom that has a nuclear
spin of finite magnitude, one must define F=TI+Jasa° good’ quantum
number with values ranging from |/ — J| to |I + J|, and the associated

energy splitting is termed the hyperfine structure.

When atomic transitions are additionally shifted by magnetic fields of
small magnitude compared with the fine or hyperfine splittings, mag-
netic Zeeman sublevels can be additionally labeled by m; or mf respec-

tively, with values ranging from —J to +J or —F to F.

The Wigner-Eckart theorem will allow us to rewrite the matrix element in the
equation above, separating an angular part that depends on the light polarization
and experimental quantization axis (or magnetic field orientation) from a radial part
that depends only on wavefunction overlap. The theorem, applied to the transition

|F,mp) — |F’,m’.) can be stated:

(F'mpldg|Fmp) = (F'||d||F)(F'mp|Fmp; 1q) (2.13)

where d, is the g'" spherical component of d with ¢ € {~1,0, 1}, corresponding
to {0, m, o+ } polarization respectively relative to a Z-directional quantization axis.
We thus take a decomposition of d where dy = d, and d.| = ¢%(dx +idy).

(F'm';|Fmp; 1q) is a Clebsch-Gordan coefficient which takes into account angular
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momentum addition for the orbitals in question, including the impact of polarization.
The selection rule of m’, = mp + ¢ arises from this coefficient. (F’||d||F) is the
hyperfine reduced dipole matrix element (RDME). We can choose to further reduce
(F'||d||F), which is already independent of polarization and magnetic sublevels
because the dipole operator only couples to the electron and not the nuclear spin.

So we can write:

(F'||d||F) = (J'||d||T)(- 1)F”’+“’x/(2F+1)(2J'+1){/ P{ }} (2.14)

where (J’||d||J) is the fine structure RDME that can be calculated from wavefunction
overlap or measured. These values have been calculated and collected in this

database [|61]] that is used for the relevant calculations included in this thesis.

The Wigner 6-j symbol above in brackets represents angular momentum combination
for three angular momenta and can be related to a combination of Clebsch-Gordan

coeflicients as is explained in-depth in section 7.1.4 of reference [62].

In section 7.7 of the same reference, a detailed derivation can be found for the
following total change in energy due to light incident on an atom, assuming that the

external quantization axis is pointing in the Z direction.

3|Eo.|? - |Eo|?) (3mF = F(F + 1)

AE = —aO (B P—qD|E _ @ BlEo:

a | Eo |Eol* (ie* ><€) > FQF-1)
(2.15)

This total energy shift on an atomic state from incident light is dubbed the light
shift. Here, a9, oM and ¢@ are functions of w and F and are components of
the real part of the polarizability tensor Re(a). The polarizability tensor @ can be
defined as d = aE where « relates the amplitude of the dipole moment d to the
amplitude of the field E. a9, oW and «® are called the ‘static’, ‘vector’, and

‘tensor’ polarizabilities respectively and are given as

2 = Z 2‘”F’F|§F/||d||§>|2
7 (W~ wp)

(1)_2( [yF+Fel /6F(2F+1) 11| wr|{F'||d||F)|? 2.17)
F+1 |F F F'| n(wh,-w?)

o = 3 -1y 4OFQF+HQF-1) |1 1 2 opr[(FlIdIF)
'z 3(F+1D)Q2F+3) |F F F| Wwpp-wi)

(2.18)

(2.16)
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Each term scales as we expected with respect to the frequency of the light and of the
atomic transition in equation [2.12] We note that we do not apply the RWA here, as
there are contributions from different states with different detunings relative to the
laser, and for far-enough detuned transitions, the co-rotating and counter-rotating
terms may both impact the contribution. The vector light shift can be seen to scale
linearly with the m ¢ state, and as a result it is sometimes called a ‘fictitious magnetic
field’. It is noteworthy that for linearly polarized light there is no vector light shift
term. Further, for ground states of alkali atoms such as cesium (with ground state
6S1/2) the tensor light shift is also almost exactly zero. This can be seen clearly when
the tensor polarizability is rewritten in the fine structure basis. Thus, to determine
the trap potential for a ground state alkali atom trapped in linearly polarized optical

tweezers, one must only consider the static light shifﬂ
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Figure 2.1: Cs 657/, Polarizability The ground state dynamic polarizability for
cesium hyperfine 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.

"'We note that linearly polarized optical tweezers exhibit regions of circular polarization (off-
center) due to being strongly focused. This can have various experimental impacts. [|63]]
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2.1.3 The Trapping Potential
As was true in the case of a two-level system (equation [2.8)), the light shift above is
proportional to the intensity of the incident light |Eq|? o I. Thus, the total energy

shift or trap depth, can also be written in terms of the polarizability « as

AE =U =
2

Re(a)l (2.19)

C€Q

where the real part of the polarizability describes the component of the dipole
oscillation that is in-phase with the external field. This gives a restoring force,
F = —-VU « —VI, towards the highest intensity of the light when the detuning is

negative.

A Gaussian beam has an intensity profile in space given by

22

e w72 (2.20)

wo 2
I(r,2) = Io(m)
where wq is the waist radius, r is the distance from the beam center radially, z is
the distance from the beam center axially, w(z) is the beam 1/e? waist at position
z, and I is the maximum beam intensity at the focus. The spatial derivative of this
intensity profile thus gives rise to the restorative force that enables atom trapping
with red-detuned optical tweezers. In order to trap and control single atoms rather

than ensembles of atoms, these optical tweezers must be tightly focused [27].

Equation [2.19] makes clear that in order to increase the trap depth of a tweezer—
or in fact, in order to make more tweezers of a given trap depth— we have two
options. We can either increase the intensity that we are using linearly with the
number of tweezers we would like to make, or we can trap using wavelengths that
are closer to strong atomic transitions in order to increase the polarizability which

scales inversely with the detuning.

2.1.4 Focusing light: Diffraction limited tweezers

In practice, high numerical-aperture (NA) objectives are used to focus laser light
in a Gaussian (TEMyp mode) into tightly focused optical tweezers. The NA of a
focusing lens is defined af]

) D

NA = nsin (arctan (—)) 2.21)
2f

ZWhile this is the standard definition of NA, note that objective manufacturers may use different

definitions when quoting specifications. In particular the objective that was used in this work for

generating tweezers used the following definition: NA = nz%.
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where 7 is the index of refraction of the medium, D is the aperture size of the lens,
and f is the effective focal length. This gives the angle between the principal plane

and the maximal ray collected by the lens.

We solve for the field near the focal plane of the lens E(x, y, z), given an input beam
with field Eo(x’, y") in the back Fourier plane of the lens (often located at or inside
of the back aperture of an objective). We start with the diffraction integral in the
Fresnel approximation, derived in section 4.2 of [64]] and propagate the field by a
distance f to find the input field to the lens E (x;, y;)

ikf . , ,
Ey(xr.y) = f/l_f// Eo(x',y)e' 7 (o0 gvay 222

We then multiply our input field by the lens function that gives a quadratic phase
delay ( e_%(xlz” 12)) and then again propagate the field a distance z using Fresnel

diffraction.

ikZ i .
E(x,y,z) = ;Z // Eq(x, yl)e_ﬁ(xlz”lz)e’%((x‘x/)2+(y—yl)2)dxldyl (2.23)

After integrating the outer integral over dx;dy;, we find:

eik (f+2)

E(x,y,z) = Y

//Eo(x’,y')e%(“.gf)(x’zﬂ’z)e_l:_rl‘((xx’“Lyy’)dx'dy'. (2.24)

When z = f, the output field is just proportional to the Fourier transform of the input
field, which is also the far-field Fraunhofer approximation for diffraction (section
4.3 of [64]).

2k f e

E(x,y, f) = el BT // Eo(x',y)e™ 7O a’ gy (2.25)
oi2kf o

Y, T(Eo(x,y)) (2.26)

For an input Gaussian beam, this is just another Gaussian beam with the intensity

profile given in equation [2.20] with a waist radius given by

A/ (2.27)
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where w;, is the waist radius of the input beam.

The intensity of an AC electric field is defined in the following fashion

ceo
2

although often we drop the prefactor and write this as I = |E|?, when the relative

1= —|E|, (2.28)

intensity distribution is the relevant metric.

For our Gaussian beam here, the peak intensity / of the focused beam is given as

2P

2
0

Iy = (2.29)

mw

where P is the total power of the integrated beam, as derived clearly in chapter 3.1
of [65] along with other useful properties of Gaussian beams. This peak intensity
then gives the depth of the optical trap Uy = U(1lp) when inserted into equation
which takes into account also the strength of the transition and detuning of the laser

from the transition.

Not only does a small waist increase the peak intensity and therefore trap depth,
minimizing the trap waist also impacts the trap frequencies that are determined in the
harmonic trap approximation. Trap frequencies often determine the timescale for
which operations can be performed without heating the atoms. This approximation
is valid when the atom is cold compared to the trap depth. The radial (w,) and axial

(wy) trap frequencies are given as:

(2.30)

3
=
o

Wa = 4 |— (2.31)
mzy

where the trap depth is Uy, and m is the atomic mass. zr is the Rayleigh range of
2
the beam, defined as zg = %, and denotes the z-distance along the axial length of

the Gaussian beam, where the waist radius reaches w(zg) = V2wy.

For an input beam whose diameter is large in comparison to the size of the input
aperture for the lens or objective being used for generating tweezers, however, we
must consider the impact of the input beam being clipped by this aperture. To do

so, we can multiply the input field by an aperture function A in equation[2.26|
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o2k S _x'2+2y'2 L
E(x,y,f): i/lf ﬂAe Win e_T(XX +y)’)dx/dy/ (232)

where A has value unity when x'% + y”> < (%)2 and zero otherwise.

If the beam is so large that it can be approximated as uniformly filling the aperture,
the result in the focal plane is the so-called ‘Airy disk’ intensity distribution, which
appears Gaussian towards the center, with wg = 1.22%, but has rings surrounding

the center peak.

1F = \\ith aperture
Ideal Gaussian

08

Intensity (normalized)

O : . . '
) -1 0 1 2

r(um)

Figure 2.2: Gaussian Approximation vs Diameter-matched Clipped beam Pic-
tured is the comparison of the intensity profile 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 addi-
tional diffraction. In orange is a beam with the same parameters that is not clipped
with an aperture, and thus satisfies the Gaussian approximation. The intensities
are normalized by the peak Gaussian beam intensity. For both cases, we choose a
wavelength of 4 = 1060 nm and an objective NA of 0.65 in accordance with our
physical experimental parameters. For these parameters, the ideal Gaussian beam
waist is 527 nm and the clipped waist (as determined by the waist at 1/e? the peak
intensity) is 759 nm.

In practice, we will work with beams that fill the back aperture of an objective such

that zv;#m ~ 1, which maximizes the trap frequencies and closely approaches the
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maximum trap depth for a beam input through the aperture, as can be seen in [33]].

Thus, this is as close as we can get to reaching diffraction-limited performance.

However, even for this optimal case, it is notable, that though the power loss from
the 1/ tail being clipped on the objective is only about 14%, the diffraction pattern
increases the beam waist, and lowers the trap depth to only about 40% of what one
would expect in the Gaussian approximation as can be seen in Fig.[2.2] Making the
beam much smaller causes the beam waist at the focal plane to grow significantly,

and decreases both the trap depth and trap frequencies.

2.2 Scattering rates

While at first glance, it may appear beneficial for power efficiency to trap as close
as possible to atomic resonances when scaling up trap numbers, an additional
consideration arises. In bringing the trapping laser closer to resonance with a
transition, one also increases the scattering that the atom experiences, as induced by
the trapping light. Such increased scattering can heat the atom, or cause decoherence
if the atom has been prepared in a particular qubit state. We will explore this

consideration further in the following section.

2.2.1 Raman and Rayleigh Scattering

We now pivot to take a look at the imaginary part of the polarizability which
describes the out-of-phase component of the dipole oscillation with respect to the
field. One can obtain this part of the polarizability by no longer assuming that
the states we are summing over have infinite lifetimes, but rather incorporating the
decay rate by taking E, — E, — iy, /2 in equation for instance, where vy, is

the transition’s natural linewidth [[66]:

1 3 7 2
Ve = S rehcd Eg W l(eld|g)l (2.33)

This out-of-phase component in the polarizability gives rise to absorption by the
atom from the field, which is subsequently re-emitted. This may result in a two-
photon process that returns the atom to its original state, which is called Rayleigh
scattering or it may result in the atom being transferred into another state. If the atom
has been prepared in a particular qubit ground state, this other state may be either
the other qubit state, or another magnetic sublevel outside of the qubit subspace.

This process is called Raman scattering [60)].



21

The total scattering rate (I'y.) for an atom in an optical trap in state |7), including both
Raman and Rayleigh scattering, is related to the imaginary part of the polarizability

in the following way [67]:
. 1
Iy, = —Im(a;)I (2.34)
hiegc

where the polarizability depends on the frequency of the dipole trap.

In the rotating wave approximation and far from saturation, the Kramers-Heisenberg
equation can describe the scattering rate of the process where the atom begins in
state |i) and returns to state |f), after a two-photon scattering process through an
intermediate state with hyperfine magnetic sublevel e = {F,mp} in k, where k
represents an excited manifold with good quantum number J and A = wy — w,;, is
the difference between the laser frequency and the transition frequency between the

initial state and the excited intermediate state [68, 69]].

e _ 1 (@L-wp) 5 (fld - Ele)eld - )iy

= 2.35
¢ 2cegph?  3rmephic3 A (2.35)

qe{-1,0,1} k eck
Here, to find the total scattering rate, we sum over the possible polarizations of
the scattered light which has frequency (w7 — wy;) where wy; is the frequency

difference between the final and initial states, and we sum over all the states in the

excited manifold and all excited manifolds.

To then find the total scattering out of the state |i), we sum over all possible final

states | /) to find that the imaginary polarizability is

(w1 - wp; (fId - Eleeld - éliy
Im(az) _ZhZ Cgireo;ujs 2 ‘ZZ . eAe = @30

ge{-1,0,1} k eck

If we sum only over the cases where f = i, we find the Rayleigh scattering rate
and if we sum over f # i, we find the Raman scattering rate. It becomes apparent
in implementing the sums that in the case of Raman scattering, there is some

interference that amounts to scattering that scales as ~ whereas in the case of

2"

Rayleigh scattering, the scaling remains as ~ This scaling is clearly favorable

Az
for trapping, since we found earlier in equation [2.§] that the depth of the trapping

potential scales as ~ %,

does the trapping potential. However, we would still like to greatly minimize any

so the scattering falls off more quickly with detuning than

coherence loss through our choice of trapping wavelength, and quantify the effect of
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6512

1) -

Figure 2.3: Schematic depicting scattering on Cs D; line. The approach to
calculating scattering rates is described in equation [2.35] and we depict here the
process of a laser with frequency w; and polarization €; scattering off of excited
state |e) € k. In this example we choose to depict scattering fromthe F = 4, mp = 0
hyperfine ground state of Cs through 6P;/,. To find the total scattering rate of the
particular state, one needs to sum over all possible excited states |e) € k for all
excited states k, and all possible final states | f).

trap-induced scattering. To do so, we can fix the trap depth and study the scattering
and coherence as a function of wavelength. We rewrite the scattering rate from state
|i) in equation[2.34] using equation[2.19] to be only a function of the laser frequency
w, with constant trap depth U

2Im(a;(wr))
" iRe(ai(wr))

and in Fig. [2.4] we plot scattering rates as a function of wavelength for Cs and Rb,

I (wr) = (2.37)

summing over possible scattering off of all states in the D; and D, manifolds (see
Fig. 27)).

Typical experiments that use alkali atoms as qubits, encode the qubit states in the
mr = 0 magnetic sublevels in the hyperfine ground state since these levels are
minimally sensitive to magnetic fields. Thus, we examine the scattering out of

these states in order to understand the impact that scattering will have on our qubit

coherence.

In Fig. [2.4] we plot Raman scattering for Cs (a,b,d) and Rb (c) at fixed trap depths
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a CsRaman Scattering (U=1mK) b CsRaman Scattering (U = 0.06 mK)
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Figure 2.4: Scattering rates from trapping potentials We look more closely at
Raman scattering rates as a function of wavelength at fixed trap depths. For each
calculation we include only the hyperfine sublevels in the D; and D; lines in the
calculation of Im(«a), but we take all states into account in our calculation of Re(«).
In particular, we look at scattering from F = 4,mr = O ina, Cs at U = 1 mK trap
depth, b, in Cs at U = 0.06 mK trap depth (the depth that we use during microwave
operation in chapter E[), and ¢, from F = 2,mp = 0in Rb at U = 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.

outof the F = 4,mr = 0and F = 2, mp = 0 states respectively. We show these
calculations in Cs for both 1mK (Fig. 2.4h) as well as 0.06mK (Fig. 2.4p), given
that in section [3.2) we will measure our 7; time at 0.06mK. We look at ranges of
wavelengths that are commonly used for trapping the respective atomic species. In
Fig.[2.4d, we show clearly the dominance of Rayleigh scattering as a proportion of

the total scattering rate which comes from the difference in scaling with A.
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2.2.2 Impact on Coherence

Given that information can be lost from the qubit subspace via scattering, the von
Neumann equation[2.9|can no longer be used to describe the dynamics. Open-system
dynamics can be incorporated by tracing out the scattered photons, as described by
the ‘Lindblad Master equation’:

p=—%H¢ﬂ+ZXGm@—%Kﬂ%pﬂ- (2.38)

This describes dynamics p = —%[He rf»p] averaged over an ensemble of atoms

evolving under the effective Hamiltonian

Hey=H~i3 Z oifef (2.39)

and subject to jumps C;; = /I;|7)(i| from state i — ;.

In the case of a two-level qubit system then, such jumps Cyg or Cy; represent Raman
scattering and Cy or Cyg represent instances of Rayleigh scattering. To characterize
coherence times, we break up information loss into two categories: population loss
(de-polarizing), and phase loss (de-phasing). The decay of population out of a qubit
state |0) into |1) or into other non-qubit states via Raman scattering can be calculated
by looking at the diagonal term pgp which contains the population of state |0). The
1/e time of this decay is called the 7 time of the qubit. The phase incoherence
between the qubit states on the other hand is contained in pg;, and the 1/e time of

this decay is called the 75 time of the qubit.

Evaluating the diagonal matrix element results in the following:

£00 = Tl sanf00 (2.40)

(0)

Raman as

where the solution pgo(t) = ppo(0)e” Faman’ makes clear that T =1/r
limited by this particular light-atom interaction. Evaluating the off-diagonal matrix

element, we find

1 1
01 = — 241
Pol ( o, T¢ )1001 (2.41)
where now - 1 21T] + 7-, where Ty is dephasing due to the scattering rates from |0)

and |1) belng potentlally different.

Raman scattering then clearly has a direct impact on the 77 time of our qubits

because it represents a direct de-polarization channel and full loss of information.
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We then can also bound the maximum 7> time, 7> < 27T; as seen above. Given
the scaling of Raman scattering being 1/A*, one might simply assume that it will
be negligible. However, since our primary motivation is to scale up the number
of qubits while maintaining high fidelities, we should determine how closely one
can detune to major atomic transitions while still maintaining this assumption. In
figure [2.4] we look at scattering rates from Rubidium and cesium as a function of
detuning for fixed trap depths. If we wish to not be limited to less than 10s [20s]
of T, coherence time (5s [10s] of 7 coherence time) at ImK trap depth, we need to
detune to at least ~ 860 nm [880 nm] for trapping Rb and ~ 1020 nm [1060 nm] for

Cs (Fig.2.4a,c).

Rayleigh scattering, while contributing a significantly higher portion of the total
scattering rate (seen in Fig. [2.4] d)- and certainly contributing to heating via mo-
mentum kicks from absorption and decay— returns the qubit to its original state. In
doing so, and since the photons that are both absorbed and emitted are of frequency
wr whether the qubit is in state |0) or |1), the quantum information is protected

from decoherence [68]].

Given these results, and our goal of maintaining long coherence times and high
fidelities as we scale up the number of atoms, we choose to trap in far-detuned
tweezers at wavelengths where high power is readily accessible, rather than trapping

closer to a transition.

2.3 Cesium Transitions

In this section, we lay out the choice of atomic species that we have made for this
project particularly aimed at scaling up qubit numbers in neutral atom quantum
processors while maintaining fidelities. In particular, we have chosen to work with

cesium (Cs) trapped in far-detuned optical tweezers.

Cs is an alkali atom with one valence electron in the first group of the periodic table,
and has atomic number Z=55. Cs has only one stably occurring isotope: 133Cs,
which will be used in this work. Cs was notably used for the first two-qubit gate
implemented using Rydberg atoms [29].

We describe first considerations of laser power availability for trapping and how this
assists in the decision process. Then we go on to describe the transitions in Cs and

how these are used throughout the remainder of this work.
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2.3.1 Laser power availability

As aresult of the considerations laid out in the previous sections, we now look at the
available laser powers at trapping wavelengths that are far-detuned from the major
internal transitions in atoms that have been trapped before in optical tweezers. In
table[2.1] one can see for different atomic species and trapping wavelengths what the
atomic polarizabilities and available powers are for the given wavelength. Cs, be-
cause of its heavier mass, has transitions that are closest to 1064 nm out of the stable
alkali elements, providing therefore the highest ground state polarizability. At the
time of the experimental design in this work, high power Yb-doped fiber amplifiers
provided ~ 120W of laser power from 1050 — 1080 nm, and by the writing of this
thesis, the technology has been extended down to 1013 nm with 200W available,
and the power at 1064 nm has been increased to 300W. Additionally, in the course
of this work, the expected power at 532 nm has increased to have 80W available
for continuous wave sources. Thus, the table reflects the currently available laser
power at the time of writing. We thus estimate the number of 1mK deep traps we
can make, assuming Gaussian tweezers with diffraction limited beam waists and the
relationship between beam intensity and power as described in section [2.1f Note
that this does not incorporate the loss of depth due to clipping (shown in Fig. [2.2)),
which reduces the depth to ~ 40% of the original.

Given the available laser powers, and the polarizabilities of available atoms at far-
detuned trap wavelengths, we choose Cs for the purpose of scaling up the optical
tweezer platform. Cs and the approximate wavelength that we use in this work
for trapping is highlighted in gray in table [2.1] although the power that we use, as
available at the time of experimental design, is 120 W. The assumption of 85% loss
accounts for 80% AOM diffraction efficiency, ~ 45% SLM diffraction efficiency at
high power, and then 85% transmission from the collective effect of other optics,
and then 60% transmission through the objective. For the final column in the table,
we assume trap depth reduction due solely to power loss of 85% though the effects

caused by aperture clipping will further reduce the depth (shown in Fig. [2.2).

As discussed throughout the previous sections, the atomic level structure and de-
tunings relative to the trapping wavelength along with angular factors determine the
atomic polarizability. These factors, in addition to the natural lifetimes of states
contribute also to scattering rates. Thus, we include in Fig. @] a schematic of some

relevant levels in the level structure of Cs along with their lifetimes. We additionally
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Figure 2.5: Cs level structure. Some lower-lying states in Cs that will be referenced
throughout this thesis are depicted along with representative Rydberg states. Note
that not all lines are included for all states. Notable are the 895 nm D; and 852 nm D»
transitions from 65/, — 6P;/; and 6512 — 6P3/, respectively used for trapping,
cooling, and single-qubit operations as described in this section. Additionally, we
will use the two-photon Rydberg transition (455 nm and 1061 nm) through 7P3/»
for entanglement, as introduced in section 4.5 The 685 nm quadrupole transition
6S1/2 — 5Dsjp, and the 917 nm transition from 6P3,, — 6Ds,, will also be
discussed alongside approaches for imaging and readout in the context of quantum
computation (section [4.4).
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Element Wavelength Laser Polarizability | Possible tweezer | Possible tweezer
(nm) Power (W)* (au) number (no loss) | number (85% loss)

K 1064 300 599 94,834 14,225
Rb 1064 300 688 108,924 16,338
Cs 1064 300" 1168 184,918 27,738
Yb 532 80 258 43,569 6,535
Sr 813 25 286 6,462 969

K 850 30 1551 38,476 5,771
Rb 860 30 1879 45,535 6,830

Table 2.1: Atomic Species Ground State Polarizability and Trapping Wave-
lengths. We approximate the expected available laser power for various wavelengths,
and the atomic polarizability at these wavelengths for various atomic species. Note
that this table has been updated to reflect the laser power that is commercially avail-
able at the time of writing rather than at the time of experimental design. From
these, we calculate a possible number of tweezers that can be created with ImK trap
depth, assuming an objective with 0.65 Numerical Aperture (NA) and an unclipped
Gaussian beam waist beam input. We include the assumption of no loss (i.e. all the
power transmits as tweezers), and then include also a category for loss, assuming
that only 15% of the light reaches the atomic plane, after loss from an AOM, SLM,
many mirrors and cubes, and an objective. Highlighted in gray is the choice of atom
and wavelength that we have made for this thesis. *We note however that the power
available at the time of building the apparatus described in this thesis was 120 W
rather than 300 W, and this is the power utilized in the thesis. The polarizabilities
here are taken from [61]] and [[70]].

picture transition wavelengths, rates, and branching ratios which may be referenced

throughout.

2.3.2 Cesium transitions for tweezer loading

Within the level structure of Cs, there are several prominent transitions that have
been used consistently over the years for atomic cooling and manipulation. The
two strongest transitions are the ‘D;” and ‘D’ lines, from 625 /2 = 6%P, /2 and
625, /2= 6%P; /2 respectively. In this work, the D, line is used for the initial cooling
stages of the MOT, and also for the subsequent molasses and polarization-gradient
cooling (PGC) stages that cool and parity project atoms into tweezers. The Dy line is
used in optical pumping for qubit state preparation as well as for Raman transitions
between the qubit states. For single-qubit gate control, however, we primarily
directly utilize the 9.1926 GHz microwave transition. We picture the transitions that
we use prominently in this work in Fig. along with the Cs hyperfine structure

parameters, as taken from [71].

We include a depiction of a typical experimental sequence in Fig. and walk
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Figure 2.6: Experimental Sequence A typical experimental sequence is pictured,
with increasing time from left to right, and relevant laser parameters indicated as
on or off 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 unintentionally trapped in off-axis traps. Then we image for 100 ms, re-cool
the atoms using 2D PGC, and do our science operations. We finally take another
image, mapping atom loss onto the F = 4, mp = 0O state that we push out. This
figure is adapted from Ext. Data Fig. 1c in [59]]

through in the following, the various stages of that process, highlighting also the

relevant transitions in Fig. [2.7and the lasers used to address them.

D, lasers

To address the 852 nm D, transition (from 65, — 6P3/,), we use two phase-
locked Distributed Bragg Reflector (DBR) lasers. We lock the repump directly
to absorption spectroscopy from a Cs source cell on the F = 3 — F’ = 3 to
F =3 — F’ = 4 crossover of the D, line and then use AOMs to tune to the resonant
F =3 — F’ = 4 frequency for repumping. We offset lock the other laser on the
F =4 — F’ = 5 transition using a heterodyne beat detector referenced to a DDS
(Direct Digital Synthesis) signal generator input that is referenced to a Rb clock. By
switching the DDS, we can change the frequency detuning between the two lasers

in~ 1 ps.

D, lasers

We have two lasers that we use to address the 895 nm D transition (from 65/, —
6P3/5). One is also a DBR laser which is offset locked (via a double-pass AOM)
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Figure 2.7: Cs hyperfine structure. We picture the Cs hyperfine structure for the
ground state 65/, and the excited states 6P/, and 6P3/,. The frequency spacings
are labeled from and we include in color the lasers that are used in this work.
On the D; line (red), MOT&PGC beams are used for cooling and imaging the atoms
respectively, alongside the repump. The pushout is used for readout mapped to loss
from the F' = 4 ground state. On the D line (blue), optical pumping is used for state
preparation of the qubits in |F = 4, mp = 0) and Raman is used for single-qubit
rotation. Primarily in this work, however, we implement single-qubit gates using
microwave transitions (green).
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to the F = 4 — F’ = 4 resonance via frequency modulation spectroscopy of a Cs
vapor cel]ﬂ The laser is then brought back to resonance with another double-pass
AOM for optical pumping state preparation. We additionally have another DBR
laser which can be phase locked to the former using a similar configuration as on
the D5 line. Future schemes for utilizing these lasers for lambda grey molasses and

enhanced loading are detailed in chapter 5.

We additionally have a Matisse TiSaph laser which is tuned to 895 nm and being used
for generating Raman transitions on the D line for single-qubit rotations, utilizing

an amplitude-modulation approach for driving a two-photon transition with one
beam [[72].

Objective

Optical pumping

MOT

Science glass cell

Figure 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-reflected MOT
beams (and co-propagating repumping beams) are mutually orthogonal, with the
anti-Helmholtz field axis being in the Z direction. The 3.5 mm diameter 2D PGC
beams (and co-propagating repumping beams) are located in the x-z plane. The
optical pumping D beam (and co-propagating D, repumping beam) used for state
preparation is propagating along £ and is linearly polarized.

MOT loading

Our atoms begin in a cesium source cell from Infleqtion which generates a 2D MOT
with input light that has the same detuning as our 3D MOT, and are pushed through

the vacuum chamber to the science cell with a push beam. Subsequently, atoms

30ne cannot lock to a crossover on the Dy line because the Doppler broadening isn’t large enough
to cover the D hyperfine structure splitting.
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are trapped in a 3D MOT using three mutually-orthogonal, retro-reflected beams
pictured in Fig. [2.8] The beams are each 2.5cm in diameter, and are detuned from
the F = 4 — F’ = 5 transition on the D; line by A = —3.17y, where vy is the
linewidth of the 6P3 state (yep,,, = 2 X 5.2227(66) MHz). Resonant re-pumping
beams (F = 3 — F’ = 4) of the same size are overlapped with the MOT beam:s.
The total intensity of the MOT beams is ~ 10/,,; and the intensity of the repumping
beams is ~ 1.6/;,;, where I;,; = 1.1mW/ cm? and is the saturation intensity of the
stretched transition. We generate a magnetic field gradient for the MOT of around
20 G/cm using coils in an anti-Helmholtz configuration (see Appendix |B| for coil
design), and typically load for 95ms. The external magnetic field from the earth
or other lab equipment is also zeroed with offset fields created by coils in all three

directions. The resulting MOT is roughly 1.6-mm 1/e? diameter.

What is saturation intensity?

In addressing a state with finite lifetime, the Heisenberg uncertainty

principle reminds us that

AEAt ~ h. (2.42)
The lifetime of the state T = Ar comes also with an energy spread
AE = hAv, giving an inherent frequency linewidth Ay = 271r—T or angular

decay rate y = % which is the spontaneous emission rate given in
equation[2.33]

The saturation intensity I, is reached when stimulated emission from
the excitation laser is balanced with spontaneous emission. This is

given:
hcy

(2.43)

sat

- 2/lO'eff’

: 3%
where hc/A is the energy of a scattered photon, and o sy = fzﬁ is the
scattering cross-section. If the atomic dipole is aligned with the field
polarization, & = 1; otherwise the effective cross-section is weighted by

the angular component of the dipole matrix element.

3D PGC

We then switch off the anti-Helmhotlz field gradient which takes ~ 8ms and simul-
taneously decrease the MOT beam intensity to 7/,,, and further detune to —19.5y to
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implement sub-Doppler cooling via polarization-gradient cooling (PGC). We apply
this 3D PGC for about ~ 40ms, during which time atoms are loaded into our optical
tweezers which are of typical depth ~ 0.18mK, parity projected into 0 or 1 atoms in
each tweezer, and further cooled. Our detuning and power and offset fields during
this stage are optimized on the atomic loading. After the tweezers have been loaded
and cooled, we drop the 3D MOT/PGC beams.

Off-plane spurious atom removal

After dropping the MOT, the hope would be that we are just left with individual atoms
trapped in the Gaussian tweezers that we are loading on the focal plane. However,
given the way in which we generate our optical tweezers (see section 2.4.3), there
are additional spots with low potential energy off the focal plane that can also trap
atoms, due to the light for different tweezers interfering constructively depending
on their phases which we do not control (see Fig.[2.19). These out-of-plane traps
create a strong background that severely deteriorates imaging fidelity. Therefore,
we go to much effort to remove these atoms. Before all of the out-of-plane heating
techniques, we first implement on-plane cooling via 2D PGC as described in the

following subsection.

To rid the array of out-of-plane atoms, we first send a resonant pushout pulse for
2 ps, calibrated such that loading rate is not hindered to below 50%. Secondly,
after re-cooling for 30ms using 2D PGC beams, we ramp down the tweezers quasi-
adiabatically to one-fifth of the power, and wait for around 70ms, before which we

again ramp up quasi-adiabatically.

Finally, we implement what we dub ‘bad PGC’, which is simply applying our 2D
PGC beams with an added offset magnetic field of 0.19G, which applies a heating
configuration rather than a cooling one. We do this for 180ms to obtain the imaging
fidelities that are shown in section [2.6.2] but there is room for optimization of the

field strength and detunings for this step in order to minimize the necessary time.
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Why does a quasi-adiabatic ramp heat out-of-plane atoms?

Central to the reasoning for utilizing a quasi-adiabatic ramp for spurious
atom removal, is the fact that the out-of-plane traps have lower trap
depths than the on-plane traps. As a result, their trap frequencies are

lower, since both radial (w,) and axial (w,) trap frequencies scale as

VU.

The Quantum Adiabatic Theorem tells us that, given a particle in an
eigenstate of an initial Hamiltonian, if the rate of change of the Hamil-
tonian is much smaller than the energy gap between the eigenstate and
any nearby eigenstate, then the atom will remain in the corresponding

instantaneous eigenstate throughout the evolution. This can be written:

n E,—E
(pI%| > | » — Enl (2.44)
h
where for a one-dimensional harmonic oscillator potential, { p| Hipy =
mw(t)o(t){p|x?|n), and x = me(a +a’). The closest non-zero

matrix element is when p = n + 2, and thus, this condition becomes

‘—Vn+ Vn + 2 ‘ 2hw

245
= (2.45)
which simplifies to:
W 8
R ————3 (2.46)
‘wz Vi + 1Vn + 2

Here now, it can clearly be seen that if we barely satisfy adiabaticity for
the w of our traps, then the off-axis traps which are more shallow and
have smaller trap frequencies will not experience an adiabatic trajectory,

thus heating up and having a higher likelihood of loss.

2D PGC

After having applied various heating to our atoms through the spurious atom re-
moval, we re-apply cooling to the atoms in our tweezers. We now use two pairs

of counter-propagating beams with a 3.5 mm 1/e? diameter which are in the atom
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plane as seen in Fig. 2.8] We use the same beams for imaging as well as for the
‘bad PGC’ described in the previous section. For optimal cooling, we utilize the
detuning of A = —19.5y, as was used for 3D PGC.

We are able to achieve high imaging fidelity as well as high imaging survival in this
configuration as detailed in section[2.6.3] While the 2D PGC cooling is only in the
radial direction, we believe the axial direction of the atom is also being cooled as
a result either of the plane of the 2D PGC beams having a slight angle relative to
the plane of the atoms, or because of axial-radial temperature coupling due to the

optical tweezers being imperfect Gaussian beams.

Imaging

To image our atoms, we use the same beams as used for 2D PGC. For our typical
80ms imaging, we lessen the detuning to A = —15.5y, as optimized on imaging
survival. We also implement faster imaging in 20ms, where we detune even closer

to A = —=9.5y in order to scatter more photons.

We collect photons for imaging on a qCMOS camera (Hamamatsu ORCA-Quest
C1555020UP), which we choose for its fast readout time and its high resolution. We
use the same objective to collect imaging light as we use to create the tweezers, which
are combined on a dichroic mirror just above the objective (the alignment procedure
for these objectives can be found in Appendix [C)). This allows thermalization of the
objective to be shared as common-mode, as pictured in the schematic in Fig. 2.9
At our 852 nm imaging wavelength the objective has NA=0.55. After collecting
only the photons within the cone half-angle determined by the NA, and due to the
optical losses in the imaging system on the way to the camera, only around 2.7% of
the photons scattered by the atoms enter the camera. The quantum efficiency of the
camera at 852 nm is 44%. We focus the image onto the camera using an objective
with f = 40 mm, resulting in a total magnification factor of the imaging system of
5.1. In section [2.6] we detail our single atom imaging results for our large atom

array.

We first image prior to any quantum operation in order to locate where our atoms
are present. We image a second time after all operations in order to map atomic
presence/absence to the atomic state. We do this by using the resonant pushout beam
as labeled in Fig. to expel atoms that are in the F' = 4 ground state, leaving only

atoms remaining in F' = 3.
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Figure 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
gCMOS camera and photon histograms are mapped to the presence or absence of
an atom via thresholding (see section [2.6.1). This figure is reproduced from [59].

2.3.3 Cesium transitions for single-qubit operation

In the previous section, we described the transitions in Cs that are useful for preparing
atoms into tweezers and imaging them. Now we proceed to discuss transitions that
are used for quantum operation after atoms are loaded and imaged as pictured in
Fig.[2.6] During single-qubit quantum operation, we set a small static magnetic field
of 2.70G unless otherwise specified, in order to set a quantization axis and split the

hyperfine Zeeman sublevels.

State Preparation

To begin with, the atomic states of our loaded atoms are evenly distributed amongst
the Zeeman hyperfine sublevels of the FF = 4 hyperfine ground state, as verified
by microwave spectroscopy in our experiment. In order to implement quantum
operations for simulation or computation, we must start with our atoms in a known

state within the qubit subspace.

In order to prepare all the atoms into the qubit state F' = 4, mp = 0 or qubit state |1),
we implement optical pumping with linearly polarized 895 nm light from 6S 5, F' =
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4 — 6Py, F = 4 on the Dy line ﬂ This light is focused to 3.3mm X 73 pm (l/e2

waists) at the tweezer array and is incident on the atoms perpendicular to the
quantization axis, along the direction of the cell, as can be seen in Fig. 2.8 and
the polarization direction is aligned with the quantization axis. We simultaneously
repump out of |F = 3) state using the repump on the F = 3 — F = 4’ D, transition.
Both beams are coaligned and linearly polarized using a Glan-Thompson prism. The
transition F = 4,mg = 0 — F’ = 4, m, = 0 is forbidden by selection rules because
this transition would require an atom with no angular momentum to absorb a photon
that has spin 1 without gaining momentum. From the Wigner-Eckhart theorem
in [2.13] this results in the Clebsch-Gordan coefficient evaluating to zero. Since
this transition is forbidden, and all other states are being pumped out of, population
collects in the F = 4, mp = 0 state after several spontaneous emissions. We are able
to prepare atoms in this state with 99.2(1)%fidelity after Sms of optical pumping,
as inferred from the early-time contrast of the Rabi oscillations in Fig. [3.4 After
preparing the atoms in |1), the trap depth is adiabatically lowered to kg X 55 pK for

microwave operation.

We measure a depumping rate of 0.064(5) ps~! from F = 4 to F = 3 at our
operating D; optical pumping beam intensity when the D, repump is shuttered
off. The intensity of the D, repump is then increased until the fidelity saturates.
Factors that limit the state preparation include imperfect linear polarization purity,
spatial variations in the pump laser intensity due to interference fringes arising
from the surface of the science glass cell, and heating incurred during the optical
pumping. Modeling our magnetic field coils, we estimate that the local direction
of the bias magnetic field deviates by < 107 radians for distances of ~1 mm from
the geometric center, and this has a negligible impact on the state preparation of our
large scale array. Other state preparation schemes with higher fidelity have been
demonstrated previously on smaller arrays and could be implemented in our system
in the future [34, 73].

Microwave

In order to drive the ~ 9.2 GHz qubit transition directly between the m r = 0 magnetic
sublevels of the hyperfine ground state, we use a linearly polarized microwave horn.

The setup used to drive microwave transitions is pictured in Fig. [2.10] Similarly

4Tt is notable that using the D, line instead, even with perfect polarization would allow for off-
resonant scattering via the F = 4 — F’ =5 transitions, thus imperfectly preserving the population
inF=4mp=0.
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Figure 2.10: Microwave setup A schematic that represents the microwave genera-
tion 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 filtered and
passed through an isolator. After being amplified, 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.

to other experiments [74, [75]] the RF signal from an arbitrary waveform generator
(AWG, Spectrum Instrumentation M41.6622-x8) 1Q-modulates a microwave signal
generator (Stanford Research Systems SG386) set at a fixed frequency of 4.6 GHz.
The signal is then frequency-doubled, filtered, passed through an isolator before
being amplified to 10 W of microwave power (Qubig QDA). A 10 dBi-gain pyramidal
horn emits the microwave field on the atom array at a distance of about 15 cm from
the cell, directed along the —% — § direction in Fig.[2.8] We are able to reach a Rabi
frequency on the atoms of 24.611(1) kHz using the microwave drive. This is the

approach we use for all single-qubit gate operations in this work.

Raman transitions

Another option for driving the qubit transition is to use a two-photon optical process
rather than a microwave drive. Since one can achieve higher Rabi frequencies
using this method, gates can be implemented more quickly which can potentially be
beneficial for increasing gate fidelities. There are several options for implementing
such two-photon processes including via two phase-locked counter-propagating
lasers with a frequency difference equal to the hyperfine spacing [76]], but the
approach we implement is based on a single beam driving a two-photon transition
in a Doppler-free configuration via amplitude modulation on circularly polarized
light [72]]. This amplitude modulation is engineered by using phase modulation
generated by a Qubig electro-optic modulator (EOM) at 9.2 GHz. A beam that is
phase-modulated at the qubit frequency and 345 GHz detuned from the D line is
reflected twice off a highly dispersive chirped Bragg grating (Optigrate CBG-894-
90), thus increasing the bandwidth. The input and output light to the grating then

interferes, creating amplitude modulation. The RF input to the EOM is controlled
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with the same AWG-generated, IQ-modulated, and doubled signal via a switch that
we have between the microwave and Raman setup. Thus, in this work we have not
implemented Raman and microwave driving simultaneously. We use the Raman

setup to measure our trap frequencies as presented in Fig.[2.27]

How do selection rules differ for electric dipole (E1) and magnetic
dipole (M1) transitions?

Selection rules determining which transitions can be allowed via a po-
larized oscillating field can be broken into two categories: angular

momentum selection rules, and parity selection rules.

The electric dipole (E1) and magnetic dipole (M1) transitions rely on
two different mechanisms for changing the state of the atom. The former
operates based on the electric field interaction with the charge of the
electron, and the latter operates based on the magnetic field interaction

with the spin of the electron and the nucleus.

Both M1 and E1 transitions must satisfy angular momentum conser-
vation with absorption of a spin-1 photon, so the angular momentum

selection rules are shared for both cases: AF = 0,+1, Amg =0, £1

However, the magnetic dipole interaction Hamiltonian is given as Hyy; =
—i - B for the case of an M1 transition in place of the E1 Hamiltonian
given by Hg = —d - E. The dipole operator has odd parity given that
the operator d = eF, thus adding a requirement AL = +1. The magnetic
dipole moment on the other hand has even parity and contains no spatial

operators, thus requiring AL = 0.

The ratio of the magnitude of the electric and magnetic dipole interaction

JEL ~ 1 5137, So the RF power needed to achieve a
M1 @

particular Rabi frequency on an M1 transition is orders of magnitude

energies is

higher than the optical power needed for an E1 transition.

2.3.4 Cesium transitions for quantum circuit operation

Successful quantum circuit operation involves the confluence of many factors. Here,
we discuss the Rydberg transitions that are used in the neutral atom quantum platform
to implement two-qubit gates, as well as transitions that can be used for hiding and

readout in Cs.
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Rydberg transitions

Rydberg states are highly excited electronic states with large principal quantum
number n. When an atom is excited to such a state, the valence electron can be far
from the nucleus, causing the effective atomic radius to go from Angstrom scale to
hundreds of nanometers. This allows for atoms that are held several microns apart

to strongly interact, as explained in further detail in chapter 5.

In order to excite alkali atoms to a Rydberg state there are a few possible pathways,
as illustrated in Fig. [2.5] To reach an nS, state, one must excite through an
intermediate P state via a two-photon transition, typically with a large detuning to
avoid scattering. In Cs typical two-photon transition pathways use 7P;/, or 7P3/,

as an intermediate state.

One can also attempt to directly excite an atom to a Rydberg nP state via a single
photon excitation. Because Cs is heavier than other alkali atoms, the wavelength
range for this excitation is more favorable than in other cases: in the range of
318 — 320 nm.

The dipole matrix element between any particular state and a highly excited Rydberg

=3/2 =3/2 where n*

state scales as (n*) and thus the Rabi frequency scales as (n*)
is the effective principal quantum number. n* = n + §; where ¢; is the quantum
defect, accounting for the finite size of the nuclear core. Thus, for both a single
photon transition from the ground state, as well as for the upper leg of a two-photon
transition, higher power is required to maintain high Rabi frequency and overcome

this scaling.

For this work, we utilize the 651, — 7P3/» — nSj/, excitation pathway with
corresponding two-photon wavelengths of 455 nm and 1060 nm. We use two Ti:Sa
lasers tuned to 910 nm and 1060 nm. We reference these wavelengths to a crossed
cavity, and then we double 910 nm to 455 nm using an Agile Optics doubler. The
crossed cavity allows some noise sources to be shared as common mode between the
two arms, while allowing for different choices of Finesse for the different cavities
which is useful because 910 nm is doubled to 455 nm. At 455 nm, we have about
2W of optical power after the doubling. For the upper Rydberg leg of 1060 nm, we
input the TiSaph light to seed a Fiber Amplifier from Precilasers which can output
130 W. Both Rydberg beams are incident on SLMs for beam shaping and then sent
to the atoms in a counter-propagating configuration, with the 455 nm beam being

o* polarized, and the 1060 nm beam being o~ polarized. The approximate Rabi
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frequency that is reached on the atoms for this two photon transition is 5 MHz, when

using 2 GHz detuning, where the two-photon Rabi frequency is given as

Qu55Q
Qopn = % (2.47)

where €455 and Qg0 are the single photon Rabi frequencies of the two legs of the
two-photon excitation, and A is the detuning from the intermediate state during the
excitation. In order to implement gates, the phase and amplitude of the 455 nm
beam is modulated while the 1060 nm beam is held constant. See chapter 5 for

further details.

Hiding transitions and 685 nm Quadrupole Transition

During quantum circuits, in order to implement mid-circuit measurement, some
qubits must be measured and others must be kept coherent. This requires local or
zone-based imaging beams, but it also requires that the data atoms that are not being
imaged are protected from resonant scattered light that could cause decoherence.
One way to do this is to ‘hide’ some atoms from the light by shining strong light that
is resonant between 6P3, and a D5, state, such that the imaging line experiences a
strong shift out of resonance with the imaging and scattered light [58,77]. A few of
these such transitions in Cs are labeled in Fig. and exist at 685 nm to the 7Ds/,
transition (not pictured), 917 nm to the 6 D5/, and 3491 nm to the 5D5 > transition.

Since such hiding light is used on-resonance in order to achieve the largest possible
shift of the imaging state, the approximation used to calculate the AC Stark shift of
a two-level system in equation [2.8]can no longer be used, which assumes A > Q.
In the opposite limit of A < €, and setting A = 0 the energy eigenvalues of the

interaction Hamiltonian result in the Autler-Townes Splitting, with energies:

hQ
EA:O = i? (248)

Such hiding light could be particularly useful in combination with background-free
imaging techniques that would enable atoms to be readout in-situ. Whereas typically
cross-talk from attempting local imaging would cause decoherence to surrounding
atoms or require large atomic spacings to avoid crosstalk, hiding light combined
with a background-free imaging scheme can protect from this. Such a scheme in
Cs uses the 685 nm narrowline quadrupole (E2) transition 651, — 5Ds;>, whose

subsequent decay pathway is fully through the D, transition (braching ratio of 1)
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in order to perform imaging without shining D, light directly on the atoms to
obtain a cycling transition [[78} [79]. A clear and detailed explanation regarding the
strengths of quadrupole transitions with respect to beam geometry are discussed
in chapter 3 of [80]. To optimally drive the F = 4, mr =4 — F = 6,mp = 6
transition requires that the beam propagation, polarization, and the quantization axis

be mutually orthogonal.

2.4 'Tweezer Array Generation

Scaling up the number of atoms that can be used as qubits requires not only choosing
a favorable atom and trapping wavelength, but also requires utilizing optical engi-
neering techniques and devices that can generate enough traps for single atoms to be
loaded into. There are several approaches that have been demonstrated for engineer-
ing and loading optical tweezer arrays. Some combine optical lattices with tweezer
arrays [56, 57, [81]] and others directly generate optical tweezers using either active
or passive devices that can apply phase or amplitude modulation to the light which
is subsequently Fourier transformed into an engineered spatial distribution through
a high-NA objective, as described in section Some such active devices that
have been used include Digital Micromirror devices (DMDs) [[82, 83]], Spatial light
modulators (SLMs) [30, 32, [84H86[] and Acousto-optical deflectors (AODs) [31,87],
and passive devices include Micromirror arrays (MMAS) [55], Metasurfaces [88),
89], and other diffractive optical elements (DOEs).

In this work, we use SLMs to generate ~ 12, 000 static optical tweezers, and we use
AOD:s to generate optical traps that can move on the timescale of quantum circuits
for the sake of deterministic rearrangement as well as connectivity across the array.
We utilize fiber amplifiers providing up to 130W at 1055 nm and 1060 nm to
create the traps, combining light using polarizing beam splitting cubes, as pictured
in Fig. In Chapter 5, we discuss scaling further past 12,000 tweezers using
combinations of the presented techniques in this thesis along with other active and

passive components for tweezer array generation.

The tweezers generated by our SLMs are relayed with 4f telescopes to an objective
that focuses them down to the diffraction limit. In this section we present consider-
ations regarding scaling up numbers of optical tweezers related to SLM diffraction
and phase retrieval. We also discuss aberration considerations for optical pathways

involving large tweezer arrays.
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24.1 High NA objective

In order to create a large array of optical tweezers for trapping atoms, we must first
have access to a large area within a high-NA objective field of view at wavelengths
that can be utilized for trapping. Such an objective must also be compatible with
the thickness of the glass cell, with long enough working distance to focus into the
vacuum. We additionally need to image atoms across the full field of view as well

in order for the space to be useful for any array operations.

We thus iterated with Special Optics on a design for objectives with a field of view
of 1.5 mm, that have NA = 0.65 at 1030-1080 nm for trapping and at NA = O.SSE]
at 852 nm for imaging. The objectives are compensated for our 6.35 mm thick glass
cell, and have a working distance of 12.5 mm vacuum + 6.35 mm glass + 1 mm
air. The effective focal length of our objective is 7.97 mm, the back aperture size is
10.4 mm, and the housing diameter is 60mm. Details regarding objective alignment

can be found in Appendix [C| The housing for the objectives is made with Ultem.

We note that mounting the objectives is a particularly important experimental con-
sideration, as very slight misalignment of the objective relative to the glass cell can
cause significant aberration and decreased tweezer trap depth. In this aspect, we do
not recommend our solution, though it has been satisfactory for our purposes. In our
experiment we have a custom aluminum mount into which we screw the objective
which is threaded. This is then mounted on a Newport 9081 5-axis stage (picomotor
stages are rated for lower torque), with additional springs that have been added to
compensate for the torque of the objective weight. For future experiments, we would
recommend designing around a stage that is both motorized and can support the

necessary torque required due to the size of the objective.

Having objectives that give us access to a large FOV is essential, but we also have to
diffract light into tweezers across that area in order to utilize the space for trapping.
We discuss techniques for accomplishing that large scale, controllable diffraction in

the following section.

2.4.2 SLM Diffraction
For the work presented here, we use LCOS (Liquid Crystal on Silicon) SLMs for
phase modulation in the Fourier plane of our atoms in order to generate tweezers.

These devices use voltage-controlled crystals on each pixel whose index of refraction

Note that this definition of NA is based on the tangent of the opening angle, being defined
by Special Optics as NA = % where D is the aperture and f is the effective focal length of the
objective.
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can be changed with voltage in order to impart a variable phase-delay on the light
that is reflected from that pixel. The phases applied to the SLM pixels are optimized
in this work using the Weighted-Gershberg Saxton (WGS) algorithm in order to

optimize for a target spatial distribution in the focal plane.

Several metrics are relevant for determining the usefulness of an SLM for generating

a large tweezer array for a given trapping wavelength.

Reflectivity (or 0"-order diffraction efficiency) and light-induced damage threshold
(LIDT) which may, depending on the wavelength, increase with water cooling
capacity, are important especially for high power usage. These can be often related
to the materials that are used for making the SLM, or whether coatings are used for

individual pixels to increase reflectivity.

Modulation depth, or the range of phases that can be applied at each pixel can also
decrease with thermalization, so having over 27 depth is useful, and is dependent on
manufacturing. Increasing modulation depth can give access to various techniques

for increasing diffraction efficiency or reducing pixel crosstalk [90, 91]]

For scaling, pixel numbers are particularly important as we will discuss moving
forward, and are closely related to the number of tweezers that we can make and to
the 1% order diffraction efficiency as a function of deflection angle that an SLM can

achieve.

Pixel Numbers and Resolvable Spots

In order to discuss the impact of pixel number on the number of tweezers that can be
made using an SLM, we make a few assumptions. We assume that the spherically
Gaussian beam incident on the SLM is mapped such that the waist of the beam is
half the length of the shortest dimension of the SLM. We then additionally assume
that the optical system thereafter maps this Fourier plane directly to a high-NA
objective, such that the waist of the beam maps the radius of the aperture of the

objective.

The field of view (FOV,,,) of the SLM is determined by the largest input angle 6,,4x
that is deflected by the SLM (as mapped to the back-aperture of the objective). This
is given by the diffraction grating equation, derived from Huygen’s principle which
tells us that

mA
ing = — 2.49
sin A ( )
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where A is the grating spacing. In order to find the maximum angle 6,,,, for the
first diffraction order (m = 1), we must have the smallest possible grating— which,
with an SLM is given by alternating pixels being bright or dark. Thus for this case,
A = 2Ma, where a is the distance between the centers of adjacent pixels and M is

the magnification between the SLM and the back aperture of the objective.

To find the FOV then, we use the small angle approximation to set yqx = Xmax =
ftan 8, = fsin @y, thus finding:

fA _ FOV,

Xmax = m = ) (250)

If we assume that the created tweezer is a Gaussian-diffracted beam, then the
diffraction-limited beam radius, as introduced in equation Mis given by wq = %,
where D is the objective back aperture diameter, which in this scenariois D = NMa,
where N is the number of pixels on the short axis of the SLM which has been mapped

to the back aperture.

We then find that the linear number of resolvable spots s that the SLM can access

in the image plane is given by

FOV, =«
= = —/V. 2 1
Sx 2wo 4N 2.51)

For our SLM parameters, this results in 7 x 1200 = 942 resolvable spots.

However, due to the beam clipping on the back aperture of the objective at its waist
radius, the beam size is larger at the image plane, and thus the number of resolvable

spots is fewer, as shown in Fig.[2.2]

For the particular case of our 1060 nm trapping light being clipped at its waist
radius, we find a theoretical trap waist of wg = 759 nm by integrating over the field
multiplied by an aperture function as described in equation [2.32] The theoretical
linear FOV for the SLM in our experiment with a = 8um pixel pitch, magnified
by M = 10.2/9.6 and an objective with effective focal length f = 7.97 mm,
is FOV, = 0.994 mm, thus resulting in 655 resolvable spots, as opposed to the

prediction from the Gaussian limit.

Theoretical Diffraction efficiency

While we then have access to this full FOV using our SLM, we must also take into

account the power usage required to cover this area, since the diffraction efficiency
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of a particular tweezer in the first order is dependent on its deflection distance from
the O™ order.

In order to find the diffraction efficiency as a function of tweezer position, we again
work in the Fraunhofer Approximation as described in equation [2.26] where at the
focal plane, (z = f), the field in the image plane is proportional to the Fourier

transform of the input light field:

oi2kf
E(x,y,z=f) = —7—‘(E0(x y )) (2.52)

Af
We strongly reference [64] for the mechanics of the following derivation and the
Fourier transforms of the relevant functions. In the case of the SLM, the input light
field can be given by a sum over the field given by individual pixels. For a given
pixel {m,n} with SLM-applied phase ¢,,, the field in the plane of the objective
back aperture is then:

_ (ma)?+(na)? ’ ’

Epmn(X',y) = Apne¥mne i Rect(x _ma)Rect(y _”a) (2.53)
P P

where p is the length of the active part of a pixel, determined relative to the distance
a between pixel centers using the fill fraction {, where p = a\/{. A, is an aperture
function that is unity when (ma)? + (na)* < (%)2 and zero otherwise. We make
the approximation that the input Gaussian beam is uniform across individual pixels,

defined by the position of the center of the pixel.

Now, we can sum over the pixels on the short edge of the SLM that has been mapped

to the back aperture diameter, to find the total input field

Eo(x',y) = Z

o=

M~I2

_ (ma)2+(na)2 ,

. x' —ma "—na
Apne' e Win Rect( )Rect( Y ) .
p P

(2.54)

Taking the Fourier transform of this input field, we find the field at the focal plane
to be

i2k f

N N
7 2 ,
E(x,y) = 6/1—fp smc( x)smc( ) Z Z anei"ﬁm’”e_zﬂ_f(m“ny) (2.55)
N
7

|2

n=—

where we have incorporated the amplitude of the beam and the aperture function

into:



47

_(ma)2+(m1)2
2

Bm,n = Am,ne Vin (2.56)

and where we apply the following Fourier transform found in section 4.1.1 of [64] :

/ 4

T{Rect(%)Rect()];)} p smc(xl;)smc(y?) (2.57)

. _i2ra .
SINTX  The factor of e~ &7 "™*™) arises as a result of

Here we take sinc(x) =
the shift theorem (derived in appendix A2 of [64]]). The theorem states that if
Fl{g(x',y")} = G(fx fy) for spatial frequencies f, and f,, then a shift in the input

plane results in a linear phase shift in the Fourier plane:

Flg(x' - &y -} = G(fu fy)e"'z”fxf*fy"). (2.58)

Substituting our optical spatial frequencies f, = and fy= and our physical

Pl f ’
pixel shifts & = ma and n = na, yields the phase term in our sum.

The intensity of this beam is then given as

4

I(X,Y) (ﬂf)zs nCZ( )smc ( )‘ Z Z B, el¢mne l,lfa(mx*'”)’)z (2.59)

m——7 n———

The phase profile of the SLM is sampled discretely, with pixels spaced by a.
Accordingly, the summation in Eq. [2.59]is a discrete Fourier transform, and the
focal-plane field is periodically repeated (these repetitions can be understood as
Nyquist replicas, or Brillouin zones) with spacing Af/a. The Nyquist criterion
therefore limits the first Brillouin zone field of view (what is often called the ‘first
order’) to approximately +Af/(2a) about the 0" diffracted order. The intensity
envelope of the diffraction whose spatial distribution we optimize with the SLM is
proportional to sinc?( - f)51n02( Y, thus decreasing with distance from the 0" order

position of (x,y) = (0,0).

We plot the relative diffraction efficiency across the SLM FOV in the focal plane,
as given by the intensity envelope in Fig. [2.11] a. It becomes clear that though
the accessible FOV of the SLLM is rectangular, in order to maximize the diffraction
efficiency of a tweezer pattern, the most efficient distribution of traps will be circular,
centered on the 0™ order of the SLM in the focal plane.

Not only do we wish to create a large number of tweezers across the FOV, for the

purpose of atomic physics and particularly qubit operation, uniform trap depths are
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Figure 2.11: Diffraction efficiency and WGS compensation For the 2D FOV given
by the SLM that is used in this work as calculated in subsection[2.4.2] we plot a, the
diffraction efficiency given by the intensity envelope across the FOV, as derived in
equation [2.59 and normalized to the maximum diffraction efficiency. In b, we plot
the theoretically required weight W; in the WGS algorithm we use with G = 0.6 in
order to compensate for the decreased diffraction efficiency with distance from the
center, as described in subsection [2.4.3]

required. Choosing cooling parameters that work well for a full array requires that
the trap depths and trapping frequencies be uniform. Additionally, differences in trap
depth contribute to differential light shifts between qubit states (See section [2.5.2]
and Fig.[2.26). While the impact of these light shifts can often be minimized using
dynamical decoupling, there are scenarios in which this impact will remain. Thus,
we aim to solve the problem of creating a large array of uniform tweezers across our
SLM FOV.

SLM 0Ot order filtering

Even if an SLM has very high diffraction efficiency into the 1% order, there will be
some light that is not diffracted into this order. Though some of that light will be in
higher orders, much of the light will be directly reflected into the 0" order, around
which we are centering the tweezer array to maximize the diffraction efficiency. The
amount of light in this order can be around 40% of the reflected light, so when using
fiber amplifiers the total power can be tens of watts. Having this amount of power
focused in the tweezer plane can be dangerous on the SLM optical path and create

a large background even if defocused relative to the 1% order.

A typical approach used is to generate the tweezer array adjacent to the O™ order

and then remove it using a D-mirror on the optical path, but this will not allow us to
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create a large array, since we need to optimize the use of the whole SLM FOV. Thus,
we utilize a technique for spatial filtering in the focal plane after the SLM tweezer
generation. On the 1061 nm path, we glue two D-mirrors to an adjustable stage,
and allow the O™ order light to pass through the slit between them (Fig. [2.12a and
c). We fill in the gap between the tweezers that are reflected off of each half using

tweezers created on a secondary pathway, also generated by an SLM.

On the 1055 nm path, we utilize a custom mirror with a 300 pm diameter hole,
designed with Layertec, in order to allow the 0™ order to pass through, while
reflecting the 1% order. This mirror is pictured in Fig. [2.12b and d. In the
tweezer pathway upgrade that we have implemented since[359] , we have switched
to using this mirror with a hole technique for both pathways since it works well and

maximizes SLM tweezer usage.

2.4.3 Phase retrieval: WGS algorithm

We now arrive at the question of choosing the phases ¢,, , to be applied at each pixel
of the SLM in order to realize a phase pattern that can generate the spatial distribution
of ~ 12,000 optical tweezers for trapping atoms. We require the tweezers not only
to be created, but also to be of equal depth such that differential shifts between
tweezers are minimized. The spatial light modulator only has control over the phase
distribution in the back Fourier plane, and the incident Gaussian beam is fixed. The
intensity distribution in the focal plane is determined by both the input amplitude and
phase, and thus we must utilize a phase retrieval algorithm in order to find phases
that interfere in the necessary way to compensate for the fixed input amplitude.
The fact that the phases in the focal plane are not fixed allows this to be a solvable
problem [92].

There are several such algorithms that have been developed for various purposes [93,
94] . Conjugate gradient descent optimizes on a cost function in order to directly
approach a solution [95] and Gerchberg-Saxton (GS) type algorithms apply iterative
Fourier-transforms in order to optimize the phase [96].

In our experiment for tweezer generation, we utilize a Weighted Gerchberg-Saxton
Algorithm (WGS) [97]] that allows us to optimize the generated phase pattern to
create traps with equal amplitude at specified locations. This algorithm has been used
for creating optical tweezers in the atomic physics community for atom trapping [98-

100] and has been studied and optimized across disciplines [[101].

Recently, we have also pivoted to implementing an algorithm more similar to that
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Figure 2.12: Spatial filtering SLM 0™ order We utilize two different approaches
for spatial filtering the SLM 0™ 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
¢) and a mirror-with-a-hole based approach (b and d). a, Pictured are the tweezers
created by two fiber amplifiers 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 fill the gap created by the spatial filtering of the
0™ 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 O™ order light travels through
the d = 300 um hole into a beam dump, and the 1% order is reflected such that
the SLM light can be relayed to the objective. We utilize a mirror with a § = 15°
opening. ¢, An image of the optical pathway using D-mirrors to filter the SLM’s 0
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 filter the SLM’s 0™ order, mounted to a six-axis stage.

presented in [92]]. This method requires a number of Fourier transforms that scales
linearly with the number of tweezers being created and thus has a significant time

cost. However, for the cases where we are only generating static tweezers, this
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time cost may be worth the flexibility provided by local feedback (in particular
we find local Zernike aberration correction very helpful). For significantly larger
arrays (created with diffractive elements that have more pixels), the scaling of this

technique may eventually become problematic.

We present below the technique that we used for generating the traps in [59].
Techniques described here such as phase fixing, diffraction correction, and the
momentum-based feedback can also be ported over to other iterative feedback meth-

ods, such as those implemented more recently in our experiment for local control.

WGS Algorithm

The WGS algorithm proceeds computationally in the following manner, as illustrated
in Figure 2.13] We assume as inputs a fixed Gaussian beam A at the SLM plane,
and a target amplitude A4, ¢.;,; that we wish to achieve in the focal plane (dependent,
in our implementation on the loading-based uniformization cycle described in the
next section and indexed by i). For the case of a target distribution of M optical
tweezers, Asqrger,i 15 an array of zeros with nonzero values at target coordinates {k }.
This array may also be zero-padded [99] to improve the FFT result, a technique that
we utilize in our implementation. We begin with a phase pattern ¢o whose SLM

pixel phases are randomly sampled from [0, 27].

To obtain the field in the focal plane, we apply an FFT to the field in the SLM plane.
For the first iteration, this input field is given by Age'?® and thereafter, the phase
is updated to ¢, from the ((n — 1)’ hy iteration, while the amplitude is reset to Ayp.
The FFT produces an optical field in the image focal plane of the form A, e'*» with
an amplitude A’, and phase component ¢;,. We can now look at the amplitudes
at target tweezer locations (A’ k). We define the weighted mean amplitude at the

tweezer locations as

(Lnk) = L i A'ni (2.60)
Wik M~ Wik’ '

where W; is the feedback weight associated with tweezer site k during the i'"
experimental uniformization iteration, determined from an external metric such as

atomic loading probability.

A recursive weight g, ¢ is updated to minimize the discrepancy between the realized

and mean amplitudes:

Wik <A'n,k
Enk =

—1k> (2.61)
Ay \ Wik >gn
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where go x 1s a matrix of ones.

Finally, an inverse FFT is applied to bring the distribution back to the SLM plane:
F Y Arargerigne'®n}. This weighted update rather than just taking 7~ { A4, ger.i€'%n }
is what differentiates the WGS from the original GS algorithm [97].

The field amplitude is then replaced by the fixed Gaussian input beam, A, and the
cycle continues for N total iterations. As was demonstrated in [98], the weighting
can have a stronger impact and allow for faster and more effective convergence
if the focal plane phase ¢/, is fixed after some number of iterations. Intuitively,
once a suitable focal-plane interference geometry has been established, continuing
to update the phase in the focal plane can introduce fluctuations that redistribute
tweezer power. For this work, we thus fix ¢/, as constant after around n > N/2
iterations, where N ~ 50, allowing the weighted amplitudes to continue to evolve
to balance tweezer intensities. In figures such as [2.16] this phase fixing marks a
significant drop in the error signal. However, if applied too early, the error signal

will not converge.

Loading-based uniformization

After the WGS algorithm has converged numerically, additional experimental feed-
back can be applied using either measured tweezer intensities or an atomic signal
in order to compensate for imperfections not captured in the theoretical model. For
example, there may be imperfect 4f telescope matching, or the beam may not be
perfectly centered on the SLM with the exactly expected waist. In our experiment,
building on previous work [[100], we feed back directly based on our tweezer load-
ing rate. This only works if the atoms are loading into tweezers to begin with, so
sufficient alignment and tweezer fitting(section [2.6.1)) is required. Additionally, the
initial weights can be chosen to compensate for the diffraction efficiency of the SLM,
ensuring nonzero loading across the array at the start of the feedback procedure. In
order to converge to a sufficiently uniform array, we typically only require about 5

iterations of feedback.

To implement this feedback, we choose a site-dependent weight W; ;. to affect the
feedback in equation [2.61] which incorporates compensation for the loading proba-
bility, as described in equations [2.62] and [2.64]

The weight matrix for the i” iteration at the k’" tweezer site is chosen as:

Wip =1-G(1 - +Hy). (2.62)
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Figure 2.13: WGS Algorithm. A schematic describing the process of the Weighted
Gerchberg-Saxton (WGS) algorithm, iterated over index n, for the i’ round of uni-
formization at tweezer sites {k }. Included in the teal arrow are the input parameters.
The left-hand side of the box labelled “WGS’ describes parameters of amplitude
and phase in the SLM plane, and the right-hand side describes parameters of the
amplitude and phase of the light in the Image Focal plane. We use about N = 50
iterations and fix the phase ¢, after N/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 A;4rger,ix 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 con-
sistent convergence and lower error as seen in Fig. [2.17]

Feedback on atom loading

Atarget, ik Atarget,i +1,k

Wi,k = Wi+1,k

Initializing the WGS weights A;urger,ik = /Hix yields an effective feedback weff

which interpolates between slower amplitude-based feedback and faster intensity-
based feedback, bridged by the weighting factor G.
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Figure 2.14: WGS Weights after Loading-based uniformization The WGS
weights given to tweezers during the tweezer homogenization procedure, as a func-
tion of angular distance from the 0"-order reflection off 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 exper-
imentally 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
G = 1, though the data had been generated with G = 0.6. In yellow is shown the
weight compensation that would be expected based on the diffraction efficiency, as
shown in 2D in Fig[2.T1] The weight increases with larger angle in order to com-
pensate for the diminishing diffraction efficiency as a function of tweezer distance
to the center. This additionally informs our decision to create a circularly shaped
array.

WeL = GHiy + Hix (1 - G). (2.63)

where H; i 1s determined by adjusting the value from the previous iteration using the

loading probability per tweezer Pjy,q, normalized by the average loading probability,

P
4 h(l _ load,k)
<Pload>

H;=Hi 1k : (2.64)

Hj ; can be chosen to match a theoretical diffraction efficiency across the target
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array, in order to compensate for this effect, and commence feedback with a higher
loading signal. This choice well captures the required weight distribution found

with loading-based uniformization when beginning with a uniform initial Ho, as
pictured in Fig. [2.14]

We now take an example, assuming a starting condition of Hp x = 1. We can see that
if a tweezer does not load at all, H; x = (1 + h) is above 1. Then the application of
the normalized weight in equation [2.61| will cause the algorithm to add more weight

to that particular tweezer.

In the above expressions, G and £ are used as gain factors in order to avoid oscillatory
behavior in convergence [100] and are empirically determined (in our case we set
both to 0.6). We have found it helpful in practice to cap the allowed values for H;

to improve convergence stability.

WGS for scaling

We now look at the efficacy of the WGS algorithm as we scale up the system size
of tweezers that are being generated. First, we examine the theoretical convergence
of the algorithm itself, without adding additional experimental ‘uniformization’
feedback based on loading that was described in the previous section. Instead, we
work with fixed goal weights across the array given by W; = 1, which is a uniform
array of ones unless otherwise specified in this section. We particularly study this for
a standard SLM with pixel count 1920x 1200, and where relevant, fix the parameters
of our experiment including a trapping wavelength of 1061 nm and an effective focal
length of our objective to be 7.97 mm. As a metric for convergence, we study the
error signal at each iteration of the WGS algorithm. We define the error signal
E, = 0(C,) on the n'" iteration as the standard deviation of the elements of C,,.
C,..x represents the multiplicative correction required on the n'" iteration at tweezer
site k:

Wik <A’n,k >

Cn k=
Ak \ Wik

(2.65)
We study this quantity first as a function of array size (specified by FOV coverage)
with a fixed tweezer number (Fig. 2.15p and b). Secondly we also examine the
scaling of tweezer number with fixed inter-tweezer spacing, covering incrementally
more of the FOV by adding more tweezers (Fig. and b). For these data, we
average over 50 repetitions of the WGS algorithm implementation without feedback,
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Figure 2.15: WGS scaling for baseline and hybrid WGS The WGS convergence
for an array with a constant number of 150 X 150 tweezers, covering different areas
of the SLM FOV both for a a, uniform goal tweezer weight distribution and b, a goal

weight distribution that compensates for the diffraction efficiency of the SLM such

that the amplitude weight is given as Wy = 1/ sinc(%)sinc(%) . The convergence

is quantified by the error signal as defined in equation[2.63] and the area covered is
scaled by changing the spacing between the tweezers in the 150 x 150 tweezer array.
50 WGS iterations are implemented and the phase is fixed on the 27" iteration for
faster convergence [98]. The shaded regions represent the standard deviation of the
data.

with an amplitude goal of uniform tweezer depth. We also fix the phase, as described
in the previous section, at iteration 27 for each repetition, as is visible from the kink

in the error signal curves around this value.

We see that for a fixed number of tweezers with increasing FOV, the algorithm
converges to the same error signal within error bars for a 150 x 150 array (Fig.[2.15).
We have also checked, not pictured, the same for a 50 x 50 array. We look at this
scaling both for a uniform goal amplitude as well as one that is compensated for
diffraction efficiency such that more amplitude is directed towards edge tweezers.
Both converge to the same error within error bars. This makes clear, as may be
intuitive, that scaling up the size of the array itself with fixed tweezer number does

not impact the performance of the algorithm.

However, when we scale up the total number of tweezers that are being generated,
we see that the error signal increases with increasing tweezer number, which holds
true both for 7.2 pm spacing and 5.0 pm spacing, as seen in Fig. and b.
The degradation of the WGS performance with scaling can thus be attributed to

the increasing tweezer number rather than the increasing area covered in the FOV.
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Figure 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 filling’. The spacing is maintained in the generated arrays, and so
the percentage of the FOV that is filled determines the number of tweezers being
generated. We do this for both a, 7.2 pm spacing as well as b, 5.0 pm spacing and
plot FOV fillings: {20%, 50%, 80%, 90%, 99%}. 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 O through 26,
fixing 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.

Higher tweezer numbers reduce the number of pixels that can be used per tweezer,
thus increasing phase interference that may be detrimental. We plot the error signal
as a function of number of tweezers in Fig. 2.18] including all data pictured in
Fig. [2.16] for the ‘baseline’ case. We also make a comparison with another hybrid

algorithm that we implement based on established momentum techniques for phase
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estimation [94]. This hybrid-momentum WGS algorithm (HM-WGS) allows us to

converge to lower error signal for every array size.

a 50% FOV (98x98) b 90% FOV (132x132)
100 v 100
_ \ Baseline — Baseline
© 107"} AN —= Hybrid r_g 107"} —= Hybrid
o ~— o
B 1072+ ‘~~-\ »n 10721
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Figure 2.17: Hybrid feedback for 7.2um spacing WGS Convergence of baseline
(green, solid) and hybrid (purple, dashed) approaches for two array sizes a, 98 X 98
and b, 132 x 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 fixed 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 significantly
smaller error bars.

Hybrid-momentum WGS

We observe that in the convergence of the WGS algorithm, the error bars on the final
signal can be variable for different array spacings as seen in Fig.[2.16] With inspi-
ration from input-output algorithms [94] which use a ‘momentum’ term dependent
on a previous step in order to prevent stagnation and encourage faster convergence,
we apply this in conjunction with the WGS algorithm. In particular, we replace the

cumulative weight g, x with r, x, such that

Tnk = X8nk + (1 - Ol)gn—l,k- (2.66)

When using this feedback throughout all N WGS iterations, we observe non-
monotonic convergence prior to fixing the phase after the first ~ N/2 iterations.
Thus, we decide to implement the standard WGS algorithm prior to the phase being
fixed, and afterwards we implement the momentum-based WGS. Thus, we dub this

method a ‘hybrid-momentum’ WGS approach for the purposes of this study ﬂ

%We have implemented this updated approach after the work published in [59].
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Figure 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 final error signal, from
the 50" iteration of the convergence algorithms, averaged over 50 repetitions. Solid
markers represent data taken for arrays with 5 pm spacing, and open markers
represent data taken for arrays with 7.2 pm spacing. Both trends are linear on the
log-log plot, and so we fit the power law scaling for both cases. We observe slightly
steeper scaling for the hybrid case, but a coeflicient that is ~ 6 times smaller, thus
allowing for the hybrid case to outperform the baseline for all cases plotted. The R?
values for the fits are 0.97 and 0.98 for the hybrid and baseline respectively.

We compare the hybrid-momentum approach with the baseline for several cases,
including for the 98 x 98 and 132 x 132 arrays with 7.2 pm spacing that are also
shown in Fig.[2.16p. For the data generated here, we use @ = 0.8. We compare the
baseline WGS approach described previously with the hybrid-momentum approach
and observe in both cases a decrease in the error signal on the final iteration by a
factor of 2.5-3 as well as a standard deviation that is around 4 times smaller in the

case of the 132 x 132 array and 7 times smaller in the case of the 98 x 98 array.

We plot together the data that we collect with the hybrid and baseline approaches
as a function of tweezer number in Fig. [2.18 and observe power law scaling of the
error signal with respect to the number of tweezers in both cases. The scaling of the
hybrid approach with tweezer number— N'-!3— is slightly steeper when compared
with the baseline WGS which scales as N!-°®. However, the coefficient for the hybrid

case is almost a factor of 6 smaller than for the baseline, thus clearly outperforming
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the baseline for all the cases we test, up to ~ 40, 000 tweezers with the 1920 x 1200
pixel SLM.

In order to create this number of tweezers, not only does there need to be enough
power that can be diffracted to the tweezer location and compensate for the lower
diffraction efficiency at the edges of the SLM FOV, we also need to be able to pack
tweezers close together. We next look at factors that limit the spacing that we can

obtain when using one SLM.

Off-axis traps from WGS

The phases that are being applied to the SLM pixels in the Fourier plane of the
objective are interfering with eachother in the focal plane to create the tweezer
amplitude distribution that we target, as described in the last section. However, out-
of-plane from the focal plane, we have not specified a distribution, and the phases
are not uniform across the tweezers. Thus, out-of-plane tweezer interference is not

predictable.

We can, however, calculate the out-of-plane tweezer interference close to the focal
plane by returning to the formalism laid out in section [2.1.4] and with the Fresnel
approximation in equation [2.24] and substituting z = f + §z. This results in the

following equation for the electric field at a distance 0z from the focal plane:

ik(2f+62) o oo
E(x’ y’f + 6Z) — e/l—f ﬂEO(x,, yl)ez—l}(x 2+y 2)(1—(ff_,‘S ))e_T’?(xx +yy )dx/dy/
i
(2.67)
_ikdz (122
o« F{Eo(x,y")e 22 & 7' (2.68)

In order to understand the out-of-plane interference from a phase pattern generated
by the WGS algorithm, we can just define Eo(x’,y’,0) in equation to be an
aperture-clipped Gaussian beam with an input phase defined by the WGS-optimized
SLM phase pattern. In Fig. [2.19] we show out-of-plane interference for different

tweezer spacings calculated for slices of dz in the range 6z = {—15um, 15um}.

Comparing Fig.[2.19 (7.2 pm spacing) and b (5.0 pm spacing) makes clear that the
closer the spacing, the more out-of-plane interference will occur, with out-of-plane
traps at 5.0 pm spacing being just as strong as the traps at z = 0 that we intend to use

for trapping atoms. The images shown are vertical slices along a row in a 122 x 122
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Figure 2.19: Out-of-plane traps Calculation of an out-of-plane intensity profile
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 pm, and we simulate for different spacing between
the tweezers: a, 7.2 pum and b, 5.0 pm. We also show in ¢, the case for which
5.0 pm spacing is achieved by alternating traps generated with two different lasers
such that they do not interfere by using for example orthogonal polarization or
sufficiently different wavelengths. In d, we show the out-of-plane interference for
the case of alternating spacing between tweezers of 9.6 pm and 4.8 pm as is used

in section[d.2.4] The color scale for each case is normalized by the highest intensity
in the simulated slice.

array generated with the baseline WGS algorithm for different spacings, assuming
our experimental parameters of wavelength 1061 nm and objective effective focal
length of 7.97 mm. If instead of creating a 5.0 pm spaced array using a single SLM,

we combine two 10.0 pm spaced arrays using two SLMs with light from different
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wavelengths or polarizations, we can avoid the strong ‘spurious’ trap interference
and create a uniform array in the focal plane(Fig. [2.19¢). For some applications,
an alternating patter of tweezers being closer and further is useful for e.g. avoiding
atom loss during movement, and so we also show a calculation of the out-of-plane

interference for the case of alternating 9.6 pm and 4.8 pm spacing in Fig. [2.19d.

Note that we observe these spurious traps in practice to be experimentally trapping
atoms even at a spacing of 7.2 pm. We implement several procedures in order
to expel atoms trapped in these out-of-plane traps, as previously described in sec-
tion [2.3.2] which requires over 400 ms of our experimental sequence, constituting

almost half the time.

2.4.4 Acousto-Optic Deflectors

In addition to SLMs, Acousto-Optic Deflectors (AODs) have also been used to
create optical tweezer arrays and to rearrange atoms into defect-free arrays [30, 31].
In tandem with static arrays created with SLMs, AODs have recently been used in
order to move atoms coherently for implementing circuits between atomic qubits,

and even for creating and implementing operations on logical qubits [35, 51].

AODs utilize radio-frequency (rf) waves traveling through a crystal in order to
diffract light. The larger the active aperture of the crystal, the more peaks/troughs
of the acoustic wave are sampled by the input beam, thereby decreasing the effective
spacing of the diffraction grating. Thus, the larger the crystal, the more resolvable
spots the AOD can access in the FOV. In our experiments we utilize pairs of 15mm
active aperture AODs (Gooch & Housego AODF 4085) in a crossed configuration
such that one AOD controls diffraction in the x-axis and the other controls diffraction
in the y-axis. We map the output after the pair of AODs to the back aperture of the
objective using a telescope with 3:2 demagnification to match the aperture diameter

of the objective.

Several aspects about AODs require optimization with scaling to larger array sizes,
which we examine in further depth in chapter 4 when we demonstrate long-distance

transport.

2.4.5 Large Array Aberration Considerations

The objective that we have for tweezer creation has been designed to correct for
aberrations across a full 1.5 mm FOV, and so for the smaller SLM FOV, the objective
is certainly not limiting. That being said, the SLM is reflective and the 0" order



63

also needs to be filtered out, and we must implement at least one telescope in order
to map the Fourier plane at the SLM to the back of the objective. This telescope can
be a 4f direct mapping, or it can be a (de-)magnifying telescope to match the SLM

size to the objective aperture diameter.

The optical elements throughout the relay paths are thus important to account for
when it comes to aberrations that can be imparted to the tweezers. In particular,
large arrays are subject to aberrations arising from large beams incident on lenses
causing spherical aberrations, and beams with large angles of incidence on lenses

that give rise to astigmatism.

We picture a schematic version of the current experimental pathways that are being
utilized in our experiment (Fig.[2.20)), and proceed to describe a few considerations
for aberrations that can arise for large arrays along the tweezer paths which are
combined. We note that this experimental setup has been updated since the first
work that was published [59]. We then describe ways in which we actively correct

for aberrations across the array using Zernike coefficients— both globally and locally.

Relay lenses for large cone half-angles

As pictured in the above Fig. [2.20] we utilize many 4f relays in order to combine
AOD and SLM pathways. Thus, these lenses must be chosen such that they do
not induce aberrations on the optical tweezers. In particular, considerations arise
regarding the size of optics as well as the cone half-angle (CHA) that they can

accept.

We utilize Thorlabs lenses (TL200-CLS2, FTH160-1064, and FTH254-1064) through-
out the pathway. For a lens after our SLM, to be aberration free for tweezers across
the full SLM FOV, the lens must account for a CHA of ~ 3.8°, as determined from
the grating equation 2.49] If the beam is magnified to a larger size with a 4f magni-
fying telescope, the CHA requirement on future lenses will subsequently decrease.
We discuss further some of the fundamental limitations on optical elements for

scaling up array sizes in Chapter 5.

Combination cubes

We note that there are several combination cubes throughout the optical pathway,
including both polarizing beam-splitting (PBS) cubes as well as non-polarizing

beam-splitting (NPBS) cubes. All of the cubes in the relay paths are 2 inches



64

g 1055 nm
%
SLM mirror ) ]
W/ hole Imaging
852 nm
galvo =
Al al ALEZ Al DQ e NA=0.65
(WA W) (WRNZ W) U N U :
e > periscope
mirror
<+ A %W/ hole
AOD,,
dso %
n SLM
DS+
AODy >
P {7lAoD,
AOD,
A =] 1 101060 nm
% U = I

Figure 2.20: Updated Tweezer paths. SLM and AOD tweezer combination path-
ways are pictured as a schematic to depict array combination and pathway complex-
ity. 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 configuration, 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 reflecting one polarization of another wavelength.

and are made of N-SF1 with an index of refraction of n = 1.69 at the relevant
wavelengths. From Snell’s law, we are aware that the geometric focusing will be
affected by the index of refraction of the material through which the light is traveling.

For a lens with working distance D with a cube in the path of diameter d, the focal
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plane will be a distance

cosf )

Joew = D + d(l - (2.69)

n2 —sin’ 6

where 6 is the angle between the incident beam and the normal vector to the surface
of the cube. For small 6, this reduces to fpew = D + d(1 — 1/n), which represents a
global focal plane offset for the whole array, with corrections for individual tweezers
that have different incident angles. When using 2-inch cubes, this global offset in
the focal plane can be around 2 cm and is necessary to account for when aligning

relay optics.

SLM Zernike Corrections

As has been previously shown, loading across a tweezer array can be increased using
Zernike polynomials to correct for tweezer aberrations and increase the average trap
depth [102]]. This can be done globally for a whole array, or to correct particular
tweezers if combined with a tweezer generation approach that combines phase
patterns for individual tweezers [92,,[103]], rather than the global FFT procedure that
we described in this thesis. Early on in this work, we have utilized such Zernike

polynomials globally to compensate for aberrations across the full array.

Zernike polynomials are mutually orthogonal on a unit disk, whose radius we map to
the radius of the Gaussian beam that is incident on the SLM. However, given that we
create such a large tweezer array, there may be different coefficients that are optimal
for different parts of the array. As a result, there is indeed some coupling between
polynomials when it comes to optimizing on a metric of average loading probability
for instance. Additionally, there is coupling between Zernike optimization and
uniformization of intensity for each trap. For instance, if more power is diverted
to aberrated tweezers in order to compensate for the diminished trap depth when
uniformizing the array, then this may cause Zernike optimization based on trap-
depth or loading rates to be skewed. There can also be cross-talk between Zernike
polynomials themselves if, for instance, the beam is not centered on the center of
the applied Zernike phase on the SLM. In this scenario, a defocus phase pattern can
both move the focus in z, but also in x or y (by effectively applying a tip/tilt Zernike
phase), depending on the relative spacing of the beam center.

As a result, when optimizing the polynomials globally, it has become clear that
it is best to compensate for the theoretical diffraction efficiency such that there

is sufficient loading in each trap, and then when sweeping Zernike polynomials, to
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Figure 2.21: Zernike Polynomials. We include a, An example of one polynomial
(the 12" 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 different parts of the array, averaged
by section to demonstrate array size effects. We recently have pivoted to feedback
based on local Zernike being implemented in tandem with iterative feedback fol-
lowing the algorithm presented in [92]. Note that the data presented in a and b are
from two separate optimization scenarios at different times.
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update and save the new optimal as the baseline for the sweep of the next polynomial.
We depict one example of an optimization sweep of the coefficient for the 12"
Zernike polynomial which impacts spherical aberrations in Fig. [2.2Tp, where we
use the metric of filling fraction, averaged across the array. In this scenario, we set
the coefficient to the optimal value, before choosing another polynomial at random
to optimize. From implementations of global Zernike optimization, we have been
able to increase trap depths by around 7 — 10% across the full array. However, as
can be seen in Fig. 2.21p, if the filling fraction is evaluated more locally, there is
a different local optimum. Thus, we find further improvement when implementing
local Zernike optimization [92]. In particular, we find that we can increase the
filling fraction of an array from ~ 25% to ~ 50% purely by sweeping through local

optimization of Zernike polynomials

2.5 6100 atoms

Using the techniques described in section we generate 11,998 tweezers Iﬂ in
which we trap over 6,100 atoms on average in every experimental sequence. In
Fig. we show both a single-shot image of our atomic array, as well as an
averaged image where every tweezer site can be seen. This number of traps and
qubits represents almost an order of magnitude advance from the state-of-the-art

tweezer array sizes that had been demonstrated until this point.

We space tweezers by about 7.2 pm to avoid strong off-axis traps(Fig. [2.19). The
full array is about 900 pm in diameter and made up of tweezers at wavelengths of
1061 nm and 1055 nm generated by two different SLMs, and combined on a cube
in the configuration pictured in Fig. [2.12.

2.5.1 Tweezer loading

We demonstrate uniform loading across the sites in the array. To load single atoms
in the tweezers, we cool and then parity-project [27] from a ~1.6 mm 1/¢? diameter
magneto-optical trap using D, light. Before imaging the atoms, we use a multi-

pronged approach to filter out atoms in spurious out-of-plane traps, residual from
the SLM tweezer creation (Fig. [2.6)).

7See details for this implementation in future thesis from the group by Elie Bataille.

8We exclude 3 of the total 12,001 generated tweezers from our scientific results. These tweezers
are in the center of the array and are impacted by some remaining O™ order SLM light that is
imperfectly filtered. These tweezers occasionally load more than a single atom, and they have
somewhat reduced imaging fidelity due to higher background. We note that quantum computation
can be done despite defects in an array, and that thus one can choose to avoid a small number of
traps [104]
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Figure 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 pm and the array is about
900 pm in diameter. Contrast is enhanced for visual clarity
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Figure 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%.

We then zero the magnetic field and apply two-dimensional polarization gradient
cooling (2D PGC) in the atom array plane for fluorescence imaging of single atoms,
which simultaneously cools the atoms. Imaging light is applied for 80 ms, and
photons are imaged on a quantitative CMOS camera (qCMOS). We load 6,139
single atoms on average per experimental iteration (51.2% of the array on average),
with a relative standard deviation of 1.13% (averaged over 16,000 iterations). The

histogram of the number of atoms we observe in each image is pictured in Fig.[2.23]

Not only do we on average load over 6,100 atoms per shot, we also verify that
each tweezer loads about half the time. In Fig. 2.24p, we plot a color map of
each tweezer’s loading probability, which is also imaged in histogram in Fig. [2.24p.
We find an average loading probability per site of 51.2% with a relative standard
deviation of 3.4%. We note that we use the loading rate per site as the metric with
which to feedback on the WGS weight to uniformize the array trap depth (as first
demonstrated in [[100]]).

2.5.2 Tweezer parameters
While we load the tweezers uniformly, the atoms care additionally about the uni-

formity of other tweezer array parameters. For instance, trap depth non-uniformity
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Figure 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 significant difference in
imaging survival probability, coherence time, or single-qubit gate fidelity. There-
fore, this tweezer site could also be utilized in the experiment.

contributes to dephasing during single-qubit gate operations since the resonant drive
is detuned by amounts corresponding to site-dependent light shifts. Trap frequency
across the array is important for understanding heating considerations among other

aspects impacted by tweezer shape.

Trap depth

We subsequently measure the trap depth across the atomic array to verify the array
uniformity (Fig. [2.25). Such a measurement can be done with a few approaches
involving differential light shift measurements— comparing the difference in Stark
shift experienced by states that have different polarizabilities, in order to determine

the intensity of the laser or depth of the trap.

We first describe a measurement approach that utilizes a differential light shift
between the 651/, and 63, states [102]. In particular, we prepare the atoms in the
F = 4 hyperfine ground state by leaving the repump on longer than the PGC beams
after loading and cooling. We then scan the frequency of the F = 4 — F’ =4
which is pulsed for 10 ps, depumping the F' = 4 population into the F' = 3 ground
state when it is on resonance. We fit the F' = 4 population loss to a Lorentzian and
calculate the difference with the resonance frequency, constituting the differential

light shift. This is the measurement that we use to take the data presented in
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Figure 2.25: Trap depth per-site Site-resolved trap depth a, map and b, histogram.
Across the 12,000 tweezer array using the F = 4 — F’ = 4 depumping [102]], we
perform a differential light shift measurement and observe an average trap depth of
kp x 0.18(2) mK with a standard deviation of 11.4% across the sites.

Fig.[2.25] The measurement has the downside of the trap depth being washed out
by the difference in hyperfine magnetic sublevel polarizabilities, as can be seen in

Fig.[2.26]
The per-site tweezer depth map and its histogram is pictured in Fig. 2.25] This
is obtained by measuring the differential light shift on F = 4 & F’ = 4 D,

transition [102]. We measure an average trap depth of kp X 0.18(2) mK with a
standard deviation of 11.4% across the sites.

We would like to characterize the standard deviation of intensity differences across
our 11,998 tweezers, which is combined in this measurement with the atomic
distribution across hyperfine Zeeman sublevels. In order to isolate the standard
deviation of the intensity, we can interpret this measurement in the following manner.
Given that the trap depth U o« IAe that we measured and plot in Fig.[2.25]is a function
of independent random variables I and A, where I is the beam intensity and A« is
the differential polarizability, we can write the square of the measurement standard

deviation as

)+ )
1 2
(0'1)2 LN ZN(A<CAYICV¥>—2 (Aa))

()

(2.71)
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Figure 2.26: Polarizability of 6P/, in linear trap Polarizability calculations for
the 6P3/,, F' = 4 state of Cs in linearly polarized light. We use the [6S1/,, F = 4) —
|6P3)2, F = 4) 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.

Assuming a ground state polarizability of 1181au at 1061 nm, taken from [61],
an average measured trap depth of 0.18mK, and equal Zeeman hyperfine sublevel
population distribution with polarizability as calculated in Fig. we obtain
the result that 7 ~ 0.105. Thus we expect from this measurement that the non-

uniformity across the intensities of the traps is around 10.5%.

In order to make a measurement that does not mix these uncertainties, we have
a few options. If we were to prepare all the atoms in a given mp state prior to
measurement, this would allow the differential polarizability for all atoms to be the
same, up to a state preparation error, thus giving a more accurate measurement.
Another approach is to implement a differential measurement between the qubit
states (F' = 3,mp = 0, and F = 4, mp = 0) in the hyperfine ground state of 6 ;.
This approach allows the measurement to be made with higher accuracy using
microwave operation or two-photon Raman transitions. In particular to perform this
measurement, we prepare the atoms in the F = 4, mp = 0 qubit state, and then

perform a Ramsey measurement. This involves first applying a 7 pulse at the clock
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frequency, such that the atoms are in the state ¥ = %(lF =4) + ¢?|F = 3)). We
then evolve for interrogation time T, after which we apply a second 7 pulse. The

total phase accumulation A¢ is then given by

T
Ap = 2x / Sv(1)dt (2.72)
0

where §v(t) is the frequency difference between the clock frequency and the actual
frequency difference between the states arising from the differential light shift as a
function of time. When the shift is constant throughout the evolution, A¢ = 27vT.
The final population in F' = 3, mr = 0 will evolve as a function of the interrogation
time 7', and in fitting this so-called Ramsey fringe, we can determine the accumulated
phase and thus the trap depth. The differential shift between the two clock states
arises from the difference in frequency between the states and the transitions that
contribute to polarizability (dominated by the D; and D; lines) coming from the

9.2 GHz splitting between them.

We note that, as previously described, we optimized the WGS weights in our algo-
rithm based on the metric of loading, rather than trap depth. This requires less data
taking to accurately measure. Furthermore, dynamical decoupling can typically be
implemented to account for errors arising from trap depth differences across an ar-
ray. However, in the scenario where higher trap intensity uniformity were required,
we anticipate that uniformizing on a trap depth measurement directly would allow

for improvement of this metric.

Trap frequency

In order to further characterize the traps, we measure our trap frequencies. Initially
we attempt to do so via parametric heating by modulating our trapping AOM,
however we believe that we are limited in our measurement by the AOM fall time,

so instead we use this measurement as a test of our Raman setup.

To perform Raman sideband spectroscopy, we must operate in a configuration
where we can simultaneously implement a two-photon transition and also impart a
momentum kick to change the motional state of the atom. The approach that we
have chosen, as described in section [2.3.3] on Raman transitions, is a Doppler-free
approach where one amplitude-modulated beam can drive a two-photon transition.
This approach is beneficial for quantum computing applications where only one
beam must be aligned and controlled, but it cannot impart momentum to the atoms,

and thus cannot be used for sideband spectroscopy. Therefore, we split the amplitude



74

modulated light into two beams that are incident on the atoms with wavevectors
k1 and ko (both with axial and radial components) in order to measure the trap
frequencies, akin to previous works with mode-locked lasers used to address the
motion of trapped ions [105],[106]. A schematic of the setup is shown in Fig.[2.27a.

In this configuration, the effective Lamb-Dicke parameter is

h

2mwy

nsl = |(k1 - ko) - af , (2.73)

where m represents the mass of cesium-133, and « denotes the radial or axial motion
(with unit vector a). Out of 1 W of fiber-coupled amplitude-modulated laser light,

each beam has 1-5 mW of laser power and a Gaussian 1/e? diameter of ~2 mm.

We then scan the frequency of the amplitude modulated beam incident on the atoms
after they have been prepared in the F = 4, mg = 0 state. The carrier represents the
resonant two-photon clock transition frequency (v.ocx) With no change in momen-
tum or motional sideband (An = 0). The radial and axial sidebands respectively
represent the case when the frequency of the two photon transition becomes reso-
nant with vejock + Virap Where v;,4p is the radial or axial trap frequency, driving the
An = =1 motional sidebands. These resonances allow for increased state change
along with the increase in motional energy by one quanta. Therefore, we see in-
creased survival at the carrier and trap frequencies, after pushing out atoms that
remain in the F = 4, mp = 0 state, as seen in Fig. In fitting these data, we
find a radial trapping frequency of 29.30(4) kHz and an axial trapping frequency of
5.64(3) kHz. Trap inhomogeneity broadens the signal— from the lineshape fit, we
extract standard deviations across the tweezers of the array to be 4.7 kHz and 1.9

kHz, respectively.

From this trap frequency measurement as well as the trap depth measurement, we
can back out the trap waist from the Gaussian approximation (see equations [2.31)),

inferring a 1/e* tweezer waist wo = 1.17(6) pm.

2.6 Image characterization

To characterize anything about atom loading including the number of atoms that we
have trapped, or to use any atomic signal for trap characterization or computation,
one needs to be able to map photons that are collected on the camera to a binarization
of atomic presence (1) or absence (0). Additionally, in this work, for all quantum

computations, we map atom presence or absence to our qubit states for readout (via
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Figure 2.27: a, Schematic of the Raman configuration 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 axial 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 fit, 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. [2.12 ¢, Fine-grained spectroscopy data acquired with a lower
Rabi frequency to resolve the axial sideband.

pushout of atoms in F = 4). Thus, implementing this characterization with high
fidelity across the array is critical. Additionally, imaging atoms without inducing
atom loss is necessary for quantum preparation. We thus describe various aspects
of determining atomic presence, and the associated fidelities and imaging survival

that we obtain across our array.

As described previously, we use 2D PGC beams in the atom plane for cooling and
for imaging, at different detunings. We image the atoms onto our g-CMOS camera
which has a typical RMS readout noise of 0.27 electrons for the ultra-quiet scan
(readout 5 frames/s), and 0.43 electrons RMS for the standard scan (readout 120
frames/s). These readout times assume the use of all the camera rows (4096 x 2304

pixels). We typically use only about half of the rows, and achieve a readout time
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of around 5 ms, which requires use of the CoaXPress connection option. The dark

current is 0.006 electrons /pixel/s which is not limiting for our experiments.

Besides the noise inherent to the camera, there is inherently background noise
from light in the experiment surrounding the camera. To minimize this background
however, we include a line filter in front of the camereﬂ and we surround the imaging
pathway with dark foil from the dichroic separating imaging light and tweezers, until

the light reaches the camera.

2.6.1 Thresholding

After minimizing the background light, in order to determine the presence of an
atom, we utilize photon counting statistics, as has been done since single atoms
trapped in tweezers have been observed [27]. We expect only two peaks in the
distribution due to trapping only one or zero atoms after parity projection which
the 3D molasses accomplishes. A threshold, set between these peaks determines
whether a trap contains an atom or not depending on the number of photons that have
been collected. Thus, the further separated the peaks are, the higher the imaging
fidelity.

Identifying atom location

To properly collect photon counting statistics, we must identify the tweezer locations
on the image in order to count photons that are from the correct tweezer to determine
if it is holding an atom. A naive approach is to use a combination of peak finding
on an averaged image and translate the goal tweezer distribution that has been set
by the WGS algorithm to find the highest overlap.

However, a large array of atoms may have imperfect spacing on the qCMOS camera
due to aberrations either in the array or in the imaging pathway, making a direct
mapping from the WGS-defined tweezer locations difficult. Additionally, when
attempting to uniformize a newly generated array, some traps may not be loading
yet, thus making the matching more difficult. While we have iterated on several
approaches, the one that is the most effective for mapping tweezer positions onto an

average image takes the following strategy:

We first fit the warp across the array to a 2nd or 3rd degree polynomial. We do so

by implementing a gradient descent algorithm that assigns tweezers to peaks that

Note that perpendicular alignment of this line filter is important due to the large image with
strong k-vector difference from tweezers across the array.
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have been found on the image with some likelihood, and optimizes the matching
likelihood across the array. We save these optimal polynomial warp parameters that
characterize the mapping between the goal input tweezer array and the actual spacing
on the camera, and use these for each experiment. We only refit these parameters
if the thermalization on the experiment changes via for example an increased heat
load with more incident power in tweezers, a significantly altered cycle time or a

change in the idle sequence.

We apply the optimal warp parameters to the whatever tweezer pattern is being used.
These are constant, and can be used to fit arrays with different tweezer spacings and
positions (for example, if the thermalization remains essentially the same, but we
double the spacing between tweezers, we can keep the optimal warp parameters but

re-scale the spacing).

After this has been implemented, we additionally add a final step of local adjustment—
within a 5 X 5 box of pixels around the current optimal locations, we find the pixel

that has the highest signal, and assign this pixel to the tweezer location.

Image threshold optimizing

After the location of tweezers has been mapped onto the images that we are taking
with the qCMOS camera, we must define a surrounding region whose photon counts
will be used to determine the presence or absence of the atom in each given image.
The averaged point-spread function (PSF) waist radius we measure is 1.7 pixels on
the qCMOS camera, corresponding to 7.8 pm on the camera plane or 1.5 pm on
the atom plane. We estimate that, accounting for a finite atomic temperature (up
to 50 pK in this simulation) and camera sensor discretization, the ideal PSF radius

should be 1.25 pixels. We leave an investigation of the discrepancy to future work.

In order to characterize the presence or absence of an atom in a tweezer, we account
for photons within 7 X 7 pixels surrounding the center of the tweezer, and for the
given number of photons, determine whether an atom is present based on whether
this number is above or below a threshold. The chosen threshold has a strong impact
on the fidelity with which we determine atom presence. A threshold that is too
high will result in false negative and a threshold that is too low will result in false

positives.

In order to optimize the fidelities that we can obtain, we define a weight for each

pixel that represents how likely it is that incident photons on that pixel came from
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an atom being held at the relevant site [107], using the function W (u, v), pictured
in[2.28] rather than counting all incident photons within the 7 x 7 pixel box with the
same weight. The photon histogram in Fig. [2.30a is based on photon-counting that

is weighted on each site using this distribution.

The weights we choose are optimized via a quasi-Newton numerical method to
maximize the imaging fidelity that we characterize with a model-free approach. This
approach, as we describe in the next section, is agnostic of the photon distribution
and relies solely on the consistency of imaging outcomes between three images.
Thus, we believe that the imaging fidelity we quote is accurate and not artificially

larger due to overfitting.

We then compare the signal obtained for each site and each image with a threshold
to determine if an atom has been loaded. One can either use a global threshold for
all sites, or characterize one for each tweezer site. We optimize the placement of
the threshold in order to maximize the imaging fidelity of the array, as depicted in
Fig.[2.30c.

To position the threshold and estimate the fidelity, we employ two complementary
methods: an analytical model that predicts the shape of the imaging histogram by
integrating the loss probability in a Poisson distribution, and a model-free approach
that estimates the fidelity by identifying anomalous atom detection results in three
consecutive images. The first method infers classification errors from the shape of
the photon histogram while the second method detects errors directly; thus, the first
method requires fewer samples to reach satisfactory accuracy, however it relies on a
model. The inference method is compatible with any type of experimental runs while
the direct detection method requires acquiring three consecutive images. Hence,
we use the first method to position the binarization threshold in most experimental
runs, as well as for site-by-site analysis; we use the second method to accurately
estimate the fidelity with a single array-wide threshold and to benchmark the model-

dependent approach.

2.6.2 Imaging fidelity
We distinguish atomic presence in the array with high fidelity. The wide separation
between the peaks in Fig.[2.30p demonstrate that the presence of an atom (1) can be

well distinguished from no atom (0).
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Figure 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 pm 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 W (u, v) applied to each
pixel of the 7 X 7 square-pixel box around each site. Here, # and v refer to the
camera pixel coordinates centered on a given site. The weight function is chosen to
optimize imaging fidelity based on the model-free characterization.
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Figure 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 fidelity. b, A histogram of number of scattering rates across all
the sites in the array.
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Model-free imaging characterization

We characterize the imaging fidelity, defined as the probability of correctly labeling
atomic presence in a site, with a model-free approach, where no assumption is made
about the photon distribution from Fig. 2.30a. This approach considers that the
imaging survival and fidelity is identical for three successive images [33, 81]] and
identifies anomalous series of binary outputs. For instance, ) — 1 — 1 would point
to a false negative event in the first image, while 1 — 1 — 0 could be due to atom
loss during the second image or a false negative event in the third one. This approach
allows us to precisely decouple inherent atom loss from false negatives or positives.
From this we find an imaging fidelity of 99.99374(8)% (note that in reality, we
take 4 images, and use images 2-4 since we find the first image has slightly lower
fidelity and survival probability). Crucial to this result is the homogeneous photon
scattering rate across the array (Fig. [2.29) and the consistency of the point-spread
function across the array (waist radius of 1.7 pixels with a standard deviation of
0.2 pixels, Fig. [2.28). Consistent imaging parameters across the array further are
evidenced in that we find that treating each site with an individual threshold only
marginally improves the imaging fidelity to 99.9939(1)%.

To implement this model-free approach, we estimate the probability Py ,x, of the
presence of an atom in three images being x1x,x3, where x; is 1 if there is an atom

and O if there is none. These probabilities are given as

Py = S°F,

Piio=(1-S)SF,

~110 ( ) (2.74)
Pioo = (1 =9S)F,

p()()(): 1-F.

where S is the survival probability during imaging and F is the initial filling fraction.

We can then estimate the probability of detecting y1y2y3 as

Py yoy; = Z P(y1lx1)P(y2lx2) P(y31%3) Pryyrs- (2.75)

X1X2X3
The conditional probabilities on the detection categorization given the true atomic
presence are P(1|1) = 1, P(0|]1) = 1 — 1, P(1|0) = 1 — ¥y, and P(0]|0) = F,
where 7 and ¥ represent the probabilities of properly characterizing atom presence

(true positive) and atom absence (true negative) respectively. We use the method
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Figure 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 threshold) 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. ¢, Imaging fidelity overlay with the log-scale histogram, designating the
fidelity 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.
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of least squares to minimize the difference between the experimental frequencies of
bitstrings y1y2y3 and the Py, y,,, by tuning the four parameters F, S, # and ;. The
imaging fidelity is then defined as

F =FF + (1 - F)%. (2.76)

The array-wide binarization threshold is chosen to maximize the imaging fidelity
(Fig.[2.30k). Using this method, we find an imaging fidelity 7 = 0.9999374(8), with
a false positive probability 1 — % = 7.01(8) x 107> and a false negative probability
1 —F1 =5.5(1) x 1073; we find the survival to be § = 0.999864(2), slightly lower

than the steady-state imaging survival probability measured by repeated imaging in

Fig.[2.32]

Model-based imaging

As has been done in the past [[102, 108]], we incorporate a Poissonian model for
photon collection for each of the background and the single-atom peak. However,
we also recognize that the loss of an atom during the time-frame of imaging leads
to a deviation from this purely Poissonian model, and results in a larger ‘bridge’

feature in the histogram between the background peak and the single-atom peak.

Thus, we introduce an analytical model that predicts the shape of histogram, which
we call the “lossy Poisson model” We fit six parameters: the initial filling
fraction (before the first image) F, the mean number of photons collected from
the background light 1 and the atoms A, the respective broadening from an ideal
Poisson distribution rg and ry, and the pseudo-loss probability L. The meaning of

the parameters are further described below.

We first derive this model in the absence of broadening, from an ideal Poisson
distribution. We are interested in the photon distribution given that there is no atom
at a given site at the beginning of imaging P(N = n|0) and the photon distribution
given that there is an atom at this site at the beginning of imaging P(N = n|1), where
N 1is the number of photons collected. For the background photon distribution, we

simply assume a Poisson distribution: P(N = n|0) = e"l"/lg /n!.

For the single-atom photon distribution, where loss can impact the resulting distri-

bution, we derive an expression by considering a loss-rate model where each photon

10We note that this new model was developed by Elie Bataille. Most items in this thesis are work
done in close collaboration with others, but given the novelty here, we note this particular individual
contribution. Details are reproduced from [59]
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collection event (occurring with probability A;d¢) imparts a loss probability L/A;.
By integrating over ¢ € [0, 1] in the system of equations that describes the evolution
of the joint distribution of atom presence and photon count, we find the distribution

given that one atom was initially present,

AL L\
(Ao +A) — Lyre~(u+do) ™" (1 B /1_1)
n! A1 (n—1)! (2.77)

Ao Ao
Cln—2 ) o (na + —22 ).
(" 1——L/ﬂl) (" L 1—-L/A1)]

Here, I" represents the upper incomplete gamma function. The real loss probability

P(N =n|l) =

X

during imaging is then given by L = 1 — e~%. This equation illustrates the two
mechanisms that limit the imaging fidelity in experiments with single-atom imaging.
The first mechanism, represented by the first term in the r.h.s. of the equation,
manifests as a Gaussian/Poissonian overlap between the two peaks of the photon
distribution, reflecting our ability to record a significant photon count above the
imaging noise floor. Finite scattering rate, limited photon collection efficiency,
background light leakage from the imaging beams or the ambient light, and readout
noise from the camera contribute to this limitation. The other mechanism that limits
imaging fidelity is loss of atom during imaging. This manifests as a characteristic
‘bridge’-like feature, and is represented by the second term in the r.h.s. of the above
equation. The probability density in the bridge is small but finite across a wide

range of photon counts between the two peaks of the imaging histogram [109].

The overall photon probability distribution is then given by P(N = n) = FP(N =
n|l) + (1 — F)P(N = n|0). For practical purposes we empirically include a broad-
ening of the Poisson distribution by writing

PN =n/rll) | PV=n/rol0) o
r ro

P(N=n)=F

and by effectively considering non-integer photon numbers (by replacing factorials
with the gamma function). For large n this amounts to considering a Gaussian
distribution for either of the two peaks, but with the added benefit of including the

loss through a physically-motivated derivation using a Poisson process.
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Atom imaging as a Poissonian process

Describing photon counts from an empty or a single-atom filled site
as a Poissonian process arises in the following manner. We image for
a fixed amount of time ¢, and the number of photons collected during
that time from a particular site (occupied or unoccupied) is discrete.
To represent this as a Poissonian distribution then, the process must
also have a known constant mean rate of emission A (for each of the
occupied and unoccupied cases), and each photon must be collected

independently of the time since the previous photon was collected.

Both background photons and single-atoms without loss can be modeled
in this manner. Background photons arise from consistent sources—
inherent to the camera, or incident due to leakage of other lasers in
the experiment. Given that each experimental sequence is repeated
identically, this can be taken as a constant mean background rate, which

describes the center of the background peak.

Single atoms in a loss-less scenario have a steady photon emission rate
that is given by the product of the decay rate of the excited state times the
probability that the atom is in the excited state, which reaches a steady

state: Ry = I'pee

Though the spacing of photons being collected is limited by the time it
takes for an atom to decay before another photon can be emitted, this
timescale is very fast in comparison with the imaging time. Additionally,
only ~ 2.7% of the photons scattered by the atoms are actually incident
on our camera, and the quantum efficiency of the camera at 852 nm
is 44%. These ensure that each photon emission can be modeled as

independent.

Thus, modeling atom imaging histograms with overlapping Poissonians
is physically motivated, however does not account for loss during imag-
ing which motivates the deviation that we capture in the so-called ‘lossy

Poissonian model’.

In this model the true negative probability is given by Fy = /OT P(N = n|0)dn, where
T denotes the threshold; and the true positive probability, by 7, = /Too P(N = n|l)dn.
Finally the imaging fidelity can be estimated as ¥ = F ¥ + (1 — F)% and the op-
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timal threshold T can be found by maximizing the fidelity. We find that this model
performs well when predicting the shape of the histogram site-by-site (Fig. [2.30d),
but fails when the distribution of the background or atom photons in the array is

non-Gaussian.

Finally, we can inject the model-free survival probability that we measured (.S) into
the lossy Poisson model to increase its accuracy (trying to extract the loss directly
from the lossy Poisson model would indeed be inaccurate, since losses appear as
a small tail feature between the two peaks of the imaging histogram). Using this
approach, and fitting each site independently, we find an average imaging fidelity
of 99.992(1)%, in reasonable agreement with the model-free imaging fidelity. By
setting the atom loss to zero while keeping the five other fit parameters constant
for each site, we can estimate a hypothetical imaging fidelity in the absence of
atomic loss of 99.999(1)%. This analysis also illustrates that fitting the imaging
histogram with a Gaussian or Poissonian model without including losses leads to
overestimating imaging fidelities [[102].
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Figure 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 find an imaging fidelity 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.

Fast Imaging

In addition to the high-fidelity (and high-survival) imaging demonstrated and char-
acterized in Fig.[2.30|(and Fig. [2.32), we show in Fig.[2.3Timaging results acquired
with an imaging time of 20 ms. This timescale is on the shorter side for high-fidelity
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non-destructive imaging with alkali atoms, although even faster imaging has been
demonstrated with other species [110] or lower fidelity [[111]]. It is worth noting that
long, high-fidelity images would be used particularly for initial sorting, to character-
ize the presence of atoms before and after rearrangement to reach high preparation
fidelity. Other operations for a quantum processor would likely be accomplished

using different techniques, such as fast destructive readout.

Notably, this imaging data was acquired with a PGC detuning of A = -9.5T,
rather than —15.5T". The equilibrium atomic temperature scales inversely with the
detuning in this regime, so we do expect more loss, which we expect to impact both
the fidelity and the survival [[112]]. We detune closer however for a shorter imaging
time in order to collect a similar number of photons— the scattering rate increases
by a factor of (%)2 ~ 2.66, while the time that we image for decreases by a factor
of 4. So the number of photons that we collect is about 66% compared with what
we presented previously. This lower photon number also impacts the fidelity with

which we distinguish between a single atom and no atom.

In this configuration, we measure an imaging fidelity and survival probability of
99.9571(4)% and 99.176(1)%.

2.6.3 Imaging survival

As we have discussed, there is some probability of losing an atom from the trap
during imaging due to heating that the atom incurs from scattering photons. Losing
an atom while imaging can result in incorrectly assuming that an atom is present
when it has been lost. This results in defects in the preparation of an array to be
used for quantum computation or simulation. For a given atom imaging survival
for a trap depth and beam configuration, the probability of not losing an atom in
the array during imaging drops exponentially with the number of atoms in the array.
Thus, this number is important to characterize to understand the usefulness of our

large array.

We accurately characterize the imaging survival probability, without assuming any
parameters, by performing 80-ms repeated imaging (at —15.5I" detuning) up to 1,000
times, after which ~90% of initially loaded atoms still survive (Fig.[2.32p). We fit
this decay to p(N) o p11V , and find a steady-state imaging survival probability of
p1 = 99.98952(1)%, mostly limited by vacuum lifetime. This, to the best of our
knowledge, surpasses prior studies reporting record steady-state imaging survival

using single alkaline-earth metal [113] and alkali-metal [114] atoms in optical
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Figure 2.32: Imaging Survival Array-averaged survival fraction after many succes-
sive images. Between each image, we hold the atoms for 10 ms, without applying
any cooling beams. We fit the data with p(N) o« pllv , where p(N) is the survival
fraction after imaging N times. From the fit, we find a steady-state imaging survival
probability of p; = 0.9998952(1). The light purple fill shows the estimated 68%
confidence interval.

tweezers.

These results, and the uniformity of imaging survival across the array, as can be
seen in the map and histogram in Fig. [2.33] enable low-loss, high-fidelity detection
of single atoms in large-scale arrays, crucial components for the practical use of the
system. We note that the histogram is plotted in log scale in order to show that the
site with the lowest survival still has 99.66% survival probability, and the average of
the site-resolved imaging survival is 99.985%. These data were obtained with the
3-image model-free fidelity measurement, and are used to determine the survival

that we use for updating the lossy-Poissonian model.

As an example of the practical implications of this array-wide survival and how the
characterization is affected by the choice of threshold, we plot the probability of
initializing an experiment in a defect-free manner, assuming loss-less rearrangement,
and only accounting for atom loss during imaging, as a function of threshold choice
(Fig. [2.33b). We additionally plot the fraction of atoms that are excluded due to
the threshold placement— the defect-free probability is the likelihood of initializing
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an experiment without loss due to imaging of the remaining atoms that are not
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Figure 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
figure is plotted on a log scale. The mean of site-resolved imaging survival proba-
bility 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 p(1]|1)" where n is the number of atoms in the first image), limited
by imaging survival and false positives. The threshold in the first 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 first image, since we can always
physically eject residual atoms in sites that are determined to be negative.

2.7 Vacuum
The probability of losing no atom in a tweezer array during imaging and due to
finite vacuum lifetime both decrease exponentially with the number of atoms in an

array, making these crucial metrics to optimize for large-scale array operation. The
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vacuum-limited lifetime, in particular, sets an upper bound on the duration during
which operations can be executed without loss of an atom in a given experimental
run. This can, for example, be applied as an upper limit on the fidelity with which
one can achieve a defect-free array via atom rearrangement [30, 31]. Vacuum
loss arises from collisions of background atoms with atoms that are being held in

tweezers.

We thus particularly work to design an experiment that optimizes vacuum lifetime
and minimizes background pressure. We additionally take care with our baking
procedure to eliminate leaks and minimize potential out-gassing sources (see Ap-
pendix [A]). These optimizations result in a vacuum-limited lifetime measurement of

around 23 minutes, as we describe below.

2.7.1 Vacuum Design

A views of a schematic of our vacuum system is shown in Fig. with images
of the actual setup also pictured in Fig. After the initial chamber assembly
and multi-round baking process (see Appendix[A)), we fire two titanium sublimation
pumps (TSPs), mounted such that every surface except the rectangular portion of
the glass cell and the interior of the ion pump are covered by line-of-sight sputtering.
This creates a vacuum chamber in which essentially every surface is pumping. We
do not find it necessary to re-fire the TSPs in order to maintain the vacuum level
that we measure. We additionally maintain ultra-high vacuum conditions with an
ion pump, connected to the primary chamber via a 45° elbow joint. The secondary,
science chamber consists of a rectangular glass cell (JapanCell) optically bonded to
a 24-cm long glass flange (also sputtered by the TSP) that connects to the primary
chamber. From lifetime measurements of tweezer trapped atoms and collisional
cross-sections available in literature [115]], we estimate the pressure in the glass
cell to be ~7 x 1072 torr, consistent with vacuum simulations using the MolFlow

program [|116].

2.7.2  Vacuum Calculations

Collisions of background atoms with atoms being held in tweezers lead to vacuum-
related loss. We bake the chamber in order to minimize the out-gassing from the
elements of the vacuum that can contribute to this background gas (as described in
detail in Appendix[A)). However, there remain a few prominent sources of background
atoms. One is from the source of Cs itself—there is a large source of Cs atoms at a

much higher pressure (1077 to 107° torr) that is line-of-sight to the tweezer array,
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Figure 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.

only separated by a differential pumping aperture of 0.75mm diameter. Additionally,
while out-gassing rates decrease with baking, the glass cell is the closest to the atoms,
and it is not coated with titanium, which acts as a pumping surface (as other parts
of the chamber are). So we additionally consider out-gassing from the glass cell of
predominantly H,O as well as He permeation through the glass cell. We consider
He permeation, and not the permeation of other molecules such as H;, given that the

size and shape of the particle allows it to penetrate glass in ways that are forbidden
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for other particles in the background atmosphere.

The lifetime (7)of a Cs atom in a trap, limited by collisions from background atoms

with mass m, at temperature 7', with partial pressure P, can be given as

1 (ﬂkaT)1/2

= — 2.7
oP 8 279)

T

where o is the collisional cross-section of the background atom with Cs [[117].
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Figure 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 finally
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 x 10712 torr.

We plot the expected lifetime of a Cs atom in a trap, as a function of background
pressure for the case where only Cs-Cs collisions contribute to the background pres-
sure, for the case where only Cs-He collisions contribute to the background pressure,
and for the case where they each equally contribute to the background pressure (see
Fig.[2.35). To estimate the expected pressure contributions from Cs and He that we
expect in our system (as well as for optimizing design parameters and conductance),
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we implement simulations using MolFlow [116]]. We include simulations (assuming
room temperature) for Cs (line-of-sight to 2D MOT), for H,O outgassing from the
glass cell, and for He permeation through the glass cell separately and estimate
the partial pressures in each scenario, as pictured in Appendix [A] (Fig. [A.2). We
additionally describe the details of assumptions that we make for pump rates and
outgassing rates in Appendix [Al From these simulations, we conclude that Cs-Cs
collisions are dominant on our vacuum, contributing around ~ 6x 10~'? mbar partial
pressure, compared with ~ 9 x 10713 mbar partial pressure from outgassed H,O,
and ~ 4 x 107'3 mbar partial pressure from He permeating through our 6.35 mm

thick glass cell.

2.7.3 Vacuum Lifetime Measurement

We probe the vacuum-limited lifetime in our tweezer array using an empirically
optimized cooling sequence consisting of a 10-ms 2D PGC cooling block every
2 s [118]]. By fitting the exponential decay of the atom survival, we find a 1/e
lifetime of 22.9(1) min (Fig. [2.36). This is a significantly long timescale compared
with state-of-the-art room-temperature atomic experiments, and within a factor of
five of the longest reported lifetime in a cryogenic apparatus [118]. The result
indicates that the probability of losing a single atom across the entire array remains
under 50% during 100 ms, a relevant timescale for dynamical array reconfiguration

and quantum processor operation.

We additionally measure the survival in our atom array after implementing the cases
of continuous PGC cooling while holding the atoms, or in another case, no cooling
while we hold the atoms. In the case of continuous cooling, we observe a lifetime
of 17.7(2) min, and in the case of no cooling, we find a 1/e lifetime of around
2.2 min. We anticipate that the loss when cooling is not implemented is due to
scattering from the trapping light, as well as tweezer noise that can cause heating,
arising from sources such as laser relative intensity noise (RIN), SLM flicker noise,
and tweezer pointing stability. In the case of continuous cooling, we anticipate that
the equilibrium temperature is reached fairly quickly with a short block of cooling,
and that further cooling can stochastically cause atom loss since there is non-zero
probability to scatter photons that cause an increase in temperature, though on
average the 2D PGC configuration should cool.
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Figure 2.36: Vacuum-limited Lifetime Measurement Array-averaged survival
fraction as a function of hold time is plotted. Three experiments are shown in the
figure: 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 find a 1/e lifetime of around 2.2 min without cooling. When the pulsed PGC
block is applied, by fitting the data with p(#) o« exp(—z/7), we find a vacuum
lifetime of 7 = 22.9(1) min. When the 2D PGC is applied continuously, we obtain
7 =17.7(2) min.
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Figure 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-field coil holders for water-cooled coils, allowing for up to around 1G/A
magnetic field in each direction (see Appendix [B). (¢) A CAD rendering of the
vacuum chamber, including the linear stage, coil holders and vertical breadboard.
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Chapter 3

FROM 6100 ATOMS TO 6100 QUBITS

We have presented thus far a record number of single atoms trapped in optical
tweezers, along with data demonstrating the uniformity of the traps holding the
atoms, and effective cooling and long vacuum lifetimes alongside high fidelity
imaging and survival- all necessary for preparing a defect free array with high

fidelity, and for allowing longer timescale array operations.

In order to demonstrate that these 6100 atoms will in fact be useful for quantum
science, we now look at their qualities when used as qubits. We first introduce
the hyperfine qubit (3.1) discuss coherence times (3.2)), introducing methods of
dynamical decoupling for extending coherence times. We then describe randomized
benchmarking (RB) for single-qubit gates across the array and present data for single-
qubit RB on our 6100 qubits (3.3). We demonstrate record long coherence times
for alkali atoms in optical tweezers and high gate fidelities with global microwave

operations.

3.1 The hyperfine qubit

Key torecent progress in quantum computing and metrology with neutral atoms is the
ability to encode a qubit in long-lived states of an atom, such as hyperfine states [51),
52||, nuclear spin states [110,|119-121], or optical clock states [38], 39]. In cesium
atoms, the hyperfine ground states (|F =3, mp =0) =|0) and |F =4, mp =0) =
|1)), which are separated by the clock frequency EI of ~ 9.19 GHz, provide such a
subspace for storing quantum information. Furthermore, entanglement via Rydberg
interactions can be readily transferred to this qubit to realize high-fidelity two-qubit
gates [34]]. We demonstrate the storage and manipulation of quantum information in
a large-scale atom array by measuring the coherence times and global single-qubit

gate fidelity using a microwave horn to drive the hyperfine transition (Fig. [2.10p).

Preserving the coherence of a quantum system as it is scaled up is a known challenge

across platforms for quantum computing and simulation [[17]]. This difficulty persists

I'This transition is called the clock transition because it is insensitive to first order to magnetic
fields. The clock transition in cesium has been used to define the SI second since 1967 [122].
Precision provided by atomic clocks has been necessary to the development of technology such as
global navigation satellite systems.
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even for neutral atoms, albeit at a lower level, due to residual interactions with
a noisy and inhomogeneous electromagnetic environment, particularly with the
tweezers themselves. Thus, as discussed in the last chapter, we have chosen to trap
in far-off-resonant optical tweezers to preserve coherence, since at constant trap

depth the differential light shift of the hyperfine qubit decreases as 1/Awweezer and
3

the scattering rate as 1/A;, ...

where Agweezer 1S the tweezer laser detuning relative

to the dominant electronic transition [68), (123} [124]].
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Figure 3.1: Microwave spectroscopy We map out hyperfine transitions using mi-
crowave spectroscopy after pumping broadly into the F = 4 hyperfine manifold.
Since we push out atoms in the F' = 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 F = 3 manifold. The center transition is mr = 0 — mr = 0, and
we determine a 2.7G magnetic field from the hyperfine state separation. We note
that the broader transitions are driven by linear polarization (imrp = 0 — mp = 0,
mp = 1 —- mp = £1, mg = £2 — mp = £2), and the alternating more narrow
resonances we believe are transitions driven with remaining components of circular
polarization in the RF field.

In order to drive the hyperfine qubit at the right frequency, we first implement
microwave spectroscopy. We can map out the hyperfine state energies, and thus
the transition energy between the clock states fqunic by implementing a broad scan
of the microwave frequency, after repumping the atoms to the F = 4 state without
implementing state preparation. We thus find the mp = 0 — myp = 0O transition
(center dip in Fig.[3.1)) and additionally characterize the magnitude of B-field that we

are applying via the frequency difference between adjacent hyperfine states. After
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a more fine-tuned scan, we can then implement state-preparation via selection-
rule dependent optical pumping (see section 2.3.3) and a Ramsey interferometry

experiment to measure the resonant qubit frequency.

What is Ramsey interferometry?

To measure the difference between the RF drive frequency that we are
using and the qubit frequency (with light shift), we can implement a

Ramsey interferometry experiment [125].

First a %y pulse is applied to the qubits, prepared in state |1), such that
the state is now |) = %(lO) +[1)).

Then the atoms evolve for an interrogation time T while the drive is off
(Q = 0), during which time the atoms evolve under the Hamiltonian
H = %O'Z, where A is the difference between the qubit frequency and
the drive frequency.

Thus, the time-evolution operator U = e tHt/h = p—iAT0;[2

, representing
a rotation around the z-axis by 8 = Ar. Thus, after time 7, our atoms
will be in state |¢) = %(e"'m/2|0> + ¢’A7/2|1)), which gives a relative

phase between the two states of At.

We apply a second %y pulse, which maps the atoms to the state:
1 iAT 1 AT
W sinat) = 5(1 = €A7)[0) + 5(1+ ™)1y G.1)

We then measure the population in state |1) with probability P =
|{L[W finar] 1) %, which gives us

1
P = 5(1 + cos AT). (3.2)

The resulting oscillations in average population as we scan 7, are called

Ramsey fringes.

This qubit frequency measurement can be implemented at different trap depths in
order to map the relationship between the trap depth and the differential clock shift
(Fig.[3.2). We fit the linear relationship between trap depth (measured by depumping

via the F = 4 — F’ = 4 transition) and the differential light shift measured via
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a Ramsey interferometry experiment to find n, which we can use alongside our 7
measurement to characterize the temperature in the array. For the remainder of the
coherence and single-qubit gate fidelity measurements, we adiabatically ramp down

tweezers to a depth of kp X 55 pK during microwave operation.
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Figure 3.2: Differential light shift - trap depth calibration Estimation of 7, the
ratio of the differential polarizability of the hyperfine qubit to the electronic ground
state scalar polarizability. The average qubit frequency is measured by Ramsey
interferometry for different trap depths, and the slope is compared with the trap
depth inferred from the light shift of the F = 4 <& F’ = 4 D, transition from its
free-space resonance.
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Figure 3.3: Relative difference of qubit and clock frequency across the array
Relative difference of the qubit frequency with the cesium clock frequency feock =
9,192,631, 770 Hz, measured by Ramsey interferometry. The standard deviation is
1.5 x 1072, or 14 Hz in absolute value.
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We additionally measure the uniformity of the relative difference between the
qubit frequency and the clock frequency across the array in a site resolved fash-
ion (Fig.[3.3). This uniformity is important because differences in qubit frequencies
result in individual qubits either over- or under-rotating when gates are implemented
across the array. While such errors can be mitigated using robust gates or dynamical
decoupling (see sections 3.2.3 and 3.3.4), there is a cost in time overhead, and not
all operations can be easily made robust. We find a standard deviation across the

sites in the array of 14Hz.
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Figure 3.4: Rabi oscillations a, Array-averaged Rabi oscillations between the
hyperfine clock states O and 1. The fitted 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 reflection off 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%.

3.1.1 Qubit Rabi oscillations

After characterizing the qubit frequency at the operational trap depth (55 pK), we
then drive the qubit on resonance using the microwave horn. The characteristic
Rabi oscillations are pictured in Fig.[3.4] alongside site-resolved characterization of
the Rabi frequency across the array. We attribute the decay of Rabi contrast after

several hundred microseconds to this spatially-resolved inhomogeneity.

The fitted Rabi frequency is 24.611(1)kHz, and depends on the distance from the
microwave horn to the atoms r, the input microwave power to the horn P, and the

gain of the horn G in the following form,



100

M PGZ()

- hirc 2

where Z is the impedance of free space and u is the magnetic dipole moment.

(3.3)

We use the early-time Rabi contrast in order to characterize the fidelity with which
we have prepared the state FF = 4, my = 0, which we estimate to be about 99.1%
fidelity.

3.2 Coherence Times

Coherence times provide a timescale for how long information can be stored in qubit
states. We can differentiate between the timescale for which the classical population
information can be stored (77 time), and how long the quantum phase information

can be stored (75 time).

Different quantum platforms have vastly different timescales for information storage,
and vary as to whether they are limited by 7} times or 7, times. For example,
transmon qubits have coherence times on the scale of 1 ms, while neutral atoms
have coherence times on the scale of 100-1000 ms. However, due to the slower
operation of neutral atom processors this does not necessarily constitute higher

fidelities, depending on the time-duration and fidelity of the required operations.

Maintaining coherence times while scaling is a challenge across platforms and must
be demonstrated for a register of 6100 qubits to be actually useful for computa-
tion. For superconducting qubits, each manufactured qubit may have a significantly
different coherence time, however atoms, particularly when trapped in far-detuned
tweezers where the differential light shifts scale inversely with detuning when trap

depth is constant, have the potential for higher uniformity.

We thus measure the coherence times of our qubits, and demonstrate techniques for

increasing the bare T, coherence time using dynamical decoupling techniques.

3.2.1 T, time

To measure the T time of our qubits, we prepare them in the F = 4, mp = 0 qubit
state and hold them there, reading out the information at variable time in order to
measure the decay of population. In order to de-convolute state preparation errors,
we alternate applying a 7 pulse prior to readout and measure the difference between

the case where a 7 pulse is applied and the case where it is not, for variable times.

We indeed observe long coherence times, measuring a depolarization time of 77 =
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Figure 3.5: T1 coherence time Measurement of the depolarization time 7. Atoms
are initially prepared in |1). After a given time, the remaining population in |1)
is measured, with or without a 7 pulse before the measurement. The population
difference, conditioned by the application of the pulse, constitutes the 7 contrast.
This extended 77 time is largely enabled due to the choice of far-detuned traps.

119(1) s (Fig. 3.3). This measurement is close to our prediction for scattering-
limited 7; times presented in Fig. [2.4]in section and constitutes a record for
alkali hyperfine qubits to our knowledge, which we attest to our use of far-detuned
traps.

3.2.2 T time

In order to measure the free induction decay (7;) or the phase decay without any
spin-echo or dynamical decoupling, we utilize Ramsey interferometry. In particular,
we choose to detune our drive frequency from the average qubit frequency by
A = 2m x 1 kHz. This enables us to see Ramsey fringes which decay with the

timescale given by the 7 time.

The envelope of the oscillation has a Gaussian decayﬂ with a characteristic time

T; = 14.0(1) ms. However, when considering each site individually we find an

«(site) > —

average (T, 25.5 ms with a standard deviation of 3.2 ms (in the per-site case

>The Gaussian decay arises from the signal being given as the integral over phases acquired
by qubits multiplied by the probability of that phase being acquired. S(¢) = f P(A)eA'dA. This
represents a Fourier transform of the probability distribution of the relative difference between the
qubit and drive frequency across the array. For the case that the distribution of differential light shifts
for qubits across the array is approximately Gaussian, this decay shape will also be Gaussian.
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T, = 14.0(1) ms

Figure 3.6: T, coherence time Array-averaged Ramsey oscillations. During free
evolution, the microwave drive field is detuned by 1 kHz, resulting in Ramsey
oscillations. The characteristic decay time of these oscillations is 7; = 14.0(1) ms
from fitting the average signal of all atoms. The light blue dashed line shows the

decay time Tz* (sie) — 25.5 ms from fitting individual sites first and averaging the
decay time afterwards.

we fit the oscillation decay with the dephasing decay function from Ref. [123]]).
This shows that dephasing across the array primarily occurs because of trap depth
inhomogeneities (Fig. [2.25): assuming a Gaussian distribution of trap depth with a
standard deviation 6U, the qubit frequencies in the array also follow a Gaussian dis-
tribution, which results in an ensemble-wide dephasing time Tz* (inh) — V27 /(noU)
where 77 is the ratio of the scalar differential polarizability of the hyperfine ground
states to their polarizability at the fine structure level [[123]]. On the other hand,
finite atomic temperature limits the per-site dephasing time Tz* (site) " We observe an
uneven distribution of 77 across the atom array (Fig. , with a significantly lower
T; measured for atoms trapped in tweezers at 1055 nm than for those trapped in the
bottom half of tweezers at 1061 nm. This discrepancy could be due to worse op-
tical aberrations in these areas that decrease the efficiency of polarization-gradient
cooling, or due to different intensity noise profiles from the different fiber amplifiers
or SLMs used on the two pathways. These data reveal that further investigation of

noise sources specific to lasers or tweezer pathways could elucidate limiting factors
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on coherence times in neutral atom arrays.

In order to relate T and trap depth inhomogeneity or atomic temperature, the
parameter 1 can be calculated as the ratio of the differential light shift of the
hyperfine states to the electronic ground state light shift (the trap depth), which
we can calculate to be = 1.50 x 107# H (At the few-percent accuracy level, it
becomes important to account for higher-order processes [[126]], but such accuracy
is not required here). We corroborate this value by experimentally measuring
the differential light shift via Ramsey interferometry at different depths (Fig. [3.2),
finding » = 1.3(1) x 107, in reasonable agreement with the theoretical value. This

allows us to estimate the atomic temperature during microwave operation as [[123]]

2hVe?3 -1
nkB <T2 e >
assuming the temperature is sufficiently homogeneous to invert the fraction and the
mean. This temperature may differ from the effective atomic temperature during
other points of the experimental sequence that do not include the ramp-down and

state preparation steps that may decrease and increase the temperature respectively.
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Figure 3.7: Uniformity of T; coherence time across the array Map and histogram
of T; across the atom array. The average uncertainty per site is 1.5 ms. The average
T; for sites generated by the fiber amplifier at 1055 nm is 23.2(1) ms, while it is
25.58(3) ms for sites generated by the fiber amplifier at 1061 nm.

3.2.3 Dynamical Decoupling
In order to extend the operation time of a realistic quantum processor well beyond the

dephasing time of the array, we can apply dynamical decoupling to the atomic qubits.

3We calculate the differential light shift between the clock states accounting for the shifts from
the D; and D, lines whose transition frequencies relative to the qubit states differ by ~ 9.2 GHz.
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Dynamical decoupling builds on the original spin-echo [[127] sequence developed
in the context of NMR, which applies a  pulse halfway through an evolution time,
such that dephasing caused by static, inhomogeneous fields are canceled. Applying
this sequence more frequently to address slowly varying noise was implemented in
the Carr-Purcell-Meiboom-Gill (CPMG) pulse train [128].

Spin-echo and CPMG type sequences protect dephasing from a qubit that is pointing
along a particular axis, however to protect qubits from dephasing, no matter their
current state, the XY4 (X —Y — X —Y) sequence was introduced, and soon after, the
XY8 (X -Y—-X-Y-Y-X-Y-X)and XY16 (XY8 — XY38) sequences, which
provide a mirrored structure of pulses that can provide protection against errors in
control operations [[129]. We utilize in our experiments such pulse sequences with

mirror symmetry, such as XY4, XY8, and XY 16 sequences [130].

It has been proven that theoretically with a fast enough sequence of unitary pulses,
all dephasing could be reversed [[131], limited by the error applied due to the pulses

themselves.

We test XY4, XY8, and XY 16 sequences on our array and find empirically that an
XY 16 dynamical decoupling sequence with a period of 12.5 ms yields the longest
dephasing time for the reduced trap depth of kp X 55 pK of the pulse sequences that

we test.

3.24 T, time

By applying cycles of XY 16 sequences with a period of 12.5 ms between 7 pulses,
we measure a dephasing time of 7, = 12.6(1) s, a new benchmark for the coherence
time of an array of hyperfine qubits in optical tweezers [51} [52]] (Fig. 3.8). In
addition, we investigate in Fig. [3.9] the coherence time at different trap depths,
yielding notably 7> = 3.19(5) s at the full trap depth of kp x 0.18 mK. Although
lower, this result also surpasses previous known results with hyperfine qubits in a

tweezer array.

To measure the coherence time with dynamical decoupling, we prepare the qubits
in |1), and then apply a 5 pulse, wait half the period time, and subsequently apply
XY 16, where each X and Y 7 pulse is separated from the previous one by the
period. After the final pulse, we wait half of the period time and then apply another
5 with phase 0 or 7. We vary the number of symmetric XY 16 cycles and we obtain
the coherence contrast by subtracting the population difference of the two readout

cases (applying O or 7 phase). We measure a coherence contrast which we fit to an
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Figure 3.8: T, coherence time. Measurement of the dephasing time 7, after
dynamical decoupling. After an initial 7/2 pulse, a variable number of XY16
dynamical decoupling cycles with a fixed time v = 12.5 ms between 7 pulses are
used to offset the reversible dephasing. The phase of the final /2 pulse is chosen to
be either 0 or &, and subtracting the population difference in these two cases provides
the coherence contrast. The contrast decay is fitted to obtain 7, = 12.6(1) s.
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Figure 3.9: Uniformity of T, coherence time across the array. Map and histogram
of T, across the atom array. The average uncertainty per site is 2.8 s. The average 7,
for sites generated by the fiber amplifier at 1055 nm is 19.2(4) s, while it is 12.32(6)
s for sites generated by the fiber amplifier at 1061 nm. We use averages weighted by
the uncertainty on each site, since we observe that the unweighted average results in
a bias from the value obtained by global fitting.
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exponential decay to find 7, = 12.6(1) s. This is, to our knowledge, a record for

coherence time in alkali atom arrays.

We investigate in Fig. [3.9 the coherence time 75 as a function of the trap depth
for two different periods between 7 pulses (only for atoms trapped with the fiber
amplifier at 1061 nm), 12.5 ms and 6.2 ms. We attribute the different optimal
periods at different depths to a trade-off between the unfiltered noise at a specific
dynamical decoupling period [[131]] and the effective depolarization induced by each
7 pulse. At the full trap depth, we measure a coherence time of 3.19(5) s, which

still constitutes a record for hyperfine qubits in a tweezer array.

Considering the Raman scattering rate at a trap depth of kz X 0.18 mK, we expect
that a significantly longer coherence time should be achievable. Based on this obser-
vation and the discrepancy in coherence time between atoms trapped at 1061 nm and
1055 nm seen in site-resolved data (Fig. [3.9), we posit that the observed coherence

time is limited by intensity noise due to the trapping lasers or the SLMs.

12.5
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Figure 3.10: T, dependence on trap depth. Measurement of the coherence time
T, at different trap depths, for two different periods between m pulses. Error bars
indicating 68% confidence intervals are shown when larger than the dot itself. Note
that this experiment was performed with the 11,513 tweezers generated by the fiber
amplifier at 1061 nm only ( Fig. [2.12).



Universal Gates Overview

We provide a reference for the definition of various gates used to con-

struct universal gate sets, as well as some relevant properties.

Single-qubit gates: Single-qubit gates can be represented as rotations
on the Bloch sphere, whose surface can be defined as the set of states
{|¥) = cos(%)lO) + e'? sin(g)ll)} accessible by varying (6, ¢). The
Hadamard gate H is a single-qubit 7 rotation around the %(x + 7) axis

on the Bloch sphere, up to a global phase. In matrix form, H is given

1 1
_ 1 . . . — 1
as H = _«/Z( . ), which is equivalent to H _\/E(X + Z). We note

also that HZH = X , HXH = Z, and H*> = I. We write X, Y, Z to
represent Pauli matrices. R,(#) and R,(6) represent arbitrary single-
qubit rotations by angle 6 around the x-axis and z-axis respectively, and

can be written as Ry () = e"i5k for k € {X,Y,Z}. In matrix form,

_( cos(§)  —isin(%)
R.(9) = ( —i sin(g) cos(g) ) (5-2)
_(cos(5) —sin(9)
Ry (6) = ( sin(%) cos(g) ) &9
RO = () (3.7)

and in relation to the Hadamard gate, HR,(0)H = R.(6). We note
also that R;(6) = Ry(=%)R:(6)R,(5). The T gate is then a 7 rotation
around the z-axis, so T = ¢'§ R,(Z).

Two-qubit gates: We can write the CNOT entangling gate in the

following way between qubits a and b:
CNOT = 0),{0|a ® Ip + [1),(1], ® X (3.8)
and a CP (controlled-phase) gate is given by
CP = 10)4(0la ® Iy + | Da(1la ® €'ZR(0). (3.9)

Here, the CP gate is a CZ gate when 6§ = n. A CZ gate can be
transformed to a CNOT gate in the following way:
CNOT = (I, ® H,)CZ(1, ® Hp).

107
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3.3 Single Qubit Gates

The coherence times that we measure represent something of a fundamental char-
acterization of the uniformity that qubits in our array experience, and the length of
time that information can be held and operated on. We now turn to implementing
single-qubit gates and characterizing the fidelity of these operations utilizing ran-
domized benchmarking. We characterize a high single-qubit gate fidelity of over
99.98%, however, we also note that we believe that this does not represent a fun-
damental limit of our achievable fidelities, since we are implementing these gates
using a microwave horn, and could instead pivot to implementing single-qubit gates
via a two-photon Raman process which can have two orders of magnitude higher
Rabi frequencies. We have demonstrated the use of such transitions for measuring
our trap frequencies as was presented in section [2.5.2) and Fig.

3.3.1 Universal Gate Set

In order to utilize a platform for quantum computing, it must be able to demonstrate
a universal gate set. According to Nielsen and Chuang [132], ‘a set of gates is said to
be universal for quantum computation if any unitary operation may be approximated

to arbitrary accuracy by a quantum circuit involving only those gates’.

A few primary examples of such universal gate sets include {CNOT, R.(6), R,(0)}
and {H,T,CNOT}. Generally, any two-qubit entangling gate along with arbitrary
single-qubit rotations forms a universal gate set [[132]. For neutral atom quan-
tum computing, the native gate entangling gate is the controlled-Z (CZ) or the
controlled-phase (CP) gate. The CZ gate can be transformed into the CNOT gate

via conjugation with Hadamard gates, up to a global phase.

3.3.2 X,Y,Z gates

To implement rotations around {X, Y, Z}, we utilize a microwave horn to drive the
qubits. Implementing X and Y gates involves applying an RF modulation of the
form Qcos(wt + ¢), where Q is the Rabi frequency or strength of the RF drive,
w 1s the drive frequency, and ¢ is the phase. We implement gates by driving the
qubit at the qubit frequency. When ¢ = 0, the qubit rotates around the X-axis, and
when ¢ = 7, we implement a qubit rotation around the Y-axis. In particular, a pulse

rotating a qubit by an angle 6 with phase ¢ applies the unit operator

U(Q, ¢) — e—ig(Xc0s¢+Ysin¢). (3.10)
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In order to implement a rotation around the Z-axis, one could apply combinations

of rotations around the X and Y axes, since
m n
R (0) = Ry(_E)Rx(H)Ry(E)- (3.11)

This amounts to the qubit rotating relative to the X and Y axes. However, one can
also instead rotate the reference frame of the axes relative to the qubit instead in
a so-called virtual-Z (VZ) gate [133]]. Doing so has the significant benefits of not
causing control errors, and also not requiring time for implementation, since it is
applied simply by shifting the phase ¢ of subsequent operations. We reproduce a
helpful example found in [[133]] to demonstrate that this is an effective approach. In
particular, if one implements two R, (6) gates where the second gate is delayed by

the phase ¢, the operator that is applied will be

e—ig(Xcos #+Y sin ¢)Rx(9) _ ei%Ze—nge—i%ZRx(g) 3.12)
= R (=¢)R:(0)R ()R, (6). (3.13)

If the phase offset is tracked such that subsequent gates are implemented in the new
frame, the final z-rotation will be subsumed into the following gate. And since
the measurement is done in the z-basis, this will not affect the final measurement

outcome.

3.3.3 Randomized Benchmarking

Characterizing gate fidelities can be done in several ways, but the approach of
randomized benchmarking (RB) [[134]] has become a standard approach. This is
because RB has two significant benefits. Firstly, RB allows the fidelity to be
determined in a fashion that is independent from state preparation and measurement
errors. Secondly, RB is a scalable approach because it uses gates from the Clifford
group, which is provably scalable, since Clifford gates can be simulated efficiently
classically. The Clifford group for two qubit gates C; is generated by {H, S, CNOT},
where S is the so-called phase gate, S = R, (x/2). While it does not include the full
universal gate set, stabilizer measurements for quantum error correcting codes are
for instance made up of Pauli operators which are included in the Clifford group.
The single-qubit Clifford group C; is generated by {H, S} and contains only 24

operations, in comparison with the 11, 520 operations in the C, group.

To implement single-qubit RB, we first prepare the qubits in the |1) state, and then
implement some number of gates n, after which we apply the inverse of all the gates,

and measure the return probability to the |1) state. For each given length n, we
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select U,_1, . . ., Up at random from the 24 unitaries composing the Clifford group.
We then apply U_1U,,— - - - Uy where U_; is the inverse of U,_; - - - Uy, which we
calculate on a classical computer. We decompose Clifford gates into elementary
rotations around Bloch sphere axes using the zyz Euler angles. Rotations around
z are implemented virtually, as described in the previous section, by offsetting the

phase of all following x and y rotations [133]].

3.3.4 Robust Gates

As was previously presented in Fig.[3.4] we have an inhomogeneous Rabi frequency
across the array which causes pulse length error in our gates— some qubits experi-
encing over-rotation and others experiencing under-rotation for a given gate that has

a pulse length determined by the average Rabi frequency of the array.

In order to address such errors, that are particular to the noise sources in our system,
we turn to error-resilient composite pulses or robust gates. There are many families
of such gates that allow for platforms with particularly limiting error sources to
design composite pulse sequences that together both implement the desired unitary
gates, while remaining robust to a particular error source. Common error sources
that can be addressed with composite pulses include pulse length errors (such as
caused by inhomogenous Rabi frequency) and off-resonant errors (such as caused
by variable light shift across different tweezers). To address our pulse-length errors,
a few relevant pulse sequences are the BB1 sequence [135]], the SK1 sequence [136],
and the SCROFULOUS sequence [137].

Among such common families of error-resilient pulses [[135,|137,|138]], we find that
SCROFULOUS performs the best in our case. The SCROFULOUS in particular is
short compared to other pulse-length-robust sequences, requiring only three pulses.
Given that we are using microwave transitions rather than optical transitions, our
Rabi frequency is already significantly longer, and thus utilizing a shorter robust

gate proves optimal.

The SCROFULOUS pulse sequence implements a target rotation U (6, ¢) using a
symmetric composite pulse U (63, ¢3)U (62, p2)U(61, ¢1) where
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6, = 03 = arcsinc(2 cos(6/2)/n) (3.14)
o __mcosb

$1 = ¢3 = ¢ + arccos ( 26, 5in(0/2) sin(G/Z)) (3.15)

0)=nm (3.16)

¢2 = ¢ — arccos (—2%1) (3.17)

In our implementation, the average pulse area for a random Clifford unitary is 2.02x.

3.3.5 Single Qubit Gate fidelity

We thus perform global single-qubit randomized benchmarking, using SCROFU-
LOUS composite pulse [138]] to compensate for our inhomogeneous Rabi frequency.
We apply n gates, up to n = 1000 sampled from the Clifford group C;, followed
by an inverse operation, and measure the final population in |1) (Fig. 3.11). We
average over 60 different strings of n random gates for each number of gates. Fitting
the decay as the number of gates increases yields an average Clifford gate fidelity
F, =0.999834(2), limited by phase noise in our system likely due to magnetic field
noise. This could be readily addressed by upgrading the current sources driving the
magnetic field coils or by operating at MHz-scale Rabi rates with optical Raman
transitions [72]]. We additionally plot the site-resolved single-qubit gate fidelity
in Fig. [3.13] demonstrating uniform, high-fidelity gates across atoms in all 12,000

tweezer sites.

We extract the average gate fidelity by modeling the sequence as a depolarizing
channel. As the number of applied Clifford gates n increases, the sequence depolar-
izes the initial state toward the fully mixed state, which for a single qubit corresponds
to a final population of % We fit the decay of the final population with the number
of applied Clifford gates as % + %(1 —dy) (1 — d)™ where the offset dy stems from
SPAM errors, d is the average depolarization probability at each gate and n is the

number of gates. The average Clifford gate fidelity is then given by [139]:

F.=1-d/2 (3.18)

3.3.6 Limitations on gate fidelity
Even though the measured single-qubit gate fidelity is competitive with other state-
of-the-art atom array experiments [35, 52, 53, |140], single-qubit gate fidelities

>0.9999 have been reported [[141, 142] in smaller arrays. Moreover, we can estimate
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Figure 3.11: Randomized benchmarking of single-qubit gates. Randomized
benchmarking of the global single-qubit gate fidelity. For each number of Clifford
gates, 60 different 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 different
strings. The inset lists all the colors used to indicate the 60 random gate strings for
a given length. The decay of the final population to 1/2 is fitted to (1 — d)" and
F. =1 —d/2 represents the average Clifford gate fidelity.

the maximal theoretical fidelity achievable for a given dephasing time 7. Assuming
the dephasing is only limited by the thermal distribution of atoms yields a theoretical
maximum fidelity of [[123} 143]:

3 1
==+
47 4(1+0.95(t/T;)2)3

7 (3.19)

where 7 is the average time needed to apply a Clifford gate, r = (0)/Q; () being
the average pulse area per Clifford gate. Hence, gate fidelities higher than 0.99999

should be achievable solely based on this value.

Beyond infidelities due to decoherence, other parameters that may limit single-qubit
gate fidelities are: (a) amplitude errors due to instabilities in the microwave power;
(b) phase errors due to the microwave setup; (c) phase errors due to optical tweezer
intensity noise; (d) phase errors due to magnetic field noise. We are interested

in which of these factors is limiting the gate fidelity. We rule out (a) because we
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observe that the Rabi frequency is very stable shot-to-shot (variations of less than
0.1 %), and we estimate that such variations should be completely suppressed by
the SCROFULOUS pulse. We also rule out (c) since reducing the trap depth further
does not significantly improve the randomized benchmarking results ( Fig. [3.12)),
and the fidelity is identical for atoms trapped in tweezers at 1055 nm and 1061 nm
as seen in Fig. (unlike 75 and 7). Although we cannot formally rule out (b),
we estimate that it is unlikely since active components in the microwave setup have
a very low phase noise, and we observe a sub-10 Hz linewidth of the microwave

signal with a spectrum analyzer.
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Figure 3.12: Single-qubit RB dependence on trap depth The population in |1)
after 1,000 random Clifford gates is measured for different trap depths, exhibiting
only limited improvement when the trap depth is reduced. This indicates that the
single-qubit gate fidelity is likely limited by residual magnetic field noise, which
could be readily mitigated by technical improvements . Error bars indicate estimated
68% confidence intervals.

We do, however, notice a dominant phase noise at 60 Hz in the qubit array due to the
mains AC voltage. We measure the intensity of this noise with a spin-echo sequence,
where the time between each pulse is 7 = 1/(2 x 60 Hz) (Fig.[3.14)). Although this
low-frequency noise cannot by itself explain the single-qubit gate fidelity loss, it
points generally to residual magnetic field noise that could be mitigated by shielding
the vacuum cell, upgrading the current sources driving the magnetic field coils,
and/or by operating at MHz-scale via Raman transitions. This can be achieved,
for instance, by utilizing the amplitude-modulation setup used for Raman sideband

spectroscopy.
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Figure 3.13: Uniformity of single-qubit gate fidelity across the array Map and
histogram of single-qubit gate fidelity obtained by global randomized benchmarking.
The average gate fidelity is 99.9834(2)%.
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Figure 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, 7, is set to a
half-period of 60 Hz, which enhances the noise. By varying the time #4e1ay between
the line trigger and the spin-echo sequence, we map the periodic noise at 60 Hz to
the population in |1).
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Chapter 4

NEUTRAL ATOM ARCHITECTURE: CONNECTIVITY

One central advantage of using neutral atoms for quantum computing lies in the
arbitrary connectivity that can be engineered between qubits via atom transport.
This enables, for instance, quantum error correcting codes with significantly higher
encoding rates than can be achieved with simply nearest neighbor connectivity [[12,
13]].

Quantum error correction (QEC), in which information is protected from decoher-
ence by being encoded in logical qubits across many physical qubits, is necessary
to implement in order to run algorithms or simulations that are useful for real-world
problems with high enough fidelity. Encoding the information at all already requires
many qubits, and to reach high enough logical qubit fidelities, even more qubits.
Thus, utilizing codes with higher encoding rates of the number of atoms or qubits
that are necessary for encoding atoms will allow for quantum computers to be more

useful sooner, as has been put forward in recent resource estimates [14, |[144]].

Additionally, implementing universal quantum computation requires single-qubit
and two-qubit gates which have been implemented either through single-site ad-
dressing [52] or a zone-based architecture [35]]. Zone-based architectures leverage
the ability to dynamically move atoms in a coherence-preserving manner [S1}145],
enabling long-range, non-local connectivity, which allows for less stringent quantum
error correction bounds [[146]. This architecture also provides a path for mid-circuit
readout [35].

Thus, for the purpose of universal quantum computation, as well as looking towards
future QEC applications requiring high connectivity, we examine the atom transport
at scale in the context also of enabling zone-based computation. While moving atoms
using acousto-optic deflectors (AODs) is now a well-established practice to resort
them into a deterministic configuration [30, 31]] or to transport them coherently [35,
51, |54, 147], the distances across which it will be necessary to transport atoms to
enable computation in our 6,100 qubit array are significantly further than previously

demonstrated distances for single-atom transport with tweezers [35] 51]].

After examining long distance atom transport (4.1)) and long distance coherent atom

transport (4.2)), we then present a proposal including details for utilizing these
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atom transport techniques in a zone architecture in our system (#.3)). We go on to
briefly discuss aspects of qubit hiding (.4 and two-qubit gates (4.5), presenting
some preliminary data, and discussing application to realistic use of the presented

zone-architecture.

4.1 Long distance transport

We begin by isolating effects purely due to long-distance transport, loading directly
from the MOT into 10 transport tweezers created using 1055 nm light through
two AODs mounted in a crossed configuration. We utilize the most wide-band
commercially available AODs at near-infrared wavelengths (Gooch & Housego
AODF 4085), which cover up to 500 — 600 pm along one axis for the optical
parameters used here. These AODs have more resolvable spots due to having a larger
crystal active-aperture of over 15 mm. We map the output after the pair of AODs
to the back aperture of the objective using a telescope with 3:2 demagnification to
match the same beam size at the back aperture of the objective as the beam from the

SLM trapping tweezers.

We measure the survival of atoms as a function of the transport time using a constant
jerk trajectoryP_l and moving by sweeping the frequency along just one axis. Moving
longer distances requires a significantly longer time in order to mitigate atom loss,
as seen in Fig. 4.I] Additionally, we observe that deeper traps allow for faster

movement before there is significant atom loss.

4.1.1 AOD tweezer movement

In probing atom survival as a function of long-distance movement speeds, we find
that the speed of transport is strongly constrained by cylindrical lensing—an effect
that deforms the trapping potential, and occurs when the AOD frequency is rapidly
swept [148|]—which becomes increasingly deleterious as the AOD field of view is

increased.

This becomes clear because when we implement a diagonal trajectory (by imple-
menting the same sweep on a vertical and horizontal AOD simultaneously), we
can move significantly faster during a single move without seeing atom loss than
we can for a straight move. Notably, using a pair of crossed AODs for diagonal
transport converts cylindrical lensing into spherical lensing, enabling significantly

faster movement (Fig. 4.2)).

"'We note that in transport data where we implement many moves, we use an adiabatic sine
trajectory, which we find incurs less heating.
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Figure 4.1: Survival during long-distance atom transport Experimentally mea-
sured atom survival for different trap depths and two distances of 510 pm and 200
pm. The signal for each depth is fitted 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 cylindri-
cal lensing, as elaborated on in section d.1.1]

Cylindrical Lensing

When moving the atoms longer distances, cylindrical lensing becomes an increas-
ingly pronounced problem. Since moving larger distances requires utilizing more
resolvable spots, the AOD active aperture and incident beam are both larger. There-
fore, as a radio-frequency is swept, different parts of the beam will sample a larger
range of frequencies for the same sweep than a smaller beam would, thus causing
astigmatism or cylindrical lensing at the focal plane. This effect then determines a

critical speed for moving tweezers that is impossible to exceed.

As the tweezer is moved using a changing radio-frequency wave in the AOD crystal,
the focus of the tweezer is offset from the atom plane by the distance characterizing

the astigmatic focal shift, defined as

s = éxo(t) 4.1)

where f is the effective focal length of the objective (including any magnification
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Figure 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
kp % 0.28 mK) spaced by ~10.6 pum. Despite being shorter, a straight move needs
to be executed more slowly than a diagonal one due to cylindrical lensing.

after the AOD), V is the velocity of the acoustic wave in the AOD, and x((7) is the
tweezer velocity. This results in a modified tweezer potential U o« —U, Uy that can

be described, when moving in the x direction as

~ 1 2x?
0, = 5 exp| - i , 4.2)
. 2 =252
(14_(%)2) w0(1+(ZR))
- 1 2y?
Oy=—— exp|l-————|. (4.3)
cy2\"? w2 (1+(£)2
1+(a) 0 ZR

The ratio of |z,| to zg (the tweezer Rayleigh range) determines two regimes: when
|zs| < 2zg, the tweezer is still well defined (i.e., there is a single local potential

minimum, albeit broadened by cylindrical lensing) and the trap depth is reduced

2
by 1 + % (ZZ—;) . When the tweezer is moved too quickly in one direction and |z
exceeds 2z, the trap splits such that there are two potential minima, causing the most
deleterious effects. This motivates us to introduce a characteristic shift velocity, v,

such that )
s X0
2Zr Vs

4.4)
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Notably, v, constitutes a velocity that is difficult to exceed during atom transport
without atomic loss, and is given by: v = ZJTVW(z) /fA. By assuming Airy diffraction
through the objective, we obtain a simple formula:

vy & 5.3%, (4.5)
where T, is the AOD access time, i.e. the propagation time of the acoustic wave
through the input beam [149]]. (Note that the exact factor depends on the optical
configuration; in our case, we obtain results consistent with a factor 7 — 8 instead
of 5.3). This formula highlights an important trade-off: 7, factors in the time-
bandwidth product (T, Af), a figure of merit for AODs that is roughly equal to the
number of resolvable spots. Thus, as one tries to scale up the addressable field of

view of AODs, v, decreases.

Using a diagonal trajectory (by which we mean that tweezers move with the same
rate along x and y; Xop = Yo, or equivalently the chirp rates in the AODs are equal:
fi = fy) allows this splitting to be eliminated, minimizing the impact of lensing,
though there remains a penalty due to the off-axis focus shift. This can be seen by

recognizing that the overall potential in this case can be written as

1 2()62 + y2)

OC—_SCXP —
T W (152

where there is only one potential minima (at position zy), that has been spherically

U

, (4.6)

lensed due to the symmetry in x and y (the minimum tweezer waist is larger).

Thus, to mitigate the effects of cylindrical lensing in the data that we present in
the following sections, we have used diagonal moves. While there is still a penalty
associated with the focal shift of the tweezer, it is much reduced compared with the
straight move situation. We have leveraged this strategy to realize faster high-fidelity
moves, as presented in Figs. 4.5 4.6] and 4.8 In section [4.3] we describe how a
zone-based neutral atom quantum processor can be engineered with these diagonal

moves.



How is heating incurred from atom trajectories?

For a stationary atom in a trap, under the harmonic oscillator approxi-

2
mation, the Hamiltonian is given as Hy = £ + Imw?’x?.

When the trap is accelerated, the atom then feels the force F(t) =
—ma(t), so that the perturbative potential is given as V(¢) = F(¢)x.
Then from first order time-dependent perturbation theory, if the atom
starts in the motional state |n), the probability amplitude (p,x) of finding

the atom in state |k) after time 7, is given by

1t
Pnk = = / 'Ok (k|V (1) n)dt 4.7)
lh 0

where here, w,x = (Ex — E,) /i is the transition frequency. By inserting

our expression for V(¢) and x = , /ﬁ(a* + a), we find
m a .
Pnk = —i\/nwk,n—l\/ﬁ"' Okn+1Vn + 1)/ a(t)e'“'dr  (4.8)
w 0

So then, AN = |p,nt1]? = |Pun1]> which we can calculate to be

m 4 ot
AN = —‘ t)e'’ dt’
2hw /0 alt)e

By taking s = 2¢/T — 1, we can write the adiabatic sine trajectory given

2
. (4.9)

in equation 4.12] and assuming the atom starts at rest and ends at rest,
as

t 1 . (2nt
X(t) = D[?— gSll’l (T)]’ (410)
which then gives a(t) = Z’Tr—f sin(2xt/T), where D is the distance of the

trajectory, 7 is the time of the trajectory, and w is the trap frequency.

Taking the Fourier transform, then gives that the increase in the average

radial motional quanta AN for an adiabatic sine trajectory scales as
D2

In the case of a constant jerk trajectory,

) = D[3(%)2 - 2(%)3] @.11)

we find AN o 22

w3T**

120



121

4.2 Long distance coherent transport
We not only require transporting atoms without loss, but also that the quantum
information is maintained. We thus perform a Ramsey measurement before and

after the ten AOD tweezers are transported by 610 pm in 1.6 ms.

We demonstrate in Fig. 4.3 negligible loss of coherence for atoms transported by
610 pm in 1.6 ms. We suppress dephasing with one XY4 dynamical decoupling

sequence per move.

Static
Transported
1
0.75F
S 5zl
a 0.5
0.25F
0 I

—-m—-n/2 0 n/2 n
Analyzer phase

Figure 4.3: Coherent transport. Coherence of an atom after being transported
diagonally 610 pm (blue) in 1.6 ms or held stationary (gray).

This appears promising, however, we note that realistic applications of coherent
transport for quantum computation require many moves, not just single moves as
demonstrated thus far. In particular, as an example, for movement of check-qubits
in high-encoding rate codes, tens of moves could be needed for syndrome measure-
ments, with increasing numbers of moves required depending on the distance of the
code. Thus, we pivot to characterization of the survival and fidelity of many moves

using interleaved randomized benchmarking.

4.2.1 Interleaved Randomized Benchmarking

In order to evaluate the fidelity of many long-distance moves, in the absence of

cylindrical lensing, we therefore characterize both the survival of atoms after N
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diagonal moves, as well as the fidelity of the quantum channel defined by coherent
transport through interleaved randomized benchmarking [134] (IRB, Figs.#.5] 4.6).
To the best of our knowledge, such a quantitative characterization of transport fidelity

in neutral atoms has not been previously demonstrated.

SRace IRB sequence
Q
N
¢ | N By %
X, »X »
0_ - ——
Uo U, Ugr=-Up-1 U4
» Time
— I
——
M moves N-M
and Clifford gates
gates

Figure 4.4: Interleaved randomized benchmarking IRB sequence used to bench-
mark the move fidelity. Random Clifford gates are interleaved between each of the
M (< N) moves, with the total number of gates N constant.

To perform interleaved randomized benchmarking, we fix a total number of single-
qubit gates N drawn from the Clifford group C;. We then interleave M (< N) total
moves between the first M gates (atoms are held for ~54 ps between moves), after
which we apply the remaining N — M gates to keep the total number of gates N
constant and then apply the inverse of these gates. For the return probability data
shown in Fig.[4.5|and Fig. 4.6 we average over 72 sequences of random gates for each
number of moves and apply N = 80 total random single-qubit Clifford gates. For
the static and transported return probabilities in the second panel, we apply the same
single-qubit control sequence, including XY4 dynamical decouplingﬂ To maximize
the dephasing cancellation, we apply dynamical decoupling in a transformed Clifford
frame (as described in a following subsection). As in the case of randomized
benchmarking, we utilize SCROFULOUS pulses for implementing the Clifford

gates.

For the atomic movement for the IRB, we use an adiabatic sine trajectory described
by:
1
x=—sin(mt) +t (t,x € [-1,1]). (4.12)
DS

2We empirically find that the asymmetric XY4 sequence [150] performs best by evaluating the
coherence contrast after 80 moves (implemented using bare pulses).
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We find that we can execute a single move faster with the constant jerk trajectory [51]]
(which we use for Fig. [d.3|and Fig. [4.T)), but that the adiabatic sine trajectory incurs

less heating, as we see after implementing several moves.

Note that in the coherent transport data, the tweezer depth change along the trajectory
is compensated with RF power which we calibrate beforehand with static tweezers
at each position. We believe the transport fidelity can be further increased with
more careful compensation of the trap depth including the AOD lensing effect in
the future. We have recently implemented a more comprehensive approach for

characterization and compensation, following [151]].

Fitting return probabilities

At the end of the randomized benchmarking sequence, we measure both the atomic
survival and the return probability (note that we apply a final 7 pulse to map the
return state to the non-pushed-out state |0)). We fit the atomic survival to a clipped

Boltzmann distribution
Sy =1—exp(—1/(a + bn)) 4.13)

where a and b are respectively the normalized initial temperature and normal-
ized temperature accumulated per move. For the selected durations for interleaved
randomized benchmarking, we find that a is negligible. We then fit the return
probability to

P=(1—-ep)- %+%(1—d6)(1—d’)" , (4.14)

where d’ is the depolarizing probability for coherence, not accounting for atom loss.
Owing to the randomized benchmarking procedure, coherence loss also includes
the impact of XY4 dynamical decoupling since it would not be necessary without

transport.

Since the resulting probabilities depend on the previous number of moves, as loss
dominates at large numbers of moves, we define an instantaneous fidelity; i.e., the
fidelity of the transport channel after a certain number of previous moves. We

extract the instantaneous fidelity after n moves as:
1
d'\1—e by
F, = (1 - —) _— (4.15)
2) 1-em
Note that this is the most conservative approach and amounts to considering that

the channel infidelity due to losses is equal to the loss probability itself. In the
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context of fault-tolerant quantum computation, losses could be directly detected,
leading to a higher tolerance to such errors than to Pauli errors. One could therefore
assimilate loss to a depolarizing channel, which would significantly increase late-
time instantaneous fidelities in Fig. [4.5] Fig. [4.6] Fig. [4.8] and Fig.[4.9] It is worth
noting that losses are subdominant for early-time IRB results presented in Fig. 4.5]
and Fig. [4.6] therefore the quoted early-time fidelity in these figures is independent
of the specific model we use for losses. To compute the 68% confidence interval
we bootstrap b and d’ using the fit results and covariance matrix. We corroborate
the obtained fidelity with a simple exponential fit for the first few data points of the
return probability, where losses are negligible, and find similar early-time fidelities
and error bars. We also notice that the shorter move of 270 pm has a slightly
lower early-time instantaneous fidelity of 99.935(2)% compared with with the 610
pm-move (99.953(2)%). We believe the discrepancy is likely due a trap depth

calibration imperfection, and leave further investigation to future work.

Transformed Clifford Frame

During each move of the benchmarking sequence, we apply XY4 in a transformed
Clifford frame. Previous works have examined the interplay of dynamical decoupling
and quantum operations by; e.g., studying a system Hamiltonian in the “toggling
frame” induced by dynamical decoupling pulses [152]. Here, we use related ideas
but examine the decoupling operations in the frame rotated by the previously applied
Clifford gates.

For instance, ignoring the Clifford gates between moves k — 1 and k, it is possible to
concatenate two XY4 sequences X —Y — X —Y (with a symmetry operation) to obtain
an XY8 sequence X -Y - X -Y-Y - X-Y —X that yields higher-order dephasing (and
pulse-length error) suppression. However, the random Clifford gate Uj between the
two sequences will cancel this effect by twirling the second XY4 sequence with
respect to the first one. Thus, we can “counter-twirl” the second XY4 sequence by
applying it in a specific Clifford frame: the Pauli operator P becomes P’ = U;PU k-
Up to a global phase, U;X Uy and UZYUk are two distinct elements of {X,Y, Z},
because Uy is a Clifford gate. If one of these two unitaries is Z, we further conjugate
with a Hadamard gate H (or the equivalent basis change unitary between Y and Z)
to map these two unitaries into X and Y, or Y and X. This can easily be generalized
to n-qubit Clifford gates. A paradigmatic example is the transport between the

storage and interaction zone to apply a CZ gate: since CZ(X ® X)CZ = -Y ®Y,
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we can appropriately transform the decoupling sequence applied during the return
move. This could also be extended to yield higher-order sequences, such as XY 16.
Importantly, typical architectures for fault-tolerant quantum computation (FTQC)
use almost exclusively Clifford gates [153]] (e.g., past the initial generation of noisy
magic-state inputs, all gates are Clifford). Therefore this technique is fully applicable
to FTQC.

4.2.2 Directly loaded AOD with long-distance moves
610 um, 0.28 mK

I
=
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Figure 4.5: 610 pm AOD move survival and coherence. Benchmarking results
for repeated 610 pm diagonal moves. Top: atom survival for varied times, fitted 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 fits that include coherence and atom losses. Bottom panel: average
instantaneous transport fidelity after a given number of moves, fitted from the IRB
return probability. The curve width represents the 68% confidence interval. The
instantaneous fidelity of 99.953(2)% is constant for the first ~30 moves.
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Figure 4.6: 270 pm AOD move survival and coherence. Results of the randomized
benchmarking of transport, for 270 pm at two different trap depths, as specified above
each subfigure. Similarly to Fig. 4.5] we present the atomic survival for various
move durations (top panel), the IRB return probability for the specific duration—
1 ms and 0.4 ms respectively— highlighted in blue (middle panel), and the extracted
instantaneous transport fidelity. The curve width in the bottom panel represents the
68% confidence interval.

We perform this benchmarking technique for a movement distance of 610 pm
(Fig.[d.3), with diagonal moves, after loading directly from the MOT into ten AOD
tweezers. We first measure the survival probability of an atom in a tweezer at the
end of the sequence for different move durations (top panel). For a 1.6-ms move
using kp X 0.28 mK-deep traps, we then characterize the return probability to the

initial quantum state after IRB as a function of the number of moves (middle panel).

The resulting IRB return probability data is non-exponential in the number of moves,
because at large numbers of moves, trap losses become dominant and the fidelity for
the transport channel depends on the number of previously executed moves. We thus

measure the instantaneous fidelity of the transport channel after a certain number of



127

previous moves, shown in the bottom panel of Fig. d.5] The instantaneous fidelity
approaches a constant value of 99.953(2)% for small numbers of one-way moves
(< 30), where losses are the sub-dominant error. This regime is most relevant for
QEQC, since data qubits and ancilla qubits can, in principle, be swapped every few

layers of gates [|154]].

We additionally extract the fidelities and survivals using randomized benchmarking
at a distance of 270 pm, which is approximately the average distance that atoms
would have to move between the storage zone and either the interaction or readout
zones in our proposed layout for zone-based computing (section 4.3.1). It is also
approximately the average move distance for rearrangement to a compact configura-
tion (section 4.3.2). We measure the fidelity of the quantum channel both for a trap
of 0.28mK as well as for a trap depth of 0.92mK. We find an instantaneous-move
fidelity with 0.28mK trap depth of 99.935(2)% and an instantaneous move fidelity
with 0.92mK of 99.848(6)%. The deeper trap depth allows for faster moves which
could be used to enable a faster timescale for rearrangement without loss, but which
incurs more infidelity in the case of a coherent move, due to scattering rates from

the deeper trap.

4.2.3 SLM-AOD transfer

Until now we have isolated the effect of movement on coherence in absence of
the static SLM tweezer array that we have used for the rest of this work. We
now implement the necessary operations of transferring atoms between SLM static
tweezers and the dynamic AOD tweezers. In this section we characterize purely the
transfer operation for 195 AOD tweezers, and in the next section, we investigate the

transfer operation in conjunction with a 375 pm move.

We first demonstrate that these operations proceed without the emergence of unex-
pected technical challenges by performing high-fidelity parallel SLM-AOD transfer
across the full field of view of the AOD (Fig. [4.7).

We use 195 AOD tweezers spread across 504 pm x 468 pm (Fig. @4.7a) to perform
and characterize a repeated transfer procedure, post-selected on initially filled SLM
sites. As with coherent transport benchmarking, we evaluate the transfer fidelity as
a function of the number of one-way transfers through IRB (Fig. [4.8). To execute
faster (or higher-fidelity transfers at a given duration), we propose and implement
a trajectory where AOD ramp-and-move operations are simultaneously optimized

with machine learning techniques to maximize survival (Fig.[4.7c). Compared with
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Figure 4.7: Machine-learning optimized SLM-AQOD 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 pm, then held for 100 ps. During this time, the SLM traps are turned
off to ensure that atoms left behind in SLM traps are removed (this way, atom
survival correctly corresponds to a successful pick-up and drop-off). Then SLM
traps are subsequently turned on, and atoms held in AOD tweezers are moved back
and dropped off into the SLM traps. For IRB data shown in Fig. .8] gates are
interleaved between each round-trip transfer. A pick-up and split-move operation
(or equivalently a merge-move and drop-oft operation) are considered a ‘one-way
transfer’. b, Best hand-optimized trajectory for trap transfer, using a quadratic depth
profile and a constant jerk movement. Here we implement the pick-up and the
tweezer separation move in sequence, without overlap. ¢, 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.

our manually optimized trajectory (Fig. 4.7b), this technique yields significantly

higher atomic survival, and enables a one-way transfer fidelity of 99.81(3)% for
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< 12 transfers (compare blue and gray data in Fig. 4.8 top panel).

To transfer atoms between static and dynamic traps, we generate an evenly-spaced
grid of 15x 14 AOD tweezers (with a spacing five times that of SLM sites, Fig.[d.7h),
of which 195 sites overlap with SLM tweezers generated with the 1061 nm tweezer
laser (out of 11,397 sites in the SLM array). The focal planes are matched by
imprinting a Zernike defocus polynomial using the SLM. The position of each SLM
site is adjusted in the WGS algorithm to match the corresponding AOD site, first by
matching the point-spread function on the qCMOS camera, and then by optimizing
the transfer survival. For the data shown in Fig.[4.8] the SLM trap depth is ramped
down to ~kpx0.14 mK, which we find is optimal for transfer into k3 x0.28 mK-deep
AOD tweezers. We note that adiabatic ramping between full depth and this depth

does not incur noticeable losses.

For hand-optimized trajectories shown in Fig. [#.7p, the AOD trap depth is quadrat-
ically increased over the course of 48% of the total ramp-and-move duration, after
which the AOD trap is moved with a constant jerk trajectory by 2.4 pm during the
remaining 52%. These ratios, as well as the ramp and trajectory used, are set to

empirically maximize atom survival.

As an alternative, we propose and implement a machine-learned procedure for faster
(or equivalently, higher-survival) atom transfer, for which the AOD trap depth and
position can be simultaneously changed (Fig.[.7c). For both trap depth and position,
14 points—from which ramps are obtained by cubic interpolation—are adjusted by
a machine learner [155] for a fixed one-way duration of 400 ps and 60 consecutive
one-way transfers. This trajectory is inverted to merge and drop off atoms back into

static traps.

For data shown in Fig.[4.8] AOD tweezers are repeatedly ramped up and moved away
from the corresponding SLM sites by 2.4 pm, and then held static for 100 ps. The
direction of motion is as pictured in Fig. 4. 7a, and does not match the direction of
transport used in Fig.[d.9|because cylindrical lensing is not detrimental at the speeds
being reached for the short move in this pickup-only operation. During the 100 ps
wait time, SLM tweezers are turned off after which they are turned back on, such that
atoms held in SLM tweezers and not AOD tweezers are dropped. This enables us
to ensure that atoms that may have remained in traps rather than being successfully
picked up, are not counted towards survival. At the end of the sequence atoms are
imaged again in SLM tweezers. We use the same dynamical decoupling sequence as

for the AOD-only transport experiment, including notably the transformed Clifford
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frame technique. Unlike for long-distance transport, we find that the survival as a
function of the number of transfers has an exponential component—Ilikely due to

experimental imperfections such as trap misalignment. Hence, we fit it to:
Su = pop" (1 - e7m). (4.16)

In order to accurately distinguish between depolarizing effects and atom loss in
the IRB return signal, we fit the return probability as R, = S,D, where D, =
po(p)" (1 - e~1/0'1) The fidelity per move is then extracted as

1 Sn+l)Dn+1 (4 17)

F, = (— + .
2 25,/ D,
The uncertainty is obtained by first bootstrapping fitting parameters for S, and then,
for each sample, by bootstrapping those for D,,. Unlike for AOD-only transport, the
choice of convention used to account for losses impacts the early-time instantaneous
fidelity. In a scenario where losses can be directly detected, one could assign an
infidelity from loss equal to half the loss probability—as in a depolarizing model.
In this scenario, with three state readout including loss, the instantaneous fidelity

quoted in Fig. 4.8 would increase from 99.81(3)% to 99.88(3)%.

4.2.4 AOD-SLM transfer and move

After characterizing the two steps separately, we now combine SLM-AOD atom
transfer with long moves in the setting of a large SLM array where we additionally
seek to maintain the survival and coherence of atoms in the static array while moving

the atoms.

In order to combine atom transfer and long moves, we change the static tweezer
configuration to one featuring alternating spacing as shown in Fig. [4.9] This con-
figuration is motivated by the compatibility with diagonal motion (as schematized
in Fig. 4.14), and by the observation of additional losses in the absence of wider
pathways for transport. We note that we minimized this loss by adjusting the timing
between the horizontal and vertical AOD frequency sweep. If the beams are slightly
offset on the AOD crystal relative to the respective RF transducer, then the desired
diagonal sweep is not realized unless this is accounted for with an additional delay,
and the beam may sweep an arc that interferes with the survival of atoms in static
traps near the diagonal path. Despite optimizing this delay to minimize loss, we still

find the need to increase the distance to reach acceptable loss rates.

We did not attempt to optimize SLM parameters in the original configuration to

mitigate these losses and leave further investigation to future work. We include a
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Figure 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
pm during the remaining 52%. A 400 ps trajectory is optimized through machine
learning. Middle panel: return probability after IRB for the machine-learning
optimized trajectory. Bottom panel: extracted instantaneous fidelity of a coherent
one-way transfer as a function of the number of previous one-way transfers.

simulation for the out-of-plane interference for this spatial distribution of tweezers
(alternating between 4.8 pm and 9.6 pm spacing) in Fig. Apart from a slightly
lower imaging fidelity—which, in the context of fault-tolerant quantum computation,
matters much less than, e.g., for quantum simulation—we do not expect this array
to exhibit different metrics from the configuration characterized in the rest of this
paper. We utilize 8 X 6 AOD tweezers (of which 47 are overlapped with one of
the 11,416-site 1061 nm tweezer array) spanning 285 pm X 204 pm to demonstrate
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Figure 4.9: AOD-SLM transfer and long-distance transport. Schematic repre-
senting the configuration and operations used for coherent transfer and transport of
atoms across 375 pm using 47 AOD tweezers. The SLM layout (totaling 11,416
sites) alternates narrow column spacings of 4.8 pm and wide column spacings of
9.6 pm, between which AOD tweezers are moved diagonally. Timescales for each
operation composing one-way moves are detailed in the figure.

pick-up as well as 375 pm movement, spanning the full AOD field of view.

The combined transfer and move sequence is realized as follows (Fig.d.9): we first
apply a single-qubit gate, pick up atoms from the highlighted sites on the top side
of the array, and then perform a constant jerk movement for the initial separation
move. We then implement the 375 pm-move using an adiabatic sine trajectory,
apply a single-qubit gate while atoms are held in AOD tweezers on the bottom side
of the array (shown in highlighted locations), before applying the reverse move and
transfers. Timescales for each operation are shown in Fig. B.9 During the pick-
up operation, AOD tweezers are ramped up from 0 to kg X 0.28 mK while SLM
tweezers are ramped down from kp X 0.18 mK to k5 X 0.06 mK (the trap depth used
for the measurement of coherence times in section [3.2)). Possible deleterious effects
from the repeated ramps on static atoms are captured by the ‘static’ data in Fig.
the equivalent idle fidelity is > 99.96%. We measure an early-time instantaneous

fidelity for a pickup and move of 99.87(1)% for the timescales used here. This is
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Figure 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 pm move. Middle panel: return probability after IRB. Bottom
panel: extracted instantaneous fidelity of a coherent transfer, split and 375 pm move,
as a function of the number of previous such operations.

constant for about the first ten moves.

We notice no significant exponential component in the survival signal. Therefore,
when we evaluate the instantaneous fidelity using the technique described in sec-
tion 4.2] the early-time estimate of instantaneous fidelity is not impacted by the
choice of convention for handling loss. We anticipate that the timescales used here
can be sped up by leveraging machine-learning to optimize various trajectories and
ramps, as demonstrated in Figs. .7, [4.§]. Additionally, we envision integrating the

short move to split (and merge) AOD and SLM tweezers with the longer move in a
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single, curved trajectory.

4.3 Proposed 6,100 qubit zone architecture

Having now demonstrated coherent operations pertaining to dynamic movement of
atoms in our tweezer array, we pivot to proposing an architecture that can use the
ingredients of this thesis to implement universal quantum computation. Notably,
the missing but necessary ingredient is a high-fidelity two-qubit gate. We discuss

aspects related to implementing such gates in section 4.5}

We present here a comprehensive outlook on the ingredients necessary for imple-
menting a universal quantum computer utilizing the 6,100 qubit platform we have
presented in this thesis, and focusing on prerequisites that represent a challenge due
to scale. For instance, we leave aside the question of mid-circuit readout in alkali
atoms, for which there is an important ongoing research effort[52, 111} 156]], since

there is no clear field-of-view or power limitation due to the large size of the array.

While a digital quantum computer is only one of the applications of this atom array,
it is the one that requires the highest degree of control, and thus the strategies laid out
in this section can be also utilized to implement, e.g., an analog quantum simulator

with some degree of local control.

To this end, after first presenting an overview of a quantum processing zone-
architecture compatible with our qubit array, we discuss in depth data-based es-
timates for rearrangement timing, and coherent control at scale. In the following
section we also discuss plans for implementing two-qubit gates. Notably, based on
long-distance transport data compatible with rearrangement moves, experimentally
implemented algorithms, and timed processes, we conclude that the array can be
rearranged quadrant-wise in less than 140 ms in parallel or in less than 525 ms

sequentially.

This investigation into the usability of the array for quantum computing yields
insights into challenges to be expected with scaling up the array size, ultimately
revealing a feasible near-term pathway to large scale universal quantum computation
with ~6,000 qubits.

4.3.1 Zone Architecture overview
To execute quantum operations, we envisage the usage of a zone structure [S1,|157]
for entanglement and readout in combination with global and local hyperfine control.

There are multiple constraints that must be considered to ensure that all operations
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_ Interaction

Figure 4.11: Possible layout for a large-scale zone-based atom array quantum
processor. A proposed configuration 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 pm of any
atom in the storage zone, within the field of view of the AODs we use for movement.

can be realized without fidelity loss and with reasonable timescales. We briefly
review these constraints in this section, and carefully analyze them in the following.
We plan to begin an experiment by rearranging (see the following section for details)
atoms into a storage zone as sketched out in Fig. [.T1] This zone is capable of
holding over 6,100 atoms with the current spacing. One could additionally imagine
packing qubits more closely in this zone with tighter tweezer spacing (using different
wavelengths as simulated in Fig. [2.19). A diagonal configuration, as we use for a
proof-of-principle characterization of pick-up and transfer across 375 pm with 47

dynamic tweezers in a large scale static array (Fig.[d.9), could also be explored.

The interaction and readout zones, where two-qubit entangling gates, and measure-
ment could be performed respectively, are within reach of the storage zone utilizing
a set of Gooch & Housego crossed acousto-optic deflectors (G&H AODF 4085) that
have an angular field of view of ~45 mrad and an active aperture diameter of 15 mm,
resulting in an effective field of view of > 500 pm after 3:2 demagnification. We
have demonstrated movement of over 500 pm using these AODs, presented earlier

in this chapter.

As we demonstrated in Fig.[4.5] the movement distance of ~600 pm can be traversed

while maintaining qubit coherence during several moves. In order for the AODs to be
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accessible to every part of the array, we have realigned new optical tweezer pathways
since the movement presented earlier in this chapter, as pictured in Fig.[2.20] This
is based on a plan that involves overlapping quadrants in the atomic plane. We
have two pairs of AODs that can address adjacent quadrants simultaneously, and we
additionally have a fast-steering mirror in a Fourier plane of the 4f mapping for the
dynamic AOD tweezers to the atomic plane. We are able to use this mirror to switch
between different sections of the array so that the two AODs can be used to move
atoms in two quadrants at a time, and then switch to the other two quadrants. The
fast-steering mirror in our setup is the Thorlabs FSM75, which has a specified 5 ms

switching time and position repeatability of better than 20 nm in the atom plane.

The interaction and readout zones are each separated from the storage zone by ~40
pm, and we plan to shape the Rydberg and imaging beams that form these zones into
flat-top beams utilizing SLMs. We envision additionally applying a relative light-
shift between readout and other zones in order to prevent scattered photons from
causing other qubits to decohere [121} 158, 159]. The readout zone, as designated
in Fig. .11 would have over 1,400 SLM-generated sites, and for the gate spacing
necessary for two-qubit Rydberg gates in the interaction zone, we would be able to

perform around 500 two-qubit entangling gates in parallel.

4.3.2 Rearrangement

Atom rearrangement using optical tweezers has been demonstrated for target array
sizes of a few hundred to approximately a thousand sites [55-57]], with some very
recent demonstrations of 2000 — 3000 atoms rearranged via either fast-SLM oper-
ation to a checkerboard goal configuration [160] or by continuous reloading [58]].
However, rearranging thousands of atoms from a randomly loaded array into a
compact configuration—which is necessary for the central storage zone depicted in
Fig. @.TT}—has not yet been achieved and remains an outstanding challenge. The
field of view of commercially available AODs are currently insufficient to cover the
entirety of our array size. To address this limitation, we plan to divide the 12,000-
site array into four quadrants, as shown in Fig. 4.12] and perform rearrangement
within each quadrant. This can be achieved either by using multiple AOD pairs or,
alternatively, a pair of AODs combined with a fast-steering mirror. In our newest
iteration of the experimental tweezer pathways, we incorporate an option between
these extremes: two pairs of AODs that can operate in parallel, combined with a

fast-steering mirror for wider array-access.
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Figure 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
AOD:s 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.

In this section, we estimate the time required for rearrangement based on our exper-
imental data and simulations, demonstrating that it is both feasible and achievable

within a practical timeframe.

Tetris rearrangement for each quadrant

Each quadrant requires the rearrangement of an average of ~1,500 atoms, represent-
ing a scale that has not been achieved to date for rearrangement to a compact config-
uration from a stochastically loaded one. A recent example of atomic rearrangement
into a 828-site compact array required around 1.5 s to realize the target configuration
with a single rearrangement tweezer [161]]. While such a timescale would slow the
experimental cycle and allow some defects to be incurred due to vacuum-induced

losses, algorithms that utilize many rearrangement tweezers in parallel expedite the
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process[47]. Hence, we propose to use the “Tetris algorithm” [162], a row-by-row
sorting algorithm that capitalizes on parallelism and overcomes other timescale
limitations through real-time calculation. In Fig. d.13p, we show the steps of the
Tetris algorithm from one iteration of our simulation for the sorting of a randomly

half-filled quadrant of our 12,000 site array into 1,445 target sites.

Averaging over ~1,000 iterations of our simulation sorting one quadrant with dif-
ferent initial configurations, we find that the algorithm requires an average of 119
steps, with ~23 atoms being moved on average in each step (Fig. @.13k). The
longest distance move in the row being sorted determines the timescale of the step.
In Fig.[4.13b we show the histogram of the longest distance move per step (with an

average longest distance of 159 pm).

Time budget for quadrant rearrangement

We can use our implementation of the Tetris algorithm in the previous section to
give an estimate of the rearrangement time using conservative parameters based
on the experimental data, simulation, and existing values in the literature. In
Table 4.1 we present a summary of this time budget. We find that ~137 ms would
be required to rearrange quadrants in parallel, or ~522 ms if the quadrants are sorted
sequentially. If we choose to implement something that is partially sequential and
partially parallel, such as with two AODs in parallel as we have planned in our latest
upgrades, we expect the timescale to be ~ 264 ms This timescale is compatible
with the operation of a typical neutral atom experiment. Since the timescales for
moves assume experimental results for straight moves, which suffer from cylindrical
lensing effects, the overall time could be further reduced by mitigation strategies for
cylindrical lensing outlined in section 4.3.4] In the next paragraphs we detail our
rationale for each line of Table 4.1l

Image transfer and processing

We have measured a delay of 10 ms between the end of camera exposure and the
determination of the atom occupation matrix. Our implementation of the image
processing algorithm is written in Python, and we rely on the fast CoaXPress
connection with the Hamamatsu qCMOS camera. This delay time will be the same

regardless of the sorting implementation.
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Figure 4.13: Tetris sorting algorithm adaptation for a quadrant. a, [llustration
of the algorithm for a randomly selected example. b, Histogram of the longest
distance in each row-based rearrangement move (usually composed of several atom
trajectories), averaged over ~1,000 iterations of random initial configurations. This
longest distance determines the move’s total duration. ¢, Histogram of the number of
atoms that are moved in parallel during a move. d, Histogram of the required com-
putation time for each waveform chunk of 524k samples for our parallel waveform
generation algorithm (with 64 parallel movements being summed). The average
generation time is 488 ps, and the generated waveforms sort on average 2-3 rows.
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. . Parallel | Sequential | Semi-Parallel

Operation Time . . .

sorting sorting sorting
Image transfer and processing | 10 ms x1 x1 x1
Tetris algorithm computation | 235 ps x4 x1 X2
Waveform streaming latency | 488 ps x4 x1 X2
Pick-up & drop-off 24.8 ms x1 x4 X2
Tweezer splitting & merging | 24.8 ms x1 x4 X2
Movement 74.4 ms x1 x4 X2
Fast-steering mirror switching | 5 ms x0 x3 x1

Total ~137ms | ~522 ms ~ 264ms

Table 4.1: Time budget for quadrant rearrangement. This conservative estimate,
detailed in the text, is based on data presented in our work and available in the
literature. We notably assume straight moves and therefore the move duration
could be significantly reduced by compensating for cylindrical lensing, as detailed
in section 4.3.4] We show in the table timescales for rearranging quadrants in
parallel using four sets of 2D AODs (‘“Parallel sorting" above), sequentially using a
fast-steering mirror to switch between quadrants (“‘Sequential sorting" above), and
partially parallelized using two sets of AODs (“‘Semi-Parallel sorting"). The pick
up and drop off timescales as well as the tweezer splitting and merging timescales
are calculated as following: (62 rows + 62 columns) X 200 ps = 24.8 ms. The move
time is calculated as (62 rows + 62 columns) X 600 ps = 74.4 ms.

Tetris algorithm computation

We have written an implementation of the Tetris algorithm for our array using C++.
Owing to its relative simplicity, we can calculate and determine which moves to
execute for rearrangement of one quadrant in about 235 ps. In the case of sequential
sorting, this calculation could be done during the fast-steering mirror switching, so

we only include the calculation of the first quadrant sorting in the table.

Waveform streaming latency

We turn to estimating the latency associated with waveform generation and streaming
to the AODs. Results in the literature vary depending on the hardware and the
implementation. Examples include synthesis from a computer-controlled arbitrary
waveform generation card [31] or generation from a field-programmable gate array
equipped with a digital-to-analog converter [40, 162]. For simplicity, one may
store in memory all the waveforms associated with moving a single trap [33|], and
during the experiment sequence sum the appropriate waveforms. For the atom
array introduced in this work, we estimate that we would need to store 2.53 million

waveforms. Assuming a realistic sampling rate and average waveform duration,
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this represents over 250 billion samples, or more than 1 terabyte of data (with
single-precision floating-point numbers). One would need to sum these waveforms
on the fly in addition to storing this immense amount of data, which is essentially

prohibitive to the practicality of this approach.

Our approach provides an alternative to storing waveforms. We write and benchmark
a real-time waveform generation algorithm from scratch on a consumer graphics
processing unit (GPU, NVIDIA GeForce RTX 3090), leveraging the device’s high
calculation throughput using the C++ CUDA platform. The waveform samples are
grouped in “chunks" for streaming, while the subsequent chunk is generated. The
latency is defined as the time that it takes to calculate the first chunk before the
waveform generation is simultaneous to streaming. The chunk size of 524k samples
is chosen, which on average covers the waveforms for sorting 2-3 rows of a quadrant
using 64 moving tweezers (slightly more than the number of rows in a quadrant).
This amount of data represents about 2.6 ms of waveform streaming, and the time it

takes to generate each chunk is on average ~488 ps (the full histogram is shown in
Fig. . 13(d).

Since the generation time is shorter than the waveform durations, one can stream
the first waveform chunk to the arbitrary waveform generator, compute the second
chunk and stream it before the first one ends, and so on. This enables continuous
streaming with latency given by the generation time of the first chunk, on average
488 ps.

In the time budget in Table for the cases including sequential sorting, we
count this latency time for the first quadrant(s) being sorted, given that after the
moves are generated for the first quadrant(s), this calculation can be done during
the fast-steering mirror switching time of 5 ms. For the case of parallel sorting, we
count this latency four times as a conservative estimate, although this could be also

implemented in parallel by utilizing additional workstations or GPUs.

Pick-up & drop-off , splitting & merging

The times needed to pick up and drop off an atom from a static to a transport tweezer,
and to split and merge the static and transport tweezers are not dependent on the
distance of the rearrangement move being performed. In Fig. we present data
showing atom survival for repeated (coherent transfer): we notably find that a single
one-way transfer can be done in 200 ps with a survival probability of more than
98%. Moreover, higher AOD and SLM trap depths could be used to further speed up
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this operation—since for rearrangement we are not concerned with qubit coherence.
Hence, we pick this timescale as a reasonable assumption for rearrangement. As
is typical for smaller-scale experiments, one could perform a second, much shorter
rearrangement round to further increase the success probability. The Tetris algorithm
first implements row-based rearrangement of atoms, with one pick-up, split, merge,
and drop-off operation for every row, and then compresses atoms in columns with
one pick-up, split, merge, and drop-oft operation per column: hence, we multiply
by (62 rows + 62 columns) in the Table.

Movement

Regarding transport itself, it would be more difficult to extrapolate from previous
results since there are important trade-offs associated with long-distance moves, as
discussed in the previous sections. The data that we present in Fig.[4.1|gives survival
statistics for two different distances and various trap depths for straight moves. From
this data, we select the average transport time, 600 ps, as the transport time required
to obtain atom survival > 0.999 using a tweezer with depth 0.28 mK for a distance
of 200 pm, which is slightly further than the average longest distance per set of
parallel moves found by simulating the Tetris algorithm. Note that this timescale
could be sped up by methods for mitigating cylindrical lensing as discussed in the
next section, with a deeper trap depth, or with machine learning, but we choose to

base our estimate off of this non-optimized value.

Fast-steering mirror switching

As mentioned above, we have incorporated a Thorlabs fast-steering mirror in our
updated optical pathway, with a switching time of 5 ms. We include this time in our
estimation of the sequential sorting sequences which require the field of view of the

AODs to switch between quadrants.

4.3.3 Coherent transport between zones and hyperfine control

Coherent transport of atoms [[145]] during the quantum processor operation is a key
tool that enables all-to-all connectivity with low overhead in recent experiments that
implement a universal quantum processor with an atom array [35,|51]]. While there
are some challenges associated with scaling up the size of the array, we demonstrated
in our work that high-fidelity moves can be realized even for a distance of 610 pm
as shown in Fig. 4.5] Importantly, this distance is greater than the largest distance

needed to move atoms between storage and interaction or readout zones in our
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proposed layout. Thus far, we found that we are able to move much more quickly
with a diagonal motion when compared with a straight motion (Fig. 4.2). We have
also examined coherent trap-transfer between static SLM traps and dynamic AOD
traps at the scale of 195 tweezers across 504 x 468 pm (Fig. 4.7), and combined
this with a the long-distance coherent moves that we demonstrate, by characterizing
the fidelity of trap-transfer for 47 tweezers, followed by a 375 pm move between the
upper and lower half of a large-scale static array of tweezers (Fig. 4.9] Fig. 4.10).
Further development of the fidelity and speed of this operation is expected with the
use of machine learning techniques demonstrated in Fig. These data together,
we believe demonstrate the capacity to utilize coherent movement between zones in
our proposed architecture, as is necessary to utilize our atomic array for quantum
information processing. Our data, however, rely on diagonal moves in order to
compensate for cylindrical lensing. In the next section, we discuss other methods
for mitigating lensing effects as well as how diagonal moves could be used for

comprehensive movements across the array.

4.3.4 Cylindrical lensing mitigation for fast coherent transport

In this section, we highlight several directions to mitigate the deleterious effects
due to cylindrical lensing. Implementing such techniques would enable faster high-
fidelity transport, and allow for more effective dynamical decoupling by maintaining
a consistent trap depth during motion. Fig. .14 Essentially, there is no drawback
associated with configuring transport tweezers in a diagonal way, aside from the need
to conceive blocks of atoms — e.g., a block encoding a logical qubit — in a diagonal
way. We have already demonstrated a preliminary such diagonal orientation of static
tweezers in Fig. 4.8 which we use for characterization of the fidelity of combining

coherent pick-up with a 375 pm move.

Importantly, this setup, allowing arbitrary moves for dynamic tweezers, requires
three AODs. For instance, one may use two orthogonal AODs, AOD, and AOD,,
to move in the vertical direction, such that along this direction f, = fy, as we have
done in order to demonstrate the coherent move data. If this configuration was
used to move tweezers along the horizontal direction, then f, = — fy, which would
maximize detrimental effects from cylindrical lensing. To remove lensing effects for
movements in the vertical-horizontal grid, another AOD is required, with a parallel

opposite deflection axis with respect to one of the two other AODs.

In the next paragraphs, we highlight several directions to mitigate the deleterious
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effects due to cylindrical lensing. Implementing such techniques would enable
faster high-fidelity transport, and allow for more effective dynamical decoupling by

maintaining a consistent trap depth during motion.

Diagonal motion

To mitigate the effects of cylindrical lensing in the data that we present in Figs.[4.5] 4.6}
and [4.7], we have used diagonal moves (by which we mean that tweezers move with
the same rate along x and y; f, = fy), which turns cylindrical lensing into spherical
lensing. While there is still a penalty associated with the focal shift of the tweezer,
it is much reduced compared with the straight move situation. We have leveraged
this strategy to realize faster high-fidelity moves, as presented in Figs.
4.10!
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Figure 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 diffraction axis in the direction of increasing acoustic
frequency. To realize the vertical (red) set of moves, one would use AOD, and
AOD,, and for the horizontal (green) set, AOD,, and AOD,,

In Fig. [4.14] we describe how a zone-based neutral atom quantum processor can be
engineered with these diagonal moves. Essentially, there is no drawback associated
with configuring transport tweezers in a diagonal way, aside from the need to
conceive blocks of atoms — e.g., a block encoding a logical qubit — in a diagonal
way. We have already demonstrated a preliminary such diagonal orientation of static
tweezers in Fig. [4.9) which we use for characterization of the fidelity of combining

coherent pick-up with a 375 pm move.
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Importantly, this setup, allowing arbitrary moves for dynamic tweezers, requires
three AODs. For instance, one may use two orthogonal AODs, AOD, and AOD,,
to move in the vertical direction, such that along this direction f, = fy. If this con-
figuration was used to move tweezers along the horizontal direction, then f, = — fy,
which would maximize detrimental effects from cylindrical lensing. To remove
lensing effects for movements in the vertical-horizontal grid, another AOD is re-
quired, with a parallel opposite deflection axis with respect to one of the two other
AODs.

Cylindrical lensing suppression with counter-propagating wave AODs

An alternative solution that has been proposed to strongly suppress acousto-optic
lensing is to use two acousto-optic deflectors (for each dimension) stacked so that the
acoustic wave in the second AOD is identical but counter-propagating with respect
to the first AOD [163]. By diffracting the tweezer light as the respective (+1) and
(—1) orders of each AOD, the diffraction angles add up but the lensing effects cancel
to first order. Compared with diagonal motion, this presents the added benefit of
removing any lensing (including spherical). There have been some recent works that
utilize such approaches and provide demonstrations [[164]]. However these works, as
well as recent tests that we have implemented, find that the diffraction efficiency for
the pair of AODs drops fairly quickly, such that the usable bandwidth for the pair is
significantly less than would be usable with just one AOD. Our understanding is that
this effect arises from the birefringent nature of the AOD crystal diffraction which
allows for an optimized output diffraction bandwidth, a the expense of a narrow

range of input angles [165].

Acousto-optical deflectors with faster access times

As discussed in the previous section, the characteristic shift velocity for a given AOD
and optical configuration is given by vy/wqo ~ 5.3/T,, where wy is the tweezer waist
and T, the access time (or time aperture) of the AOD. T, factors in a crucial figure
of merit of wideband AODs, the time-bandwidth product 7, A f, which describes up
to a unit-scale factor the number of resolvable spots [149]. Therefore the parameter
space to decrease T, while preserving the number of resolvable spots and the scan
angle is highly constrained. Since all commercially available AODs at near-infrared
wavelengths currently use the shear mode of tellurium dioxide (which possesses an
unusually low acoustic velocity), for which further improvement in the figures of

merit mentioned above seem unrealistic, it appears that further research in acousto-
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optic materials would be required to fabricate wide-band AODs at near-infrared

wavelengths with low access time.

4.4 Qubit hiding

In order to image atoms in the readout zone without decohering qubits that are
in the storage zone due to scattered photons, there are a few possible approaches.
Recently developed methods utilizing dual species arrays [166, 167] will allow for
readout of one atomic species, used as measurement qubits, that have different
transition wavelengths and thus scatter photons that are very far off-resonant with
the transitions in the data atoms. Other approaches include utilizing atoms such
as Yb [[168] that have states that can be used for shelving qubits while others emit
photons at cycling wavelengths [169H171]]. A final approach that we have explored
and that has recently been demonstrated [58), [77] is to use very strongly resonant
light to cause Autler-Townes splitting with enough magnitude such that atoms are

no longer resonant with the imaging light or scattered photons.
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Figure 4.15: 917 nm Hiding transition. We picture the 917 nm hiding transition,
demonstrating how it shifts the D, imaging transitions to protect relevant qubits.
There are other options for hiding transitions from 6P3 to other D5/, states includ-
ing to 7D5,, where the wavelength of interest 698 nm.

To protect qubits from depumping out of the qubit state due to incident light, we
utilize the 917 nm transition from 6P3,, — 6D5/, in order to split the 6P3; state.

There are other transitions in Cs that could also be used for atom hiding in a similar
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manner, such as the 6P3/» — 7Ds, transition which has a wavelength of 698 nm.
For each transition, there is a tradeoff between decoherence due to scattering from
the hiding laser itself and protection from incident resonant photons from imaging,
due to the magnitude of the induced splitting. There is, then, an optimal intensity

that balances these effects in order to optimize the coherence time.

We do an experiment to explore the depumping due to direct imaging light that can
be prevented, by focusing a Gaussian beam on our array such that we have a gradient
of intensities that cause different splittings. When we post-select for the atoms at the
center of the Gaussian beam where the intensity is around ~ 50W/mm2, we observe
around 1 GHz of splitting. We measure depumping for atoms across the array that
are protected to various degrees from incident resonant D, light with intensity of
~ 0.1 X I54.
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Figure 4.16: Single-qubit hiding. Population remaining in the |1) state after
depumping with incident, resonant D, light with intensity ~ 0.1 X I, in the case
where we a, hide several hundred qubits in the center of the array with 917 nm light
with ~ SOW/mm? intensity or b, don’t hide the atoms. We fit an effective 7} time in
this scenario of around 942(43)ms, taking into account the offset due to the average
final population in the qubit |1) 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 difference in timescale.

4.5 Two-qubit gates

To implement two-qubit gates on the neutral atom quantum computing platform, the
standard approach uses excitations to Rydberg states, or states with high principal
quantum number. Such highly excited states cause the effective atomic size to be on
the scale of hundreds of nanometers, thus allowing atoms that are spaced by several

microns to interact. In particular, if an atom is excited to a Rydberg state, there is a
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Rydberg blockade (172, 173] arising from the van der Waals interaction [°| (scaling
as 1/R®, where R is the distance between two atoms) that shifts the energy of the
doubly excited state, such that a second atom within the blockade radius of the first
cannot simultaneously be excited. This interaction then has been used to generate
entanglement [29, 174, 175].

Early proposals for utilizing Rydberg-based entanglement generation to implement
two-qubit gates involved individual control over two atoms [28]], such that a control
atom could be excited to the Rydberg state via a 7 pulse if it was in one of the qubit
states and the excitation would be off-resonant if the control atom were in the other
state. Then a 27 pulse could be applied to the target atom, and then another 7 pulse
applied to the control. Such a scheme would apply a 7 phase shift to the target qubit
if it had been excited, and no phase shift if it had been blockadedﬂ Such a scheme
clearly implements a CZ gate, resulting in entanglement if at least one atom begins

in a superposition of states.

An excitation protocol that allows for entanglement to be engineered while simul-
taneously exciting multiple atoms was additionally proposed [[176]. This relies on
the fact that when N atoms in the ground state |g) are illuminated with Rydberg
excitation light to excite to state |r) simultaneously, they undergo Rabi oscillations
to an entangled excited state |W) = \/Lﬁﬂrgg..g) +|grg..g)+1|ggr..g)... +ggg..r)),
since multiple atoms cannot be simultaneously excited. This excitation then has a
Rabi frequency given by VNQ, where Q is the Rabi frequency of the single-atom

excitation.

Since early implementations, other gates have been developed that can be used with
global control rather than local to engineer a CZ gate [177], and that can be imple-
mented more quickly [178]]. In these cases, both atoms are excited simultaneously,
coupling to the two atom |W) state, but with Rydberg pulses that are engineered such
that a 7 phase is acquired if both atoms are in the |1) state, and no phase is acquired
otherwise, up to a global phase. These pulses can be engineered by adjusting the
phase of the Rydberg laser (for a two-photon excitation only one of the lasers must

be controlled).

3This interaction arises from the second-order effect of the 1/R3 dipole-dipole interaction, since
for nS Rydberg states, there is no average dipole moment. However, atoms can exhibit first-order
dipole-dipole interactions when they are prepared in Rydberg states with opposite parity (such as a
resonant exchange interaction between atoms in an nS state and an (n + 1)P state).

“Note that a 27 pulse applies a r phase shift since the time evolution of the Rydberg Hamiltonian

e tHI/h — =iQ1ox/2 oo when t = 27r/Q, then the time evolution is e 177,
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Here we will discuss a zone-based implementation plan for cesium excitations in

our experiment, as per the depiction in Fig.

4.5.1 Cesium Rydberg transitions

As pictured in Fig.[2.5] and implemented across many experiments there are several
approaches that can be taken for Rydberg excitation. One can choose to use single
or two-photon excitation pathways, and for two-photon excitation pathways, there

are additionally multiple options for intermediate states.

Single photon excitation

Single photon Rydberg excitation from the 65 > ground state, as limited by selection
rules, requires exciting to a P state. In cesium, the transition is around 319 nm,
which is somewhat longer (less-UV) than single-photon transitions in other alkali

atoms due to the heavier mass of Cs.

It is noteworthy that the oscillator strength of 651, — nPj, transitions in Cs is
around 4 orders of magnitude smaller than the oscillator strength of 651/, — nP3/;
transitions, due to a divergence in the core polarizability [179]. This is unique to
Cs, and motivates us to only consider the 651, — nP3/, transition due to power
requirements. In Fig. wavelengths required to excite to various nP3/, states
are recorded for reference, as calculated with quantum defect theory, using data
collected in Table 1 of reference [180].

We decide to start our gate-based investigation using two-photon excitations to
nS-states due to the DC electric field sensitivity of Rydberg nP-states which are
enhanced due to near degeneracies with (n — 1)D-states (arising from the quan-
tum defects) [179, |181]. Such DC fields could perhaps be mitigated through RF
dressing strategies [182, |183]], or with a charging beam and specialized glass cell

coatings [[179], but we have chosen to proceed with the two-photon approach.

Two photon excitation

A two photon excitation can either take us to an nD-state or an nS-state, and since
S states are less susceptible to DC electric fields, and since the interactions are
1sotropic, we examine this direction more closely. Wavelengths for the upper leg
of two-photon excitations through the 7P/, and the 7P3, intermediate states are
calculated with quantum defects and plotted in Fig. 4.19]
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Figure 4.17: Single-photon excitation wavelengths. We depict a numerical cal-
culation based on quantum defect theory for ground to Rydberg nP3/, transition
wavelengths from n = 35 ton = 85.

The biggest downside to a two-photon excitation is introducing a fundamental limi-
tation on fidelity through scattering off of the intermediate state as we demonstrate
in the following by examining the equations of motion for the three-level system

given by the ground, intermediate, and excited states.

Using a similar technique to that used by Steck for solving a A three-level system [[62]],
we find the equations of motion |¥) = ¥,|g) + ¥;|i) + ¥,|r) under the interaction

Hamiltonian in the rotating frame given by

2
/19 oz o= hQ Tz 2
=2 _ A (| + = (oje k17 4 a'lTe’kl'r) 2 (ome k2T 4 0'2Te’k2'r) (4.18)
2m 2 2
We find the equations of motion
2 hQ hQy
ind W = Loy, 4 ZLoihirg oy B2 pikerg Ay, (4.19)
2m 2 2
2
. p R ik,
lh@,Tg = %“I’g + Te ! r\Pi (4.20)
2 hQy
o, = L g 4 B2 —ikerg, 4.21)
2m 2
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Qubit
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Figure 4.18: Rydberg excitation pathway. We picture the two-photon excitation
pathway for Cs through the 7P3 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.

and using the approximation that 9,'¥; = 0 because it contains the quickly oscillating
A term, we find o o
L ikyr 2 ikyer
V= —e™"W, + —' Y, 4.22
A TET A (*22)

which we substitute in to find an effective two-level system with Rabi frequency
given by equation

To obtain the scattering rate from the intermediate state with decay rate I', we
recognize that
Ry = Fpii (4.23)

which we can rewrite using equation [4.22]as

Q2 Q2 Qr . Qr .
Rse = F4—A12,0gg + F4_A22prr + Fﬂel(kz_kl).rpgr + Fﬂel(kl_kZ)'rprg (424)

Because pge + p, ~ 1 and taking ; = €, we can write
QZ

RszIé (4.25)

For the scattering rate for the Rydberg states, we use tabulated values given in [[184]

for zero temperature. These values are calculated using the semi-empirical formula
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T0 = Tsngff, where 79 is the expected lifetime of the relevant Rydberg state, based on
scaling with the effective principle quantum number n.g and a known state lifetime
for another state 7. The scaling coefficient 6 ~ 3 for high Rydberg states, as found

empirically through experimental measurements.

We initially anticipated choosing the detuning, based on equalizing the scattering
from the intermediate state and from the Rydberg state, which represent the two
fundamental limits on Rydberg gate fidelity. In fixing a two-photon frequency to be
around 5 MHz, and with anticipated laser powers, doing so would result in requiring

a detuning of around 20 GHz.

However, recent full error-model simulations E] have revealed that including the
relevant states light shifts induced from the Rydberg lasers themselves (self-light
shifts) have a large impact on resulting fidelities. While such energy offsets can be
compensated in order to maintain the desired detunings during gate operations, they
are proportional to intensity, and thus beam inhomogeneity and laser RIN, which
result in differences of intensity across space and time, have a potentially strong
impact which impacts the optimal choice of parameters. In particular, anticipated
beam inhomogeneity that is possible due to beam shaping techniques has revealed
that variation in light shifts across the array from the upper photon in the two-photon
excitation will contribute strongly to Rydberg gate infidelity with larger detuning, if
Rabi frequencies are maintained. The variable light shift induced by this beam both
shifts the Rydberg and the ground state (due to D and D, lines) strongly. This error
source then suggests that closer detuning to the intermediate state would be optimal,
while the error source from scattering off the intermediate state would suggest that
increasing the detuning would be optimal. While the inhomogeneity of the Rydberg
beam is not a fundamental limitation on the atomic side, engineering very flat
potentials with currently existing techniques is a known challenge, with potentially
increasing impact when scaling. To mitigate this effect, one could choose to optimize
the detuning to balance error sources (2 GHz seems optimal after assuming about
1% flat-top inhomogeneity), such that the power needed in the upper photon of the
two-photon transition is less (resulting also in less light shift) while maintaining a

given Rabi frequency.

>See future thesis from the group by Gyohei Nomura for a more in-depth description.
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4.5.2 Rydberg lasers

We utilize Titanium-Sapphire (Ti:Sa) lasers at 910 nm and 1060 nm for our Rydberg
wavelengths. We double the 910 nm to 455 nm using a doubling crystal in a bow-tie
cavity, and can obtain a maximum of around 2.5W output power. We then have
two AOMs, one for intensity stabilization and a second which is double passed and
used for frequency tuning and phase modulation. We use the 1060 nm output to
seed a fiber amplifier that can output 130W of optical power. From error model
simulations, we believe that the measured phase noise from the Ti:Sa lasers will be

low enough to not be limiting in our error budget.

We additionally have a crossed cavity that we use to lock the 910 nm and 1060 nm
lasers using a Pound Drever Hall (PDH) offset sideband locking scheme. The cavity
is chosen to be crossed such that the Finesse in the two directions of the cavity can

be chosen differently while maintaining some common mode fluctuations.

4.5.3 Rydberg zone

To execute two-qubit gates in parallel during quantum processor operations, we
design an interaction zone as depicted in Fig. 4.1l We plan to utilize the two-
photon excitation pathway pictured in the level scheme diagram in Fig. through
the 7P3 ), intermediate state. In order to achieve uniform two-photon Rabi frequency
across the zone and to minimize the cross-talk between the Rydberg beam and qubits
in the storage zone, we plan to employ spatial light modulators to shape the Rydberg
beams into a flat-top profile [47, 185, /186], instead of Gaussian-shaped beams. We
plan to use beam dimensions of approximately 100 pm in the atom-plane and 30 pm
along the axis perpendicular to the plane. Our setup includes a laser system with
an output power of 120 W at 1061 nm sourced from a fiber-amplified laser, and an

output power of 2.5 W at 455 nm.

We take into account laser power losses along the optical path from components such
as acousto-optic modulators (AOMs) and SLMs [[186] assuming that ~20 — 25% of
the output from the lasers reaches the atoms (different for the two paths taking into
account wavelength-dependent diffraction efficiencies). For an intermediate state
detuning of —2 GHz, we estimate achieving an effective two-photon Rabi frequency

of approximately 6.9 MHz using the 605/, Rydberg state.

For the implementation of the two-qubit gate using Rydberg blockade, we plan to
position two interacting atoms 2.5 pm apart using two tweezers created by lasers of
different wavelengths to avoid interference (see Fig.[2.19). Each pair will be spaced
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by 11.4 pm from adjacent pairs. We note that at this large spacing of tweezers from
the same laser source, out-of-plane interference is minimized. This configuration
is anticipated to yield a blockade shift of around 300 MHz for the paired atoms
and a residual interaction strength of ~0.03 MHz on neighboring sites, comparable
to the residual interaction strengths in other contemporary experiments with state-
of-the-art two-qubit gate fidelities [34} |187]. With these settings, we expect that
state-of-the-art results for two-qubit gate fidelities can be reproduced at the scale of
~500 two-qubit gate sites, in the ~110 pm by ~900 pm zone.
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Figure 4.19: Two-photon excitation wavelengths. We depict a numerical calcu-
lation based on quantum defect theory for the wavelengths of the upper leg of a
two-photon transition in Cs 6S;/,— intermediate state — nSj; state, from n = 35
to n = 85. a, Wavelength of upper transition through 7Py, state and b, wavelength
of upper transition through 7P3/, state.
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Chapter 5

OUTLOOK AND SCALING TO UTILITY-SCALE

This work has not only demonstrated the largest (to this point) register of qubits
alongside record imaging fidelities, coherence times, and long-distance moves, it
also has allowed us to probe some of the limitations that currently exist when it

comes to scaling neutral atom quantum systems.

The current scale of 6100 qubits demonstrated here, already presents a new frontier
that will enable the first implementations of large scale experiments in the areas of

quantum simulation, metrology, and computing.

However, for specific problems such as cryptographic applications or quantum
chemistry applications, where resource estimates have been mapped out, scaling by
a factor of at least two to twenty more will be necessary for utility-scale operation [|14,
188]]. Thus, in the following chapter, we discuss approaches and insights that we
have for scaling further to ‘utility scale’ tweezer numbers for atom trapping (5.1)).
We then discuss achieving connectivity at such larger scales (5.2)). We finally give
an outlook perspective for near-term use of the platform presented in this dissertation

for quantum science at scale (5.3))) and a conclusion (5.4)).

5.1 Trapping atoms at even larger scale

Our work indicates that further scaling of the optical tweezer array platform to tens
of thousands of trapped atoms should be achievable with current technology, while
essentially preserving high-fidelity control. In our present apparatus, several factors
limit the number of sites. We explore these factors here, focusing on the most
prominent limitations that we have run into: path thermalization and SLM pixel

number.

As it stands, in our qubit register, we have pushed the limits for utilizing the pixel
numbers of existing spatial light modulators, covering almost the whole field of
view that the SLMs can access with traps in this work. We are currently combining
two SLMs with polarization (Fig. [2.20), but only fully utilizing one of the two fully
for tweezer creation, due to the thermal lensing that we incur on our objective. In
the case where this thermal lensing can be mitigated, we could imagine interleaving

more traps with different wavelengths or polarizations to increase the number of
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atoms that can be trapped (see Fig. [2.19)

5.1.1 Thermalization

We first discuss the limitations arising due to thermalization, as this was the most
directly limiting factor in the results displayed in this thesis, despite being something
that can be readily addressed in our setup as well as easily adjusted in future

experiments.

Objective lensing

In particular, we observe worsening optical aberrations at tweezer powers greater
than that in the present study due to thermal heating of the objective. This is the
main limitation on atom number for the results in this work, even after aberrations
were mitigated using the SLM. Our understanding was that this effect was caused by
the housing material for our objective expanding at higher power due to absorption.
While our observations lead us to believe that there is not too much hysteresis at
the power at which we now operate (i.e. with power cycling between high and low
power, we have been able to obtain the same results consistently), seeing increasing
aberrations led us to stop after making essentially as many tweezers as we could
with a single SLM.

We have a few hypotheses for the cause of the heating. We first note that we did take
precautions to minimize the heating and power incident on the objective housing
by including an aluminum aperture that is the same diameter behind the objective
aperture (not in thermal contact) in order to minimize the intensity clipped directly

by the objective aperture.

From Zemax simulations that we implemented after these experiments, it is clear
that if the alignment of the tweezer array to the back focal plane of the objective is
inaccurate (by even a couple millimeters), then rays that create tweezers on the edge
of the objective FOV would be clipped within the objective. It is certainly possible
that our alignment is off by enough such that there is some clipping even though we
are not utilizing the full objective FOV. Another possible contributing factor to the
heating of our objective is the absorption of the lenses within the objective that have

approximately a total transmission of 97.3% at 1060 nm only accounting for loss in

"'We note that spacing considerations may need to be revisited in the context of array operation
due to observed atom loss during long-distance moves, but loading atoms into this configuration, and
rearranging them to a distance that can be used for array operation may work well for experiments
that are not continuously re-loaded
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Thermal Thermal Hardness Young’s
Material | Expansion | Conductivity Modulus
(10-%/K) (W/mK) (GPa) (GPa)
Ultem 85 0.17 0.22 3
Macor 9 1.46 2.3 66.9
Shapal Hi
M Soft 4.8 92 3.8 176
Aluminum 16-24 80-220 0.25-1.25 | 68-88.5
Titanium 8.5-9.3 16.3-18 1.15-1.25 | 100-105

Table 5.1: Possible objective housing materials Note that all values are quoted for
room temperature. The data for the metals was found in [189]] and [190], and data
for the ceramics was found from [191]].

the lens material, not due to interfaces. Such thermal lensing could be additionally
contributing to the aberrations that we find with increasing power, and which we
struggle to correct for with the SLM. Finally, the coatings that are used have a
standard loss of 0.5%, with transmission that is dependent on angle of incidence.
Extra power from back-reflections then can be reflected into the objective housing,
and for an objective with around ten lenses, this is a significant amount of power
that is then absorbed by the objective housing. Additionally, the coatings are less

effective at higher incident angle, contributing to exacerbating this problem.

These contributing factors mostly contribute to incident power on the objective
housing. This is a particular problem because our objective is made of Ultem,
which has a high coefficient of thermal expansion, and a low coeflicient of thermal
conductivity. In table[5.1]we compare this material to other possible material choices
for these and other relevant metrics. We initially chose this material because of its
non-magnetic properties, because it has been used in other experiments including
those in our lab, and because it is lighter, thus making for an objective that is easier
to mount. However, for experiments, such as those which are continuously loaded
where magnetic fields are not changing in the science chamber, and for the case
where specialized mounts can be designed or obtained, these factors need not be

weighted.

We find that Ultem in particular has a large coefficient of thermal expansion and a
very low coefficient of thermal conductivity (it is an insulator). We believe that this
combination, and the factors that contribute to power absorption by the housing lead
to heating that causes expansion of the Ultem housing, thus shifting the placement

of lenses relative to one-another, and leading to increasingly strong aberrations with
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optical power. Due to the insulating properties of Ultem, the heating cannot be

dissipated to any surrounding housing or added elements for active cooling.

To mitigate the issues that we have described, one could choose to design an objective
with housing made of, for example Shapal Hi M Soft, which has low thermal
expansion, and high thermal conductivity, thus allowing for less impact with high
power, as well as active cooling if necessaryﬂ To address issues related to absorption
and reflection from lens coatings, one could design an objective for a particular
wavelength, and use entirely fused silica with AR or nanotextured coatings that have

very high transmission and flexibility with angle of incidence.

We believe that addressing this issue would allow us to almost double the number
of tweezers that we create using the two fiber amplifiers that we already have in our
system. We further anticipate the potential to switch from polarization combination
to wavelength-based array combination, opening up further avenues for increasing
tweezer number with similar techniques to those utilized in this work by stacked

dichroics for combining many SLM-fiber laser paths.

Thermalization and Heating of SLM

Another limiting factor is that at higher powers, we also observe the SLM diffraction
efficiency decrease. We re-optimize the optimal SLM pixel-voltage/phase relation-
ship (by updating the look-up-table referenced by the SLM) at high power using
MLOORP [[155], but we do not see significant improvement. It is our understanding
that at high power, the approximately 27 modulation depth that we have may de-
crease due to the effects of temperature change on the liquid crystal properties. Thus,
with decreased modulation depth, we cannot reach the same diffraction efficiency.
Starting with SLMs that have higher modulation depth, such that there is leeway
when heated is a good first step. There are also additional techniques that can be
implemented with SLMs that have higher modulation depth in order to achieve more
efficient power usage [90].

5.1.2 Limitations in tweezer generation
In order to utilize the full field of view of the objective, we have proposed stacking
SLMs on different pathways with different lasers that are wavelength combined.

While this can potentially be effective, if available laser power increases while the

2We note that we don’t fully understand the impact of dielectrics near the glass cell on electric
fields which are currently a difficult source of error in many Rydberg tweezer experiments.
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number of tweezers that can be made with SLMs remains the same (i.e. because pixel
numbers don’t increase), this will not be optimal. Additionally, dichroic combination
with arrays that have large incident angle requires separation by wavelengths that

are ~ 15 — 20 nm apart.

In section|2.4] we showed the linear relationship between SLM pixel number and the
number of resolvable spots in the array. Thus, to increase the FOV of the SLM and
the subsequent number of tweezers that can be created, more pixels are required.
The diffraction efficiency of tweezers across the field of view is also related to the
pixel number, and thus, even for creation of the same array size, one would increase
power efficiency by having a phase pattern created with more pixels. The pixels
don’t need to be smaller (in fact, for SLMs, pixel cross-talk increases with smaller

sizes), but we need more of them.

To solve this problem, there have been proposals and demonstrations of large num-
bers of optical tweezers [89] for trapping more atoms, in particular using metasur-
faces, where more pixels can be readily created. We explore a few considerations in

this direction.

Metasurface arrays

Metasurfaces are 2D surfaces, fabricated with lithography and nanoimprinting meth-
ods, allowing for wavefront shaping through engineering phase discontinuity on an
interface to steer light [192]]. Metasurfaces can be utilized for holography and
for creating lenses among other applications and have been engineered for both
situations requiring polarization insensitivity, or for situations requiring different

holograms for opposite polarizations [[193]|194].

Metasurfaces have been used to demonstrate the creation of tweezer arrays with
hundreds of thousands of tweezers [89]. These tweezer arrays can either be created
in a configuration where they are focused directly using the metasurface (as in the
demonstration in [89]), or in a holographic configuration where they apply a phase

pattern in a Fourier plane that is then focused by an objective.

Both options pose challenges. In the case of utilizing the metasurface in a Fourier
plane (holographic configuration), the requirements on optics for relaying tweezers
with strong incident angles become extreme for increasingly large tweezer arrays
with a large tweezer FOV in the atom plane. In particular, we discuss the cone

half-angle (CHA) and optical element size requirements for optics for particular
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tweezer FOV coverage in the next section.

In the case of direct focusing, where the metasurface is in a lens plane, one can
use relay optics to map the array to the science chamber, in which case, the same
problems arise as for the Fourier plane configuration regarding requirements on
relay optics. Another option would be to use the metasurface to focus directly
into vacuum, either with a metasurface directly outside or directly inside the science
chamber. The option of direct focusing without relay into a vacuum requires creating
a metasurface with a long focal length, such that atoms are not too close to the glass
cell. Such an approach could also have an impact on the electric field that the atoms
are exposed to, which has a strong impact on the stability of the Rydberg excitation

wavelength, particularly at high principal quantum number.

The approach of directly focusing does have the benefit of separating background
light, which remains unfocused, from the rest of the array. In the holography
configuration, this light would be focused with the array, similar to a 0™ order in
an SLM phase-modulation setup. Thus, for the directly focusing case, approaches
such as filtering would not be required. Using a metasurface in such a configuration
would still require an objective for atom imaging and for any other wavelength
that would be needed opposite the metasurface, since designing the metasurface to
operate as an objective for other wavelengths simultaneously is not something which

has been demonstrated.

Relay optics requirements

For the case where optics are used to relay a tweezer pattern to an objective that
focuses the array into a science chamber, with increasing objective FOV that is
covered, there arise more significant requirements for relay optics when it comes to
both their size and CHA. There additionally are tradeoffs that can be made between
the two— if the array is magnified, then the CHA incident on optics in the pathway
will be less, but the optics must be larger to compensate. We explore this tradeoff in
the following and discuss array sizes that would cover up to a 6mm objective FOV,

equating to over 500,000 trapped atoms with our current array spacings.

We depict in Fig.[5.1] a relay lens configuration between an optical element that im-
prints a holographic phase onto the light, which is relayed with some magnification
M onto an obj ectiveﬂ We depict in the rest of Fig. the ensuing requirements on

3Typically, the back Fourier plane of the objective (or back focal node) which will be the image
of the metasurface, as labeled here, will be a few centimeters inside of a large custom objective.



162

objective I
NA = 0.65

metasurface

lens 1 lens 2
b c = 300mm Lens == 200mm Lens
= 25 . 120
S . E
< 20 @ € 100
Q o~
[a) —
=10 > 60
g Em
5 oo
e m - 40
8 O 1 1 1 m
10 20 30 40
Beam diameter Cone Half Angle (deg)
at Fourier plane (mm)
d = 75mm Lens == 50mm Lens
— = 5mm FOV
5 E —— 3mm FOV
g ‘Uj — 2mm FOV
85 —— Existing array
n -
£
o9
o,
‘U 1

0 5 110 1I5 20 25
Cone Half Angle (deqg)

Figure 5.1: Relay Lens Requirements. For the case of using a diffractive element
such as a metasurface to imprint a holographic phase, we show a, a schematic for
a relay configuration 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 ¢, Lens size requirements, as a function of the required
CHA, determined 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).

the relay optics that must be imposed given a particular FOV choice, assuming an
objective with NA = 0.65, and wavelength of 1060 nm.

First in Fig. [5.Ip, we examine the CHA requirements of the lenses as a function of

the beam diameter in the Fourier plane of the lenses, for various FOV covered in
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the objective focal plane. For the case of a 4f telescope the requirements will be
the same for the two lenses, but for the case of a magnifying telescope, they will
be different. The beam size in the back focal plane of the objective determines the
necessary CHA for lens 2, and the beam size in the metasurface plane (or the plane
of another diffractive element creating a holographic phase) determines the CHA
requirement for lens 1. The existing array which is plotted is the array with 6100

atoms and 900 pm diameter.

The CHA and beam diameter trade-off in the Fourier plane then have an impact
on the beam size at the lens itself, which is also dependent on the focal length
of the lens. We demonstrate this tradeoff in Fig. [5.T, for different FOV arrays
(as determined in the objective’s focal plane). As can be seen, for each FOV in
the objective focal plane, and for each focal length of the relay lenses, the beam
diameter at the given relay lens is a function of the incoming CHA. These taken
together provide constraints for designing custom lenses in order to relay large
arrays, which is required if not using a metasurface to directly focus into a glass cell,
which would potentially cause difficult-to-control electric fields due to the distance

of the atoms from the glass and from dielectric surfaces.

To make concrete a particular scenario, if a Icm diameter metasurface is used to
generate traps for an array that spans a 5 mm FOV in the focal plane of the objective,
the CHA from the metasurface, incident on ‘lens 1’ would be about 20°, and for a
magnification of 4x to the objective back focal plane with 40 mm diameter using
relay lenses with focal lengths of 75[50]Jmm and 300[200]mm, the lenses would
need to account for beam sizes of around 60[45]mm and 90[75]mm respectively
(See Fig. [5.1c,d). The CHA that the ‘lens 2’ would need to accommodate in this
scenario would be about 5°, per Fig. [5.1p.

5.1.3 Increased Loading

It is worth noting in terms of scaling up atoms in optical tweezer arrays, that we
have created about 12,000 optical tweezers and we are only using about half of the
tweezers to trap atoms in each shot due to the stochastic nature of atom loading.
With the current experiment, there are a few options with which we could use the
tweezers we have created more effectively. In particular, we could pursue the option
of enhanced loading, or, following recent demonstrations, we could upgrade the

experiment to be continuously re-loaded.
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Enhanced Loading

The stochastic nature of the tweezer-loading process rests on the short-lived bi-
atomic molecular bound states that atoms are being excited to during the light-
assisted collision (LAC) stage of atom loading, resulting in pair-wise loss. In our
experiments, LAC occur during the 3D Molasses stage since the cooling configura-
tion already performs this action, and results in stochastic loading. However, there
have been many systematic studies that demonstrate significantly more control over
the excitations in order to expel atoms one at a time, rather than in pairs and achieve
larger array filling fractions. This has resulted in single tweezers loading above
90% and arrays that are loaded up to 80% [|195] in alkali atoms and above 90%
array loading in alkaline earth atom systems [[196]. In alkali atoms, the approach
to enable enhanced loading has been through A-grey molasses [[195, 197, [198]],
with optimized detunings relative to the tweezer trap depths. While observations of
slightly above half filling for Cs have been mentioned in some places [[199]], careful

studies of enhanced loading in Cs have not been published, to our understanding.

In order to implement this in our experiment with high levels of control over the
detuning in order to optimize the loading carefully, we have prepared the following
locking scheme for the D line. We maintain the offset-lock, as described in Chapter
2.3.2 for the optical pumping beam, and phase lock a second DBR laser to this
one using a heterodyne beat detector referenced to a DDS, as in the case of the D,
line. This second laser we use to prepare both the cooling and repump for A-grey
molasses, by using an electro-optic modulator (EOM) to create a sideband 9.2 GHz
from the carrier. This setup allows for careful optimization of A-grey molasses
and enhanced loading, as the relative intensities of the carrier and sidebands can be
tuned via the EOM RF power, and the A-grey molasses detuning can be changed
with a large accessible range by changing the DDS and the relative phase lock with
the laser that is offset-locked to the vapor cell. |Z_f]

Continuous Re-loading

There have been several recent demonstrations of continuously loaded arrays of
neutral atoms in optical tweezers [56-58]]. Such a configuration allows for atoms to

be re-filled when they are lost, but also for all tweezers used for trapping to be filled.

“Note that this setup was implemented as part of Shrishti Kulkarni’s undergraduate summer
research project, mentored by Kon Leung and me.
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While our experiment was not originally designed for continuous reloading, we
do have ideas for upgrading the experiment such that it can operate in a continual
fashion. In particular, the 2D MOT could potentially be repurposed into a 3D MOT
that is directly loaded from background vapor by removing the PICAS optics and
building 3D optics around the glass cell. A lattice could then be aligned with the
750 pm differential pumping hole in this cell, and a hand-off could be performed in
the 3D MOT cell, with hiding beams co-aligned with parts of the lattice as necessary.
Such an upgrade could enable the system to operate continuously at moderate flux,
and to utilize all the tweezers being created, effectively doubling the number of
qubits. In the most simple case, this could be done without ever breaking vacuum.
Additionally, since the FOV of the objective extends beyond the 12,000 tweezer
array, there would be space to implement other necessary operations for refilling

traps in a quantum processor.

Dark-state re-loading techniques [166, 200] also present a promising approach
to achieving higher loading probabilities in the array without a full continuous-
reloading upgrade. Here, hiding beams may be used to enable the application of

such techniques in a single-species array of alkali-atoms.

5.2 Controlling atoms

Beyond simply trapping more atoms, maintaining control of the atoms for operating
a quantum processor at scale is a significant challenge. While AODs can operate
in parallel in the ways described in Chapter 4 for the array size described in this
work, when scaling array sizes several times further, the amount of multiplexing
that is necessary may pose significant difficulties. Additionally, the overhead of the
number of AODs and pathways necessary when considering how to compensate for

cylindrical aberrations that arise in AODs is significant.

Particularly when it comes to operations for quantum computing and syndrome
extraction circuits requiring long-distance connectivity, it becomes clear that de-
sired timescales of around and under 1 ms will require technological innovation.
Ideas related to multiplexing devices in order to overcome these limitations present

promising paths forward that deserve careful investigation.

5.3 Near term outlook
Beyond increasing the system size of our array further, there is much that can be done
with the existing system in the directions of quantum simulation and computation—

both with and without error correction. In particular, with the addition of Rydberg
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gates, and the capacity for local single-qubit Raman-based addressing (whether
zone-based [51] or through single-site addressing [201]), our 6, 100 qubits will be

usable in a quantum processor at scale, heralding a new era of quantum science.

This new generation of neutral atom quantum processors based on several thousand
qubits is particularly relevant for QEC [12, 14} [202]. Near-term outlooks in this
direction involve memory experiments for quantum error correcting codes with high
encoding rates, as well as experiments that probe the exponential decay of logical
error with code distance for the Rydberg-gate based neutral atom platform (similar

to experiments implemented by Google on a superconducting qubit platform [20]).

Additionally, large-scale programmable devices enabling advances in quantum
metrology (5} [38-40, |54, 203]] and simulation [6-8] are made accessible through
this work. For example, our platform—with the demonstrated qubit numbers—
could be used for verifiable quantum advantage with low-depth evolution [, [9].
Tweezer clocks could be scaled using near-infrared, high-power tweezers for load-
ing and imaging [204] before transferring atoms to magic-wavelength traps for clock
operation [38-40, 54]. We also foresee applications in quantum simulation for prob-
lems where boundary effects play an important role [6, 41, [45-47]], which can be

minimized with the large system sizes demonstrated here.

5.4 Conclusion

In this thesis, we demonstrated the design of and results achieved utilizing a new
platform for trapping and control of an array of 6, 100 atomic qubits in far-detuned
optical tweezers. The platform was specifically designed for scalability of tweezer
number while maintaining coherence times, as well as the ways the experimental
apparatus was optimized for long vacuum lifetimes. A hybrid-momentum Weighted-
Gershberg Saxton algorithm led also to improvements in large-scale array genera-

tion.

We further demonstrated high imaging fidelity and imaging survival using many-
image characterization. Uniformity was demonstrated in the spatial distribution
across the array for parameters such as loading, scattering rates, and trap depth across
the array. State-of-the-art long vacuum lifetimes which minimize un-avoidable atom

loss were measured.

We went on to demonstrate record-long 77 and 7, coherence times for an alkali atom
array. Dynamical decoupling methods were further applied to extend the T time to

a T, time of over 12 s. These coherence times contributed to high single-qubit gate
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fidelities which were characterized with randomized benchmarking.

The control over the connectivity of atoms in this array was further examined, in-
cluding limitations arising from long-distance atomic movement such as cylindrical
lensing and ways to mitigate these impacts. We utilized interleaved randomized
benchmarking to investigate the fidelity of long-distance moves, of atomic trap-
transfer between AOD and SLM traps, and of the combination of trap-transfer and
long-distance moves. Improvements to fidelities or equivalently to move-times were
achieved by utilizing machine-learning techniques. We further discussed details re-

garding Rydberg excitations for two-qubit gates, which is current work in-progress.

Finally, we have discussed necessary considerations for scaling neutral atom arrays
even further by an order of magnitude, including considerations regarding thermal-
ization, regarding relay lens requirements, and regarding achieving higher loading

probabilities in the existing array.

The results in this thesis therefore have presented a novel platform with 6, 100 highly-
coherent atomic-qubits, and a direct pathway towards computation and quantum
error correction utilizing this number of qubits. This thesis further examined the
limitations regarding scalability to even larger system sizes and presented approaches
to circumventing these limitations, anticipating near-term scaling by at least twice

the array size while maintaining controllability and fidelity.



[1]

[2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

168
BIBLIOGRAPHY

Werner Heisenberg. “On the quantum reinterpretation of kinematical and
mechanical relationships”. In: Zeit. Phys. 33 (1925), pp. 879-893.

Richard P. Feynman. “Simulating physics with computers”. In: International
Journal of Theoretical Physics 21.6/7 (1982), p. 467.

Paul Benioff. “The computer as a physical system: A microscopic quantum
mechanical Hamiltonian model of computers as represented by Turing ma-
chines”. en. In: Journal of Statistical Physics 22.5 (May 1980), pp. 563-591.
1ssN: 0022-4715, 1572-9613. por: 110.1007/BF01011339.

Y. Menin. Computable and Uncomputable. Vol. 128. Sovetskoye Radio,
Moscow, 1980.

T. Rosenband and D. R. Leibrandt. Exponential scaling of clock stability with
atom number. arXiv:1303.6357 [physics, physics:quant-ph]. Mar. 2013. por:
10.48550 /arXiv.1303.6357. urL: http://arxiv.org/abs/1303.
6357.

Matthew J. O’Rourke and Garnet Kin-Lic Chan. “Entanglement in the quan-
tum phases of an unfrustrated Rydberg atom array”. en. In: Nature Com-
munications 14.1 (Sept. 2023), p. 5397. 1ssn: 2041-1723. por: 10. 1038/
s41467-023-41166-0.

Sergi Julia-Farré, Joseph Vovrosh, and Alexandre Dauphin. ‘“Amorphous
quantum magnets in a two-dimensional Rydberg atom array”. In: Physical
Review A 110.1 (July 2024), p. 012602. por: 10.1103 /PhysRevA.110.
012602.

J. Haferkamp, D. Hangleiter, A. Bouland, B. Fefferman, J. Eisert, and J.
Bermejo-Vega. “Closing Gaps of a Quantum Advantage with Short-Time
Hamiltonian Dynamics”. en. In: Physical Review Letters 125.25 (Dec. 2020),
p. 250501. 1ssn: 0031-9007, 1079-7114. por: 10 . 1103 /PhysRevLett.
125.250501.

Martin Ringbauer et al. “Verifiable measurement-based quantum random
sampling with trapped ions”. en. In: Nature Communications 16.1 (Jan.
2025), p. 106. 1ssn: 2041-1723. por: 10.1038/s41467-024-55342-3.

Peter W. Shor. “Scheme for reducing decoherence in quantum computer
memory”. en. In: Physical Review A 52.4 (Oct. 1995), R2493-R2496. 1ssn:
1050-2947, 1094-1622. po1: |10.1103/PhysRevA.52.R2493.

Joschka Roffe. “Quantum Error Correction: An Introductory Guide”. en.
In: Contemporary Physics 60.3 (July 2019). arXiv:1907.11157 [quant-ph],
pp. 226-245. 1ssn: 0010-7514, 1366-5812. por: (10 . 1080 /00107514 .
2019.1667078.


https://doi.org/10.1007/BF01011339
https://doi.org/10.48550/arXiv.1303.6357
http://arxiv.org/abs/1303.6357
http://arxiv.org/abs/1303.6357
https://doi.org/10.1038/s41467-023-41166-0
https://doi.org/10.1038/s41467-023-41166-0
https://doi.org/10.1103/PhysRevA.110.012602
https://doi.org/10.1103/PhysRevA.110.012602
https://doi.org/10.1103/PhysRevLett.125.250501
https://doi.org/10.1103/PhysRevLett.125.250501
https://doi.org/10.1038/s41467-024-55342-3
https://doi.org/10.1103/PhysRevA.52.R2493
https://doi.org/10.1080/00107514.2019.1667078
https://doi.org/10.1080/00107514.2019.1667078

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

169

Sergey Bravyi, Andrew W. Cross, Jay M. Gambetta, Dmitri Maslov, Patrick
Rall, and Theodore J. Yoder. “High-threshold and low-overhead fault-tolerant
quantum memory”. en. In: Nature 627.8005 (Mar. 2024), pp. 778—782. 1ssN:
1476-4687. por: 10.1038/s41586-024-07107-7.

Qian Xu et al. “Constant-overhead fault-tolerant quantum computation with
reconfigurable atom arrays”. en. In: Nature Physics 20.7 (July 2024), pp. 1084—
1090. 1ssn: 1745-2481. por: 10.1038/s41567-024-02479-z.

Madelyn Cain et al. Shor’s algorithm is possible with as few as 10,000
reconfigurable atomic qubits. en. arXiv:2603.28627 [quant-ph]. Mar. 2026.
por: 10 .48550 /arXiv.2603.28627. urL: http://arxiv.org/abs/
2603.28627.

Chen Zhao, Casey Duckering, Andi Gu, Nishad Maskara, and Hengyun
Zhou. Towards Ultra-High-Rate Quantum Error Correction with Recon-
figurable Atom Arrays. en. arXiv:2604.16209 [quant-ph]. Apr. 2026. por:
10.48550/arXiv.2604.16209. urL: http://arxiv.org/abs/2604.
16209.

John Preskill. “Quantum Computing in the NISQ era and beyond”. en. In:
Quantum 2 (Aug. 2018). arXiv:1801.00862 [cond-mat, physics:quant-ph],
p- 79. 1ssn: 2521-327X. por: |10.22331/9-2018-08-06-79.

Morten Kjaergaard et al. “Superconducting Qubits: Current State of Play”.
en. In: Annual Review of Condensed Matter Physics 11.1 (Mar. 2020),
pp. 369-395. 1ssn: 1947-5454, 1947-5462. por: 10 . 1146 / annurev -
conmatphys-031119-050605.

Michel H. Devoret, John M. Martinis, and John Clarke. “Measurements of
Macroscopic Quantum Tunneling out of the Zero-Voltage State of a Current-
Biased Josephson Junction”. en. In: Physical Review Letters 55.18 (Oct.
1985), pp. 1908-1911. 1ssn: 0031-9007. por: 10 . 1103 /PhysRevLett.
55.1908.

R. Barends et al. “Superconducting quantum circuits at the surface code
threshold for fault tolerance”. en. In: Nature 508.7497 (Apr. 2014), pp. 500-
503. 1ssn: 0028-0836, 1476-4687. por: 10.1038/naturel3171.

Google Quantum AI and Collaborators et al. “Quantum error correction
below the surface code threshold”. en. In: Nature 638.8052 (Feb. 2025),
pp- 920-926. 1ssn: 0028-0836, 1476-4687. por: 10.1038/s41586-024-
08449-y.

Masoud Mohseni et al. How to Build a Quantum Supercomputer: Scaling
Jfrom Hundreds to Millions of Qubits. en. arXiv:2411.10406 [quant-ph]. Jan.
2025. por: |10.48550 /arXiv.2411.10406. urL: http://arxiv.org/
abs/2411.10406.


https://doi.org/10.1038/s41586-024-07107-7
https://doi.org/10.1038/s41567-024-02479-z
https://doi.org/10.48550/arXiv.2603.28627
http://arxiv.org/abs/2603.28627
http://arxiv.org/abs/2603.28627
https://doi.org/10.48550/arXiv.2604.16209
http://arxiv.org/abs/2604.16209
http://arxiv.org/abs/2604.16209
https://doi.org/10.22331/q-2018-08-06-79
https://doi.org/10.1146/annurev-conmatphys-031119-050605
https://doi.org/10.1146/annurev-conmatphys-031119-050605
https://doi.org/10.1103/PhysRevLett.55.1908
https://doi.org/10.1103/PhysRevLett.55.1908
https://doi.org/10.1038/nature13171
https://doi.org/10.1038/s41586-024-08449-y
https://doi.org/10.1038/s41586-024-08449-y
https://doi.org/10.48550/arXiv.2411.10406
http://arxiv.org/abs/2411.10406
http://arxiv.org/abs/2411.10406

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

170

W. Neuhauser, M. Hohenstatt, P. E. Toschek, and H. Dehmelt. “Localized
visible Ba + mono-ion oscillator”. en. In: Physical Review A 22.3 (Sept.
1980), pp. 1137-1140. 1ssn: 0556-2791. por: |10 . 1103 /PhysRevA. 22.
1137l

J. I. Cirac and P. Zoller. “Quantum Computations with Cold Trapped lons”.
en. In: Physical Review Letters 74.20 (May 1995), pp. 4091-4094. 1ssn:
0031-9007, 1079-7114. por1:|10.1103/PhysRevLett.74.4091.

C. Monroe, D. M. Meekhof, B. E. King, W. M. Itano, and D. J. Wineland.
“Demonstration of a Fundamental Quantum Logic Gate”. In: Physical Re-
view Letters75.25 (Dec. 1995), pp.4714-4717.por1: 10.1103 /PhysRevLett.
75.4714.

Colin D. Bruzewicz, John Chiaverini, Robert McConnell, and Jeremy M.
Sage. “Trapped-ion quantum computing: Progress and challenges”. en. In:
Applied Physics Reviews 6.2 (June 2019), p. 021314. 1ssn: 1931-9401. por:
10.1063/1.5088164.

A. Paetznick et al. Demonstration of logical qubits and repeated error cor-
rection with better-than-physical error rates. en. arXiv:2404.02280 [quant-
ph]. Nov. 2024. por: 10 . 48550 /arXiv . 2404 . 02280. urL: http://
arxiv.org/abs/2404.02280.

Nicolas Schlosser, Georges Reymond, Igor Protsenko, and Philippe Grang-
ier. “Sub-poissonian loading of single atoms in a microscopic dipole trap”.
en. In: Nature 411.6841 (June 2001), pp. 1024-1027. 1ssn: 0028-0836,
1476-4687. po1:|10.1038/35082512.

D. Jaksch, J. I. Cirac, P. Zoller, S. L. Rolston, R. C6té, and M. D. Lukin.
“Fast Quantum Gates for Neutral Atoms”. In: Physical Review Letters 85.10
(Sept. 2000), pp. 2208-2211. por: 10.1103/PhysRevLett.85.2208.

L. Isenhower et al. “Demonstration of a Neutral Atom Controlled-NOT
Quantum Gate”. In: Physical Review Letters 104.1 (Jan. 2010), p. 010503.
por: 10.1103/PhysRevLett.104.010503.

Daniel Barredo, Sylvain de Léséleuc, Vincent Lienhard, Thierry Lahaye,
and Antoine Browaeys. “An atom-by-atom assembler of defect-free arbi-
trary two-dimensional atomic arrays”. In: Science 354.6315 (Nov. 2016),
pp- 1021-1023. por: 10.1126/science.aah3778.

Manuel Endres et al. “Atom-by-atom assembly of defect-free one-dimensional
cold atom arrays”. In: Science 354.6315 (Nov. 2016), pp. 1024—-1027. por:
10.1126/science.aah3752.

Hyosub Kim, Woojun Lee, Han-gyeol Lee, Hanlae Jo, Yunheung Song,
and Jaewook Ahn. “In situ single-atom array synthesis using dynamic holo-
graphic optical tweezers”. en. In: Nature Communications 7.1 (Oct. 2016),
p. 13317. 1ssn: 2041-1723. por: 10.1038 /ncomms13317.


https://doi.org/10.1103/PhysRevA.22.1137
https://doi.org/10.1103/PhysRevA.22.1137
https://doi.org/10.1103/PhysRevLett.74.4091
https://doi.org/10.1103/PhysRevLett.75.4714
https://doi.org/10.1103/PhysRevLett.75.4714
https://doi.org/10.1063/1.5088164
https://doi.org/10.48550/arXiv.2404.02280
http://arxiv.org/abs/2404.02280
http://arxiv.org/abs/2404.02280
https://doi.org/10.1038/35082512
https://doi.org/10.1103/PhysRevLett.85.2208
https://doi.org/10.1103/PhysRevLett.104.010503
https://doi.org/10.1126/science.aah3778
https://doi.org/10.1126/science.aah3752
https://doi.org/10.1038/ncomms13317

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

171

Ivaylo Sashkov Madjarov. “Entangling, controlling, and detecting individ-
ual strontium atoms in optical tweezer arrays’. en. PhD thesis. California
Institute of Technology, Jan. 2021.

Simon J. Evered et al. “High-fidelity parallel entangling gates on a neutral-
atom quantum computer”. en. In: Nature 622.7982 (Oct. 2023). Number:
7982, pp. 268-272. 1ssN: 1476-4687. por: 10.1038/s41586-023-06481-

y.

Dolev Bluvstein et al. “Logical quantum processor based on reconfigurable
atom arrays”. en. In: Nature 626.7997 (Feb. 2024). Number: 7997, pp. 58—
65. 1ssN: 1476-4687. por: 110.1038/s41586-023-06927-3.

Dolev Bluvstein et al. “A fault-tolerant neutral-atom architecture for univer-
sal quantum computation”. en. In: Nature 649.8095 (Jan. 2026), pp. 39—46.
1ssN: 0028-0836, 1476-4687. po1:|10.1038/s41586-025-09848-5..

Loic Henriet et al. “Quantum computing with neutral atoms”. en-GB. In:
Quantum 4 (Sept. 2020), p. 327. po1:|10.22331/q-2020-09-21-327.

Matthew A. Norcia, Aaron W. Young, William J. Eckner, Eric Oelker, Jun
Ye, and Adam M. Kaufman. “Seconds-scale coherence on an optical clock

transition in a tweezer array”. en. In: Science 366.6461 (Oct. 2019), pp. 93—
97. 1ssN: 0036-8075, 1095-9203. por1:|10.1126/science.aay0644.

Ivaylo S. Madjarov et al. “An Atomic-Array Optical Clock with Single-
Atom Readout”. en. In: Physical Review X 9.4 (Dec. 2019), p. 041052. 1ssn:
2160-3308. por:10.1103/PhysRevX.9.041052.

Aaron W. Young et al. “Half-minute-scale atomic coherence and high rel-
ative stability in a tweezer clock”. en. In: Nature 588.7838 (Dec. 2020),
pp- 408—413. 1ssn: 0028-0836, 1476-4687. por: |10.1038/s41586-020-
3009-y.

Antoine Browaeys and Thierry Lahaye. “Many-body physics with individ-
ually controlled Rydberg atoms”. en. In: Nature Physics 16.2 (Feb. 2020).
Number: 2, pp. 132—-142. 1ssn: 1745-2481. por: |10.1038/s41567-019-
0733-z.

L. Béguin, A. Vernier, R. Chicireanu, T. Lahaye, and A. Browaeys. “Di-
rect Measurement of the van der Waals Interaction between Two Rydberg
Atoms”. en. In: Physical Review Letters 110.26 (June 2013), p. 263201.
1ssN: 0031-9007, 1079-7114. por1: 110.1103/PhysRevLett.110.263201.

Sylvain Ravets, Henning Labuhn, Daniel Barredo, Lucas Béguin, Thierry
Lahaye, and Antoine Browaeys. “Coherent dipole—dipole coupling between
two single Rydberg atoms at an electrically-tuned Forster resonance”. en.
In: Nature Physics 10.12 (Dec. 2014), pp. 914-917. 1ssn: 1745-2473, 1745-
2481. por: 10.1038/nphys3119.


https://doi.org/10.1038/s41586-023-06481-y
https://doi.org/10.1038/s41586-023-06481-y
https://doi.org/10.1038/s41586-023-06927-3
https://doi.org/10.1038/s41586-025-09848-5
https://doi.org/10.22331/q-2020-09-21-327
https://doi.org/10.1126/science.aay0644
https://doi.org/10.1103/PhysRevX.9.041052
https://doi.org/10.1038/s41586-020-3009-y
https://doi.org/10.1038/s41586-020-3009-y
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1103/PhysRevLett.110.263201
https://doi.org/10.1038/nphys3119

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

172

Aaron W. Young, William J. Eckner, Nathan Schine, Andrew M. Childs,
and Adam M. Kaufman. “Tweezer-programmable 2D quantum walks in a
Hubbard-regime lattice”. en. In: Science 377.6608 (Aug. 2022), pp. 885—
889. 1ssn: 0036-8075, 1095-9203. por: 110.1126/science.abo®608.

Hannes Bernien et al. “Probing many-body dynamics on a 51-atom quantum
simulator”. en. In: Nature 551.7682 (Nov. 2017). Number: 7682, pp. 579—
584. 1ssn: 1476-4687. por: 10.1038/nature24622.

Pascal Scholl et al. “Quantum simulation of 2D antiferromagnets with hun-
dreds of Rydberg atoms”. en. In: Nature 595.7866 (July 2021), pp. 233-238.
1ssN: 0028-0836, 1476-4687. por: 10.1038/s41586-021-03585-1.

Sepehr Ebadi et al. “Quantum phases of matter on a 256-atom programmable
quantum simulator”. en. In: Nature 595.7866 (July 2021). Number: 7866,
pp- 227-232. 1ssN: 1476-4687. por: 10.1038/s41586-021-03582-4.

Cheng Chen et al. “Continuous symmetry breaking in a two-dimensional Ry-
dberg array”. en. In: Nature 616.7958 (Apr. 2023). Number: 7958, pp. 691-
695. 1ssN: 1476-4687. por: 10.1038/s41586-023-05859-2.

Joonhee Choi et al. “Preparing random states and benchmarking with many-
body quantum chaos”. en. In: Nature 613.7944 (Jan. 2023). Number: 7944,
pp- 468—473. 1ssN: 1476-4687. por:|10.1038/s41586-022-05442-1.

Adam L. Shaw et al. “Benchmarking highly entangled states on a 60-atom
analogue quantum simulator”. en. In: Nature 628.8006 (Apr. 2024), pp. 71—
77.1ssN: 1476-4687. por: 110.1038/s41586-024-07173-x.

Dolev Bluvstein et al. ““A quantum processor based on coherent transport of
entangled atom arrays”. en. In: Nature 604.7906 (Apr. 2022). Number: 7906,
pp- 451-456. 1ssN: 1476-4687. por: 10.1038/s41586-022-04592-6.

T. M. Graham et al. “Multi-qubit entanglement and algorithms on a neutral-
atom quantum computer’. en. In: Nature 604.7906 (Apr. 2022). Number:
7906, pp. 457-462. 1ssN: 1476-4687. por: 10.1038/s41586-022-04603-
6.

Shuo Ma, Alex P. Burgers, Genyue Liu, Jack Wilson, Bichen Zhang, and Jeff
D. Thompson. “Universal gate operations on nuclear spin qubits in an optical
tweezer array of '/'Yb atoms”. In: Physical Review X 12.2 (May 2022).
arXiv:2112.06799 [physics, physics:quant-ph], p. 021028. 1ssn: 2160-3308.
por: |10.1103/PhysRevX.12.021028.

Ran Finkelstein et al. “Universal quantum operations and ancilla-based read-
out for tweezer clocks”. en. In: Nature 634.8033 (Oct. 2024), pp. 321-327.
1SsN: 1476-4687. por:|10.1038/s41586-024-08005-8.

Lars Pause et al. “Supercharged two-dimensional tweezer array with more
than 1000 atomic qubits”. EN. In: Optica 11.2 (Feb. 2024), pp. 222-226.
1sSN: 2334-2536. por: |10.1364/0PTICA.513551.


https://doi.org/10.1126/science.abo0608
https://doi.org/10.1038/nature24622
https://doi.org/10.1038/s41586-021-03585-1
https://doi.org/10.1038/s41586-021-03582-4
https://doi.org/10.1038/s41586-023-05859-2
https://doi.org/10.1038/s41586-022-05442-1
https://doi.org/10.1038/s41586-024-07173-x
https://doi.org/10.1038/s41586-022-04592-6
https://doi.org/10.1038/s41586-022-04603-6
https://doi.org/10.1038/s41586-022-04603-6
https://doi.org/10.1103/PhysRevX.12.021028
https://doi.org/10.1038/s41586-024-08005-8
https://doi.org/10.1364/OPTICA.513551

173

[56] M. A. Norcia et al. “Iterative Assembly of ${}*{171}$$\mathrm{Yb}$
Atom Arrays with Cavity-Enhanced Optical Lattices”. In: PRX Quantum
5.3 (July 2024), p. 030316. por1: |10.1103/PRXQuantum.5.030316.

[57] Flavien Gyger et al. “Continuous operation of large-scale atom arrays in
optical lattices”. In: Physical Review Research 6.3 (July 2024), p. 033104.
por: 10.1103/PhysRevResearch.6.033104.

[58] Neng-Chun Chiu et al. “Continuous operation of a coherent 3,000-qubit
system”. en. In: Nature 646.8087 (Oct. 2025), pp. 1075-1080. 1ssn: 0028-
0836, 1476-4687. por:|10.1038/s41586-025-09596-6.

[59] Hannah J. Manetsch, Gyohei Nomura, Elie Bataille, Xudong Lv, Kon H.
Leung, and Manuel Endres. “A tweezer array with 6,100 highly coherent
atomic qubits”. en. In: Nature 647.8088 (Nov. 2025), pp. 60—-67. 1ssN: 0028-
0836, 1476-4687. por: |10.1038/s41586-025-09641-4.

[60] Claude Cohen-Tannoudji, Jacques Dupont-Roc, and Gilbert Grynberg. Atom_photon
Interactions: Basic Processes and Applications. Wiley-VCH, Mar. 1998.

[61] Amani Kiruga et al. Portal for High-Precision Atomic Data and Computa-
tion. en. arXiv:2506.08170 [physics]. June 2025. por: 10.48550/arXiv.
2506.08170. urL: http://arxiv.org/abs/2506.08170.

[62] Daniel Adam Steck. Quantum and Atom Optics. UrRL: https://atomoptics.
uoregon . edu / ~dsteck / teaching / quantum - optics / quantum -
optics-notes.pdf.

[63] Adam M. Kaufman. “Laser-Cooling Atoms to Indistinguishability: Atomic
Hong-Ou-Mandel Interference and Entanglement Through Spin-Exchange”.
http://id.loc.gov/vocabulary/is0639-2/eng. PhD thesis. University of Col-
orado Boulder, 2015. urL: https://scholar.colorado.edu/concern/
graduate_thesis_or_dissertations/k930bx013.

[64] Joseph W. Goodman. Introduction to Fourier Optics. en. Google-Books-1D:
QIIRAAAAMAAIJ. McGraw-Hill, 1996. 1sBn: 978-0-07-024254-8.

[65] BahaaE. A. Saleh. Fundamentals of photonics I: Optics/ Bahaa E.A. Saleh,
Malvin Carl Teich. en. Third edition. Wiley series in pure and applied optics.
Hoboken, NJ: Wiley, 2019. 1sBN: 978-1-119-50687-4 978-1-119-50686-7
978-1-119-50689-8.

[66] Paul R. Berman, Robert W. Boyd, and Peter W. Milonni. “Polarizability
and the optical theorem for a two-level atom with radiative broadening”.
en. In: Physical Review A 74.5 (Nov. 2006), p. 053816. 1ssn: 1050-2947,
1094-1622. por: 110.1103/PhysRevA.74.053816.

[67] Rudolf Grimm, Matthias Weidemiiller, and Yurii B. Ovchinnikov. “Optical
Dipole Traps for Neutral Atoms”. In: Advances In Atomic, Molecular, and
Optical Physics. Ed. by Benjamin Bederson and Herbert Walther. Vol. 42.
Academic Press, Jan. 2000, pp. 95-170. por: |10.1016/S1049-250X(08)


https://doi.org/10.1103/PRXQuantum.5.030316
https://doi.org/10.1103/PhysRevResearch.6.033104
https://doi.org/10.1038/s41586-025-09596-6
https://doi.org/10.1038/s41586-025-09641-4
https://doi.org/10.48550/arXiv.2506.08170
https://doi.org/10.48550/arXiv.2506.08170
http://arxiv.org/abs/2506.08170
https://atomoptics.uoregon.edu/~dsteck/teaching/quantum-optics/quantum-optics-notes.pdf
https://atomoptics.uoregon.edu/~dsteck/teaching/quantum-optics/quantum-optics-notes.pdf
https://atomoptics.uoregon.edu/~dsteck/teaching/quantum-optics/quantum-optics-notes.pdf
https://scholar.colorado.edu/concern/graduate_thesis_or_dissertations/k930bx013
https://scholar.colorado.edu/concern/graduate_thesis_or_dissertations/k930bx013
https://doi.org/10.1103/PhysRevA.74.053816
https://doi.org/10.1016/S1049-250X(08)60186-X
https://doi.org/10.1016/S1049-250X(08)60186-X

174

60186-X. urL: https://www.sciencedirect.com/science/article/
pii/S1049250X0860186X.

[68] R.Ozerietal. “Hyperfine Coherence in the Presence of Spontaneous Photon
Scattering”. In: Physical Review Letters 95.3 (July 2005), p. 030403. por:
10.1103/PhysRevLett.95.030403.

[69] R.A.Cline,J.D.Miller, M. R. Matthews, and D. J. Heinzen. “Spin relaxation
of optically trapped atoms by light scattering”. en. In: Optics Letters 19.3
(Feb. 1994), p. 207. 1ssN: 0146-9592, 1539-4794. por: 10.1364/0L. 19.
000207.

[70] Ronen M. Kroeze, Sofus Laguna Kristensen, and Sebastian Pucher. ${171}$Yb
Reference Data. en. arXiv:2509.04416 [physics]. Feb. 2026. por: 10.48550 /
arXiv.2509.04416. urL: http://arxiv.org/abs/2509.04416.

[71] Daniel Adam Steck. Cesium D Line Data. English. Sept. 2023. urL: https:
//steck.us/alkalidata/cesiumnumbers.pdf.

[72] Harry Levine et al. “Dispersive optical systems for scalable Raman driving
of hyperfine qubits”. In: Physical Review A 105.3 (Mar. 2022), p. 032618.
por: 10.1103/PhysRevA.105.032618.

[73] Tsung-Yao Wu, Aishwarya Kumar, Felipe Giraldo, and David S. Weiss.
“Stern—Gerlach detection of neutral-atom qubits in a state-dependent optical
lattice”. en. In: Nature Physics 15.6 (June 2019). Number: 6, pp. 538-542.
1ssN: 1745-2481. por:|10.1038/s41567-019-0478-8.

[74] Xiao Li. “Toward a neutral atom quantum computer”’. PhD thesis. The
Pennsylvania State University, July 2009.

[75] Kara Marie Maller. “Single- and two-qubit operations on an atomic qubit
array”. PhD thesis. University of Wisconsin-Madison, 2015.

[76] Mark Kasevich and Steven Chu. “Atomic interferometry using stimulated
Raman transitions”. en. In: Physical Review Letters 67.2 (July 1991), pp. 181-
184. 1ssN: 0031-9007. por: |10.1103/PhysRevLett.67.181.

[77]1 Beili Huetal. “Site-Selective Cavity Readout and Classical Error Correction
of a 5-Bit Atomic Register”. In: Physical Review Letters 134.12 (Mar. 2025),
p- 120801. po1: 10.1103/PhysRevLett.134.120801.

[78] A. Sharma, S. Kolkowitz, and M. Saffman. Analysis of a Cesium lattice
optical clock. arXiv:2203.08708 [physics, physics:quant-ph]. Mar. 2022.
por: 10.48550 /arXiv.2203.08708. urL: http://arxiv.org/abs/
2203.08708.

[79] Karl N. Blodgett, Saumitra S. Phatak, Meng Raymond Chen, David Peana,
Claire Pritts, and Jonathan D. Hood. “Narrow-line electric quadrupole cool-
ing and background-free imaging of a single Cs atom with spatially struc-
tured light”. en. In: Physical Review A 112.4 (Oct. 2025), p. 043109. 1ssN:
2469-9926, 2469-9934. por1:|10.1103/vr4g-h995.


https://doi.org/10.1016/S1049-250X(08)60186-X
https://doi.org/10.1016/S1049-250X(08)60186-X
https://doi.org/10.1016/S1049-250X(08)60186-X
https://www.sciencedirect.com/science/article/pii/S1049250X0860186X
https://www.sciencedirect.com/science/article/pii/S1049250X0860186X
https://doi.org/10.1103/PhysRevLett.95.030403
https://doi.org/10.1364/OL.19.000207
https://doi.org/10.1364/OL.19.000207
https://doi.org/10.48550/arXiv.2509.04416
https://doi.org/10.48550/arXiv.2509.04416
http://arxiv.org/abs/2509.04416
https://steck.us/alkalidata/cesiumnumbers.pdf
https://steck.us/alkalidata/cesiumnumbers.pdf
https://doi.org/10.1103/PhysRevA.105.032618
https://doi.org/10.1038/s41567-019-0478-8
https://doi.org/10.1103/PhysRevLett.67.181
https://doi.org/10.1103/PhysRevLett.134.120801
https://doi.org/10.48550/arXiv.2203.08708
http://arxiv.org/abs/2203.08708
http://arxiv.org/abs/2203.08708
https://doi.org/10.1103/vr4g-h995

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

175

Christian Roos. “Controlling the quantum state of trapped ions”. PhD thesis.
University of Innsbruck, Feb. 2000.

M. A. Norcia, A. W. Young, and A. M. Kaufman. “Microscopic Control and
Detection of Ultracold Strontium in Optical-Tweezer Arrays”. In: Physical
Review X 8.4 (Dec. 2018), p. 041054. po1: 10.1103/PhysRevX.8.041054.

Philip Zupancic et al. “Ultra-precise holographic beam shaping for mi-
croscopic quantum control”. EN. In: Optics Express 24.13 (June 2016),
pp- 13881-13893. 1ssn: 1094-4087. por: 10.1364/0E.24.013881.

Yibo Wang, Sayali Shevate, Tobias Martin Wintermantel, Manuel Morgado,
Graham Lochead, and Shannon Whitlock. “Preparation of hundreds of mi-
croscopic atomic ensembles in optical tweezer arrays”. en. In: npj Quantum
Information 6.1 (June 2020). Number: 1, pp. 1-5. 1ssn: 2056-6387. por:
10.1038/s41534-020-0285-1.

Silvia Bergamini, Benoit Darquie, Matt Jones, Lionel Jacubowiez, Antoine
Browaeys, and Philippe Grangier. “Holographic generation of micro-trap
arrays for single atoms”. en. In: Journal of the Optical Society of America
B 21.11 (Nov. 2004). arXiv:quant-ph/0402020, p. 1889. 1ssn: 0740-3224,
1520-8540. por: 10.1364/J0SAB.21.001889.

F. Nogrette et al. “Single-Atom Trapping in Holographic 2D Arrays of
Microtraps with Arbitrary Geometries”. en. In: Physical Review X 4.2 (May
2014), p. 021034. 1ssn: 2160-3308. por: 10.1103/PhysRevX.4.021034.

Daniel Barredo, Vincent Lienhard, Sylvain de Léséleuc, Thierry Lahaye,
and Antoine Browaeys. “Synthetic three-dimensional atomic structures as-
sembled atom by atom”. en. In: Nature 561.7721 (Sept. 2018). Number:
7721, pp. 79-82. 1ssN: 1476-4687. por: 10.1038/s41586-018-0450-2.

A. M. Kaufman et al. “Two-particle quantum interference in tunnel-coupled
optical tweezers”. en. In: Science 345.6194 (July 2014), pp. 306-309. 1ssN:
0036-8075, 1095-9203. por: 10.1126/science.1250057.

Kritsana Srakaew et al. “A subwavelength atomic array switched by a single
Rydberg atom”. In: Nature Physics (Feb. 2023). arXiv:2207.09383 [cond-
mat, physics:physics, physics:quant-ph]. 1ssn: 1745-2473, 1745-2481. por:
10.1038/s41567-023-01959-y.

Aaron Holman et al. “Trapping of single atoms in metasurface optical
tweezer arrays . en. In: Nature 649.8098 (Jan. 2026), pp. 859—-865. 1ssN:
0028-0836, 1476-4687. por: 10.1038/s41586-025-09961-5.

Ignacio Moreno, Benjamin K. Gutierrez, Maria M. Sanchez-Lépez, Jeffrey
A. Davis, Himkala P. Khanal, and Don M. Cottrell. “Diffraction efficiency
of stepped gratings using high phase-modulation spatial light modulators”.
In: Optics and Lasers in Engineering 126 (Mar. 2020), p. 105910. 1ssn:
0143-8166. po1:10.1016/j.optlaseng.2019.105910.


https://doi.org/10.1103/PhysRevX.8.041054
https://doi.org/10.1364/OE.24.013881
https://doi.org/10.1038/s41534-020-0285-1
https://doi.org/10.1364/JOSAB.21.001889
https://doi.org/10.1103/PhysRevX.4.021034
https://doi.org/10.1038/s41586-018-0450-2
https://doi.org/10.1126/science.1250057
https://doi.org/10.1038/s41567-023-01959-y
https://doi.org/10.1038/s41586-025-09961-5
https://doi.org/10.1016/j.optlaseng.2019.105910

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

176

Simon Moser, Monika Ritsch-Marte, and Gregor Thalhammer. “Model-
based compensation of pixel crosstalk in liquid crystal spatial light modula-
tors”. en. In: Optics Express 27.18 (Sept. 2019), p. 25046. 1ssn: 1094-4087.
por: |10.1364/0E.27.025046.

Yuki Torii Chew et al. “Ultra-precise holographic optical tweezers array”.
en. In: Physical Review A 110.5 (Nov. 2024). arXiv:2407.20699 [physics],
p. 053518. 1ssN: 2469-9926, 2469-9934. por: 10. 1103 /PhysRevA. 110.
053518.

Dapu Pi, Juan Liu, and Yongtian Wang. “Review of computer-generated
hologram algorithms for color dynamic holographic three-dimensional dis-
play”. en. In: Light: Science & Applications 11.1 (July 2022), p. 231. 1ssN:
2047-7538. por:|10.1038/s41377-022-00916-3.

J. R. Fienup. “Phase retrieval algorithms: a comparison”. en. In: Applied
Optics 21.15 (Aug. 1982), p. 2758. 1ssn: 0003-6935, 1539-4522. por: 10.
1364/A0.21.002758.

Tiffany Harte, Graham D. Bruce, Jonathan Keeling, and Donatella Casset-
tari. “Conjugate gradient minimisation approach to generating holographic
traps for ultracold atoms”. EN. In: Optics Express 22.22 (Nov. 2014),
pp. 26548-26558. 1ssn: 1094-4087. por: 10.1364/0E.22.026548.

R. W. Gerchberg. “A Practical Algorithm for the Determination of Phase
from Image and Diffraction Plane Pictures”. In: 35 (1972), pp. 237-246.

Roberto Di Leonardo, Francesca Ianni, and Giancarlo Ruocco. “Computer
generation of optimal holograms for optical trap arrays”. en. In: Optics
Express 15.4 (Feb. 2007), p. 1913. 1ssn: 1094-4087. por:|10.1364 /oe. 15.
001913.

Hyosub Kim, Minhyuk Kim, Woojun Lee, and Jaewook Ahn. “Gerchberg-
Saxton algorithm for fast and efficient atom rearrangement in optical tweezer
traps”. en. In: Optics Express 27.3 (Feb. 2019), p. 2184. 1ssn: 1094-4087.
por: 10.1364/0E.27.002184.

Donggyu Kim et al. “Large-scale uniform optical focus array generation
with a phase spatial light modulator”. EN. In: Optics Letters 44.12 (June
2019), pp. 3178-3181. 1ssN: 1539-4794. por: 10.1364/0L.44.003178.

Kai-Niklas Schymik et al. “In-situ equalization of single-atom loading
in large-scale optical tweezers arrays”. en. In: Physical Review A 106.2
(Aug. 2022). arXiv:2207.06500 [cond-mat, physics:physics, physics:quant-
ph], p. 022611. 1ssn: 2469-9926, 2469-9934. por: |10 . 1103 /PhysRevA.
106.022611.

Yang Wu, Jun Wang, Chun Chen, Chan-Juan Liu, Feng-Ming Jin, and Ni
Chen. “Adaptive weighted Gerchberg-Saxton algorithm for generation of

phase-only hologram with artifacts suppression”. en. In: Optics Express
29.2 (Jan. 2021), p. 1412. 1ssn: 1094-4087. por: 10.1364/0E.413723.


https://doi.org/10.1364/OE.27.025046
https://doi.org/10.1103/PhysRevA.110.053518
https://doi.org/10.1103/PhysRevA.110.053518
https://doi.org/10.1038/s41377-022-00916-3
https://doi.org/10.1364/AO.21.002758
https://doi.org/10.1364/AO.21.002758
https://doi.org/10.1364/OE.22.026548
https://doi.org/10.1364/oe.15.001913
https://doi.org/10.1364/oe.15.001913
https://doi.org/10.1364/OE.27.002184
https://doi.org/10.1364/OL.44.003178
https://doi.org/10.1103/PhysRevA.106.022611
https://doi.org/10.1103/PhysRevA.106.022611
https://doi.org/10.1364/OE.413723

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

177

Harry Jay Levine. “Quantum Information Processing and Quantum Simu-
lation with Programmable Rydberg Atom Arrays”. en. Accepted: 2021-07-
13T06:20:01Z. PhD thesis. Harvard University, July 2021. urL: https:
//dash.harvard.edu/handle/1/37368420.

Sylvain De Leseleuc. “Quantum Simulation of spin models with assembled
arrays of Rydberg atoms”. English. Optics [physics.optics]. Université Paris-
Saclay, 2018.

Armands Strikis, Simon C. Benjamin, and Benjamin J. Brown. “Quan-
tum Computing is Scalable on a Planar Array of Qubits with Fabrication
Defects”. In: Physical Review Applied 19.6 (June 2023), p. 064081. por:
10.1103/PhysRevApplied.19.064081.

D. Hayes et al. “Entanglement of Atomic Qubits Using an Optical Frequency
Comb”. In: Physical Review Letters 104.14 (Apr. 2010), p. 140501. por:
10.1103/PhysRevLett.104.140501.

I. V. Inlek, G. Vittorini, D. Hucul, C. Crocker, and C. Monroe. “Quantum
gates with phase stability over space and time”. In: Physical Review A 90.4
(Oct. 2014), p. 042316. por: 10.1103/PhysRevA.90.042316.

Alexandre Cooper, Jacob P. Covey, Ivaylo S. Madjarov, Sergey G. Porsev,
Marianna S. Safronova, and Manuel Endres. “Alkaline-Earth Atoms in Op-
tical Tweezers”. In: Physical Review X 8.4 (Dec. 2018), p. 041055. por:
10.1103/PhysRevX.8.041055.

A. Fuhrmanek, R. Bourgain, Y. R. P. Sortais, and A. Browaeys. “Free-Space
Lossless State Detection of a Single Trapped Atom”. In: Physical Review
Letters 106.13 (Mar. 2011), p. 133003. por1:|10.1103/PhysRevLett. 106.
133003.

Damien Bloch, Britton Hofer, Sam R. Cohen, Antoine Browaeys, and Igor
Ferrier-Barbut. “Trapping and Imaging Single Dysprosium Atoms in Optical
Tweezer Arrays”. In: Physical Review Letters 131.20 (Nov. 2023), p. 203401.
por: 10.1103/PhysRevLett.131.203401.

Joanna W. Lis, Aruku Senoo, William F. McGrew, Felix Ronchen, Alec
Jenkins, and Adam M. Kaufman. “Midcircuit Operations Using the omg
Architecture in Neutral Atom Arrays”. In: Physical Review X 13.4 (Nov.
2023), p. 041035. po1:|10.1103/PhysRevX.13.041035.

Margaret E. Shea, Paul M. Baker, James A. Joseph, Jungsang Kim, and
Daniel J. Gauthier. “Submillisecond, nondestructive, time-resolved quantum-
state readout of a single, trapped neutral atom”. In: Physical Review A 102.5
(Nov. 2020), p. 053101. po1:|10.1103/PhysRevA.102.053101.

J. Dalibard and C. Cohen-Tannoudji. “Laser cooling below the Doppler limit
by polarization gradients: simple theoretical models”. en. In: Journal of the
Optical Society of America B 6.11 (Nov. 1989), p. 2023. 1ssn: 0740-3224,
1520-8540. por: 10.1364/J0SAB.6.002023.


https://dash.harvard.edu/handle/1/37368420
https://dash.harvard.edu/handle/1/37368420
https://doi.org/10.1103/PhysRevApplied.19.064081
https://doi.org/10.1103/PhysRevLett.104.140501
https://doi.org/10.1103/PhysRevA.90.042316
https://doi.org/10.1103/PhysRevX.8.041055
https://doi.org/10.1103/PhysRevLett.106.133003
https://doi.org/10.1103/PhysRevLett.106.133003
https://doi.org/10.1103/PhysRevLett.131.203401
https://doi.org/10.1103/PhysRevX.13.041035
https://doi.org/10.1103/PhysRevA.102.053101
https://doi.org/10.1364/JOSAB.6.002023

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

178

Jacob P. Covey, Ivaylo S. Madjarov, Alexandre Cooper, and Manuel En-
dres. “2000-Times Repeated Imaging of Strontium Atoms in Clock-Magic
Tweezer Arrays”. In: Physical Review Letters 122.17 (May 2019), p. 173201.
por: 10.1103/PhysRevlett.122.173201.

Karl N. Blodgett, David Peana, Saumitra Phatak, Lane M. Terry, Maria
Paula Montes, and Jonathan Hood. “Imaging a $7{6}$Li Atom In An Op-
tical Tweezer 2000 Times with $\Lambda$-Enhanced Gray Molasses”. In:
Physical Review Letters 131.8 (Aug. 2023). arXiv:2305.02405 [physics],
p. 083001. 1ssn: 0031-9007, 1079-7114. por: 10. 1103 /PhysRevLett.
131.083001.

C. Monroe, W. Swann, H. Robinson, and C. Wieman. “Very cold trapped
atoms in a vapor cell”. In: Physical Review Letters 65.13 (Sept. 1990),
pp. 1571-1574. por: 10.1103/PhysRevLett.65.1571.

Roberto Kersevan and Marton Ady. “Recent developments of Monte-Carlo
codes Molflow+ and Synrad+”. In: 10th International Particle Accelerator
Conference. Melbourne, Australia, May 2019, TUPMP037. por:|10. 18429/
JACoW-TPAC2019-TUPMPO37. urL: https://cds.cern.ch/record/
2694236.

A. M. Steane, M. Chowdhury, and C. J. Foot. “Radiation force in the
magneto-optical trap”. EN. In: JOSA B 9.12 (Dec. 1992), pp. 2142-2158.
1ssN: 1520-8540. por:|10.1364/J0SAB.9.002142.

Kai-Niklas Schymik et al. “Single Atoms with 6000-Second Trapping Life-
times in Optical-Tweezer Arrays at Cryogenic Temperatures”. en. In: Phys-
ical Review Applied 16.3 (Sept. 2021), p. 034013. 1ssn: 2331-7019. por:
10.1103/PhysRevApplied.16.034013!

Katrina Barnes et al. “Assembly and coherent control of a register of nuclear
spin qubits”. en. In: Nature Communications 13.1 (May 2022). Number: 1,
p. 2779. 1ssN: 2041-1723. por: 10.1038/s41467-022-29977-z.

William Huie et al. “Repetitive Readout and Real-Time Control of Nuclear
Spin Qubits in !71Yb Atoms”. In: PRX Quantum 4.3 (Sept. 2023), p. 030337.
porl: 10.1103/PRXQuantum.4.030337.

M. A. Norcia et al. “Midcircuit Qubit Measurement and Rearrangement in
a '"'Yb Atomic Array”. In: Physical Review X 13.4 (Nov. 2023), p. 041034.
por: 10.1103/PhysRevX.13.041034.

Michael A Lombardi. “A Historical Review of U.S. Contributions to the
Atomic Redefinition of the SI Second in 1967”. en. In: Journal of Research
of the National Institute of Standards and Technology 122 (June 2017), p. 29.
ISSN: 2165-7254. por:|10.6028/jres.122.029.

S. Kuhr et al. “Analysis of dephasing mechanisms in a standing-wave dipole
trap”. In: Physical Review A 72.2 (Aug. 2005), p. 023406. por: 10.1103/
PhysRevA.72.023406.


https://doi.org/10.1103/PhysRevLett.122.173201
https://doi.org/10.1103/PhysRevLett.131.083001
https://doi.org/10.1103/PhysRevLett.131.083001
https://doi.org/10.1103/PhysRevLett.65.1571
https://doi.org/10.18429/JACoW-IPAC2019-TUPMP037
https://doi.org/10.18429/JACoW-IPAC2019-TUPMP037
https://cds.cern.ch/record/2694236
https://cds.cern.ch/record/2694236
https://doi.org/10.1364/JOSAB.9.002142
https://doi.org/10.1103/PhysRevApplied.16.034013
https://doi.org/10.1038/s41467-022-29977-z
https://doi.org/10.1103/PRXQuantum.4.030337
https://doi.org/10.1103/PhysRevX.13.041034
https://doi.org/10.6028/jres.122.029
https://doi.org/10.1103/PhysRevA.72.023406
https://doi.org/10.1103/PhysRevA.72.023406

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

179

R. Ozeri et al. “Errors in trapped-ion quantum gates due to spontaneous
photon scattering”. In: Physical Review A 75.4 (Apr. 2007), p. 042329. por:
10.1103/PhysRevA.75.042329.

Norman F. Ramsey. “A Molecular Beam Resonance Method with Separated
Oscillating Fields”. en. In: Physical Review 78.6 (June 1950), pp. 695-699.
1ssN: 0031-899X. por:/10.1103/PhysRev.78.695.

P. Rosenbusch, S. Ghezali, V. A. Dzuba, V. V. Flambaum, K. Beloy, and
A. Derevianko. “ac Stark shift of the Cs microwave atomic clock transi-
tions”. In: Physical Review A 79.1 (Jan. 2009), p. 013404. por: |10. 1103/
PhysRevA.79.013404.

E. L. Hahn. “Spin Echoes”. en. In: Physical Review 80.4 (Nov. 1950),
pp- 580-594. 1ssn: 0031-899X. por: 10.1103/PhysRev. 80.580.

S. Meiboom and D. Gill. “Modified Spin-Echo Method for Measuring
Nuclear Relaxation Times”. en. In: Review of Scientific Instruments 29.8
(Aug. 1958), pp. 688—691. 1ssn: 0034-6748, 1089-7623. por:[10.1063/1.
1716296,

Alexandre M. Souza, Gonzalo A. Alvarez, and Dieter Suter. “Robust Dy-
namical Decoupling for Quantum Computing and Quantum Memory”. In:
Physical Review Letters 106.24 (June 2011), p. 240501. por: 10. 1103/
PhysRevLett.106.240501.

Terry Gullion, David B Baker, and Mark S Conradi. “New, compensated
Carr-Purcell sequences”. en. In: Journal of Magnetic Resonance (1969)
89.3 (Oct. 1990), pp. 479-484. 1ssn: 0022-2364. por: 10. 1016 /0022 -
2364(90)90331-3.

Lorenza Viola, Emanuel Knill, and Seth Lloyd. “Dynamical Decoupling of
Open Quantum Systems”. In: Physical Review Letters 82.12 (Mar. 1999),
pp. 2417-2421. por: 10.1103/PhysRevLett.82.2417.

Michael A. Nielsen and Isaac L. Chuang. Quantum computation and quan-
tum information. 10th anniversary ed. Cambridge University Press, 2010.
1sBN: 978-1-107-00217-3.

David C. McKay, Christopher J. Wood, Sarah Sheldon, Jerry M. Chow, and
Jay M. Gambetta. “Efficient Z gates for quantum computing”. In: Physical
Review A 96.2 (Aug. 2017), p. 022330. por: 10. 1103 /PhysRevA. 96.
022330.

Easwar Magesan et al. “Efficient Measurement of Quantum Gate Error by
Interleaved Randomized Benchmarking”. In: Physical Review Letters 109.8
(Aug. 2012), p. 080505. por: 10.1103/PhysRevLett.109.080505.


https://doi.org/10.1103/PhysRevA.75.042329
https://doi.org/10.1103/PhysRev.78.695
https://doi.org/10.1103/PhysRevA.79.013404
https://doi.org/10.1103/PhysRevA.79.013404
https://doi.org/10.1103/PhysRev.80.580
https://doi.org/10.1063/1.1716296
https://doi.org/10.1063/1.1716296
https://doi.org/10.1103/PhysRevLett.106.240501
https://doi.org/10.1103/PhysRevLett.106.240501
https://doi.org/10.1016/0022-2364(90)90331-3
https://doi.org/10.1016/0022-2364(90)90331-3
https://doi.org/10.1103/PhysRevLett.82.2417
https://doi.org/10.1103/PhysRevA.96.022330
https://doi.org/10.1103/PhysRevA.96.022330
https://doi.org/10.1103/PhysRevLett.109.080505

180

[135] S. Wimperis. “Broadband, Narrowband, and Passband Composite Pulses
for Use in Advanced NMR Experiments”. en. In: Journal of Magnetic
Resonance, Series A 109.2 (Aug. 1994), pp. 221-231. 1ssn: 1064-1858. por:
10.1006/jmra.1994.1159.

[136] Kenneth R. Brown, Aram W. Harrow, and Isaac L. Chuang. “Arbitrarily
accurate composite pulse sequences’. en. In: Physical Review A 70.5 (Nov.
2004), p. 052318. 1ssn: 1050-2947, 1094-1622. por:|10. 1103 /PhysRevA.
70.052318!.

[137] Shingo Kukita, Haruki Kiya, and Yasushi Kondo. “Short Composite Quan-
tum Gate Robust against Two Common Systematic Errors”. In: Journal of
the Physical Society of Japan 91.10 (Oct. 2022), p. 104001. 1ssn: 0031-9015.
por: 10.7566/JPS].91.104001.

[138] H. K. Cummins, G. Llewellyn, and J. A. Jones. “Tackling Systematic Errors
in Quantum Logic Gates with Composite Rotations”. In: Physical Review
A 67.4 (Apr. 2003). arXiv:quant-ph/0208092, p. 042308. 1ssn: 1050-2947,
1094-1622. po1:10.1103/PhysRevA.67.042308.

[139] E. Knill et al. “Randomized benchmarking of quantum gates”. In: Physical
Review A 77.1 (Jan. 2008), p. 012307. por: 10 . 1103 /PhysRevA. 77 .
012307.

[140] Yang Wang, Aishwarya Kumar, Tsung-Yao Wu, and David S. Weiss. “Single-
qubit gates based on targeted phase shifts in a 3D neutral atom array”. In:
Science 352.6293 (June 2016), pp. 1562—-1565. por: 10.1126/science.
aaf2581.

[141] Cheng Sheng et al. “High-Fidelity Single-Qubit Gates on Neutral Atoms
in a Two-Dimensional Magic-Intensity Optical Dipole Trap Array”. In:
Physical Review Letters 121.24 (Dec. 2018), p. 240501. por: 10. 1103/
PhysRevLett.121.240501.

[142] B. Nikolov, E. Diamond-Hitchcock, J. Bass, N. L. R. Spong, and J. D.
Pritchard. “Randomized Benchmarking Using Nondestructive Readout in
a Two-Dimensional Atom Array”. In: Physical Review Letters 131.3 (July
2023), p. 030602. por:|10.1103/PhysRevLett.131.030602.

[143] T. Xia et al. “Randomized Benchmarking of Single-Qubit Gates in a 2D
Array of Neutral-Atom Qubits”. In: Physical Review Letters 114.10 (Mar.
2015), p. 100503. po1:|10.1103/PhysRevLett.114.100503.

[144] RyanBabbushetal. Securing Elliptic Curve Cryptocurrencies against Quan-
tum Vulnerabilities: Resource Estimates and Mitigations. en. arXiv:2603.28846
[quant-ph]. Apr. 2026. por: 10.48550/arXiv.2603.28846. urL: http:
//arxiv.org/abs/2603.28846.

[145] Jérome Beugnon et al. “Two-dimensional transport and transfer of a single
atomic qubit in optical tweezers”. en. In: Nature Physics 3.10 (Oct. 2007),
pp- 696—699. 1ssn: 1745-2473, 1745-2481. por: 10.1038/nphys698.


https://doi.org/10.1006/jmra.1994.1159
https://doi.org/10.1103/PhysRevA.70.052318
https://doi.org/10.1103/PhysRevA.70.052318
https://doi.org/10.7566/JPSJ.91.104001
https://doi.org/10.1103/PhysRevA.67.042308
https://doi.org/10.1103/PhysRevA.77.012307
https://doi.org/10.1103/PhysRevA.77.012307
https://doi.org/10.1126/science.aaf2581
https://doi.org/10.1126/science.aaf2581
https://doi.org/10.1103/PhysRevLett.121.240501
https://doi.org/10.1103/PhysRevLett.121.240501
https://doi.org/10.1103/PhysRevLett.131.030602
https://doi.org/10.1103/PhysRevLett.114.100503
https://doi.org/10.48550/arXiv.2603.28846
http://arxiv.org/abs/2603.28846
http://arxiv.org/abs/2603.28846
https://doi.org/10.1038/nphys698

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

181

Sergey Bravyi, David Poulin, and Barbara Terhal. “Tradeoffs for Reliable
Quantum Information Storage in 2D Systems”. In: Physical Review Letters
104.5 (Feb. 2010), p. 050503. por: 10.1103/PhysRevLett.104.050503.

Adam L. Shaw et al. “Multi-ensemble metrology by programming local
rotations with atom movements”. en. In: Nature Physics 20.2 (Feb. 2024).
Number: 2, pp. 195-201. 1ssn: 1745-2481. por: 10.1038/s41567-023-
02323-w.

LeRoy D. Dickson. “Optical Considerations for an Acoustooptic Deflector”.
en. In: Applied Optics 11.10 (Oct. 1972), p. 2196. 1ssn: 0003-6935, 1539-
4522. por:|10.1364/A0.11.002196.

Akis P. Goutzoulis. Design and Fabrication of Acousto-Optic Devices. Boca
Raton: CRC Press, May 2021. 1sBn: 978-1-003-21022-1. por: 10. 1201/
9781003210221.

Alexandre M. Souza, Gonzalo A. Alvarez, and Dieter Suter. “Robust dy-
namical decoupling”. In: Philosophical Transactions of the Royal Society
A: Mathematical, Physical and Engineering Sciences 370.1976 (Oct. 2012),
pp. 4748—4769. por: 10.1098/rsta.2011.0355.

Marcel Mittenbiihler, Lukas Sturm, Malte Schlosser, and Gerhard Birkl.
“Model-based real-time synthesis of acousto-optically generated laser-beam
patterns and tweezer arrays”. In: Physical Review Applied 24.6 (Dec. 2025),
p. 064046. por: 10.1103/d3tx-3tg8.

W. Morong, K.S. Collins, A. De, E. Stavropoulos, T. You, and C. Monroe.
“Engineering Dynamically Decoupled Quantum Simulations with Trapped
Ions”. In: PRX Quantum 4.1 (Mar. 2023), p. 010334. por: 10 . 1103/
PRXQuantum.4.010334.

Earl T. Campbell, Barbara M. Terhal, and Christophe Vuillot. “Roads to-
wards fault-tolerant universal quantum computation”. en. In: Nature 549.7671
(Sept. 2017), pp. 172—-179. 1ssN: 1476-4687. por: |10. 1038 /nature23460.

Matthew N. H. Chow et al. “Circuit-Based Leakage-to-Erasure Conversion
in a Neutral-Atom Quantum Processor”. In: PRX Quantum 5.4 (Dec. 2024),
p- 040343. por: 10.1103/PRXQuantum.5.040343.

P. B. Wigley et al. “Fast machine-learning online optimization of ultra-cold-
atom experiments”. en. In: Scientific Reports 6.1 (May 2016), p. 25890.
ISSN: 2045-2322. por: [10.1038/srep25890.

Emma Deist et al. “Mid-Circuit Cavity Measurement in a Neutral Atom
Array”. en. In: Physical Review Letters 129.20 (Nov. 2022), p. 203602.
1ssN: 0031-9007, 1079-7114. por1: 10.1103/PhysRevLett.129.203602.

D. Kielpinski, C. Monroe, and D. J. Wineland. “Architecture for a large-
scale ion-trap quantum computer’. en. In: Nature 417.6890 (June 2002),
pp. 709-711. 1ssn: 1476-4687. por: 10.1038 /nature®0784.


https://doi.org/10.1103/PhysRevLett.104.050503
https://doi.org/10.1038/s41567-023-02323-w
https://doi.org/10.1038/s41567-023-02323-w
https://doi.org/10.1364/AO.11.002196
https://doi.org/10.1201/9781003210221
https://doi.org/10.1201/9781003210221
https://doi.org/10.1098/rsta.2011.0355
https://doi.org/10.1103/d3tx-3tg8
https://doi.org/10.1103/PRXQuantum.4.010334
https://doi.org/10.1103/PRXQuantum.4.010334
https://doi.org/10.1038/nature23460
https://doi.org/10.1103/PRXQuantum.5.040343
https://doi.org/10.1038/srep25890
https://doi.org/10.1103/PhysRevLett.129.203602
https://doi.org/10.1038/nature00784

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

182

Alexander Urech, Ivo H. A. Knottnerus, Robert J. C. Spreeuw, and Florian
Schreck. “Narrow-line imaging of single strontium atoms in shallow optical
tweezers”. In: Physical Review Research 4.2 (June 2022), p. 023245. por:
10.1103/PhysRevResearch.4.023245.

Beili Hu et al. Site-selective cavity readout and classical error correction of
a 5-bit atomic register. en. arXiv:2408.15329 [quant-ph]. Sept. 2024. por:

10.48550/arXiv.2408.15329. urL: http://arxiv.org/abs/2408.

15329.

Rui Lin et al. AI-Enabled Rapid Assembly of Thousands of Defect-Free Neu-
tral Atom Arrays with Constant-time-overhead. arXiv:2412.14647 [quant-
ph]. Dec. 2024. por: 10 .48550 /arXiv. 2412 . 14647. urL: http://
arxiv.org/abs/2412.14647.

Grégoire Pichard et al. “Rearrangement of individual atoms in a 2000-
site optical-tweezer array at cryogenic temperatures”. In: Physical Review
Applied 22.2 (Aug. 2024), p. 024073. por: 10.1103 /PhysRevApplied.
22.024073.

Shuai Wang et al. “Accelerating the Assembly of Defect-Free Atomic Arrays
with Maximum Parallelisms”. In: Physical Review Applied 19.5 (May 2023),
p- 054032. por: 10.1103/PhysRevApplied.19.054032.

Nir Friedman, Ariel Kaplan, and Nir Davidson. “Acousto-optic scanning
system with very fast nonlinear scans”. EN. In: Optics Letters 25.24 (Dec.
2000), pp. 1762—-1764. 1ssN: 1539-4794. por: 10.1364/0L.25.001762.

Yue-Hui Lu et al. “Astigmatism-free 3D Optical Tweezer Control for Rapid
Atom Rearrangement”. en. In: Optica Quantum 4.3 (2026), pp. 241-249.

I.C. Chang. “I. Acoustooptic Devices and Applications”. In: IEEE Transac-
tions on Sonics and Ultrasonics 23.1 (Jan. 1976). Conference Name: IEEE
Transactions on Sonics and Ultrasonics, pp. 2-21. 1ssn: 2162-1403. por:
10.1109/T-SU.1976.30835.

Kevin Singh, Shraddha Anand, Andrew Pocklington, Jordan T. Kemp,
and Hannes Bernien. “Dual-Element, Two-Dimensional Atom Array with
Continuous-Mode Operation”. In: Physical Review X 12.1 (Mar. 2022),
p- 011040. por: 10.1103/PhysRevX.12.011040.

Shraddha Anand, Conor E. Bradley, Ryan White, Vikram Ramesh, Kevin
Singh, and Hannes Bernien. “A dual-species Rydberg array”. en. In: Nature
Physics 20.11 (Nov. 2024), pp. 1744-1750. 1ssn: 1745-2473, 1745-2481.
por: |10.1038/s41567-024-02638-2.

S. Saskin, J. T. Wilson, B. Grinkemeyer, and J. D. Thompson. “Narrow-Line
Cooling and Imaging of Ytterbium Atoms in an Optical Tweezer Array”. en.
In: Physical Review Letters 122.14 (Apr. 2019), p. 143002. 1ssn: 0031-9007,
1079-7114. po1:10.1103/PhysRevLett.122.143002.


https://doi.org/10.1103/PhysRevResearch.4.023245
https://doi.org/10.48550/arXiv.2408.15329
http://arxiv.org/abs/2408.15329
http://arxiv.org/abs/2408.15329
https://doi.org/10.48550/arXiv.2412.14647
http://arxiv.org/abs/2412.14647
http://arxiv.org/abs/2412.14647
https://doi.org/10.1103/PhysRevApplied.22.024073
https://doi.org/10.1103/PhysRevApplied.22.024073
https://doi.org/10.1103/PhysRevApplied.19.054032
https://doi.org/10.1364/OL.25.001762
https://doi.org/10.1109/T-SU.1976.30835
https://doi.org/10.1103/PhysRevX.12.011040
https://doi.org/10.1038/s41567-024-02638-2
https://doi.org/10.1103/PhysRevLett.122.143002

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

183

Yunheung Song, Kangheun Kim, Jeong Ho Han, Seungtaek Oh, and Jongchul
Mun. High performance imaging of 171Yb atom in shallow clock-magic
tweezer by alternating dual-tone narrowline cooling. en. arXiv:2603.27498
[physics]. Mar. 2026. por: 10 .48550 /arXiv.2603.27498. urL: http:

//arxiv.org/abs/2603.27498.

A. Muzi Falconi et al. “Microsecond-Scale High-Survival and Number-
Resolved Detection of Ytterbium Atom Arrays”. en. In: Physical Review
Letters 135.20 (Nov. 2025), p. 203402. 1ssn: 0031-9007, 1079-7114. por:
10.1103/n3bg-7yw7.

Adam L Shaw et al. “Erasure cooling, control, and hyperentanglement of
motion in optical tweezers”. en. In: Science 388.6749 (2025).

E. Urban et al. “Observation of Rydberg blockade between two atoms”. en.
In: Nature Physics 5.2 (Feb. 2009), pp. 110-114. 1ssn: 1745-2473, 1745-
2481. por:10.1038/nphys1178.

Alpha Gaétan et al. “Observation of collective excitation of two individ-
ual atoms in the Rydberg blockade regime”. en. In: Nature Physics 5.2
(Feb. 2009), pp. 115-118. 1ssn: 1745-2473, 1745-2481. por: 10. 1038/
nphys1183.

M. Saffman, T. G. Walker, and K. Mglmer. “Quantum information with
Rydberg atoms”. In: Reviews of Modern Physics 82.3 (Aug. 2010), pp. 2313-
2363. por: 10.1103/RevModPhys.82.2313.

T. Wilk et al. “Entanglement of Two Individual Neutral Atoms Using Ryd-
berg Blockade”. In: Physical Review Letters 104.1 (Jan. 2010), p. 010502.
por: 10.1103/PhysRevLett.104.010502.

M. D. Lukin et al. “Dipole Blockade and Quantum Information Process-
ing in Mesoscopic Atomic Ensembles”. en. In: Physical Review Letters
87.3 (June 2001), p. 037901. 1ssn: 0031-9007, 1079-7114. por: 10.1103/
PhysRevLett.87.037901.

Harry Levine et al. “Parallel Implementation of High-Fidelity Multiqubit
Gates with Neutral Atoms”. In: Physical Review Letters 123.17 (Oct. 2019),
p- 170503. po1: |10.1103/PhysRevLett.123.170503.

Sven Jandura and Guido Pupillo. “Time-Optimal Two- and Three-Qubit
Gates for Rydberg Atoms”. en-GB. In: Quantum 6 (May 2022), p. 712. por:
10.22331/9-2022-05-13-712.

A. M. Hankin et al. “Two-atom Rydberg blockade using direct 6$S$ to
$nP$ excitation”. In: Physical Review A 89.3 (Mar. 2014), p. 033416. por:
10.1103/PhysRevA.89.033416.


https://doi.org/10.48550/arXiv.2603.27498
http://arxiv.org/abs/2603.27498
http://arxiv.org/abs/2603.27498
https://doi.org/10.1103/n3bg-7yw7
https://doi.org/10.1038/nphys1178
https://doi.org/10.1038/nphys1183
https://doi.org/10.1038/nphys1183
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/PhysRevLett.104.010502
https://doi.org/10.1103/PhysRevLett.87.037901
https://doi.org/10.1103/PhysRevLett.87.037901
https://doi.org/10.1103/PhysRevLett.123.170503
https://doi.org/10.22331/q-2022-05-13-712
https://doi.org/10.1103/PhysRevA.89.033416

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

184

Jiandong Bai, Shuo Liu, Jun He, and Junmin Wang. “Towards implementa-
tion of a magic optical-dipole trap for confining ground-state and Rydberg-
state cesium cold atoms”. en. In: J. Phys. B: At. Mol. Opt. Phys 53.155302
(2020).

Thomas F. Gallagher. Rydberg Atoms. Cambridge Monographs on Atomic,
Molecular and Chemical Physics. Cambridge: Cambridge University Press,
1994. 1sBN: 978-0-521-02166-1. por:10.1017/CB09780511524530. URL:
https : / /www . cambridge . org / core / books / rydberg - atoms /
B610BDE54694936F496F59F326C1A81B.

J. C. Bohorquez et al. “Reducing Rydberg-state dc polarizability by mi-
crowave dressing”. en. In: Physical Review A 108.2 (Aug. 2023), p. 022805.
ISSN: 2469-9926, 2469-9934. poi1: 10.1103/PhysRevA. 108.022805.

L. A.Jones, J. D. Carter, and J. D. D. Martin. “Rydberg atoms with a reduced
sensitivity to dc and low-frequency electric fields”. In: Physical Review A
87.2 (Feb. 2013), p. 023423. por: 10.1103/PhysRevA.87.023423.

L. I. Beterov, 1. I. Ryabtsev, D. B. Tretyakov, and V. M. Entin. “Quasiclassi-
cal calculations of blackbody-radiation-induced depopulation rates and ef-
fective lifetimes of Rydberg $nS$, $nP$, and $nD$ alkali-metal atoms with
$n\ensuremath{\le }80$”. In: Physical Review A 79.5 (May 2009), p. 052504.
por: |10.1103/PhysRevA.79.052504.

D. Bowman et al. “High-fidelity phase and amplitude control of phase-only
computer generated holograms using conjugate gradient minimisation”. EN.
In: Optics Express 25.10 (May 2017), pp. 11692—-11700. 1ssn: 1094-4087.
por: 10.1364/0E.25.011692.

Hunter Swan, Andrii Torchylo, Michael J. Van de Graaff, Jan Rudolph, and
Jason M. Hogan. “High-fidelity holographic beam shaping with optimal
transport and phase diversity”. EN. In: Optics Express 33.3 (Feb. 2025),
pp- 6290-6303. 1ssn: 1094-4087. por: 10.1364/0E.540901.

Richard Bing-Shiun Tsai, Xiangkai Sun, Adam L. Shaw, Ran Finkelstein,
and Manuel Endres. “Benchmarking and Fidelity Response Theory of High-
Fidelity Rydberg Entangling Gates”. In: PRX Quantum 6.1 (Feb. 2025),
p.- 010331. por: 10.1103/PRXQuantum.6.010331.

Matthew Otten et al. “QREChem: quantum resource estimation software for
chemistry applications”. en. In: Frontiers in Quantum Science and Technol-
ogy 2 (Nov. 2023), p. 1232624. 1ssn: 2813-2181. por: 10.3389/1frgst.
2023.1232624.

Aluminium - The Resource. URL: https://www.azom.com/properties.
aspx?ArticleID=3009.

Titanium (Ti) - Properties, Applications. UrRL: https://www.azom.com/
properties.aspx?ArticleID=712.


https://doi.org/10.1017/CBO9780511524530
https://www.cambridge.org/core/books/rydberg-atoms/B610BDE54694936F496F59F326C1A81B
https://www.cambridge.org/core/books/rydberg-atoms/B610BDE54694936F496F59F326C1A81B
https://doi.org/10.1103/PhysRevA.108.022805
https://doi.org/10.1103/PhysRevA.87.023423
https://doi.org/10.1103/PhysRevA.79.052504
https://doi.org/10.1364/OE.25.011692
https://doi.org/10.1364/OE.540901
https://doi.org/10.1103/PRXQuantum.6.010331
https://doi.org/10.3389/frqst.2023.1232624
https://doi.org/10.3389/frqst.2023.1232624
https://www.azom.com/properties.aspx?ArticleID=309
https://www.azom.com/properties.aspx?ArticleID=309
https://www.azom.com/properties.aspx?ArticleID=712
https://www.azom.com/properties.aspx?ArticleID=712

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

185

Ceramic Materials Overview. URL: https ://precision- ceramics.
com/materials/.

Jie Hu, Sankhyabrata Bandyopadhyay, Yu-hui Liu, and Li-yang Shao. “A
Review on Metasurface: From Principle to Smart Metadevices”. en. In:
Frontiers in Physics 8 (Jan. 2021), p. 586087. 1ssn: 2296-424X. por: 10.
3389/1fphy.2020.586087.

Chunsheng Guan et al. “Dual-polarized multiplexed meta-holograms utiliz-
ing coding metasurface”. en. In: Nanophotonics 9.11 (June 2018), pp. 3605—
3613. 1ssN: 2192-8614, 2192-8614. por: 110.1515/nanoph-2020-0237.

Xiaosai Wang, Ying Cui, Bin Ren, Shuai Tang, Jinlei Wu, and Yongyuan
Jiang. “Metalens for generating multi-channel polarization-wavelength mul-
tiplexing metasurface holograms”. en. In: Optics Express 30.26 (Dec. 2022),
p. 47856. 1ssn: 1094-4087. por: 10.1364/0E.477190.

M. O. Brown, T. Thiele, C. Kiehl, T.-W. Hsu, and C. A. Regal. “Gray-
Molasses Optical-Tweezer Loading: Controlling Collisions for Scaling Atom-
Array Assembly”. In: Physical Review X 9.1 (Mar. 2019), p. 011057. por:
10.1103/PhysRevX.9.011057.

Alec Jenkins, Joanna W. Lis, Aruku Senoo, William F. McGrew, and Adam
M. Kaufman. “Ytterbium Nuclear-Spin Qubits in an Optical Tweezer Ar-
ray”. en. In: Physical Review X 12.2 (May 2022), p. 021027. 1ssn: 2160-
3308. por: 10.1103/PhysRevX.12.021027.

Andrew T. Grier et al. “$\ensuremath{\Lambda}$-enhanced sub-Doppler
cooling of lithium atoms in ${D}_{1}$ gray molasses”. In: Physical Review
A 87.6 (June 2013), p. 063411. por: 10.1103/PhysRevA.87.063411.

Jackson Ang’ong’a, Chenxi Huang, Jacob P. Covey, and Bryce Gadway.
“Gray molasses cooling of K 39 atoms in optical tweezers”. en. In: Physical
Review Research 4.1 (Mar. 2022), p. 013240. 1ssN: 2643-1564. por: 10 .
1103 /PhysRevResearch.4.013240.

Aishwarya Kumar. “Neutral atom quantum computing : Quantum gates and
Maxwell’s demon”. Dissertation. Penn State, Jan. 2019.

Adam L. Shaw, Pascal Scholl, Ran Finkelstein, Ivaylo S. Madjarov, Brandon
Grinkemeyer, and Manuel Endres. “Dark-State Enhanced Loading of an
Optical Tweezer Array”. en. In: Physical Review Letters 130.19 (May 2023),
p. 193402. 1ssn: 0031-9007, 1079-7114. por: 10 . 1103 /PhysRevLett.
130.193402.

A. G. Radnaev et al. A universal neutral-atom quantum computer with indi-
vidual optical addressing and non-destructive readout. arXiv:2408.08288.
Aug. 2024. por: 10.48550/arXiv.2408.08288. urL: http://arxiv.
org/abs/2408.08288.


https://precision-ceramics.com/materials/
https://precision-ceramics.com/materials/
https://doi.org/10.3389/fphy.2020.586087
https://doi.org/10.3389/fphy.2020.586087
https://doi.org/10.1515/nanoph-2020-0237
https://doi.org/10.1364/OE.477190
https://doi.org/10.1103/PhysRevX.9.011057
https://doi.org/10.1103/PhysRevX.12.021027
https://doi.org/10.1103/PhysRevA.87.063411
https://doi.org/10.1103/PhysRevResearch.4.013240
https://doi.org/10.1103/PhysRevResearch.4.013240
https://doi.org/10.1103/PhysRevLett.130.193402
https://doi.org/10.1103/PhysRevLett.130.193402
https://doi.org/10.48550/arXiv.2408.08288
http://arxiv.org/abs/2408.08288
http://arxiv.org/abs/2408.08288

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

186

Qian Xu et al. Constant-Overhead Fault-Tolerant Quantum Computation
with Reconfigurable Atom Arrays. en. arXiv:2308.08648 [quant-ph]. Aug.
2023. urL: http://arxiv.org/abs/2308.08648.

Andrew D. Ludlow, Martin M. Boyd, Jun Ye, E. Peik, and P. O. Schmidt.
“Optical atomic clocks”. In: Reviews of Modern Physics 87.2 (June 2015),
pp- 637-701. por:|10.1103/RevModPhys.87.637.

Renhao Tao, Maximilian Ammenwerth, Flavien Gyger, Immanuel Bloch,
and Johannes Zeiher. “High-Fidelity Detection of Large-Scale Atom Ar-
rays in an Optical Lattice”. In: Physical Review Letters 133.1 (July 2024),
p- 013401. por: 10.1103/PhysRevLett.133.013401.

E. A. Moshey. A Compliation of Outgassing Data on Vacuum Materials.
Feb. 1982.

Nagamitsu Yoshimura, ed. Vacuum Technology: Practice for Scientific In-
struments. en. SpringerLink Biicher. Berlin, Heidelberg: Springer-Verlag
Berlin Heidelberg, 2008. 1sBN: 978-3-540-74432-0978-3-540-74433-7. por:
10.1007/978-3-540-74433-7.

D. E. Swets, R. W. Lee, and R. C. Frank. “Diffusion Coefficients of Helium
in Fused Quartz”. en. In: The Journal of Chemical Physics 34.1 (Jan. 1961),
pp- 17-22. 1ssn: 0021-9606, 1089-7690. por: 10.1063/1.1731562.

Andras Dallos and Fortunat Steinrisser. Pumping Speed of Getter-lon pumps
at low Pressures. Tech. rep. R-302. Coordinated Science Laboratory: Uni-
versity of Illinois, June 1966.

Vladan Vuleti¢, Andrew J. Kerman, Cheng Chin, and Steven Chu. “Obser-
vation of Low-Field Feshbach Resonances in Collisions of Cesium Atoms”.
en. In: Physical Review Letters 82.7 (Feb. 1999), pp. 1406-1409. 1ssn:
0031-9007, 1079-7114. por: 10.1103/PhysRevLett.82.1406.


http://arxiv.org/abs/2308.08648
https://doi.org/10.1103/RevModPhys.87.637
https://doi.org/10.1103/PhysRevLett.133.013401
https://doi.org/10.1007/978-3-540-74433-7
https://doi.org/10.1063/1.1731562
https://doi.org/10.1103/PhysRevLett.82.1406

187

Appendix A

VACUUM CHAMBER AND BAKING

A.1 Chamber design

The glass cell design was optimized to allow for 2cm MOT beams passing through
adjacent to our microscope objective, and has a thicknes of 6.35 mm in order to
minimize bending and resulting aberrations due to vacuum deformations. Based on
Molflow simulations, and calculations for maximizing the conductance for pumping
particles in the glass cell, we minimized the distance between the science cell and
the main chamber (note that due to manufacturing issues we ended up adding a
conical reducer that had not been a part of the original design).
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Figure A.1: Pictured is the glass cell design for the experiment that was manufactured
by Japan Cell. Our cell is made of uncoated quartz, for the sake of wavelength
flexibility. 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 figure are in units of millimeters.
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A.2 MolFlow Simulations

We simulate our expected vacuum pressure utilizing MolFlow, a Monte Carlo based
vacuum simulator in which one can input a simplified chamber design and expected
outgassing rates and pump rates, and calculate expected partial pressures of various

gases.

We implement this simulation, taking into account the following sources of back-
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ground pressure: H,O from the glass cell outgassing, Cs from the 2D MOT Infleqtion
cell which is line-of-sight to the tweezer location, and He permeation through the

glass cell from external atmospheric partial pressure. We find that the contribution

from the line-of-sight to the 2D MOT is likely dominant in our setup.

a b

quartz Cs 2D MOT quartz

H,O outgassing line-of-sight He leakage
(mbar)

e, T
100e-13 100e-12 100e-11

Figure A.2: Vacuum-limited Lifetime MolFlow Simulations We depict simula-
tions for the equilibrium partial pressure from three different sources. We use a
simplified schematic for estimation purposes that still maintains the correct dis-
tances 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
1s our glass science cell where we trap atoms. Contributions to background pressure
are depicted from a, outgassing of H,O from the quartz glass cell, b, line-of-sight
to Cs 2D MOT source cell, ¢, 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.
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Pumping: Science Cell
Element (mlil eril]izit:emz) Ti-Sub sticking coeff | Partial Pressure
Ion pump rate (L/s) (mbar)
H,O0 | 1x1071 [205] 0.5 [206] 9x 1071
Cs * 0.95 6 x 10712
He 3x 10713 [207] 7.5 (L/s) [208] 4x1071

Table A.1: Expected Contributions to Vacuum Background Leak rates and
pumping rates that were used for MolFlow Monte Carlo simulations for various
elements that we expect to contribute to the background vacuum pressure. We
consider H>O outgassing from the glass cell, Cs background due to line-of-sight
to the 2D MOT and He permeation through the glass cell. We note that the H,O
outgassing rate that we expect is between values given in the cited literature due to
the amount of time and temperature at which we baked [205]. We note that in the
simulation, the sticking rates are applied to all areas that are coated by the TSPs,
while the ion pump rate is applied to only one side of the chamber.

* We choose an outgassing rate of Cs in the source cell, such that the equilibrium
pressure in the cell is 5 x 10~/ mbar, which is central to the range of 2D MOT
pressure quoted by Infleqgtion.

A.2.1 Water Outgassing
The source we have for outgassing rates from glass gives the outgassing rate of glass
that is cleaned, and the outgassing rate for glass that has been baked at 400°C for

24 hours. These cases however do not represent our scenario given that we baked at
225 —250°C for significantly longer (16 days).

For a material with thickness d that has been baked (or ‘de-gassed’) for time ¢ at

temperature 7, the outgassing rate will be [200]

7T2 t
4C(;Dr o 5T (A1)

where ¢ is the initial concentration of the gas in the material, and D, and D7

Q:

represent the temperature-dependent diffusion coefficient at room temperature and
the baking temperature respectively. D = Dge 4/ where E, is the activation
energy for diffusion, and Dy is the diffusivity at infinite temperature. Because the
thermal energy of our bake is significantly lower than the activation energy barrier
for water in glass (RT < E;), we are operating in a regime where the diffusion
coeflicient increases steeply with temperature. Consequently, while the outgassing
rate decays exponentially with baking time, the rate of that decay is exquisitely

sensitive to the baking temperature due to this Arrhenius dependence.

Thus for our simulation, we choose to use a value for outgassing that is about an order
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of magnitude higher than that quoted for the outgassing over the higher temperature
bake. We find a sticking coefficient of water with titanium of 0.5 [206] and thus use
this across all surfaces that are coated in the simulation.

A.2.2 Cesium 2D MOT line-of-sight

We estimate the partial pressure in the science cell due to the line-of-sight with the
2D MOT cell. We choose the outgassing rate of Cs in the 2D MOT source cell
to reach an equilibrium pressure in the cell of 5 x 10~"mbar. This cell then has a
differential pumping aperture to the main chamber of 0.75 mm. We only account
for the impact of the hot room temperature atoms and don’t take into account the
slight increase in pressure that would be caused by the cooled atoms in the push
beam during the 3D MOT loading.

Cs, being an alkali atom, is highly reactive with titanium, and the work function
of titanium is ~ 4.33eV and the ionization energy of Cs is ~ 3.89¢V, so when the
titanium surface is fresh, the sticking coefficient of Cs is very close to 1 (we use
0.95 in the simulation). With very high surface coverage of Cs, this can decrease,
but we expect it to remain high still due to surface charge migration. We also can
choose to refire the titanium sublimation pumps to refresh the pumping rate, which

we have not yet found necessary.

A.2.3 Helium permeation through Glass
We take into account helium permeation through the glass cell, because although
helium accounts for a very small percentage of the atmosphere, it is small enough
to penetrate through glass (unlike H, for instance), and it is not well pumped by
the TSPs given that it is an inert gas. We estimate the leak rate with the following
equation,

_ KAP

q9=—"7" (A.2)

where K = D, X S is the permeability constant, equal to the product of the diffusion
coeflicient at room temperature D, and the solubility S [207]. AP = latm is the
pressure difference between the outside and inside of the glass cell, and d mm is the
thickness of the glass cell. We include both outgassing from the science cell where

d = 6.35 mm as well as from the 2D MOT source cell where d ~ 1 mm.

We note that helium is more likely to permeate the glass cell due to it’s molecular
size and shape when compared with other molecules, including H,. Given that

helium is a noble gas, the titanium deposited on the chamber walls does not pump it
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well, but the ion pump can contribute to a pumping rate. We reference [208] as well
as information provided by the manufacturer to estimate a pumping rate for He with
our 75S Gamma Vacuum (CX-TiTan CVX, XHV/SEM) ion pump. In particular, we
estimate that the pump rate of helium is ~ 10% that of N.

A.2.4 Titanium Sublimation pumps

Titanium-sublimation pumps consist of filaments that outgass titanium when current
is run through them, which coats any surface that is line-of-sight. The deposited
layers of titanium then provide a pumping surface that has very high sticking coeffi-
cients for many atomic and molecular species [206] (though not for noble gases). The
surface coverage of this method in comparison to other pumps provides significant

pumping rates.

We have a TSP with 3 filaments in the top nipple, and a shorter folded single filament
TSP in the bottom nipple, to fit within the spatial constraints but still provide titanium

coverage for the top half of the glass-to-metal transition

We optimize the length of the 6in diameter nipples attached to the top and bottom
of our chamber in order to optimize line-of-sight sputtering from the titanium
sublimation pumps to coat all parts of the chamber except for the science cell (but
including the glass-to-metal transition). We picture the initial design in Fig.[A.3]
though we note that an additional conical reducer between the glass cell and the
chamber extends the distance from the atoms to the source and extends slightly
the amount of titanium-free glass in the glass cell arm. We have a 45° elbow to
protect the ion pump from direct line of sight to the TSPs, but to still provide surface

coverage for part of the elbow itself.

A.3 Baking Timeline

We include the timeline for our baking procedure in Fig.[A.4, We implemented an
initial bake at 400°C of all components that could sustain this temperature, and then
a final bake around 225 — 250°C for the whole chamber. We used sonication in
99.99% purity acetone and methanol P_-I to clean vacuum parts that were suspicious
for various reasons (visible contamination or non vacuum-safe packaging). Several
bakes were performed due to various unexplained leaks and the necessity to replace
various vacuum parts as depicted in the baking timeline in Fig. In particular,
due to various circumstances described in the timeline, two bakes at 400°C were

"Note that safety precautions should be taken when using chemicals, and particularly methanol
due to toxicity.
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Figure 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 filament 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.

performed for a total of around 25 days, and five bakes at ~ 250°C were performed
for a total of around 86 days. The number of bakes that we performed may contribute

to the long vacuum lifetimes that we measure.

Our bakes were performed primarily under vacuum, following the procedure out-
lined in this thesis [33]]. We pumped down with a roughing/turbo pump and then
applied a layer of UHV-compatible aluminum foil, followed by fiberglass insulated
heat tape. We placed thermocouples along the assembly to monitor the uniformity
of the temperature during the bake, and to ensure that various parts did not exceed
the maximum temperature rating. This layer was then covered in UHV foil again,
followed by another layer of fiberglass insulation, and then a final layer of UHV
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foil. When ramping up the temperature, we increased the temperature by around
2°C/min. At the end of the final bake, we degassed each filament in both titanium
sublimation pumps and hi-potted the ion pump. We then fired all filaments at S0A
for 120s to coat our vacuum chamber after the temperature was brought down, after

which we sealed off the turbo pump.

We note that several leaks that were limiting to our final vacuum pressures prior
to our troubleshooting were not apparent on a residual gas analyzer (RGA), and
only could be found when utilizing a helium leak-checker. When using the helium
leak-checker, one should be aware of the expected time frame between spraying
helium and seeing an increase in value to signal a leak. In particular, we took note
of the time between the helium being sprayed and a rise in the reading to ensure
differentiation between true leak sources (visible as an increase in reading within
tens of seconds), and helium traveling through the air outside the vacuum to the leak

checker (closer to around 1 — 1.5mins before appearing).

We found it necessary to replace all silver-coated gaskets that were used in the high
temperature pre-bake before the final lower temperature bakes even for parts that
remained attached (we replaced them with standard copper gaskets). We saw leaks

particularly at locations where gaskets had not been replaced.
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2022-07-27
First pre-bake: 400C 2022-09-18 2022-12-03
(11 days) First 'final'-bake: 250C 344 jon gauge 'Check'-bake: 250C
openair  Pre-bake replacement (10 days) for second reading (10 days)
elbow
‘ < YY)
observe leaks— observe Tests without 2D MOT cell
replace (almost) all silver gaskets 3e-9 torr 2022-11-17: observe
with copper ones & re-seal but no visible H2 2D MOT breaks 4e-11 torr
or He on RGA during PICAS install find leaks visible on He-
leak checker
2023-03-24
First 3D MOT!!!
Hello world !
IR o o T om0
econ f;eci aKe: 'Check'-bake: 250C  'final’-bake: 250C (16 da .s)
( y 33:;) (30 days) (20 days) Y
vacuu
(XX} ’
- »
Tests without 2D MOT cell observe
le-11 torr 2D MOT install! 2D MOT install!
replace suspicious gaskets
replace suspicious parts problems solved: Run out of Cs?!
(sans 2D MOT) h

change to smaller 90 deg elbow

Figure 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.
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MAGNETIC COIL DESIGN

We design our magnetic field coils to allow for high field in any direction while
maintaining high optical access as well as spatial uniformity of the field across the
objective FOV. As such, we utilize water-cooled coils that can be operated at high
currents in three dimensions (we label the axes as ‘MOT’, ‘Objective’, and ‘Cell’),
in addition to a low-field ‘offset’ coil in the MOT direction, which is used to apply
a Helmholtz field to cancel external fields when the water-cooled coil is used for
generating the Anti-Helmholtz MOT field.

Figure 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 configuration can be adjusted relative to the science cell in three axes, via
custom aluminum attachments anchored to both horizontal breadboard layers.

We initially were motivated to design for high fields in all directions for a few po-

tential applications. In particular, given that cesium has many hyperfine magnetic
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. Number Inner Major Inner Minor Closest
Coil . . .
of turns | Diameter (mm) | Diameter (mm) | separation (mm)
Low Field 12 (4 x 3) 187.5 136.7 122.0
MOT Caoil 15(5%x3) 162.1 106.2 73.5
Objective Coil | 40 (8 X 5) 130.8 130.8 192.4
Cell Coil 36 (6 X 6) 191.0 130.8 243.2

Table B.1: Coil Geometry. For each magnetic field coil, we include the number of
turns and the parameters for the major and minor diameters of the elliptical shape of
the inner-most feature. We additionally include the minimal separation between the
two coils in the pair. We note that the copper wire used for the low-field offset-field
coil pair are not water cooled, but all of the other axes are water cooled and wound
with coils whose cross-section is depicted in Fig.

sublevels (due to the / = 7/2 nuclear spin), separating these states to allow for
energy-selective operations such as state preparation [[177]] seemed potentially use-
ful. Cesium additionally has several Feshbach resonances at accessible fields [209]],
and having the capacity to access these for applications regarding quantum simula-

tion is another benefit with access to high fields.

We have come to realize after working with the coils, that mitigating the noise
imparted due to using high current sources to achieve necessary fields is paramount.
Due to the water-cooled nature of the coils, we operate in a floating configuration,
ensuring also that the analog modulation for the current is passed through an iso-
lation amplifier. In particular, one must pay attention to the stability of the current
supply. We recently have been using air-cooled current 3A sources from Wavelength
Electronics (with current noise of ~ 35pA rms in constant current operation) for
the offset coils, the objective coil axis, and the cell coil axis, where we don’t require

high current for our recent operations.

Along the quantization axis, our original configuration used an identical H-Bridge
switching mechanism as presented in this thesis [33]]. However, this has been updated
to a new design utilizing MOSFETs in place of IGBTs to mitigate noise and allow for
switching between different current sources for the Anti-Helmholtz and Helmholtz
configurations ﬂ For the high current required in the Anti-Helmholtz configuration,
a Keysight 90A (with current noise of ~ 70mA rms in constant current operation)
supply is used, and for the Helmholtz configuration, a Wavelength Electronics 15A
supply is used.

!'A detailed explanation and design will be found in future thesis from the group by Elie Bataille.
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Figure B.2: Measuring fields Pictured is the location of the coils in the experiment,
during an operation to zero the magnetic fields via measurements made using an
Arduino. The glass cell is removed from the center of the fields for this measurement,
via the translation stage.

Helmholtz Field | Helmholtz | Anti-Helmholtz
Coil Dis-uniformity | field strength | field gradient
across FOV (G/A) (G/cm/A)
Low Field 9.86x1073 0.9386 0.1726
MOT Coil 3.89x107° 1.5268 0.2555
Objective Coil | 4.1905x107> 1.3727 0.2231
Cell Coil 1.10x10% 0.8622 0.1240

Table B.2: Coil Specifications for Helmholtz configuration. For each field di-
rection we include the Helmholtz field strength that can be obtained, the anti-
Helmholtz field gradient that can be obtained, and the maximum dis-uniformity of
the Helmholtz field across the objective FOV=1.5mm diameter plane. This dis-
uniformity is the difference between the maximum and minimum field strength
across the FOV normalized by the maximum field strength from the given set of
coils.

We include in table [B.1|the details of the coil winding geometry of the coil mounts
for reference, where each mount is elliptically shaped with the inner major and minor
diameters mentioned in the table. We include in table the magnetic field that
we expect when each set of coils are operated in a Helmholtz configuration as well
as the ratio of the difference in field across the objective FOV in that axis to the total
field. We measure a resistance in the MOT coils of around 19mOhms, and measure

a switch time of about Sms after implementing adaptive methods to avoid overshoot
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and damping. The geometry of the bore of the copper water cooled coil is pictured
in Fig. The low-field coil is made of 16 WGS insulated round copper wire.

&

0.22"

0.235"

Figure 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.
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Appendix C
OBJECTIVE ALIGNMENT

We include here a step-by-step description of the steps that we have used for objective
alignment relative to a glass cell in the science chamber. Two objectives are needed
for alignment, but both do not have to be high-NA and optimized for tweezer
trapping or glass corrected. Glass plates of the thickness of the cell, as well as of
the thickness of the correction of the second objective are also required. One should
do this alignment process at low power. We assume that we have an incoming
beam from the tweezer pathway, as well as a ‘reference beam’” which we use for the
alignment. The process begins with these two counter-propagating beams that are

both aligned perpendicularly to the glass cell, and also centered on the center of the

[ tweezers

array.

reference J

Figure C.1: Objective alignment. A schematic of the objective alignment including
the reference beam, tweezer beam, objectives, glass plates, and alignment stages.

We note the significant importance of properly aligning the objective perpendicularly
to the glass cell surface. In particular, we calculate that a slight misalignment of any
more than a tenth of a degree, with our 6.35 mm thick glass and 0.65 NA objective
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will result in tweezers whose depth is significantly compromised, as displayed in
Fig.[C.2)where we plot the Strehl ratio as a function of the tilt between the objective
and the glass cell. The Strehl ratio is given by the ratio between the highest intensity
of beam relative to the case of no aberration (in this case, then no tilt gives a
Strehl ratio of 1.0 ), and here we calculate it numerically by utilizing ray tracing to
propagate beams through the glass, and then a Debeye-Wolf integral to calculate the
beam interference near the focal plane (where we search over a 3D grid to find the

maximal intensity).
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Figure 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.

Step 0: Roughly align reference beams
Roughly align two reference beams to the anticipated optical axis for the objectives
(without the objective being in place). One should be along the tweezer pathway

and the other from the opposite direction.

Step 1: Align one reference beam perpendicular to glass plates.

With the glass cell in place, block one of the reference beams and use the other to
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find the direction perpendicular to the glass plates. We do this in our experiment by
looking at the reflection from the plates, and then optimize the angle of the reference
beam such that the beam and its reflection are copropagating when we look very far

from the glass cell along the incoming optical path.

Step 2: Remove glass cell and input glass plates.

Remove the glass cell now that the beam is aligned in angle to this reference. A
glass plate should then be mounted on adjustable mounts such that it can be aligned
to be perpendicular to the reference beam. Align the plate such that the reflection
from the glass plates is aligned to be counter-propagating to the incoming beam
(align by adjusting the plate angle, not the incoming beam). Ensure that the plate
i1s mounted such that a magnetometer can fit to find the field center (next step). A
second glass plate corresponding to the glass correction of the second objective (if
it is the same as the first objective, then the glass will be also the thickness of the

cell) can either be inserted and aligned now or else after the field center is found.

Step 3: Find field center.

In a tweezer experiment that is directly loaded from the MOT, we would like to
center our array on the zero point of the quadrupole field used to make the MOT
from which we will load the array. Thus, we use a magnetometer to measure the
field and then mark the zero field position using a mounted thin metal needle. We
note that we have already worked to ensure that the glass cell was fairly centered in

the magnetic field when we aligned the coils.

Step 4: Align first reference beam.
After the field center is marked, and the glass plate is aligned, walk the beam such
that it is both centered on the field center as well as co-aligned with its reflection.

This may take some iteration.

Step 5: Co-align the second reference beam.
Next, co-align the incoming beam from the tweezer pathway to be co-propagating
with the reference beam. The light should now be aligned both to the position and

angle that we expect.
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Step 6: Align objective mounts to reference beams.

Now the objective mounts can be aligned to the reference beams. Ideally, each
mount is on a stage with two irises that, when closed, mark the center of the op-
tical axis that the objectives will be mounted along. The stage should be a 5-axis
stage, with movement of at least a few mm in each direction. Having this mount
on picomotors is especially useful if possible. In our experiment, we do not have
such remote control unfortunately, due to the weight of the objectives and the stages
that we use. In any case, each stage should be adjusted such that the two irises are
centered on the reference beams, which will provide a rough radial alignment for
the objectives. Prior to setting the axial alignment of the stages/mounts, be sure to
measure and account for the objective length and working distances, such that the

proper distance is within the accessible range of the stage.

Step 7: Insert and align one objective

Mount one of the objectives in the now roughly-aligned mount (we’ll call it the
‘top’ objective). Now, send the reference beam through the objective backwards at
low power and narrow— use an iris as needecﬂ (7a) Adjust the two knobs on the
stage closer to the entrance aperture (top knobs) to overlap the beams above/before
the objective. (7b) Then adjust the two knobs on the stage closer to the atom plane
(bottom knobs) to overlap the beams on that side of the objective, near the focs.

Iterate until beams are overlapped before and after the objective.

Step 8: Insert second objective

Mount the second objective (‘bottom’ objective) on the mount which was already
previously centered on the reference beam in step 6. Use a power meter after the
two objectives to optimize the axial distance between the objectives by optimizing
transmission. (8a) Then adjust the two knobs on this stage that are further from
the focal plane between the objectives (bottom knobs) to co-align the reference and
tweezer beam after it has just passed through both objectives. (8b) Use the two
knobs closest to the focal plane (top knobs) to align the reference beam after it has
transmitted through both objectives and much further down the path align with the

incoming beam. After this step, one should see both beams on both sides of both

Note that sending too much power can result in beams being focused on lenses, as objectives
are not designed for collimated light to be sent from this direction at significant powers. A few
milliwatts should be fine, a few watts will likely not be. Mistakes were made in this regard during
the tenure of this work.



203

objectives.

Step 9: Fine tuning

Return to the top knobs on the top objective (from step 7), and use them to overlap
the beams underneath both objectives close to the output. Use the bottom knobs
of the top objective to overlap the beams significantly further down the reference

pathway. Iterate between Steps 8 and 9 until convergence.

Step 10: More wavelengths

More wavelengths may be needed for alignment such as for an imaging pathway
which should be aligned through the objective, but is split at a dichroic where
the reference beam will not transmit. Additional beams can then be added. It
is preferable that when setting up the reference beam to begin with, a cube is
already included for combination of reference beams, such that adding additional

wavelengths does not shift the existing reference beam.
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