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Error-corrected quantum processing with neutral atoms

ABSTRACT

Quantum computers open new scientific avenues, from exploring complex quantum mechanical
systems to new computational paradigms, but face the fundamental challenge of decoherence. Re-
markably, decoherence can be prevented by creating highly entangled states of physical qubits that
encode an error-corrected “logical” qubit. This thesis will describe the development of quantum
computing with reconfigurable arrays of neutral atoms and their use for quantum processing with
logical qubits. Quantum processing in this approach is based on the coherent transport of atoms
shuttled by optical tweezers, enabling any-to-any connectivity, high-fidelity programmable logic,
and mid-circuit processing within a zoned architecture. Logical qubit processing is greatly facilitated
by parallel control and transversal operations, and is used for experiments ranging from entangling
logical qubits to their use for precise simulation of quantum scrambling. Core physical mechanisms
for achieving deep-circuit, universal algorithms with logical qubits are identified, and these are lever-
aged into new techniques that greatly reduce overheads for large-scale computation. Finally, applica-
tions of quantum processors will be explored via analog and gate-based quantum simulations. These
results, alongside other recent advances, herald a transition to error-corrected quantum processing,
establishing foundations that can enable future large-scale quantum computers and their useful
applications.
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Introduction

I.1 QUANTUM ERROR CORRECTION: HISTORY AND BACKGROUND

The development of quantum error correction is one of the most important theoretical break-
throughs in quantum information science. In 1994 Peter Shor invented the factoring algorithm
and was met with significant excitement ***. The factoring algorithm was an example that quantum

computers could solve an important problem that classical computers are not thought to be able to
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Figure 1.1: Decoherence upon interaction with the environment. Whereas classical information can become redun-
dantly copied and thereby stabilized via its interaction with the environment, interaction with the environment leads to
decoherence for a quantum bit.

do. However, there was also widespread skepticism. Around this time, experimenters had started
exploring logic operations in the lab and had gate error rates of ~ 10% ©7. Estimates showed that
factoring relevant numbers would require trillions of quantum gates, thereby requiring error rates
below ~ 107126759 Such a disparity made it seem that there is no conceivable way to use quan-
tum systems for such a complex computation. These error rates should be compared to those of
transistors in classical devices, which are well below 10714 5952 Are quantum computer builders
just much less competent than classical computer builders? Not quite. Quantum information is
fundamentally harder to store and operate on.

Consider for example taking a classical bit and allowing your friends to take pictures of it. This
will then copy the bit onto many people’s cameras, and redundantly stores it. This is what often
happens when classical information interacts with its environment - it becomes copzed and redun-
dantly stored by its environment. This is in stark contrast to what would happen with a quantum
bit |¢). When your friends take pictures of |y), it will collapse the wavefunction, and probabilisti-
cally jump into either |0) or |1). Whereas classical information is copied when interacting with the
environment, quantum information is decohered. So we can already see that quantum information
is much more sensitive to interactions with its environment '++9*,

Another issue is that quantum operations are sensitive to small imperfections?*??. Consider
trying to realize a quantum computation with a chain of spins which are interacting with some

strengths /;, and the computation is encoded in the output state. What happens if /; — J; 4 £? Then



Quantum computation with a chain of spins What if J -> J+€ ?
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Figure 1.2: Computation with a chain of spins. Small imperfections in tuning parameters can lead to a wrong result as
errors can accumulate chaotically. This is why we use digital classical computers, which leverage dissipation to lead
to robust digital operation, as opposed to analog classical computers which require perfect evolution to avoid errors.
Quantum information lives on a Bloch sphere, seemingly leading to the same challenge with correcting continuous
numbers like in analog classical computers.

we know that the output state can be chaotically different”*. This is further bolstered by deep rea-
sons in complexity. It is, in fact, understood that (idealized) analog c/assical computing is far more
powerful than digital classical computing as it can represent real numbers e.g. 0.4312181081..., but
in practice it is not idealized, and is not what we regularly use, because of the inability to correct er-
rors #1993 Instead in digital classical computers information is represented as bts e.g. 00010101011100...
The digital nature means that these can be intrinisically error-corrected and protected®*. So, it
somehow seems that the powerful aspect of our quantum computer - that a qubit can be in dif-
ferent superposition states on a Bloch sphere - is also why it can’t work robustly due to inability to
correct errors.

One then may wonder if it is possible to use error correction techniques to remove decoherence.
Classical error correction works in a very simple way - you take a bit and copy it,e.g. 0 — 000.
Now, if a single bit flips and the state goes to e.g. 001, then majority voting would reveal that the
state was 000, and can be reset to 000, and the bit can be preserved.

Our story of correcting quantum errors hits another roadblock here. You cannot copy quantum



information! It is not possible to take a qubit and copy it, i.e. |[¥) — |¥) |#) |¥) is not allowed, the
infamous no-cloning theorem. (The reverse of this process, for example, is clearly non-unitary as it
would take |[¢) — |0), and so it destroys information). We then hit yet another roadblock - how do
we even check that a qubit has had an error? If we look at the qubit (i.e. measure it), like in the above,
then we will collapse its wavefunction! Between the no cloning theorem, and the fact that we cannot
even look at the qubit to check for errors, it seems all but impossible that quantum error correction
should be possible.

Remarkably, in 1995 Shor (shortly followed by Steane in 1996, and then various others) came

up with a solution to quantum error correction 313

. Instead of copying quantum information,
quantum error correction works with a very different physical mechanism. Quantum entanglement
is used as a tool to delocalize an error-corrected logical gubit of information across many physical
qubits. By being very spread out, the logical qubit becomes protected from the environment. More
quantitatively, each physical qubit is so entangled with its neighbors that its density matrix is fu/ly
mixed, and measuring a physical qubit in any basis will return a s0/50 random result which contains
no information "*'. So if the environment is now to measure a physical qubit of the block, it will
gain identically no information about the underlying state. Moreover, although we cannot directly
measure physical qubits to check for errors, we can measure products of physical qubits to form so-
called szabilizer checks, which will allow us to check for errors without corrupting the underlying
logical qubit information (more quantitatively, these checks commaute with the logical operator) 3*.
And remarkably, we can realize logic operations on this delocalized wavefunction, leading to unitary
and analog-type evolution on the logical level, while removing errors via dissipation and error cor-

rection on the physical level >*

. These will be described more quantitatively and practically in the
following sections.

The discovery of quantum error correction has extreme practical and fundamental implications

on the development of large-scale quantum processing, on the theory of quantum information and
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Figure 1.3: Quantum error correction. Quantum information cannot be copied, and cannot be measured without being
decohered, making error correction seem impossible. Remarkably, error correction can be achieved by a different mech-
anism, in which entanglement delocalizes a logical qubit degree of freedom across many independent physical qubits.

quantum mechanics, and on complexity theory and computation. This is well-captured by a fa-
mous argument between Peter Shor and famous computer scientist Rolf Landauer, who was one of
Shor and quantum computing’s biggest skeptics. To paraphrase, the argument went as follows: Lan-
dauer publicly questioned Shor, asking “You just reinvented analog computing! We know analog
computing doesn’t work because we can’t correct errors, what’s new here?” Shor then replied “The
computation is analog, but the errors are digital.” It is, in fact, the wave-particle duality that makes
quantum computers so powerful. The logical qubits can represent an “analog”-type state by being
in superposition states, but measuring stabilizer checks causes the system to collapse errors into be-

ing digital, allowing their correction '3"'3*

. Analog classical computing does not work in the same
way because of the absence of projective measurement. This thesis comes at a time when we are so

lucky to be able to experiment with some of these core ideas for the first time.

1.2 QEC Basics

We will now introduce some basic concepts in quantum error correction that will be helpful later in
this thesis.
Code distance and decoding. [[n, k, d]| notation describes a code with a number of physical qubits

n, a number of logical qubits £, and a code distance 4. The code distance d sets how many errors a
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» Error correction: find which qubit flipped and un-flip it (in software or hardware). For Steane, fixes all cases with 1 error.
« Error detection: throw out any measurements where any stabilizer flipped. For Steane, fixes all cases with 2 errors.

Generally: [[n,k,d]] code. Steane = [[7,1,3]]. 7 physical qubits, 1 logical qubit, distance d = 3.
Detect any d-1 errors, and correct any (d-1)/2 errors.

Figure 1.4: Example QEC code: the [[7,1,3] Steane code.

code can detect or correct, and is the minimum Hamming distance between valid codewords (logical
states), i.e. the weight of the smallest logical operator®'. In the case of the two-dimensional surface
and color codes studied here, d is equivalent to the linear dimension of the system 7. A fully explicit
example of a quantum code, the Steane [[7,1,3]] code is shown in Fig. 1.4 3°.

Following this definition, quantum codes of distance 4 can detect any arbitrary error of weight
up to d — 1. Such errors cause stabilizer violations, indicating that errors occurred. The correction
procedure brings the system back to the closest logical state (codeword); thus, if more than d/2 er-
rors occur, the resulting state may be closer to a codeword difterent from the initial one, resulting in
alogical error®'. For this reason, codes of distance d can correct any arbitrary error of weight up to
(d —1)/2 (rounded down if d is even 7). The process of decoding refers to analyzing the observed
pattern of errors and determining what correction to apply to return back to the original code state
and undo the physical errors created.

Threshold. As the size of an error correcting code and the corresponding code distance is increased,
so are the opportunities for errors to occur as the number of physical qubits increases. This leads
to a threshold behavior in quantum error correction: if the density of errors p is above a (possibly
circuit-dependent) characteristic error rate py,, then increasing code distance will worsen perfor-

mance. However, if p < py,, then increasing code distance will improve performance’®”. Theoreti-



Error-free state is with all X and Z
“stabilizer” products (checks) = +1

Physical qubit errors will cause checks to show an error
happened at a specific location — infer (decode), and undo.
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(technically two logical qubits for the torus)

Figure 1.5: Kitaev toric code. The toric code ® is defined by mutually commuting X and Z stabilizer checks on a 2D
lattice of qubits (with periodic boundaries), and X; and Z; logical operators propagating vertically and horizontally
across the torus. Qubit flips can be inferred via the stabilizer check measurements. As code distance d is increased, the
logical error can be exponentially suppressed.

cally, since one requires (d + 1) /2 errors to create a logical error, the logical error rate will be expo-

nentially suppressed as o< (p/pu,) (d+1)/2

at sufficiently low error rates 7. In the surface code in par-
ticular (toric code with open boundary conditions), the logical error rate P, = 0.03(p/py,)“+1/2
where py, = 1% .
Fault-tolerance. Later in this thesis, we will explore fault-tolerance and the role it plays in realizing
computation with logical qubits. A common definition of fault-tolerance in quantum circuits*
(which we use here) is that a weight-1 error (i.e. an error affecting one physical qubit), cannot prop-
agate into a weight-2 error (now affecting two physical qubits) within a logical block. This property
implies that errors cannot spread within a logical block, and thereby prevents a single error from
growing uncontrollably and causing a logical error.

Critically, if an operation is fault-tolerant, then it will allow us to do computation without spread-

ing errors within the block. This will be discussed in detail later, in particular due to the fault-

tolerance of transversal gates'>*.



1.3 ESTIMATES OF REQUIRED RESOURCES: QEC IS CHALLENGING!

If we plug in numbers for the surface code considered above, we find a bleak reality: we need 4 loz
of qubits. The typical problems we have in mind require 1000s of logical qubits with logical error
rates at the scale of 10 71* and below7>''35?. With our hardware, we generally expect to be able

to get to physical fidelities at the scale of 99.9%, which would correspond to p/ps, = 0.1 on the
toric code. If we want to get to the scale of 10'° logical error and below, we need code distances

of roughlyd = 20, which would correspond to 400 data qubits just to store one logical qubit!
Including ancilla qubits, we are in the ballpark of 1000 physical qubits for a single logical qubit. To
tackle large-scale problems with 1000s of logical qubits, we need millions of physical qubits’>”. That
is nowhere close to where we are with existing hardware.

The problem of needing many qubits is greatly further compounded by the fact that modern
quantum hardware has been built in a qubit-by-qubit approach, where each qubit has its own con-
trol lines. Imagine if you built a large-scale processor like this, and you had one million microwave
generators all simultaneously sending separate, nearly identical Hadamard pulses to a million dif-
ferent qubits! This so-called “wire problem” poses a significant challenge to large-scale control with
existing systems. The other challenge is that once this logical qubit degree of freedom is delocal-
ized, it also becomes very hard to operate on. For these reasons, before the experiments in this thesis,
studies in the field had been focused to 1-2 logical qubits and operations. Seemingly, we have a very

far way to go! But, things will change faster than we think.

1.4 AN INFLECTION POINT

There has been a lot of “hype” about quantum computers in the past decade. Many people feel like

it’s “always another 10 years away” or that the progress is very slow and linear. But there are two key

reasons why it is likely to change dramatically in the coming years. (1) It is becoming exceptionally
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Figure 1.6: Wire problem. The large overheads of quantum error correction are greatly further compounded by the fact
that modern quantum hardware has been built qubit-by-qubit, instead of with large-scale parallelism in mind.

clear from experiments that quantum error correction works. We see now that we can exponentially
reduce errors by increasing the size of an error correction code, and that we can use error correcting
codes for computations which are more precise than using physical qubits. We are below character-
istic thresholds, and quite literally, the improvement will continue to be exponential from here. (2)
Building quantum systems designed for logical-qubit computation can be very different from build-
ing systems designed for physical-qubit computation. We do not need to control each individual
physical qubit uniquely, and can control all of the physical qubits of a logical qubit 7z parallel. 1f all
the atoms are identical, and they all are supposed to realize the exact same operation with the exact

same pulse of light, why does it need to be so hard to control millions of qubits?

1.5 OVERVIEW OF THESIS

In this thesis, we will describe methods we developed for quantum computation with neutral atoms
and their use for error-correctd computation. In Chapter 2 we will describe all the key aspects of
realizing quantum computation with neutral atoms. This description is meant to be accessible and

informal, and additional details can be found in the papers referenced within. In Chapter 3 we will



provide a description of key ideas in quantum error correction, in particular for the realization of
error-corrected algorithms. In Chapter 4 we will describe the first implementation of error-corrected
algorithms, and in Chapter 5 further studies we have done on the physical mechanisms for a fault-
tolerant quantum architecture. Chapter 6 will provide an outlook for the next steps. Chapter 7 will

then discuss applications of quantum processors we studied with analog and gate-based methods.
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Quantum computing with neutral atoms

2.1 ATOMS

Neutral atoms are, although a cliche statement, intrinsically very scalable on account of: (1) there
are a lot of them and (2) they are all identical. This has been known and commented on many
times '*>*7'**, and although this observation is not the contribution of this thesis, it is the most

useful aspect that we will leverage. In designing our neutral atom quantum computer and the tools
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~10 million atoms

Image of atoms in a magneto optical trap (MOT)

Figure 2.1: Image of atoms in a magneto optical trap (MOT). There are millions of cold, identical neutral atoms in the
cloud. Number of atoms is not an issue - the key challenge is efficient classical control.

for controlling the atoms, this is the core principle that we will keep returning back to.

All of our experiments start with large clouds of laser cooled atoms. We use 8Rb atoms in par-
ticular - arguably the simplest atom atomic physicists like to use, because it is hydrogenic meaning it
has only a single valence electron and thus has simple structure, but being sufficiently far down the
periodic table such that the optical wavelengths are favorable. Figure 2.1 shows a picture of our mag-
neto optical trap (MOT). This works with 6 counterpropagating laser beams that cool the atoms
via doppler cooling and polarization gradient cooling, and are accumulated into a ~ 1 mm region via
the use of a strong magnetic field gradient that makes an energy minimum ''5"°°. These pictures are
very illuminating of the fact that there are many cold, identical atoms. So the number of atoms is
rarely the issue, it’s the efficient classical control.

Figure 2.2 shows how we achieve quantum circuits with neutral atoms at a high-level, and Figure
2.3 shows a technical diagram of our neutral atom quantum processor with key optical and elec-
tronic controls. At a high level, atoms are trapped inside of a vacuum chamber in optical tweezers,
they are moved around and zapped by various types of lasers to control their quantum states, and
their states are detected by taking pictures with a camera. With the techniques developed in this

thesis we will be able to use simple off-the-shelf components to realize advanced quantum compu-

tations. In the sections that follow, we will describe how we trap, arrange, image, create superposi-
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Figure 2.2: Key aspects of computation with neutral atoms. Individual atoms are trapped in individual optical tweezers.

Single-qubit gates are realized via locally addressable Raman excitation, two-qubit entangling gates are realized via
Rydberg interactions leveraging global pulses and blockade, and projective measurement is realized via fluorescence.

tions, entangle our atoms, as well as non-destructively measure and reinitialize them.

2.2 TRAPPING ATOMS IN OPTICAL TWEEZERS

Neutral atoms are dielectric paticles, meaning that they pick up a dipole d in an electric field E.
Functionally, this allows them to be trapped in optical potentials, as the dipole d o oF yields an
energy V" o< —d-F = —a|E |2. Optical tweezers are focused beams of light, where the optical in-
tensity o< |E|? is the highest at the focus, and consequently is the energy minimum for the atom®.
Procedurally, this is remarkably simple: take a beam of light and focus it to a point, and you can trap
atoms there and move them around by moving the light around. My favorite derivation of optical
tweezer properties is Wikipedia’s.

When we stick our optical tweezer into our MOT, atoms pile into the tweezer because they
are cooled to their lowest energy. One of the most remarkable “accidents” of our experiments, is

that when the tweezer is so tightly confining to the atoms, there are molecular resonances that the
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Figure 2.3: Neutral atom quantum computer architecture. a, Experimental layout, featuring optical tools including static
SLM and 2D moving AOD traps, global and local Raman single-qubit laser beams, 420-nm and 1013-nm Rydberg beams,
and imaging system for both global and local imaging. b, Level structure for 87Rb atoms, with the relevant atomic transi-
tions employed in this work. ¢, Control infrastructure used for programming quantum circuits, featuring several arbitrary
waveform generators (AWGs). In particular, the moving and Raman 2D AODs are each controlled by two waveforms
(one for x axis and one for y axis). An additional AWG is used in first-in-first-out (FIFO) mode for rearrangement before
the circuit begins, and then the moving AOD control is switched to the Moving AWG. See Ref.*’ for additional SLM and
pre-circuit rearrangement details, Ref.>? for additional Rydberg AWG details and Rydberg excitation details, Refs. >’
for additional Raman laser and microwave control infrastructure details, and Ref. ™ for additional moving AWG details.
All AWGs (other than rearrangement AWG) are synchronized to < 10 ns jitter. During Rydberg gates the traps are
briefly pulsed off by a TTL. The FPGA processes images from the camera real-time and in this work sends control signals
to the Raman 2D AOD for local single-qubit control. d, Example array layout featuring entangling, storage, and readout
zones. Zones can be directly reprogrammed and repositioned for different applications, as well as specific tweezer site
locations. Tweezer beams and local Raman control are projected from out-of-plane. The entire objective field-of-view is
400-um diameter. During two-qubit Rydberg gates, we place atoms S 2 um apart within a gate site, and gate sites are
separated such that atoms in different gate sites are no closer than 10 zm during the gate. At our presentz = 53 and
two-photon Rabi frequency of 4.6 MHz, the blockade radius is roughly 4.3 um, such that adjacent atoms are well-within
blockade and distant atoms are well-outside blockade.
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Figure 2.4: Optical control via tweezers. Static tweezer traps are generated via a spatial light modulator (SLM) into
programmable geometries. Crossed acousto-optic deflectors (AOD) are used for shuttling atoms both for rearrangement
and mid-circuit transport.

atoms get excited to via the laser cooling illumination, which causes pazrs of atoms to eject from the
tweeger>'. This means that after dispersing the MOT cloud by turning off the gradient coils, the
atoms parity-project into having either o or 1 atom after several ms of illumination. This process

thereby loads  single atom into each optical tweezer with roughly s0% probability.

2.3 DBUILDING ATOMIC ARRAYS

Additional details for the description in this section can be found in Ref.#’.

Here our key principles of efficient classical control shine. We take a szngle laser beam and im-
pinge it onto a liquid-crystal-on-silicon spatial light modulator (SLM) which creates a programmable
arrangement of tweezers '°. We start with a uniform Gaussian beam and the SLM imprints a phase
pattern onto it, and then lenses take the Fourier transform of this phase pattern. The phase pattern

that leads to the Fourier-transformed-grid of tweezer spots is calculated via the weighted Gerchberg-
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Saxton algorithm and allows us to position the tweezers in arbitrary spots*’.

To see where the atoms are and which tweezers have been loaded, we take a camera image of the
atoms. We do this by zapping them with the same light as the cooling lasers, and these simultane-
ously cool the atoms while scattering light oft the atoms. We collect this scattered light via a 0.65-
NA microscope objective and a CMOS camera from Hamamatsu.

At this point we now know where all the atoms are and can sort the atoms into defect-free grids.
We do this using another optical tool known as an acousto optic deflector (AOD)>"'°. This is a crys-
tal with a transducer which uses sound waves to deflect light. Conceptually the dynamically pro-
grammable sound wave forms a modulation in the index of refraction and forms a dynamically
programmable diftraction grating that deflects the light. In another language, photons of a given
momentum impinge on the crystal and are then deflected by high-momentum phonons, leading to
deflection of the light by an angle proportional to the frequency of the phonon. By superimposing
multiple frequencies into the crystal we can deflect multiple beams with the same device, and the
positions of all of these can be modified by modulating the frequency of sound. This converts our
input beam into a programmable 1D line of beams.

By adding a second AOD in the orthogonal direction, we can now take each beam in the X direc-
tion and multiply it into a pattern in the Y direction. This now allows us to create large rectangular
grids of light using two voltage waveforms V,(¢) and ¥, (¢). Critically, this is done just using two
voltage waveforms - one for X and one for Y - and leveraging frequency multiplexing as well as the
Cartesian product between the two AODs for controlling large grids.

To sort the atoms into a defect-free grid we just now need to calculate V,(z) and ¥, (¢) and stream
it to the AOD which we do via an arbitrary waveform generator (AWG) from Spectrum Instru-
mentation. We have upgraded our rearrangement algorithm in various ways but conceptually it is
the same as has been discussed in Ref.#’, and many superior rearrangement algorithms have been

developed in parallel in the literature.
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Figure 2.5: Atomic level diagram and pulse sequence. a, Level diagram showing key levels of 87Rb used in our quantum
0}, |1) are the qubit states used in this work. Excitation to the Rydberg state between |1)

circuits. The clock states,
and |r> is carried out by a two-photon transition driven by 420-nm and 1013-nm lasers. Single-qubit rotations are
realized with an amplitude-modulated 795-nm laser that drives Raman rotations between the 7= 0 clock states. A
DC magnetic field of 8.5 G is applied throughout this work. b, Example pulse sequence, here for making a |(D+> Bell
state between two qubits. Traps are pulsed off for a few hundred ns during the Rydberg gate to avoid both anti-trapping
of the Rydberg state and inhomogeneous light shifts that broaden the transition, and the ground state atoms are then
recaptured for roughly ~ 3/15 between consecutive gate applications.

We can rearrange the atoms into various patterns in this way, from square grids to honeycomb
arrangements to entirely random arrangements*’. This convenient way of creating programmable
lattices was instrumental in our studies of programmable quantum simulation, discussed toward the

end of this thesis.

2.4 ATOMIC LEVEL STRUCTURE AND QUANTUM OPERATIONS

Placing the atoms into fun arrangements and making atom pictures is certainly amusing but it does
get old after a while (if you ever saw an atomica “Happy Birthday” message or an atomica logo of
a funding agency - a grad student had to make that!). We would like to use our atoms for process-
ing quantum information. There are many levels within the atom and they can be used for various
different purposes. A full level diagram is shown in Figure 2.s.

Conceptually there are three key states that we will use in our quantum information process-

ing '*°. There are two gubit states which are mr = 0 clock states (i.e. magnetic-field-insensitive)
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Figure 2.6: Analog and digital processing. Rydberg blockade mechanism generates entanglement in a way which is

insensitive to specific interaction strength. Using this for analog processing we studied quantum simulations and quan-

tum many-body phenomena ranging from many-body scars 20 quantum phase transitions*’, quantum coarsening 103,

quantum spin liquids *%”, and combinatorial optimization *®. Digital processing has more nuance, but we would still like
to develop methods of efficient classical control.

inside the hyperfine ground state manifold which we use for storing quantum information and per-
forming single-qubit gates. These are magnetically insensitive spin states that are centimeters away
from the macroscopic environment, and such can have extremely good properties (several seconds
of coherence time are straightforwardly achieved *°>*"*7:7°°) We also use one Rydberg state which
we excite to via two-photon excitation which generates entanglement between our atoms and is used
for two-qubit gates.

In this thesis these states are used in two distinct ways. The first is analog quantum simulation.
In this approach, atoms are placed into programmable lattices and then global Rydberg laser illu-
mination causes the atoms to interact (in this configuration there is only one hyperfine state used,

i.e. the ground state |¢) = [1))'**#>"**. This turns on Hamiltonian dynamics between the atoms
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and results in rich many-body physics. Using this we studied quantum simulations and quantum
many-body phenomena ranging from many-body scars*°, quantum phase transitions*’, quantum

193, quantum spin liquids **7, and combinatorial optimization * 8 Thisis conceptually

coarsening
very simple, as it simply relies on a global beam illumination yet resuls in very complex quantum
evolution. This approach to studying quantum simulation is remarkably simple and powerful, and
examples will be described in the later chapters of this thesis.

The other way these states are used is for digital processing, which will be the focus of this thesis.
Digital processing tends to be significantly more nuanced than analog simulation - but somehow we
still need to find ways to maintain our efficient classical control. Otherwise how could we do these

experiments with a few grad students? The subsequent sections describe ways we realize our various

programmable quantum logic using efficient classical control.

2.5 PROGRAMMABLE QUANTUM CIRCUITS VIA ATOM RECONFIGURATION

Additional details for the description in this section can be found in Ref."’.

Two adjacent atoms in Rydberg states have a very strong Van der Waals interaction falling off as
1/7°, and in-practice can be several GHz at a several micron spacing that we can conveniently posi-
tion atoms optically. The very strong interaction (relative to the excitation Rabi frequency of several
MH?z) means in practice that excitation of both atoms into the Rydberg state is forbidden: this is
the so-called Rydberg blockade phenomenon”?'45. If we place two ground state atoms |g) next to
each other, i.e. the state |g¢), then when we try to globally excite the atoms into the Rydberg state,
they will both try to go into the Rydberg state |7), but they can’t both simultaneously go and so will
fight and go into the entangled superposition % (lg7) + |rg)). This generates entanglement in a
way that uses global pulses, and importantly is insensitive to the specific interaction strength between

the atoms, as it is essentially infinite and it is just the absence of excitation into |77) that generates
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Figure 2.7: Levine-Pichler gate. The Levine-Pichler gate generates entanglement via two fast global Rydberg pulses with
a phase jump in-between.

the entanglement. This is not yet a digital gate operation, but is the core underlying mechanism of
robust entanglement.

We have Harry Levine to thank for convenient ways of entangling our atoms. He and Hannes
Pichler (although Harry always insists it was Hannes, and Hannes always insists it was Harry) came
up with the famous Levine-Pichler gate*°. This is a very important result that allows high-fidelity
entangling operations with just two simple global pulses. In 2019 several months before I first
started my PhD, Harry and co had just used this to achieve gate fidelities of 97.5%, where the pre-
vious record was previously S 80%. We now use improved versions of this core gate idea that are
just one clean global pulse that regularly operates at 99.6% fidelity and will likely see improvement
toward 99.9% in coming years. This will be described in the next section. But for now, the key take-
away is that we can generate controlled-Z (CZ) entangling gates between our hyperfine qubits sim-
ply by doing one simple, global pulse of the Rydberg entangling laser.

With the use of global pulses and Rydberg blockade, if two atoms are within a blockade radius
they will entangle, and if they are outside the blockade radius, they won’t. This now gives us a re-
markably simple approach to program complex circuits simply via the atomic position. As discussed
in the prior section, using optical tweezers and commercial tools of optical multiplexing such as

SLMs and AODs, we have efficient methods of controlling the positions of our atoms. Now, simply
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Figure 2.8: Quantum information architecture enabled by coherent transport of neutral atoms. a, In our approach,
qubits are transported to perform entangling gates with distant qubits, enabling programmable and nonlocal con-
nectivity. Atom shuttling is performed using optical tweezers, with high parallelism in two dimensions and between
multiple zones allowing selective manipulations. Inset shows the atomic levels used: the |0) , |1) qubit states refer
tothe mr = 0 clock states of 87Rb, and |}"> is a Rydberg state used for generating entanglement between qubits. b,
Atom images illustrating coherent transport of entangled qubits. Using a sequence of single-qubit and two-qubit gates,
atom pairs are each prepared in the |®+> Bell state, and are then separated by 110 um over a span of 300 us. ¢, Parity
oscillations indicate that movement does not observably affect entanglement or coherence. For both the moving and
stationary measurements, qubit coherence is preserved using an XY8 dynamical decoupling sequence for 300 us. d,
Measured Bell state fidelity as a function of separation speed over the 110 um, showing that fidelity is unaffected for a
move slower than 200 s (average separation speed of 0.55 [um/‘us). Inset: normalizing by atom loss during the move
results in constant fidelity, indicating that atom loss is the dominant error mechanism (see Methods for details).
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with global laser pulses, this maps into efficient realization of complex quantum circuits. Atoms
are positioned, the global entangling laser is pulsed, and then the atoms are reconfigured into a new
configuration before a subsequent laser pulse. Remarkably, all the complex reconfiguration is done
via a single two-channel AWG card streaming into a two-channel AOD. Broadly, this allows us to
program highly complex quantum circuits by programming the two voltage controls of V() and
V,(¢) and pulsing the Rydberg laser at the right time.

Figure 2.8 demonstrates our ability to transport qubits across large distances while preserving
entanglement and coherence '#+'5¢. We initialize pairs at an atom-atom distance of 3 um (Fig. 1b)
and then create a Bell state |®1) = %(\00) + [11)) in the hyperfine basis (Methods)®. To probe
the resulting entangled-state fidelity, we apply an additional 7/2 pulse with a variable phase that
results in oscillations of the two-atom parity (0505 ) (Fig. 1¢)°. We then repeat this experiment, but
now move the atoms apart by 110 #m before applying the final 7/2 pulse. Our transport protocol is
optimized to suppress heating and loss by implementing cubic-interpolated atom trajectories (Meth-
ods), and is further accompanied by an 8-pulse XY8 robust dynamical decoupling sequence ®* to
suppress dephasing. The resulting parity oscillations indicate that two-atom entanglement is unaf-
fected by the transport process "#°. Performing this experiment as a function of movement speed
shows that fidelity remains unchanged until the total separation speed becomes > 0.55 um/us,
corresponding to the onset of atom loss (Fig. 1d). We note that the entanglement transport in Fig-
ure 1b corresponds to moving quantum information across a region of space that can in principle
host ~ 2000 qubits (at an atom separation of 3 um), on a timescale corresponding to < 1073 75,
directly enabling applications in large-scale quantum information systems.

To exemplify the ability to generate nonlocal connectivity between qubit arrays in parallel, we
carry out preparation of entangled graph states: a large class of useful quantum information states,
with examples ranging from GHZ states and cluster states to quantum error correction codes®. As

an example, Fig. 2a demonstrates preparation of a 1D cluster state, a graph state defined by a linear
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Figure 2.9: 1D and 2D graph states using dynamic entanglement transport. a, Generation of a 12-atom 1D cluster state
graph, created by initializing all qubits (vertices) in |+> and applying controlled-Z gates on the links (edges) between
qubits. Atom images show the configuration for the first and second gate layers. b, Quantum circuit representation of
the 1D cluster state preparation and measurement. Dynamical decoupling is applied throughout all quantum circuits. c,
Raw measured stabilizers of the resulting 1D cluster state, given by S; = Z;_1X;Z;1; (X;Z, and Z;1X1; for the edge
qubits). d, Graph state representation of the 7-qubit Steane code (colors represent stabilizer plaquettes). e, Circuit for
preparing the Steane code logical |+>L state, performed in four parallel gate layers. f, Measured stabilizers and logical
operators after preparing |+>L' Error detection is done by postselecting on measurements where all stabilizers are +1.
For both the 1D cluster state and Steane code, the stabilizers and logical operators are measured with two measurement
settings (see text). Error bars represent 68% confidence intervals.
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chain of qubits with edges between neighbors*'7>**4. To realize this state, we perform one global,
parallel layer of CZ gates on adjacent atom pairs, move half the atoms to form new pairs, and then
perform another parallel layer of CZ gates (Fig. 2a pictures and Fig. 2b circuit). To probe the resul-
tant twelve-qubit cluster state we measure the stabilizer set {S;} = {Z,_1X;Z;;1} through readout
in two measurement settings, given by a local 7/2 rotation on either the odd or even sublattice be-
fore projective measurement '#'. We achieve the local rotation by moving one sublattice of qubits to
a separate zone and then performing a rotation on the unmoved qubits with a homogeneous beam
illuminating the experiment zone (Fig. 2.8a).

However, our approach crucially allows for zonlocal connections between qubits. We also used
these nonlocal, parallel operations for guantum error correction - but this will be discussed in-detail
in the next chapter. For now, the takeaway is that this approach allows for efficient, parallel control
leveraging global laser pulses and tweezer-based reconfiguration of atoms.

The subsequent sections will describe how we realize programmable and high-fidelity digital
processing within this reconfigurable atom array approach. The key design principle is parallel,
efficient classical control, which as described in the next chapter is extremely well-suited to quantum
error correction.

In terms of technical implementation, there are many rules on what moves the AODs can and
cannot conveniently do, and what are the best ways of structuring circuits in a way that ensures

dynamical decoupling. A description of this is provided at the end of the chapter.

2.6 HIGH-FIDELITY TWO-QUBIT GATES

Additional details for the description in this section can be found in Ref.>>.
When we first did the above quantum processing experiments, our circuit fidelity was limited by

the two-qubit gate fidelity of 97.5%. Error correction has a threshold of roughly 99% on the two-
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Figure 2.10: Movement schematics. Schematics showing the gate-by-gate creation of a the 1D cluster state, b the
Steane code, ¢ the surface code, and d the toric code. These various graph states are all generated in the same way, and
encoding a desired circuit is a matter of positioning the atoms in different initial positions and applying an appropriate
AOD waveform.
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How to improve upon previous CZ gate fidelity?

Two-qubit errors
[r)

Error source & physical origin Estimated error

Intermediate sta

scattering 1.1% (simulated)
0.3% (simulated)
0.2% (simulated)
< 0.1% (simulated)
1% (measured)
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Bluvstein et al. Nature 604, 451-456 (2022)
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Figure 2.11: Improvements to Rydberg gate to achieve high fidelities. The 97.5% gate fidelity was limited by incoher-
ent error sources but also a discrepancy that was unaccounted for, likely arising from pulse shape imperfections and
miscalibrations. To achieve fidelities of 99.5%, the core improvements were: switching to a single-pulse gate which was
smoothly parametrizable, optimizing calibration via repeated benchmarking, leveraging dark state physics to suppess
scattering, reducing Rydberg 7 and increasing laser power, and improved cooling of the atoms.

26



qubit gate %7, meaning our gate fidelity needs to be at least that good. So, it was prudent to try to
improve our gate fidelity 5*.

At ahigh level, the Rydberg gate works by pulsing the atoms with a certain optical pulse realized
via AOMs. The 1013 pulse is held on at a constant value during the duration of the gate, and the
420 pulse is generated via an AWG card for precise time, frequency, amplitude, and phase control.

The most important improvement to two-qubit gate fidelity in the field was an extremely simple
change to the gate protocol of the Levine-Pichler gate. The Levine-Pichler gate works with two
pulses of the Rydberg laser with length 7 and phase jump @ between the two pulses. This has an
analytic solution and in a sense is conceptually very clean. However, there are multiple practical
issues likely associated with coherent errors coming from repeated pulse turn-on and turn-off, pulse
miscalibration, as well as still-somewhat-mysterious decoherence mechanisms that seem to take place
when atoms are left in the Rydberg state without the Rydberg laser continuously driving them.

A seemingly minor, but practically major, improvement to this gate fidelity came from theorists
in the field, Jandura et al*® and Pagano et al . The Jandura-Pupillo / Pagano et al version of this
gate is very similar: instead of two laser pulses with a phase jump in-between, it is just a single laser
pulse with a smooth variation of the phase. This was found via optimal control and is in fact time-
optimal, even in the presence of the ability to have local controls (i.e., having local controls does
not make the gate any faster than this simple global-pulse gate). Although only 10% faster than the
original Levine-Pichler gate, being smooth and continuous had clear benefit in terms of robustness.

Another conceptual improvement came was realizing that due to the dark-state physics in the
system, there is an appropriate sign of two-photon detuning that one should choose, and we were
in fact using the wrong one, thereby leading to intermediate state scattering. We also found that this
numerically optimized Jandura-Pupillo / Pagano et al gate could in fact be very well-approximated
by a simple sinewave modulation of the phase. So the pulse just looks like a square intensity pulse,

with a gradual sinewave modulation of the phase with a modulation frequency comparable to the
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Figure 2.12: Parallel implementation of high-fidelity entangling gates on a neutral atom quantum computer. a, Entan-
gling gates are implemented by arranging atoms into designated gate sites where they interact via Rydberg blockade
interactions when pulsing global Rydberg lasers. Two-qubit or three-qubit gates are performed by modulating the
Rabi frequency €)(¢) and phase @(#) profiles of the laser driving the first leg of the two-photon Rydberg excitation.
Inset: atoms in the qubit state |1> are excited to the Rydberg state |r> through an intermediate excited state |€>, while
atoms in |0> are not excited. Main gate error sources include Rydberg state decay Yy intermediate-state scattering

Vo and Rydberg dephasing TZ" b, Numerical comparison of average bright and dark state populations during the Ry-
dberg gate. Choosing opposite intermediate-state (A) and two-photon (9) detuning signs at the beginning of the gate
maximizes population in the dark state, which minimizes the intermediate-state scattering error. ¢, Entangling gates
are implemented with a single Rydberg laser pulse with smooth phase modulation gz>(t), whose slope corresponds

to a two-photon detuning 5(1‘). A few global parameters characterize the gate, allowing for a family of possible gate
implementations, including a parameterized version of the time-optimal CZ gate? and a smooth-amplitude CZ gate. d,
Example gate calibration sequence. Tuning individual parameters of the parameterized time-optimal gate phase profile
p(t) = Acos(wt — @) + ot allows for fast and simple global calibration. Error bars represent 68% confidence
intervals.
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Rabi frequency - how could it get any simpler than that? 3514

The other improvements were practical: higher laser power, further detuning from the interme-
diate state (allowed by the higher laser power), colder atoms, improved Rydberg state choice, more
carefully optimized laser polarization, and improved calibration. The Rydberg state choice was in
fact the most significant technical improvement - by going to a lower principal quantum number 7
gate fidelity can be greatly improved. The Rydberg Rabi frequency scales as 2 ~%/2, and the optical
decay lifetime scales as 7> and the microwave lifetime (blackbody excitation to adjacent Rydberg
states) scales as 7% (see e.g. Ref**). Although naively this seems like it is better to go to higher Ry-
dberg 7 and that the ratio between Rabi frequency and lifetime scale as 2'/? (assuming microwave
decay limited), if one wants to entangle N atoms with some fixed amount of laser power, one can
simply focus the laser to a much smaller volume at lower 7 due to the reduced blockade radius so
that atoms can be packed closer together (until the interaction strength becomes too weak between
adjacent atoms). At a fixed Rabi frequency the blockade radius scales as 7'/¢ (1" comes from the
interaction strength and the Blockade radius is set by the 1/7° distance), and so the 2D packing den-
sity scales as 2 ~1/3. As such, when entangling a fixed N atoms the Rabi frequency effectively gets

—11/6

an additional factor of 7 , and so the overall ratio between Rabi frequency and lifetime scales as

something closer to n—4/3

(assuming microwave-decay-limited), meaning it is better to go to lower 7
until one runs into issues e.g. the interaction being too weak to have robust blockade in the presence
of positional disorder.

For improved calibration, we made the conceptually very simple upgrade to just repeat the gates
many times in a row in order to amplify the signal and more sensitively calibrate the gate®”*. In par-
ticular we used the benchmarking sequences shown in Fig. 2.14 where we repeat the CZ gate many
times in a row interspersed with random single-qubit rotations, in a global version of randomized

benchmarking. We then scan each gate parameter, fit a parabola and take the maximum, scan the

next parameter and fit a parabola, and so on.
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Figure 2.13: High-fidelity CZ gates characterized with Bell states. a, Parameterized time-optimal CZ gates are imple-
mented on 20 atoms in parallel. b, Raw Bell state measurements upon application of a single CZ gate, with raw Bell state
fidelity of 98.0(2)%. We estimate a SPAM-corrected fidelity of 99.4(4)% (not plotted). ¢, Circuit used to benchmark
two-qubit gate fidelity by making a Bell state after an odd number of CZ gates interleaved with single-qubit X gates.

d, Decay of Bell state fidelity after applying a variable number of CZ gates. A fidelity of 99.52(4)% per CZ gate is ex-
tracted from an exponential fit. The plot y-axis on (d) is rescaled by a SPAM correction factor which does not affect the
extracted gate fidelity. Note that the same number of single-qubit gates are performed for each point, so that no nor-
malization of single-qubit errors is necessary, which thereby results in a reduced y-axis intercept. Error bars represent

68% confidence intervals.

30



b
0.93
< 0.89
o
085 @ Time-optimal gate ® Smooth-amplitude gate L4
0 4 8 12 16 20 0 4 8 12 16 20
Number of CZ gates Number of CZ gates
c 0.998
. 50996 T ¢ L;L¢+¢_¢.+1 4
K [
Gate site 0.994
0.992
0o 2 8 10

Figure 2.14: Global randomized benchmarking of the CZ gate. a, Circuit used to benchmark two-qubit gate fidelity with
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ods) and a final rotation Rfis precomputed to return population to the initial product state |00> in the absence of gate
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time-optimal gate and the smooth-amplitude gate, extracting fidelities of 99.54(2)% and 99.55(3)%, respectively. c,

The extracted time-optimal gate fidelity is consistent within statistical error across the 10 gate sites. d, Scaling to larger
systems, we measure a comparable fidelity of 99.48(2)% for the time-optimal gate implemented on 60 qubits in parallel.

e, Site-by-site analysis reveals homogeneous, high-fidelity gate performance across the two rows.
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These various simple improvements improved our two-qubit gate fidelity to 99.2% - 99.3% just
by changing to smooth Jandura-Pupillo pulse (implemented as just a simple sinewave), being careful
about detuning signs to suppress scattering via dark state physics, changing 7 to lower values (from
n = 70ton = 53), and improved calibration via randomized benchmarking and scanning param-
eters. We were able to improve the gate to 99.55% by cooling the atoms better (via A-enhanced gray
molasses) and increasing our 1013-nm laser power. Gate fidelities with atoms will soon likely get to
99.9% just by further improvements along these lines. Error-budgeting can be found in the table
shown in Figure 2.15. An example approach could be going to 3x higher Rabi frequency (while also
suppressing coupling to the other 7/ state) and 2x larger detuning, simply requiring 6x higher laser
power. We haven’t had time to try improving the gate fidelity since our high-fidelity gates project,
but routinely reproduce 99.5% - 99.6% gate fidelities.

There are various choices one can make for Rydberg detuning signs and polarizations, and we
carefully select them for various optimizations: for suppressing 420-induced differential light shift
between |0) and [1), we are red-detuned of 6P, transition; for utilizing dark-state physics (nom-
inally the phase profile corresponds to a certain sign of two-photon detuning) we thereby choose
positive two-photon detuning; which, in turn then suppresses coupling to 7; = —1/2 by being pri-
marily on the upper-side of 72; = +1/2; and finally, suppressing 1013 light shift similarly prefers
being at this single-photon detuning sign since there is a magic wavelength 1 GHz red-detuned of
6P, for the [1) — 538§, /, transition*°. Two downsides of this detuning choice are that this choice
of 420-nm polarization and detuning causes a vector light shift in the hyperfine ground-state mani-
fold that causes the 7 r levels to be pushed closer together, as opposed to further apart, which could
exacerbate effects arising from 420-induced vector light shifts coupling adjacent mf states in the
ground state manifold (although negligible here), and the other downside is that the m; = —1/2
Rydberg pair states are closer detuned to the two-photon excitation, and so we require a larger inter-

action strength to suppress their excitation, though the matrix element to these states is smaller.
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Error source Time optimal Smooth amplitude Error type X, Y, Z, LG, AL**
Scattering® |1) 0.103% / 0.043% 0.036% 6%, 6%, 25%, 47%, 15%
Scattering |0) 0.019% 0.025% 7%, 7%, 14%, 62%, 10%
Rydberg Th =88 us 0.113% 0.085% 2%, 2%, 6%, 23%, 67%
Rydberg T5 =3 us 0.134% 0.089% 0%, 0%, 75%, 0%, 25%
Position fluct. 0.012% 0.054% 0%, 0%, 96%, 0%, 4%
Rydberg mj=-1 0.06 - 0.15% 0.01%

Total fidelity 99.53 - 99.62% 99.70% 2%, 2%, 41%, 17%, 38%

Figure 2.15: Simulated error budget for two-qubit CZ gates. Simulations were performed at an intermediate-state
detuning of A/27r: 7.8 GHz and a two-photon Rabi frequency Q/27r= 4.6 MHz. (*) The scattering error for two
detuning signs (bright/dark). The total fidelity values assume the correct (dark) detuning choice. (**) LG — leakage out of
the qubit manifold to other 2 states. AL — atom loss from population left in the Rydberg state.

It is important that the Rydberg beam is homogeneous across the atomic array while still max-
imizing intensity (i.e., not using a massive Gaussian beam). For this reason we shape the Rydberg
beams into flat-top potentials via the use of an SLM#°. So far we are routinely able to homogenize
these to the required levels such that inhomogeneity is not limiting our fidelity, but improved meth-
ods for homogenization will soon become important.

We briefly overview our Rydberg laser system. The 1013-nm laser seed originates from a Toptica
DL Pro external-cavity diode laser which is then locked to and filtered through a Stable Laser Sys-
tems ultra-low-expansion cavity (Finesse of 50,000 at 1013 nm) that then injection locks another
laser diode, which then seeds our 10oW laser. Our 420-nm laser is an 840-nm TiSapph (MSquared)
which is locked (but not filtered) to the same cavity (Finesse of 30,000 at 840 nm) and then fre-
quency doubled with an MSquared ECD-X. For realizing the pulses and waveform shaping for
quantum gates, we use an arbitrary waveform generator (Spectrum M4i.663 1-x8) that allows for
arbitrary amplitude, frequency, and phase control which simultaneously drives two 420-nm AOMs
(MQ240-B40A0,2-UV, AA Opto-Electronic) in a tandem configuration and maps the RF wave-
form onto the 420-nm light. The 1013-nm AOM (M1377-aQ80L-1 coated for 1013 nm, Isomet)
is pulsed on for several hundred microseconds and intensity stabilized during the duration of the

entire circuit.
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Figure 2.16: Rydberg gate fidelity vs year. Following the current trend, we will reach 99.9% gate fidelity around 2027.
99.9% can be reached from our current results, in theory, by increasing Rydberg laser power by 6x.

2.7 PROGRAMMABLE SINGLE-QUBIT GATES

Additional details for the description in this section about the Raman system can be found in Ref.*”,
and about coberence and local Raman addressing can be found in Refs.”>"7 .

The mp = 0 hyperfine qubit is an electron-nuclear hybrid within the ground state manifold of
the Rb atom with a 6.8 GHz splitting between the two qubit states |0) = |F =1, mF = 0) and
1) = |F=2,mF=0). As these hyperfine states have an electron spin component, they can in
principle be driven relatively well with magnetic fields*>**°. However, even then, as the atoms are
so far away from their macroscopic environment, it is quite hard to get much higher than a 5o kHz
Rabi frequency by shining microwaves on them. Illuminating microwaves on the atoms also doesn’t
give us any individual control.

Raman transitions offer an excellent solution to this problem *57°*3. In a typical description, these
are two-photon transitions through an intermediate excited state that can drive the qubit transition
in an optically-mediated fashion that can have a much higher Rabi frequency. However, the under-
lying physics is quite intuitive.

Circularly polarized, off-resonant light generates vector light shifts on the atom, which generate
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Figure 2.17: Amplitude modulation for driving Raman transitions. (a) Stimulated Raman transitions in a A-type 3-level
system. Adiabatic elimination of the excited state results in an effective Raman coupling between ground states \O)

and [1). (b) Level structure for ¥ Rb, showing Raman driving of the clock transition from |0) = |F=1,mz=0)to
|1y = |F=2,mp=0). This transition is driven by a time-dependent ot polarized field Q(#), which is far-detuned
by A from the excited state (but not far-detuned relative to the splitting between the SP1/2 and SP3/2 excited states).
(c) Several approaches for Raman driving, including the dispersive approach presented here, operate by converting
phase modulation to amplitude modulation at the qubit frequency, which resonantly drives the Raman transition. (d)
Comparison of methods for converting phase modulation to amplitude modulation. The dispersive approach benefits
both from having the highest coherence metric and from being passively stable since it does not rely on interferometric
filtering. (e) Weakly dispersive elements, such as a conventional chirped Bragg mirror or a 10 meter optical fiber, require
large modulation depth ﬂ to achieve efficient amplitude modulation. The highly dispersive volumetric CBG allows a low
[8 to be used. 1@ 5 7 marks the experimentally accessible window of modulation depths.
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a fictitious magnetic field in the hyperfine ground state which is indistinguishable from a real mag-
netic field”5. A somewhat wrong picture for this fictitious field, that I personally really like, is that
the circularly polarized light induces a dipole that rapidly rotates and effectively the orbiting elec-
tron generates a static magnetic field along the direction of propagation of the laser. Broadly, the
circularly polarized, detuned light leverages the optical transitions to generate a magnetic field on
the spin. This gives us a way to create a very strong and localized magnetic field on the atoms. And
we can now use this to conveniently drive the qubit transitions.

To realize this, we take our light at a detuning of 180-s00 GHz detuning (depending on applica-
tion) blue-detuned of the D1 transition, pass it through a free space electro-optic modulator (EOM)
(leading to phase modulation only) which is driven by a microwave generator controllable via IQ
modulator, and then bounce this light off a chirped Bragg grating®s. This chirped Bragg grating
results in the different frequency components of the phase-modulated light to travel a different
distance into the crystal before reflection, and thereby modifies the phase relationship between
the tones to convert the phase modulation into amplitude modulation. In this way, we map the
microwave signal directly onto the amplitude modulation of the light, in a way which is passive,
has low loss / high efficiency, and requires no active stabilization. Now, we have our amplitude-
modulated laser beam which encodes the microwave signal (which is controlled in a usual way via
IQ modulation of the carrier by an AWG). Pointing the light at an atom then locally delivers the
microwave signal by causing a strong, time-oscillating fictitious magnetic field on the atom which
directly drives the qubit transition.

After the amplitude-modulated light is created, it is routed to the atom via two ports. One is
a global port that globally illuminates the atoms for dynamical decoupling, global pulse control,
and so on. We have done experiments at detunings of up to soo GHz, and by using composite
pulse techniques to be amplitude-error-insensitive (either BB1 which is 6th-order insensitive '+ or

SCROFULOUS** which is shorter and 4th-order insensitive) our global pulses reach a scattering-
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Figure 2.18: Raman laser system using a chirped Bragg grating. (a) Optical setup. The chirped Bragg grating (CBG) and
the first mirror afterwards (in the shaded gray region) are mounted on a single rotation mount. Spectral components
separate after the first reflection from the CBG, but recombine after the second reflection. A scanning Fabry-Perot
cavity measures the sideband spectrum, and a fast photodetector measures the amplitude modulation. (b) The ampli-
tude modulation depends on both the dispersion of the CBG as well as the phase modulation depth (see main text). We
observe the expected Bessel function relation, and can extract the dispersion coefficient. (c) As we scan the laser fre-
quency across the CBG bandwidth, we see a high total reflectivity of the CBG system across the ~ 50 GHz bandwidth.
The resulting fiber-coupled light should ideally show constant amplitude modulation across the whole bandwidth, but in
practice we observe variation with laser frequency due to nonuniform CBG dispersion over its bandwidth. While more
uniform CBGs can be used, the current device can be angle tuned to maximize amplitude modulation, and is insensitive
to frequency drifts which are S 1 GHz.

limited single-qubit pulse fidelity of approximately 99.995%.

The other is a local port that is then passed through an additional 2D AOD which is driven by an
additional AWG card. This allows us to point the amplitude-modulated light on any given atom and
do arbitrary single-qubit gates on each atom. In practice, however, one often just needs to realize
large-scale parallel operations. For instance, in realizing a Jogical single-qubit gate (next chapter),
one just needs to apply that same single-qubit gate on all the data qubits of the block. This can be
conveniently realized by a single, parallel grid illumination via the AODs. As such, the AOD Raman
approach allows for arbitrary single-qubit addressing, as well as still benefiting from parallelism
where applicable.

There is one subtletly to the story, which is that one needs to be very careful about the direction

of the magnetic field that one intends to drive the atoms with. In our experiments, our magnetic
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Figure 2.19: Robust single-qubit control and qubit coherence. a, Robust BB1 single-qubit rotation in comparison

to a normal single-qubit rotation, as a function of pulse area error. An arbitrary BB1(4, @) rotation on the Bloch

sphere of angle & about axis @ is realized with a sequence of four pulses: (7)g4(27)344 (%) g4 0(6) o, where

¢ = cos_l(—9/47r) 148 pulse fidelity is measured here for a 7 pulse, defined such that the fidelity is the probability
of successful transfer from |0> — |1> including SPAM correction. b, Preserving hyperfine qubit coherence using dy-
namical decoupling (XY16 with 128 total 7 pulses). Qubit coherence is observed on a timescale of seconds, with a fitted
coherence time 7, = 1.49(8)s. Data is measured with either a +7/2 or —7/2 pulse at the end of the sequence,
and these curves are then subtracted to yield the coherence y-axis. ¢, Hyperfine qubit 77, measured by the difference
offinal F = 2 populations between measurements starting in |F' = 2, mp = 0) and |F = 1, mr = 0). Atom loss
without cooling is separately measured (predominantly arising from vacuum loss) and normalized to also measure the
intrinsic spin relaxation time T{ in the absence of atom loss. All data here is measured in 830-nm traps.

field is pointing along the long-axis of the array, where the circularly polarized Rydberg beams,
imaging beams, lattice beams, Raman beams etc all naturally propagate along the magnetic field
axis. For the Global Raman control, this works well as driving qubit transitions is done via magnetic
fields parallel to the external quantization axis. (It is given by the parallel component, not the per-
pendicular one, because the two mF = 0 states are electron-nuclear hybrid states that have different
phase i.e. symmetric and antisymmetric wavefunctions, and transitions between them are driven by
modifying the wavefunction phase)”’.

This becomes a minor hiccup for the local Raman control, as the light has to be circularly po-
larized (otherwise it wouldn’t generate a fictitous magnetic field i.e. vector light shift) but is propa-
gating from out-of-plane, and so is orthogonal to the convenient axis of the external magnetic field.

Somehow we need to generate a parallel magnetic field component. We implemented two com-
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Figure 2.20: Local Raman addressing. Fully programmable single-qubit rotations are implemented using Raman excita-
tion through a 2D AOD; parallel grid illumination delivers the same instruction to multiple atomic qubits.

plementary solutions to this. The first solution is that the detuned Raman beam also contains a
DC-field component and thereby rotates the magnetic field axis dynamically (for this reason it is
also very important to do Gaussian-pulse shaping of the Raman excitation to remain adiabatic) and
leads to having a parallel component of the AC field along the DC quantization axis of the atom.
The second solution is that we anyway want the Raman beam to be big on the atoms (see below),
which in other words means it is composed of a small angular spread, and so it is in fact quite small
in the back aperture of the objective. As such, one has the angular resolution available to displace
the beam horizontally within the back aperture and do the local addressing at an angle relative to the
array axis. We displace the Raman beam by ~ 1 — 2 mm within the back aperture of the objective
whose size is 5.5 mm. These two combined give us Rabi frequencies of MHz on the atoms and with
the use of composite pulse techniques and Gaussian shaping we achieve 99.95% local single-qubit
gate fidelities, which is close to the scattering limit on account of the higher intensity required to
achieve the same Rabi frequency in this suboptimal field configuration.

We have found it is quite important to make the local Raman beam bigger on the atoms while
still making sure to avoid crosstalk on the separated atoms. One reason is that it just makes things

easier and more robust and less sensitive to drifts. Another reason is that polarization breakdown
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Figure 2.21: Single-qubit Raman addressing. a, 551/2 hyperfine level diagram illustrating the two possible implementa-
tions of local single-qubit gates: resonant X(@) (purple) and off-resonant Z(&) (turquoise) rotations with two-photon
Rabi frequencies QR aman. In this work, we use the Z rotation scheme and are blue-detuned by 2 MHz from the

~Z
two-photon resonance. Due to Clebsch-Gordan coefficients, QRamm = —\/gﬂﬁaman.

conversion of local Z(7/2) into local X(=£7/2) gates, where the pulses before (after) the central Y{7) have posi-

b, Schematic showing the

tive (negative) sign, while leaving non-addressed qubit states unchanged. The Gaussian-smoothed local pulses have
duration 2.5 us for 7r/4 pulses and 5 us for 7r/2 pulses, and are performed on single rows at a time with a 3 us gap
between subsequent gates to allow the RF tones in the AODs to be changed (including this, duration is 5-8 s per row).
In this way, arbitrary patterns of qubits, such as the example drawn, can be addressed. c, Calibration procedure used

to homogenize the Rabi frequency over a 220 um X 35 um array. The position calibration is illustrated for 80 sites:
approximate X(ﬁ/Z) gates are locally performed and the horizontal/vertical position of all tones is scanned in parallel
such that a Gaussian fit returns the optimal alignment. After this, powers are iteratively calibrated until the fitted scale
factors for the individual RF tones converge to unity. d, Single-qubit randomized benchmarking of local Z(7r/2) gates.
The local gates are interleaved with random global single-qubit Clifford gates and the final operation Cfis chosen to
return to the initial state. Each data point is the average of 100 random sets of Clifford gates, and fitting an exponential
decay to the return probability quantifies the fidelity F per local gate. Note that we apply all 51 global Clifford gates
for each data point, such that errors from the global Clifford&ates (in addition to SPAM errors) do not contribute to the
fitted value.



within the beam can have very complex interactions with the dynamically rotating DC magnetic
field and AC field in ways that can lead to destructive interference and dephasing. Making the beam
bigger, which we have found empirically and via calculations is essentially identical to just defo-
cusing the beam (to an in-plane waist of ~ 2.5¢m) was important for us to achieve the 99.95%
single-qubit gate fidelity.

Although the local Raman theoretically allows us to realize large parallel grid illumination, in
practice we are currently often doing illumination row-by-row. This allows us to calibrate the am-
plitude of each atom arbitrarily within each row with the AOD. By keeping the RF power low, we
minimize RF beating effects and don’t enforce a comb condition on the frequency tones of our

local Raman AOD.

2.8 MID-CIRCUIT READOUT AND FEEDFORWARD

Additional details for the description in this section can be found in Ref.".

In quantum error correction, measurement is the mechanism for removing entropy from the
system. However, critically, we do zof want to measure the qubits that still contain quantum infor-
mation. We take a simple approach to this: we move the qubits we do want to measure to a separate
“readout” zone where we can scatter photons off of them to read out their qubit state without cor-
rupting the state of the active qubits that are continuing to preserve quantum information.

We have done two different versions of midcircuit readout: destructive and non-destructive. The
destructive version works well for quickly getting information out of the system and using it for
feedforward operations on our logical (or physical) qubits. To realize such a readout, we quickly
convert qubit state 1 to loss, and then quickly image whether an atom is present or not present. The
non-destructive version on the other hand is critical to re-using atoms such that many repeated mea-

surements can be done (in lieu of just bringing in new atoms altogether) for continuously removing
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entropy from the system. To be non-destructive, it also requires a method for detecting qubit state
without relying on converting qubit state 1 to loss. This section will overview the destructive ver-
sion of mid-circuit readout we first implemented, and then the next section will describe the non-
destructive version we used to achieve qubit re-use.

To perform midcircuit readout#3135:0%101:98,107 o selected qubits without affecting the others,
we use a local imaging beam focused on the readout zone which is roughly 100 m spatially sepa-
rated from the entangling zone '**”. The local imaging beam consists of 780-nm circularly polarized
light, with a near-resonant component from F = 2 to F = 3 and a small repump component. This
beam is sent through the side of our glass vacuum cell, co-propagating with the global Raman and
1o13-nm Rydberg beams. We use cylindrical lenses to shape the beam with focused beam waists of
30 um in the plane of the atom array and 8o zm out of the plane. After moving some of the atoms
to this readout zone, we first perform local pushout of population in the F = 2 ground state mani-
fold (by turning oft the repump laser frequency), followed by local imaging of the remaining ¥ = 1
population.

As depicted in Fig. 2.22a, we collect an average of about so photons per imaged atom. To avoid
losing the atoms too quickly during mid-circuit imaging (which, unlike our global imaging scheme,
does not have multi-axis cooling), we use deep (roughly s-mK) traps (helping retain the atoms), and
stroboscopically pulse them on and off out of phase of the local imaging light to avoid deleterious
effects of the deep traps such as inhomogeneous light shifts and fluctuating dipole force heating
(Fig. 2.22b)77. From a double-Gaussian fit to the two distributions in Fig. 3a, we extract an imag-
ing fidelity of over 99.9%. Because this fit can lead to an overestimate of the imaging fidelity (for
example due to atom loss during imaging), we compare the total SPAM error (measured by ampli-
tude of Ramsey fringe) with local imaging versus with global imaging for the same state preparation
sequence, extracting o.14(5)% higher error with local imaging; with these considerations we conser-

vatively estimate a local imaging fidelity of around 99.8%.
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Figure 2.22: Midcircuit readout and feedforward. a, Single-shot 500 us local image in the readout zone, where the

peak corresponds to roughly 50 photons collected by the CMOS camera. b, Atomic transition and pulse sequence

used for local imaging of ancilla qubits. The data qubit trap light shift suppresses data qubit errors, in addition to the
large spatial separation between entangling and readout zones. We avoid quickly losing the readout zone atoms during
local imaging by using a 5x higher trap depth, and we pulse the ancilla qubit traps and local imaging light to image
directly on resonance while avoiding negative effects of large trap light shifts. ¢, Diagram of components involved in
midcircuit readout and feedforward steps. Atom detection and logical state decoding occur using the FPGA, which then
outputs a conditional TTL to gate local Raman pulses performed on logical qubits in the entangling zone. d, Diagram

of approximate timings for a midcircuit feedforward cycle. First, ¥ = 2 population is pushed out (in 10 us), and then
the remaining F = 1 population is imaged locally for 500 us. The 24 rows of pixels covering the readout zone are
read out to the FPGA in 200 us, after which processing is performed. Finally, a conditional TTL output based on the
decoded state gates on or off local Raman pulses. The whole readout and feedforward cycle takes less than 1 ms, and
can be sped up in the future by optimizing local imaging and camera readout. e-g, Characterization of error probability
of data qubits during local imaging. e, Data qubit error probability (fraction of population depumped from /' = 2to
F = 1)asa function of local imaging duration out to 20 ms to quantify the effect of the local imaging beam on data
qubit coherence for very long illumination. f, Data qubit error probability after 20 ms of local imaging, as a function

of detuning of the local imaging beam, showing suppression of error both red- or blue-detuned from the data qubit
transition. g, Equivalently, increasing the trap depth of the data qubits enables suppression of decoherence due to

the local imaging beam. Since qubits in the readout zone are imaged while their traps are pulsed off, any light shift of
the data qubit transition from the traps contributes directly to the relative detuning. h, For a long 10.5 ms local beam
illumination with optimal local imaging parameters, we observe a 0.7(1)% increase in data qubit error during an XY8
dynamical decoupling sequence. This suggests a roughly 0.034(5)% error probability for the data qubits during the 500
s midcircuit readout image employed in this work. 43



A number of design considerations facilitate local imaging in the readout zone while preserving
coherence of the data qubits in the entangling zone (Fig. 2.22e-g)*7. The main sources of decoher-
ence are rescattering of photons from the locally imaged atoms as well as beam reflections and tails
of the local imaging beam hitting the data qubits. For the s00-¢s midcircuit imaging used in this
work, we are able to achieve unchanged coherence (identical within the errorbars) of the data qubits
with the local imaging light on as without it. To understand these effects more quantitatively, we
measure the error probability of the data qubits in the entangling zone while the local imaging beam
is on in the readout zone for up to 20 ms and with higher intensities than used for local imaging
in this work. We suppress decoherence by light shifting the data qubits’ 780-nm transition to be
different from that of the locally imaged qubits by several ros of MHz, as studied in Fig. 2.22f-g.
Data qubit decoherence is further suppressed by the large spatial separation between the readout
zone and the entangling zone, where intensity from the local imaging beam’s Gaussian tail should
theoretically fall off rapidly. Even at large separations, we find that stray beam reflections (e.g. from
the glass cell window and other optical elements) can hit the data qubit region. To mitigate this ef-
fect, we displace reflections away from the atom array by angling the local imaging beam as it hits
the glass cell window. The estimated effects of re-scattered photons from the imaged atoms, espe-
cially with the added relative detuning, is negligible. With all these considerations, we find that we
are able to suppress data qubit decoherence rates to S 0.1% per so0 us of local imaging exposure, as
illustrated in Fig. 2.22h.

The full mid-circuit readout and feedforward cycle occurs in slightly less than 1 ms, including
local pushout, local imaging, readout of the camera pixels, decoding of the logical qubit state on the
FPGA, and alocal Raman pulse which is gated on or oft by a conditional trigger (Fig. 2.22d). In
future work, this approach to midcircuit readout and feedforward can be considerably improved to

enable mid-circuit readout close to roo-us scale"*”.
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Figure 2.23: State-selective readout with 1D lattice a, Image of processor and illustration of process for removing
entropy generated by computation. b, Rabi oscillations measured by reuse of atoms with 150 cycles of non-destructive
measurement and reinitialization. Each curve is one experimental repetition averaged over 200 atoms in parallel. 3D
cooling methods are used in this subplot as coherence does not need to be preserved. c, Local cooling with 1D PGC
and EIT. The finite magnetic field is compensated simply by applying a relative detuning between the two circularly
polarized counterpropagating beams, lending to a rotating frame where the effective field is zero. The loss is constant
as a function of time and recovers to steady state within one cycle after applying a perturbation to the system (dashed
line). Additional shielding of the data qubits is provided by a 1530 shielding laser (not pictured here, see Methods).

2.9 ATtomMmic QUBIT RE-USE AND LOSS-RESOLVING MEASUREMENT

Additional description for this section can be found in Ref. 8
Error correction moves entropy from the stabilizer degrees of freedom to ancillary degrees of free-
dom which can then be measured and reinitialized, such that entropy is removed from the system.
As such, it is essential to be able to remove entropy mid-circuit. This section describes the approach
used for this, as well as for direct detection of qubit loss for improved entropy removal performance.
Figure 2.23 shows our approach to non-destructively measuring an atom. This has the benefit
that entropy is removed from the system but the atom is retained, such that it can be used for ex-

tracting more entropy. It also has the benefit that it can now measure an outcome of {0, 1, loss} for
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Figure 2.24: Hiding data qubits with 1530 light shift. Applying a 1530 beam to the data qubits shifts their excited states
out of resonance by coupling to a 4D excited state, preventing any residual dephasing during imaging while having only
minimal impact on the ground state where the qubit is stored.

each atom, which gives significantly more information which can be used effectively in the error
correction.

Our non-destructive readout technique uses a 1D optical lattice which is spin-selective and
couples to only one of the two spin states, heavily inspired by Ref. '#°. We then perform a normal
tweezer motion, and the “bright” spin state is pinned by the lattice but the “dark” spin state moves
through the lattice and follows the moving tweezer. Once this spin-to-position conversion has been
accomplished, we image the atom position normally, as shown in the figure. This method is par-
ticularly elegant as it doesn’t involve additional calibration beyond a normal tweezer motion, and
functions well with normal / low trap depths. We explored many methods for non-destructive qubit
state readout and this one was the simplest, highest fidelity and most reproducible, and worked with
the lowest trap depth requirements. One of the elegant aspects of this is that the bright state we use,
|2, —2), is pumped into by the lattice - so the bright state remains bright. The dark state, |2, +2),
can scatter lattice photons with a scattering probability of the scale of ~ 1%. However, at least

two photons need to be scattered to go from |2, 42) to |2, —2), so the probability of transition-
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ing all the way to the bright state is suppressed quadratically (inspired by our QEC intuitions of p*
suppression!). The other elegant aspect is that the spin-selective part, which can lead to transitions
between spin states due to necessarily being near-resonant, is on only for a short period to realize
spin-to-position conversion, but then the imaging is done normally. These various aspects make this
the best non-destructive readout technique we implemented.

This accomplishes non-destructive readout of the qubit state and also loss detection, but more
details are involved in mid-circuit re-cooling and re-initialization. Notably, conventional atomic
physics methods for imaging and cooling typically use 3D beams - in a zero magnetic field - which
illuminate the entire array. We have come up with simple ways to use 1D beams only for imaging
and cooling in a finite magnetic field. Simply, all one has to do is simply detune the two counter-
propagating circularly polarized beams with respect to each other (Figure 2.25) - this corresponds
to a rotating frame, where there is a fictitious field that cancels out the real magnetic field (credit for
this extremely simple solution goes to Sasha!)#>''#:3¢. So, all one has to do is detune the two beams
and one gets the same behavior as in zero magnetic field. Then, it appears empirically to be enough
to cool all three axes using just a 1D PGC and EIT scheme, due to mixing of the different axes. We
then recover very similar performance to 3D cooling.

These additional cooling lasers generate a lot of near-resonant photons flying around. To protect
the data qubits further, we use a hiding laser that shifts the excited state out of resonance by cou-
pling the excited 5P5 , state to a 4Ds /, and 4Ds , state”*. This is elegant as it shifts the data qubit
resonance by as much as ro+ GHz, while not affecting the ground state qubit as it is very far off-
resonant from any transitions the ground state orbital sees. We are using this to suppress residual

decoherence and allows us to achieve our entropy removal architecture in Figure 2.25.
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Figure 2.25: Architecture for constant-entropy computation. a, Image of processor and illustration of process for
removing entropy generated by computation. b, Rabi oscillations measured by reuse of atoms with 150 cycles of
non-destructive measurement and reinitialization. Each curve is one experimental repetition averaged over 200 atoms
in parallel. 3D cooling methods are used in this subplot as coherence does not need to be preserved. c, Local cooling
with 1D PGC and EIT. The finite magnetic field is compensated simply by applying a relative detuning between the two
circularly polarized counterpropagating beams, lending to a rotating frame where the effective field is zero. The loss is
constant as a function of time and recovers to steady state within one cycle after applying a perturbation to the system
(dashed line). Additional shielding of the data qubits is provided by a 1530 shielding laser (not pictured here).
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2.10 FAST CYCLE RATES WITH ATOMIC QUBIT RE-USE

Finally, the ability to re-use the atoms with the 1D lattice approach has significant implications on
cycle rates. As an example of this, in Fig. 2.25b we realize fast calibrations of Raman Rabi oscilla-
tions. We load the atoms and sort them into a 200-atom ordered array in 200 ms. Then, we do a
Rabi oscillation, realize the spin-selective readout with the lattice, image the atoms, and put all the
atoms back in their original trap. We then repeat this 150 times, taking the #; point of the Rabi os-
cillation curve with the same atoms for each #;. Then the atoms are re-loaded and the next curve is
taken. This reaches 187 Hz cycle rates (250 Hz not including the loading time). This, plus other de-
velopments of continuous operation in the field®5*°%, are important for deep-circuit QEC but also
enable a new generation of high cycle rate AMO experiments. These high cycle rates can help enable

getting to s-10x below QEC thresholds, from the current 2x.

2.11  OVERVIEW OF SYSTEM AND CIRCUIT PROGRAMMING APPROACH

We here overview the system again with everything pieced together, representative of the system
during the experiments in Bluvstein et al Nature 2024. See Fig. 2.3 for a technical diagram.

A cloud containing millions of cold ¥ Rb atoms is loaded in a magneto-optical trap inside of a
glass vacuum cell, which are then loaded stochastically into programmable, static arrangements of
852-nm traps generated with a spatial light modulator (SLM), and then rearranged with a set of
850-nm moving traps generated by a pair of crossed acousto-optic deflectors (AODs, DTSX-400,
AA Opto-Electronic) to realize defect-free arrays'>'**#7. Atoms are imaged with a 0.65-NA ob-
jective (Special Optics) onto a CMOS camera (Hamamatsu ORCA-Quest C15550-20UP), chosen
for fast electronic readout times. The qubit state is encoded in 72 = 0 hyperfine clock states in
the ¥ Rb ground-state manifold, with 75 > 1s'?, and fast, high-fidelity single-qubit control is exe-

cuted by two-photon Raman excitation '>”5. A global Raman path illuminating the entire array is
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used for global rotations (Rabi frequency ~1 MHz, resulting in ~ 1 us rotations with composite
pulse techniques'?) as well as for dynamical decoupling throughout the entire circuit (typically
global 7 pulse per movement). Fully programmable local single-qubit rotations are realized with the
same Raman light but redirected through a local path which is focused onto targeted atoms by an
additional set of 2D AODs. Entangling gates (270-ns duration) between clock qubits are performed
with fast two-photon excitation using 420-nm and 1013-nm Rydberg beams to n=53 Rydberg
states, utilizing a time-optimal two-qubit gate pulse®° detailed in Ref.5>. During the computation,
atoms are rearranged with the AOD traps to enable arbitrary connectivity '?. Mid-circuit readout

is carried out by illuminating from the side with a locally focused 780-nm imaging beam, with scat-
tered photons collected on the CMOS and processed real-time by a field-programmable gate array,
FPGA (Xilinx ZCU102), with feedforward control signal outputs.

The quantum circuits are programmed with a control infrastructure consisting of five arbitrary
waveform generators (AWG) (Spectrum Instrumentation), synchronized to < ro-ns jitter. The 2-
channel Rearrangement AWG is used for rearranging into defect-free arrangements*’ before the
circuit, the 1 channel of the Rydberg AWG is used for entangling gate pulses, the 4 channels of the
Raman AWG are used for IQ (in-phase and quadrature) control of a 6.8 GHz source”>'? (the global
phase reference for all qubits) and pulse-shaping of the global and local Raman driving, the 2 chan-
nels of the Raman AOD AWG are used for displaying tones that create the programmable light grids
for local single-qubit control, and the 2 channels of the Moving AOD AWG are used for controlling
the positions of all atoms during the circuit. AODs are central to our methods of efficient control *°,
where the two voltage waveforms (one for X-axis and one for Y-axis) control many physical or logical
qubits in parallel: each row and column of the grid simply corresponds to a single frequency tone,
and these tones are then superimposed in the waveform delivered to the AOD (amplified by Mini-
circuits ZHL-sW-1+). The phase relationship between tones is chosen to minimize interference.

Most of the system parameters used in our approach do not have hard limits, but instead result from
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possible trade-offs. In what follows, as an example we detail some design decisions made for the
circuits used in the logical processor work Bluvstein et al Nature 2024.

Zone parameter choices. For simplicity, we keep the entangling zone fixed for all experiments. This
conveniently allows to switch between various experiments, without additional calibrations. We
choose our entangling zone profile, realized by 420-nm and 1013-nm Rydberg “tophat” beams
generated by SLM phase profiles#?, to be homogeneous over a 35-um tall region. As the Rydberg
beams propagate longitudinally, the entangling zone is longer than it is tall. We optimize tophats to
be homogeneous over roughly 250-¢m horizontal extent. Taller regions are also achievable, with a
trade-oft with reduced laser intensity and greater challenge in homogenization. The 250-¢m width
of the zones used here is set by the bandwidth of our AOD deflection efficiency. We position the
readout zone on the other side of the storage zone to further minimize decoherence on entangling
zone atoms.

Our two-qubit gate parameters are similar to our prior work in Ref. *. During two-qubit Ry-
dberg (n=53) gates, we place atoms < 2 um apart within a “gate site”, resulting in 2 450 MHz
interaction strength between pairs, significantly larger than the Rabi frequency of 4.6 MHz. Im-
portantly, due to the use of the Rydberg blockade”*?°, the gate is largely independent of the exact
distance between atoms. Hence, precise inter-atom positioning is not required. Gate sites are sep-
arated such that atoms in different gate sites are no closer than 10 #m during the gate, resulting in
negligible long-range interactions. Throughout this work we use 4 gate sites vertically (s for the
surface code experiment) and 20 horizontally, performing gates on as many as 160 qubits simulta-
neously. Under various conditions, with proper calibration we measure two-qubit gate fidelities in
the range F = 99.3% — 99.5%. We do not observe any error on storage-zone atoms when Rydberg
gates are executed in the entangling zone. Even though the tail of the tophat Rydberg excitation
beams is only suppressed to ~ 0.1x intensity, the two-photon drive is far off-resonant due to the

~ 20 MHz 1013 light shift detuning which is present for the entangling zone atoms 5*. We natively
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realize physical CZ gates; when implementing CNOTs we add physical H gates. We find minimal
two-qubit cross-talk between gate sites, as probed with long benchmarking sequences in Ref.5*. Al-
though Ref. 5% appears to find some small cross-talk seemingly originating from decay into Rydberg
P states, this should be considerably suppressed in the practical operation here due to the ~ 200 us
duration between gates, during which time Rydberg atoms should either fly away or decay back to
the ground state.

Shuttling and transfers. The SLM tweezers can have arbitrary positions, but are static. The AOD
tweezers are mobile, but have several constraints'3**°. In particular, the AOD array creates rectan-
gular grids (but not all sites need to be filled). During the atom moving operations, they are only
used for stretches, compressions and translations of the AOD trap array: i.c., atoms move in rows

and columns, and rows and columns never cross '%'3%

. Arbitrary qubit motions and permutation is
achieved by shuttling atoms around in AOD tweezers, and then transferring atoms between AOD
and SLM tweezers as appropriate. We perform gates on pairs of atoms in both AOD-AOD traps
and AOD-SLM traps, with no observed difference for gate performance as measured by randomized
benchmarking*.

We find that free-space shuttling of atoms (i.e., no transfers) in AOD tweezers comes essentially
with no fidelity cost (other than time overhead), consistent with our prior work *?. Two additional
improvements here are the use of a photodiode to calibrate and homogenize the 2D deflection ef-
ficiency of our 2D AOD:s to percent-level homogeneity across our used region, and engineering
atomic trajectories and echo sequences to cancel out residual path-dependent inhomogeneities. For
example, we move an atom 100 xm away to realize a distant entangling gate, and then before return-
ing the atom, we perform a Raman 7 pulse, so that differential light shifts accumulated during the
return trip cancel with the first trip. Motion is realized with a cubic profile as in Ref.'?, the charac-

teristic free-space movement time between gates is roughly 200 us, and acoustic lensing effects from

the AOD are estimated to be negligible. We pulse the 1013 laser oft during motion to remove loss ef-
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fects from the large light shifts. Note that the 1013-induced differential light shift on the hyperfine
qubit is only kHz-scale but we still ensure its effects are properly echoed out.

Transferring atoms between tweezers '# presents additional challenges. We measure the infidelity
of each transfer, encompassing both dephasing and loss, to be < 0.1%. To achieve this performance,
in our transfer from SLM to AOD, we ramp up the AOD tones’ intensity (with quadratic inten-
sity profile when possible) corresponding to the appropriate sites over a time of 100-200 us to a trap
depth ~2x larger than the SLM trap depth, and then move the AOD trap 1 — 2 gm away over a
time of so-100 us. These time scales can likely be shortened considerably while suppressing errors
using optimal control techniques. During subsequent motion we leave the AOD trap depth at this
2x value. To transfer an atom AOD to SLM we perform the reversed process. During these transfer
processes, the differential light shifts on the transferred atoms are dynamically changing, and can
result in large unechoed phase shifts. As such, whenever possible we engineer circuits such that pairs
of transfers will echo with appropriately chosen 7z pulses. When echoing pairs of transfers is not pos-
sible, we perform 1 cycle of XY4 or XY8 dynamical decoupling during the transfer. Finally, we note
that low-loss transfer is highly sensitive to alignment of the AOD and SLM grid. We fix small optical
distortions between the AOD and SLM tweezer grids by fine adjustment of individual SLM grid
tweezers, which can be arbitrarily positioned, to overlap with the AOD traps as seen on an image
plane reference camera. It is important to adjust the SLM and not the AOD, as small adjustments of
individual AOD tones deviating from a frequency comb causes beating and atom loss.

Dynamical decoupling and local gates. In our circuit design, we engineer our echo sequences in or-
der to cancel out as as many deleterious aspects as possible. We ensure that in our dynamical de-
coupling we have an odd number of 7 pulses between CZ gates (whenever possible), as this echoes
out both systematic and spurious contributions to the single-qubit phase **>5*. We apply appropri-
ate X(7) and Z(7) rotations between local addressing with the local Raman to cancel out errors

induced by the global 7/2 pulses, as well as between pulses of the 420-nm laser (when used for en-
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tangling zone single-qubit rotations'?) to echo out small crosstalk experienced in the storage zone
by the tail of the 420-nm beam. For our global decoupling pulses we use both BB1 pulses*+* and
“SCROFULOUS” pulses 38 To benchmark and optimize coherence during our complex circuits,
we perform a Ramsey fringe measurement encompassing the entire movement and single-qubit gate
sequence and optimize the observed contrast*?. When performing properly, our total single-qubit
error is consistent with SPAM 5%, an effective coherence time of 1-2 s, and the Raman scattering er-
ror of all the Raman pulses?>'?. We note that these measured coherence time include the movement
within and between zones; although we use fewer pulses (typically 1 per movement) than the XY16-
128 sequence used to benchmark 1.5s coherence in Ref.'?, the coherence times here are naturally
longer due to further-detuned tweezers used (852 nm rather than 830 nm.

Local single-qubit gates®*? with the Raman AOD are realized in arbitrary positions in space on
both AOD and SLM atoms. Targeted logical qubit blocks are addressed by a grid illumination of
the logical block. Arbitrary patterns of rotations on the qubit grid (e.g., during color code prepara-
tion) are realized with row-by-row serializing, with the targeted x coordinates in each row simultane-
ously illuminated. The duration of each row is 5-8 us (i.e., several 10s of us for an arbitrary pattern
of rotations), which can be sped up considerably as discussed in the next section. For simplicity we
carefully calibrate rotations on 8o-160 specific sites across the array, but also perform rotations in
arbitrary spots utilizing the nearest calibrated values.

With the local single-qubit gates and entangling zone two-qubit gates calibrated, the entire circuit
is simply defined by the appropriate trapping SLM phase profile, and waveforms for our several
AWG channels and TTL pulse generator. These several channels then program complex, varied

circuits on hundreds of physical qubits.
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Figure 2.26: Compiling quantum circuits to reconfigurable atom arrays. With our collaborators at UCLA (Jason Cong

lab), we developed compilers for atom movements with our currently existing tools *%. Although not presently used

in our experiments, these computational tools are making rapid progress. See Ref. %8 for additional details on this first
work as shown in this figure, and Refs. "7 for recent more advanced and scalable methods.
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Quantum processing with logical qubits

In the following sections, we will discuss various key ideas that we used in, and discovered from, our
experiments in quantum processing with logical qubits. We will then provide more detailed descrip-
tion of the experimental studies that sometimes came out of, and sometimes inspired, these various
key ideas. We’ve studied different ways of entangling logical qubits, different ways of removing en-
tropy from them, different ways of realizing universal and computationally complex processing, and

many different types of encodings.
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3.1 IN CLASSICAL COMPUTING WE OPERATE ON BITS. IN QUANTUM COMPUTING WE OP-

ERATE ON LOGICAL QUBITS.

Perhaps the most striking difference between classical and quantum computing architecture design
is that classical information is intrinsically digital and is intrinsically error-corrected . In particular,
dissipation can be used to correct small imperfections and return all configurations to the same
value”". For this reason, when we do processing in our classical computers, the errors are so low that
we often don’t bother explicitly encoding them in error-correction codes (barring notable examples
like devices in space). Quantum information needs quantum error correction to enjoy the same
digital-type protection, and requires entanglement to create logical qubits. The real analogue to
bits in classical computing is Jogical qubits in quantum computing. The physical qubits are simply
the physical constituents that form the “fabric” of the processor where the logical qubits live via
entanglement.

We should then find ways to operate on individual logical qubits as the fundamental units of our
processor, instead of individual physical qubits. This turns out to mulitplex remarkably well with

optics, and that we can do all of our operations in ways that are entirely parallel.

3.2 TRANSVERSAL GATES

Consider the color code or Steane code in Figure 3.1 (see first chapter for more description). This is
a color code, which for its distance-3 instantiation is the same as the [[7,1,3]] Steane code. Its logical
operators are products of X’s and Z’s along any of the boundaries, and the stabilizers are products of
4 X’s or 4 Z’s on the colored plaquettes 3%,

We don’t want to just correct errors like was described in the first chapter, we want to realize logic

operations. For instance, we would like to realize a Hadamard single-qubit gate, where for physical

qubits applying A transforms X <+ Z, and we would then want that a /ogical Hadamard gate trans-
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= X/Z
m stabilizers

Figure 3.1: Steane code and CNOT propagation. a, Steane code logical operator and stabilizers. b, Propagation of
operators through a CNOT. By applying pairwise CNOTs to the Steane code (and all CSS codes), one realizes a logical
CNOT.

forms X7 <+ Z;. In the Steane / color code, this logical Hadamard can be realized in a remarkably
simple way: just by realizing independent Hadamard on all the physical qubits of the block, e.g. in
the Steane code H%” interconverts X; = X1 XoX;3 and Z; = 212,253, It’s also important that
our logical operations preserve the codespace and don’t introduce a bunch of new errors. We can see
that H%” preserves the codespace as the stabilizers are also just overlapping products of X and Z, and
so the stabilizers interconvert and if all stabilizers = +1 (or are tracked as such) then nothing changes.
One can verify that the logical phase St gate (i.e. a 9o-degree rotation around the Z-axis of the Bloch
sphere) can also be realized as $¥7, and appropriately interconverts the X7 and Y7, operators while
preserving stabilizers (upon multiplying the resulting ¥ stabilizers with the Z stabilizers to return
back to X stabilizers). So we see that we can realize these operations on our logical qubit simply as
tensor products of that same identical operation on the physical qubits of the block.

Importantly, this approach naturally multiplexes with optical techniques. For example, to realize

3%, we use the Raman 2D AOD to create a grid of light beams and simul-

alogical single-qubit gate
taneously illuminate the physical qubits of the logical block with the same instruction. Such a gate
is transversal '>* , meaning that operations act on physical qubits of the code block independently.

132

This transversal property further implies the gate is inherently fault-tolerant'3*, meaning that er-

rors cannot spread within the code block (see first chapter), thereby preventing a physical error from
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Figure 3.2: Logical operations with parallel control. In performing computation with logical qubits, one can realize
operations with parallel controls. For instance, to realize a logical single-qubit gate one does not need to realize a
unique operation to each individual physical qubit in the block, but instead can realize that operation in parallel on all
the physical qubits of the block. Such an operation is transversal, and is natively fault-tolerant. The same is true for
entangling gates: the grids of two logical qubits can be interlaced and a single global pulse of the Rydberg laser can
realize a transversal CNOT in a single step.

spreading into a logical fault. Conceptually, this approach is very appealing as it allows us to real-
ize a high-fidelity, fault-tolerant logical operation simply by taking (effectively) one big “Hadamard
beam” and illuminating our one “big qubit” with this big beam.

Looking at our Steane code example, we can work out that a logical CNOT gate can also be re-
alized transversally 7. A CNOT gate takes X on the control and propagates it onto the target, i.c.
XI — XX, and takes Z on the target and propagates it onto the control, i.e. /Z — ZZ (Fig. 3.1), and
alogical CNOT should do the same thing. Since again, our logical operators are given just by prod-
ucts of X’s or products of Z’s, then if we take two codes and apply a transversal CNOT between
them, it will map X on each control qubit onto the target (and vice versa for Z), and so will just map
Xil; — XiXpand I1Z; — Z;Zp asintended. Similarly, since the stabilizers directly map between
the two codes in the same fashion as they are also products of X and Z, this operation also preserves
the codespace. So one can realize a logical CNOT by just applying pairwise physical CNOT5 between
each twin qubit of two blocks. This example here is for a Steane code, but the same is true for a surface

code: the X7 and Z; are cleanly copied between the two code blocks, and the codespace is again pre-
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served. In fact, the very large family of codes known as Calderbank-Shor-Steane (CSS) codes all have
a transversal CNOT "3%2%13¢_ This is because CSS codes have stabilizers that are products of exclu-
sively X or exclusively Z, and also logical operators that are products of exclusively X or exclusively
Z. This is because CSS codes are constructed from two classical codes - one for correcting X-type
errors and one for correcting Z-type errors - and the CNOT is a classical gate (i.c., CNOT just says if
control is in state 1, then apply a bit flip to the target).

Crucially, this means a similar approach of parallel optical control can realize logical entangling
gates *>*, Specifically, we use the grids generated by our moving 2D AOD to pick up two logical
qubits, interlace them in the entangling zone, and then pulse our single global Rydberg excitation
laser to realize a physical entangling gate on each twin pair of the blocks (Figs. 3.2,3.3). This process

realizes a high-fidelity, fault-tolerant transversal CNOT in a single parallel step.

3.3 THE IMPORTANCE OF THE TRANSVERSAL CNOT

The transversal CNOT has both practical and fundamental implications. From a practical perspec-
tive, it is an exceptionally convenient way to entangle two logical qubits, and can be realized with a
single parallel motion of the atoms and pulse of the Rydberg laser. From a fundamental perspective,
there are physical reasons as to why it is a particularly elegant and direct way of entangling logical
qubit degrees of freedom.

Conceptually, the way that error correction works is that we use entanglement to delocalize a
logical qubit degree of freedom across many physical qubits. But now, if our two delocalized wave-
functions are placed next to each other on a 2D chip, for example, it can be extremely challenging to
get these to entangle. In order to do this, we would have to use methods such as “lattice surgery””?,

which is much more complex and has a much higher overhead, as it requires having this delocalized

information interact through the boundary between the two codes.
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Logical 1 Logical 2

Transversal entangling gate

Logical 1

Figure 3.3: Transversal CNOT. The transversal CNOT allows entangling the two delocalized wavefunctions while re-
maining delocalized and hidden among the many physical qubits of the block.

Conversely, with the transversal CNOT we can just take these two delocalized wavefunctions,
put them right on top of each other, and entangle them while they are still delocalized and pro-
tected. Importantly, as will be discussed more later, in this approach the logic operations are done
directly between the data qubits, as opposed to being mediated via ancilla stabilizer measurements.
The fact that the transversal CNOT realizes logic direcly between data qubits results in significant

simplifications to our error correction.

3.4 ZONED ARCHITECTURE AND EFFICIENT CONTROL

Classical computers leverage abstractions at many different levels in order to enable efficient control.
For example, in order to realize processing on billions of bits with only a few wires, one uses differ-
ent regions of the processor for storage and for logic. Concretely, one takes bits stored in the RAM,

which can be addressed with a logarithmic number of wires, then shuttles this information into the
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Figure 3.4: A programmable logical processor based on reconfigurable atom arrays. a, Schematic of the logical proces-
sor, segmented into three zones: storage, entangling, and readout. Logical single-qubit and two-qubit operations are
realized transversally with efficient, parallel operations. Transversal CNOTs are realized by interlacing two logical qubit
grids and performing a single global entangling pulse that excites atoms to Rydberg states. Physical qubits are encoded
in hyperfine ground states of 87Rb atoms trapped in optical tweezers. b, Fully programmable single-qubit rotations

are implemented using Raman excitation through a 2D AOD; parallel grid illumination delivers the same instruction to
multiple atomic qubits. ¢, Mid-circuit readout and feedforward. The imaging histogram shows high-fidelity state discrim-
ination (500 us imaging time, readout fidelity = 99.8%, Methods), and the Ramsey fringe shows that qubit coherence is
unaffected by measuring other qubits in the readout zone (error probability p ~ 1073, Methods). The FPGA performs
real-time image processing, state decoding, and feedforward (Fig. 4).

CPU / algorithmic logic unit (ALU) for processing, and then shuttles bits back into the RAM ***.

We were directly inspired by this to develop processing regions or zones in our quantum proces-
sor in the aim of developing efficient classical control. Discussions with Michel Devoret were partic-
ularly helpful. Our zoned architecture is depicted in Figure 3.4. The storage zone is used for dense
qubit storage, free from entangling-gate errors and featuring long coherence times. The entangling
zone is used for parallel logical qubit encoding, stabilizer measurements and logical gate operations.
Finally, the readout zone enables mid-circuit readout of desired logical or physical qubits, without
disturbing the coherence of the computation qubits still in operation.

This now gives very convenient ways for operating on our logical qubits as the fundamental units

of the processor. We can take our logical qubit grids and shuttle them around the processor, for
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Figure 3.5: Hand-written note for creating logical GHZ state with Steane codes. Parallel control over logical qubit blocks
as the fundamental units of the processor greatly facilitates programming logical circuits.

example picking up two logical qubits and moving them into the entangling zone to realize a logic
operation, or selectively moving logical blocks to readout. The logical-level control, combined with
the zoned abstraction, enabled us to study many different quantum circuits and error-correction

codes.

3.5 STABILIZER MEASUREMENT AND REMOVING ENTROPY

We have discussed so far how to do logic with the use of transversal operations. But as we do more
and more logic gates, we will create more errors: computation is never perfectly precise, and thereby
necessarily generates entropy *">'*. The error-correction code then allows us to remove errors from
the physical qubits without corrupting the state of the logical qubits. From a physics perspective,

the computation generates entropy, which we then need to remove in one way or another. Remark-
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ably, unitary evolution on the logical qubit degree of freedom proceeds coherently, while dissipative
processes on the physical qubit / stabilizer degrees of freedom serve to remove entropy.

There are many different instantiations of how to do this entropy removal, but they all involve
some form of coupling ‘hot’ degrees of freedom used in the logic to ‘cold’ degrees of freedom for
removing errors, and then resetting the qubits. The standard example is that of stabilizer measure-
ment, where ancillary physical qubits are used to do sequential physical gates to data qubits, thereby
mapping the value of the stabilizer onto the ancilla*. Measuring the ancilla, now, allows us to deter-
mine the value of the stabilizer and thereby removes entropy from the system.

While this is the standard example, there are other methods as well for keeping entropy constant,
and what works best for a particular setting is dependent on context. A simple extension is to take
multiple ancillas and entangle them into a GHZ state that allows extracting the stabilizers from
the data qubits in a single step. This is so-called Shor-style syndrome extraction **, and can have
benefits such as use of flags, or practical benefits such as realizing fewer gates on the data qubits
which may e.g. get heated from doing too many gates. Another option is to initialize an ancilla /og-
tcal qubit with known stabilizers, and then realize a transversal CNOT between the data logical
qubit and the ancilla logical qubit. All the data logical qubit stabilizers (in one basis) now directly
map from the ancilla logical qubit, which can then be projectively measured (and then this can be
repeated for the other basis as well). In certain contexts, this so-called Steane-style syndrome extrac-
tion 37 can have higher thresholds than typical stabilizer syndrome extraction® (although it often
ends up being very similar / identical if the ancilla logical qubit was just prepared with stabilizer
measurement anyway).

Another option to keep entropy constant is not to remove physical entropy from your data log-
ical qubit, but to teleport the logical information from one logical qubit to another. This bares the
benefit that the atoms themselves also change, and so all types of errors (e.g., loss, leakage, heating)

that may have been present on your “used” qubit get left behind on that old block, while the process
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Figure 3.6: Clifford vs non-Clifford. Clifford gates like a CZ gate, by definition, take Pauli operators to other Pauli op-
erators (operator spreading). Non-Cliffords like a CCZ gate, take Pauli operators to superpositions of Pauli operators
(operator entanglement). Clifford circuits can be easily simulated by tracking the Pauli operators, whereas adding
non-Cliffords exponentially increases the simulation complexity with each non-Clifford gate added (under assumptions).

of decoding and feedforward (which can be done exclusively in the software, see below) propagates
the logical qubit information onto the new block. This will come back later as well, and turns out
to be a very convenient way of thinking about quantum processing when one has transversal opera-
tions, because transversal operations allow us to reduce the number of rounds of error correction to

the point that for universal processing we roughly have ~ O(1) teleportation per unit step anyway.

3.6 UNIVERSAL PROCESSING. CLIFFORD AND NON-CLIFFORD OPERATIONS.

One of the big things we have swept under the rug so far is that error correction codes only allow

a discrete set of gates to be directly implemented #7. This is not unique to the fact that we realize
these circuits transversally instead of with lattice surgery, and is in fact fundamental. As we discussed
previously, we need all operations to be discrete and digital in order to be able to correct errors.

In 2D topological error correcting codes such as the surface code or 2D color code, only the
Clifford gates can be done directly / transversally, i.e. {H,S, CNOT}, where H is the Hadamard
gate (creating superpositions on qubits), S is a 9o-degree phase gate around the Z-axis of the Bloch
sphere, and CNOT is the entangling two-qubit gate (note that S'is not directly transversal on the
surface code but is on the 2D color code). By definition, Clifford gates map Pauli operators to other

Pauli operators. This has multiple important consequences. First, while these gates can generate
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superpositions on gubits, they do not generate superpositions on operators. This means that the
state of the whole computation of N qubits can be tracked by simply tracking the N operators as
they propagate throughout the Clifford circuit - while it is not a classical circuit on the level of the
qubits, it is a classical circuit on the level of the operators'. Another related consequence is that
these operations are insufficient for realizing universal processing. For universal processing we need
a non-Clifford gate, which can take Pauli operators to superpositions of Pauli operators: generat-
ing operator entanglement in addition to operator spreading. The two canonical examples are the
T gate, which is a 45-degree rotation around the Z-axis of the Bloch sphere, and a CCZ gate, which
realizes a CZ gate between two qubits controlled on the third qubit being in state |1).

More explicitly, circuits composed solely of stabilizer states and Clifford gates can be simulated in
polynomial time due to the Gottesman-Knill theorem . This can be understood as stabilizer track-
ing: for example, consider a 3-qubit system where a stabilizer of the state is X ® 7 ® I, where X
stabilizes the |4) state and 7 is the identity. Applying two CZ entangling gates CZ; , ® CZ; 3 trans-
forms this stabilizer to X ® Z ® Z, since an X flip before the CZ simply changes whether a Z flip
will be applied to the other qubits. Even though Clifford circuits create superposition and entan-
glement between qubits, the N initial stabilizers of the state can simply be tracked as they propagate
through the circuit (so-called operator spreading **>), and thereby simulation of the circuit can be
easily accomplished.

The eftect of non-Clifford gates, however, is significantly more complex. For example, passing the
stabilizer X ® 7 ® I through a CCZ maps into a superposition of Pauli strings, i.e. X ® / ® I —
1/4XQIQI+XRZQI+X®IQZ—X®Z® Z),asan X flip now changes whether a CZ
operator will be applied on the other qubits, resulting in 4x more operators to track after the single
CCZ. (The CZ operator matrix is simply equal to 1/4 [[®&[+ZQ1+IRZ—Z&Z]). This causes not
only operator spreading, but also so-called operator entanglement*®>. As we apply additional non-

Clifford gates, the number of operators to track will grow exponentially, and eventually will become
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Figure 3.7: T gate teleportation circuit. In 2D codes like the surface and color codes, 7 gates can be implemented via
synthesizing T states and then realizing gate teleportation.

computationally intractable. E.g. state-of-the-art Clifford + 7"simulators can handle roughly 16
CCZ gates**. This is the basis behind our complex sampling circuits with 3D codes in the next
chapter.

When we use 2D codes such as the surface code, we cannot realize transversal non-Cliffords. So
what we end up doing, then, is synthesizing a resource state, such as a magic state or |7) state, and
then teleporting it onto our surface code 7. This can be realized by the standard circuit shown in
Fig. 3.7 with a CNOT gate followed by a feedforward logical S gate. There are fundamental reasons
why it is harder to make states that have magic than states that do not, and broadly as we will discuss
later, we need much more entanglement within our code blocks for having magic or nonClifford-
ness. But for now, a key idea is that one can synthesize the | 7) state on the side and then teleport
itin. Critically however, the teleportation circuit itself is still Clifford, and this will have multiple
important implications.

Armed with a universal gate set such as {H, T, CNOT?}, one can decompose universal unitary
operations with the discrete digital gate set. Each operation is precise and error-corrected, and these
can build analog, continuous angles. This remarkable property is known as the Solovay-Kitaev the-
orem®**', and it allows approximating a unitary transformation such as an arbitrary single-qubit
rotation R (&, @) with a logarithmic overhead. This then allows us to realize analog-type angles with
digital precision and correction - the wave-particle duality mentioned in the first chapter. This will

be experimentally explored in Chapter s.
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3.7 Do WE NEED TO FLIP PHYSICAL QUBITS BACK IN HARDWARE?

Upon having measured our stabilizers, we know where the physical errors are in the system, and
we’ve also collapsed coherent-type errors into incoherent-type physical Pauli X and Z errors. There
is a very natural question: we have already removed entropy from the system, both by projecting
coherent errors into incoherent ones (e.g. Zeno effect, see later) as well as finding them and noting
their locations, so our system is now in a known state. So, do we need to flip the physical qubits
back 7n hardware such that all stabilizers = +1? The answer depends on the function of the stabi-
lizers. In the conventional situation with 2D error correction codes like the surface code and color
code, the answer is no*’, because the role of stabilizer measurement here is simply removing en-
tropy (discussed more below). In situations with more ‘advanced’ QEC codes where transversal
non-Cliffords are allowed, then in fact one does have to guarantee that all stabilizers are defined as
+1 (either through deterministic state creation or by applying physical feedforward flips), as here the
stabilizer constraint and entanglement serves an additional role of constraining the system to allow
universal processing (discussed later).

In the conventional case of the surface code and color codes, universal processing is achieved by
synthesizing and teleporting in magic states or 7 states (a 45 degree rotation around the Z-axis of
the Bloch sphere). In combination with the native Clifford gates in the surface code, this achieves
universal circuits with a discrete, digital gate set of {4, T, CNOT}. However, although the circuit
on the logical qubit level is universal and non-Clifford, the circuit on the physical gubit level is still
just Clifford. This is because the teleportation circuit is still just a Clifford circuit, and it is only
because the ancillary logical qubit is in logical state 7 that one realizes the non-Clifford operation.

As the whole physical circuit is always Clifford, then the physical Pauli-type errors can trivially
be tracked in-software through all physical Clifford gates. So one needs to kzow where the errors

are in each moment and time and track them (or moreso do a best-effort which is sufficiently below
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threshold), but one does not have to physically correct qubits back in hardware. In fact, properly
tracking this error propagation is the correct way to decode these transversal circuits and allows us to
reduce the number of error correction rounds per logic operation we need by a factor of roughly 4.

Although we do not have to physically flip back physical qubits in-hardware, for leakage errors
such as qubit loss, these of course need to be corrected in one way or another in-hardware. Other-
wise, all the qubits will eventually be lost and disappear from the system! These do not necessarily
require feedforward operations either, however. The key is to keep the entropy constant, as we will
show later.

Note, this does not mean that one does not need to do feedforward operations, it only means
that one does not need feedforward on individual physical qubits. But you still need feedforward
operations on logical qubits in the above scheme, to do the teleportation operation. By the time we
do this readout, we need to also know the previous stabilizer measurements we did in order to be
able to correctly infer our logical qubit state and realize the feedforward logical operation. But we
see here that even for this universal processing, we do not need individual physical qubit control for

flipping individual qubits back in-hardware, as we are just directly operating on the logical qubits.

3.8 CONSIDERING ALGORITHMS AS A WHOLE, AND CORRELATED DECODING

Additional details for the description in this section can be found in Refs.'73*'5 8 and Cainetal zoz5.
One of the most significant theoretical advances (so far!) that has emerged from our experiments
has been that of correlated decoding 73" 58 The idea behind correlated decoding is that, if we’re
doing transversal gates between our logical qubits, it makes a lot more sense to decode them together
than separately. This is because transversal operations copy errors between blocks in a deterministic
way ', and the decoding process - where we infer what happened in the system based on the pattern

of measured stabilizers - can use much more information if the correlations between the blocks are
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Figure 3.8: Decoding logical algorithms with transversal gates. (a) Transversal CNOT gates copy physical errors between
logical qubits. (b) These transferred errors flip the same stabilizers on both logical qubits after the CNOT, generating

a hyperedge in the decoding hypergraph connecting the control and target check vertices. (c) Given a physical error
model, the decoding hypergraph for a logical algorithm can track these transferred errors, which can appear as hyper-
edges connecting checks from multiple logical qubits at different points in time.

taken into account. The idea here is very similar to the Steane error correction described above, but
here one tracks the stabilizer propagation between the computational logical qubits, as opposed to a
separate ancilla logical qubit.

Finding the “ground truth” of the correlated decoding was a journey. The upshot, at the end
of the day, is that one can use correlated decoding to realize universal quantum computing with
only O(1) stabilizer measurements round per operation, as opposed to the typical d rounds. This
comes without additional complexity on the classical decoding side compared to a conventional ap-
proach, and in fact corresponds to even less resources due to the reduction of the number of rounds
by O(d). The procedure that works for universal computation is precisely the procedure we used in
the Bell state experiment presented below, which turns out to be the simplest possible example that
accomplishes the key idea.

The key upshot here is that in a transversal Clifford circuit, decoding the logical stabilizer (which
propagates throughout the Clifford circuit) as opposed to individual logical qubits, becomes a prob-
lem that is very similar to decoding a single logical qubit. The correlated decoding effectively just
tracks this propagating operator. Like a single-qubit memory, this can be decoded efficiently with
matching in the case of the surface code. It natively does not require d rounds of stabilizer measure-

ments, because any measurement errors on the ancilla just propagate ‘alongside’ the logical operator.
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And it is fully compatible with realizing universal computation with only 1 round per logical op-
eration, as this is realized as a Clifford circuit on Pauli and | 7) inputs, and the only measurements
(or products of measurements) that one is interested in are the ones which are guaranteed to be in-
sensitive to one is interested in products of measurements that are guaranteed to be insensitive to

initialization errrors on the logical Pauli’s.

3.9 FAST CORRELATED DECODING OF TRANSVERSAL LOGICAL ALGORITHMS

Additional details for the description in this section can be found in Cain et al zoz5, Fast correlated
decoding of transversal logical algorithms.

Jointly decoding logical algorithms with transversal gates can reduce the number of syndrome
extraction rounds by a factor of the code distance 4. Here, we reformulate the problem of decoding
transversal logical circuits by directly tracking relevant logical operator products as they propagate
throughout the circuit, yielding a decoding problem closely akin to that of a single-qubit memory

propagating through time. This procedure results in significantly simpler correlated decoding, re-
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ducing the problem size while maintaining high performance. Specializing to the surface code, this
method enables fast decoding using minimum-weight perfect matching.

Universal quantum computation can be performed via an adaptive transversal Clifford circuit
acting on logical Pauli states and magic state inputs | 7) = %(|0> + ¢7/4 1)) (Fig. 3.10(a)) (over-
line indicates logical qubits). Interestingly, such universal circuits can be fault-tolerantly imple-
mented with O(1) SE rounds per transversal logical operation, even in the presence of mid-circuit
measurements and conditional gates'5®. The essence of this can be understood by tracking how log-
ical Pauli operators propagate through the circuit. Because the actual circuit executed in any given
run is a transversal Clifford circuit (acting on Pauli and non-Pauli inputs), such operators can be
tracked deterministically. For each Pauli initial state, there will be an associated logical Pauli stabi-
lizer. Measurements which anti-commute with any of the propagated logical Pauli stabilizers are
guaranteed to be s0/50 random and thereby provide no information: individually, they do not even
need to be decoded. All other measurements, or more generally products of measurements, commaute
with all logical Pauli stabilizers: their back-propagation terminates on |7) states, which have been
fault-tolerantly prepared, or logical Pauli states in the same basis, which have reliable syndrome in-
formation in this common basis. These measurement products contain non-trivial information, and
must be decoded reliably. By doing so, we can reproduce the logical measurement distribution of
the ideal circuit.

Critically, we find here that these logical products of interest can be reliably predicted using
only the stabilizer measurements along the back-propagation of the operator through the circuit
(Fig. 3.10(b)). This approach vastly simplifies the decoding problem, maintaining high accuracy
while achieving speeds comparable to the logical memory setting. With each new logical measure-
ment, we use the following steps to identify appropriate logical products and interpret the measure-

ment result:

1. Find alogical Pauli product including the current measurement, which commutes with all
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Figure 3.10: Decoding transversal algorithms. (a) Logical measurements in universal computation can be correctly
predicted by decoding logical Pauli products which, when back-propagated through the circuit, commute with all logical
Pauli initializations. Measurement products which anti-commute with a logical Pauli initialization are 50/50 random

and can be assigned randomly. (b) The commuting logical Pauli products can be decoded by tracing back their evolution
through the circuit and decoding only the stabilizers along the resulting path. The decoding problem for these operators
bears similarity to decoding a single logical qubit, where all time-like edges are simple edges, and in the case of the
surface code, MWPM can be applied.

logical Pauli initializations. This can be achieved by solving a system of linear equations. If

one does not exist, assign the measurement randomly and skip the remaining steps.

2. Back-propagate the logical Pauli product through the circuit, recording all stabilizer measure-

ments in the same basis along the propagation path.

3. Decode the logical Pauli product using these relevant stabilizer measurements. In the case of

the surface code, this results in a decoding problem that can be solved with matching.

4. (Optional) In certain cases, the corrections can be committed in software, reducing the size

of future decoding problems.

5. Assign the current logical measurement result using the decoded value of the logical Pauli

product and any prior measurements involved in the product.

This method allows us to realize universal computation with surface code and transversal gates,

using only O(1) stabilizer measurements per logic gate while maintaining high thresholds, and lead-
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Figure 3.11: Matchable decoding and correction strategies. (a) Logical Pauli products are decoded using stabilizer
measurements along their back-propagation through the circuit. (b) During a transversal CNOT, the checks (vertices)

are Zi_lZi (top left), ZiZ‘fH (top right), Z’Z_IZt2 (bottom left) and ZiZ’zZ‘;H (bottom right). A measurement error

on Zi (pink hyperedge) therefore flips three checks, complicating the decoding problem. By decoding only the checks
along the back-propagation of the logical operator, stabilizer measurement errors flip only two checks, enabling efficient
decoding via matching. (c) Logical Pauli products can be decoded independently in parallel. (d) For some circuits, the
corrections for a logical Pauli product can be committed after decoding (i-ii), reducing the size of future decoding prob-
lems (iii).

ing to an overall reduction in decoding complexity. Although the surface code allows for fast decod-
ing via matching, we emphasize this approach applies to generic codes where this procedure directly
enables promoting a memory decoder to an algorithmic decoder, by simply tracking how operators

propagate through transversal gates.

3.10 FAULT-TOLERANT COMPILING

Another key aspect we learned from our experiments is the importance of considering the structure

of an algorithm and how it connects to the structure of the error-correction. Error-correction codes,
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as described above, have a very different set of rules compared to physical qubits - for example, con-
tinuous rotations are hard while entanglement is easy. It is then prudent to consider creative ways to
structure algorithms in ways that are most natively implemented with the native discrete digital gate
setin a QEC code.

We first considered such a fault-tolerant compiling for realizing a classically complex quantum
simulation with [[8,3,2]] codes, described in the next section. The idea here was to take the native
discrete gate set of the code and use it for a quantum scrambling simulation, which works perfectly
well with discrete gates.

These ideas of fault-tolerant compiling have since turned out to be very important in the context
of high-rate quantum low-density parity-check (QLDPC) codes. The idea behind qLDPC codes
is to take many logical qubits and stuff them into a single block, in order to reduce overheads on
number of physical qubits requiredlg. However, once all the logical qubits are overlapping with ea-
chother, it becomes hard to operate on them! An elegant solution is to note that in many algorithms
of interest, all the logical qubits have to do the same thing anyway and the logical qubits can be oper-
ated on in-parallel. Such a fault-tolerant compiling has led us to develop theoretical constructions

with qLDPC codes that reduce overheads for computation, not just storage '5+.

3.1I REDUCTION OF SPACE-TIME OVERHEADS

Quantum error correction has overheads of both space and time. Space overheads correspond to
needing many physical qubits to encode a logical qubit, and time overheads correspond to needing
to do many QEC cycles to do a logical operation. Very often, space and time can be traded off with
each-other, and so usually the most interesting metric is space-time overhead, meaning how many
total time steps on how many total physical qubits®**5.

There are many examples of such space-time tradeofts on both the QEC and algorithm level.
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Figure 3.12: Fault-tolerant compiling. Error-correction codes have specific constraints due to only being able to directly
implement a discrete digital gate set. Structuring the QEC in a way that directly accomplishes a particular algorithm, as
well as being tailored to the hardware, can greatly reduce overheads.

The simplest is that you can often speed up an algorithm by parallelizing>” across more qubits. On
a QEC level, one can reduce the typical 4 rounds by making ancilla logical qubits fault-tolerantly
ahead of time and then doing a transversal CNOT to realize fault-tolerant syndrome extraction in
a single shot: this saves time on your data logical qubit but keeps the overall overhead the same. A
related example is 3D vs 2D codes: 3D codes allow for single-shot error correction**, requiring only
1 cycle per logic operation instead of d, but have a3 space overhead instead of d?. qLDPC codes,
mentioned above, allow storing many logical qubits in a single block with parameters [[z, £, d]],
often leading to a saving of & in space overheads, but since they all need to be addressed serially it
lends to a corresponding increase in time overhead by a factor of £'5*. Many such examples of space-
time tradeoffs exist.

The experimental “discoveries” made below lend to genuine reductions in space-time overheads.
The transversal algorithms and correlated decoding, explored in the context of entangling two d = 7
surface codes into a Bell state with a single round of stabilizer measurement, allows us to reduce the

time overhead by a factor of d for universal computation while reducing the classical decoding com-
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for surface-code-based computaiton. This reduces the space overhead of the computation, but with a corresponding
increase in time overhead due to the intrinsic serialization. See Ref.'*? for additional details. b, Methods for reduced
space-time overhead for computation. By using fault-tolerant compiling techniques, like those realized with our [[8,3,2]]
experiment, one can find algorithms where highly parallel operations on the logical qubit encoded in gLDPC blocks are
well-suited to the algorithm. This results in a genuine reduction to space-time overhead of the computation. See Ref.*>*

for additional details.
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plexity. Although this sounds “to good to be true”, it directly arises from the physics of transversal
gates probed experimentally below. Our implementations of fault-tolerant compiling, developed in
the context of efficient implementation of classically complex quantum scrambling simulations us-
ing [[8,3,2]] codes, has led us to develop qLDPC computations that have true reductions in space-
time overheads > by leveraging the intrinsic parallelism in an algorithm to avoid serialization. We
have also developed clean and simple ways of dealing with leakage like qubit loss in our transversal
algorithms?, leveraging the native role that teleportation plays in quantum error correction, which
will be discussed below. We have also found fundamental requirements that cannot be reduced, for
example the experiments below observe fundamental reasons why logical states with magic require a

certain degree of entanglement within the block. There is clearly still more to learn.

3.12 EXPERIMENTAL STUDIES OF ERROR-CORRECTED PROCESSING

Having overviewed some of the key ideas, the following sections will describe experiments we per-

formed in studying error-corrected processing with logical qubits. The first set of experiments had
the goal of seeing what lessons we can learn from exploring error-corrected algorithms. The second
set of experiments set to cement the core requirements and physical mechanism for a fault-tolerant

computing architecture.
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Experiments with logical qubit algorithms

Additional details for the description in this section can be found in Ref.".

Suppressing errors is the central challenge for useful quantum computing ' '3, requiring quantum
error correction 3> 13044119114 fp large-scale processing. However, the overhead in the realization
of error-corrected “logical” qubits, where information is encoded across many physical qubits for
redundancy 132,136,44 poses significant challenges to large-scale logical quantum computing. Here

we report the realization of a programmable quantum processor based on encoded logical qubits

79



operating with up to 280 physical qubits. Utilizing logical-level control and a zoned architecture in
reconfigurable neutral atom arrays '?, our system combines high two-qubit gate fidelities *, arbi-
trary connectivity '*'?, as well as fully programmable single-qubit rotations and mid-circuit read-
out+3135:6210198197 Qperating this logical processor with various types of encodings, we demon-
strate improvement of a two-qubit logic gate by scaling surface code ''# distance fromd = 3 to

d = 7, preparation of color code qubits with break-even fidelities'*?, fault-tolerant creation of log-
ical GHZ states and feedforward entanglement teleportation, as well as operation of 40 color code
qubits. Finally, using three-dimensional [[8,3,2]] code blocks >+, we realize computationally com-
plex sampling circuitsS with up to 48 logical qubits entangled with hypercube connectivity ** with

26

228 logical two-qubit gates and 48 logical CCZ gates*°. We find that this logical encoding substan-
tially improves algorithmic performance with error detection, outperforming physical qubit fideli-
ties at both cross-entropy benchmarking and quantum simulations of fast scrambling *>75. These
results herald the advent of early error-corrected quantum computation and chart a path toward
large-scale logical processors.

Quantum computers have the potential to significantly outperform their classical counterparts
for solving certain problems*'*. However, executing large-scale, useful algorithms on quantum
processors requires very low gate error rates (generally below ~ 1071%)59 | far below those that
will likely ever be achievable with any physical device "**. The landmark development of quantum
error correction (QEC) theory provides a conceptual solution to this challenge '3>'34¢. The key
idea is to use entanglement to delocalize a logical qubit degree of freedom across many redundant
physical qubits, such that if any given physical qubit fails, it does not corrupt the underlying logical
information. In principle, with sufficiently low physical error rates and sufficiently many qubits,
alogical qubit can be made to operate with extremely high fidelity, providing a path to realizing

large-scale algorithms **. However, in practice useful QEC poses many challenges, ranging from

significant overhead in physical qubit numbers*? to highly complex gate operations between the
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Figure 4.1: A programmable logical processor based on reconfigurable atom arrays. a, Schematic of the logical proces-
sor, segmented into three zones: storage, entangling, and readout. Logical single-qubit and two-qubit operations are
realized transversally with efficient, parallel operations. Transversal CNOTs are realized by interlacing two logical qubit
grids and performing a single global entangling pulse that excites atoms to Rydberg states. Physical qubits are encoded
in hyperfine ground states of 87Rb atoms trapped in optical tweezers. b, Fully programmable single-qubit rotations

are implemented using Raman excitation through a 2D AOD; parallel grid illumination delivers the same instruction to
multiple atomic qubits. ¢, Mid-circuit readout and feedforward. The imaging histogram shows high-fidelity state discrim-
ination (500 us imaging time, readout fidelity = 99.8%, Methods), and the Ramsey fringe shows that qubit coherence is
unaffected by measuring other qubits in the readout zone (error probability p ~ 1073, Methods). The FPGA performs
real-time image processing, state decoding, and feedforward (Fig. 4).

delocalized logical degrees of freedom 7. Recent experiments have achieved milestone demon-
strations of two logical qubits and one entangling gate ''"*#, and explorations of novel encod-
ings 126,Honciuc Menendez et al., Wang et al.,4‘

One specific challenge for realizing large-scale logical processors involves efficient control. Unlike
modern classical processors that can efficiently access and manipulate many bits of information ",
quantum devices are typically built such that each physical qubit requires multiple classical con-
trol lines. While suitable to the implementation of physical qubit processors, this approach poses a
significant obstacle to the control of logical qubits redundantly encoded over many physical qubits.

Here, we describe the realization of a programmable quantum processor based on hardware-

efficient control over logical qubits in reconfigurable neutral atom arrays**. We use this logical pro-
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cessor to demonstrate key building blocks of QEC and realize programmable logical algorithms. In
particular, we explore important features of logical operations and circuits, including scaling to large

codes, fault-tolerance, and complex non-Clifford circuits.

4.1 LOGICAL PROCESSOR BASED ON ATOM ARRAYS

Our logical processor architecture, illustrated in Fig. 1a, is segmented into three zones. The storage
zone is used for dense qubit storage, free from entangling gate errors and featuring long coherence
times. The entangling zone is used for parallel logical qubit encoding, stabilizer measurements, and
logical gate operations. Finally, the readout zone enables mid-circuit readout of desired logical or
physical qubits, without disturbing the coherence of the computation qubits still in operation.

This architecture is implemented using arrays of individual ¥ Rb atoms trapped in optical tweez-
ers, which can be dynamically reconfigured in the middle of the computation while preserving qubit
coherence '+'?.

Our experiments make use of the apparatus described previously in Refs. #>'5*, with key up-
grades enabling universal digital operation. Physical qubits are encoded in clock states within the
ground-state hyperfine manifold (75 > 15'?), and stored in optical tweezer arrays created by a spa-
tial light modulator (SLM)#*'**. We utilize systems of up to 280 atomic qubits, combining high-
fidelity two-qubit gates >*, enabled by fast excitation into atomic Rydberg states interacting through
robust Rydberg blockade?”?, with arbitrary connectivity enabled by atom transport via 2D acousto-
optic deflectors (AODs) . Central to our approach of scalable control, AODs "2#3135:62:101,98,107,123
use frequency multiplexing to take in just two voltage waveforms (one for each axis) to create large,
dynamically programmable grids of light. Fully programmable local single-qubit rotations are re-
alized via qubit-specific, parallel Raman excitation through an additional 2D AOD (Fig. 1b) .

Mid-circuit readout is enabled by moving selected qubits ~ 100 7 away to a readout zone and
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illuminating with a focused imaging beam*”'?, resulting in high-fidelity imaging as well as negligible
decoherence on stored qubits (Fig. 1c). The mid-circuit 3562109817 image is collected with a
CMOS camera and sent to an FPGA for real-time decoding and feedforward.

The central aspect of our logical processor is the control of individual logical qubits as the fun-
damental units, instead of individual physical qubits. To this end, we observe that during a vast
majority of error-corrected operations, the physical qubits of a logical block are supposed to re-
alize the same operation, and this instruction can be delivered in parallel with only a few control
lines. This approach naturally multiplexes with optical techniques. For example, to realize a logical
single-qubit gate '**, we use the Raman 2D AOD (Fig. 1b) to create a grid of light beams and simul-
taneously illuminate the physical qubits of the logical block with the same instruction. Such a gate

132

is transversal '>*, meaning that operations act on physical qubits of the code block independently.

This transversal property further implies the gate is inherently fault-tolerant '3*

, meaning that er-
rors cannot spread within the code block (see Methods), thereby preventing a physical error from
spreading into a logical fault. Crucially, a similar approach can realize logical entangling gates '3>#4,
Specifically, we use the grids generated by our moving 2D AOD to pick up two logical qubits, in-
terlace them in the entangling zone, and then pulse our single global Rydberg excitation laser to

realize a physical entangling gate on each twin pair of the blocks (Figs. 1a,2a). This process realizes a

high-fidelity, fault-tolerant transversal CNOT in a single parallel step.

4.2 IMPROVING ENTANGLING GATES WITH CODE DISTANCE

A key property of QEC codes is that, for error rates below some threshold, the performance should
improve with system size, associated with a so-called code distance **57. Recently, this property has
been experimentally verified by reducing idling errors of a code ''#. Neutral atom qubits can be idly

stored for long times with low errors, and the central challenge is to improve entangling operations
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with code distance. Thus motivated, we realize a transversal CNOT gate using logical qubits en-
coded in two surface codes (Fig. 2). Surface codes have stabilizers that are used for detecting and cor-
recting errors without disrupting the logical state **57. The stabilizers form a 2D lattice of 4-body
plaquettes of X and Z operators, which commute with the X, (Z;) logical operators that run hori-
zontally (vertically) along the lattice (Fig. 2d). By measuring stabilizers one can detect the presence
of physical qubit errors, decode (infer what error occured), and correct the error simply by apply-
ing a software Z; /X correction®”. Such a code can detect and correct a certain number of errors
determined by the linear dimension of the system (the code distance d).

To test the performance of our logical entangling gate, we first initialize the logical qubits by
preparing physical qubits of two blocks in |+) and |0) states, respectively, and performing a single
round of stabilizer measurements with parallel operations'?. While this state preparation is non-
fault-tolerant (nFT) beyond d = 3, we are still able to probe error suppression of the transversal
CNOT (Methods). Specifically, we prepare the two logicals in state [+7) and |0), perform the
transversal CNOT, and then projectively measure to evaluate the logical Bell state stabilizers X}X%
and Z} Z% (Fig. 2c). For decoding and correcting the logical state, we observe there are strong cor-
relations between the stabilizers of the two blocks due to propagation of physical errors between
the codes during the transversal CNOT (Fig. 2b) *5. We utilize these correlations to improve perfor-
mance by decoding the logical qubits jointly, realized by a joint decoding graph that includes edges
and hyperedges connecting the stabilizers of the two logical qubits (Fig. 2b). Using this correlated
decoding procedure, we measure = 0.95 populations in the X7 X7 and Z;Z; bases (Fig. 2¢), show-
ing entanglement between the d = 7 logical qubits.

Studying the performance as a function of code size (Fig. 2d) reveals that the logical Bell pair im-
proves with larger code distance, demonstrating improvement of the entangling operation. In con-
trast, we note that when conventional decoding, i.e. independent minimum-weight perfect match-

ing within both codes*#, is used, the fidelity decreases with code distance. This is in part due to the
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nFT state preparation, whose effect is partially mitigated by the correlated decoding (Methods).

We emphasize that while these results demonstrate surpassing an effective threshold for the entire
circuit (implying we surpass the threshold of the transversal CNOT), such a threshold is higher due
to projective readout after the transversal CNOT. In practice, the transversal CNOT should be used
in combination with many repeated rounds of noisy syndrome extraction'*#, which is expected to

have a somewhat lower threshold and is an important goal for future research.

4.3 FAULT-TOLERANT LOGICAL ALGORITHMS

All'logical algorithms we perform in this work are built from transversal gates which are intrinsi-

132

cally fault-tolerant ">*. We now also use fault-tolerant state preparation to explore programmable

logical algorithms. We use two-dimensional d = 3 color codes 136,21

, which are topological codes
akin to the surface code, but with the useful capability of transversal operations of the full Clifford
group: Hadamard (H), 7/2 phase (S) gate, and CNOT?*". This transversal gate set can realize any
Clifford circuit fault-tolerantly. As a test case, here we create a logical GHZ state. Figure 3a shows
the implementation of a ro-logical-qubit algorithm, in which all ten qubits are first encoded by a
nFT encoding circuit (Methods). Then, five of the codes are used as ancilla logicals, performing par-
allel transversal CNO'Ts in order to fault-tolerantly detect errors on the computation logicals*°, and
are then moved into the storage zone where they are safely kept. Subsequently four computation
logicals are used to prepare the GHZ state, and logical Clifford rotations are used at the end of the
circuit for direct fidelity estimation 5° and full logical state tomography.

We first benchmark our state initialization (Fig. 3b)>>*">"*9. Averaged over the five computation
logicals, we find that by using the fault-tolerant initialization (postselecting on the ancilla logical

+0.04

flag not detecting errors) our |07) initialization fidelity is 99.917 /6%, exceeding both our physical

qubit |0) initialization fidelity (99.32(4)%**) and physical two-qubit gate fidelity (99.5%5*). Then,
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Fig. 3¢ shows the resulting GHZ state fidelity obtained using the fault-tolerant algorithm is 72(2)%
(again using correlated decoding), demonstrating genuine multipartite entanglement. Addition-
ally, one can postselect on all stabilizers of our computation logicals being correct; using this error
detection approach, the GHZ fidelity increases to 99.85™ 1% at the cost of postselection overhead.

Since not all nontrivial syndromes are equally likely to cause algorithmic failure, one can perform
a partial postselection where syndrome events most likely to have caused algorithmic failure are dis-
carded, given by the weight of the correlated matching in the whole algorithm. Figure 3d shows the
measured GHZ fidelity as a function of this sliding threshold converted into a fraction of accepted
experimental repetitions, continuously tuning the tradeoft between the success probability of the
algorithm and its fidelity; e.g., discarding just 0% of the data improves GHZ fidelity to ~ 90%. (As
discussed below, for certain applications purifying samples can be advantageous in improving algo-
rithmic performance.) Finally, fault-tolerantly measuring all 256 logical Pauli strings, we perform
full GHZ state tomography (Fig. 3e).

The use of the zoned architecture directly allows scaling circuits to larger numbers, without in-
creasing the number of controls, by encoding and operating on logical qubits, moving them to stor-
age, and then accessing storage as appropriate. This process is illustrated in Figs. 4a,b, where ten
color codes are made and operated on with parallel transversal CNOTs, moved to storage, and then
more qubits are accessed from storage. Repeating this process four times, we create 40 color codes
with 280 physical qubits, at the cost of slow idling errors of ~ 1% logical decoherence per additional
encoding step (Fig. 4c). These storage idling errors primarily originate from global Raman 7 pulses
applied for dynamical decoupling of atoms in the entangling zone, which could be significantly
reduced with zone-specific Raman controls.

Since mid-circuit readout +3135:0> 101

9%1°7 js an important component of logical algorithms, we
next demonstrate a fault-tolerant entanglement teleportation circuit. We first create a three-logical-

qubit GHZ state [0,0,02) + [1.1717) (Figs. 4d,e) from fault-tolerantly prepared color codes. Mid-
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an nFT circuit, and then 20 transversal CNOTs are used to fault-tolerantly prepare 20 of the 40 codes, whose fidelity

is plotted. Logical decoherence is smaller than the physical idling decoherence experienced during the encoding steps.
d, Mid-circuit measurement and feedforward for logical entanglement teleportation. The middle of three logical qubits
is measured in the X-basis, and by applying a mid-circuit conditional, locally pulsed logical .S rotation on the other two
logical qubits, the state [0,0z) + |171;) is prepared. e, Measured logical qubit parity with and without feedforward,
showing that feedforward recovers the intended state with Bell fidelity of 77(2)% (ZZ parities of 83(4)% not plotted,
Methods). No mid-circuit refers to turning off the mid-circuit readout, and postselecting on the middle logical being

in state |—|—L> in the final readout. By postselecting on perfect stabilizers of only the two computation logicals (error
detection in the final measurement) the feedforward Bell fidelity is 92(2)% (not plotted). In d three of the additional
blocks are flag qubits and the other four are prepared but unused for this circuit.
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circuit X-basis measurement of the middle logical creates [070z) + |1217) if measured as |[+7), and
|0,02) — |121z) if measured as |—7). One recovers |0.0.) + |1.1z) by applying a logical S gate

to the first and third logicals conditioned real-time on the state of the middle logical, akin to the
magic state teleportation circuit’”. Measurements in Fig. 4¢ indicate that while (X7 X7 ) and (Y7 Y7)
indeed vanish without the feedforward step, applying the feedforward correction we recover a Bell
state fidelity of 77(2)%, limited by imperfections in the original underlying GHZ state. By repeating
this experiment without mid-circuit readout and instead post-selecting on the middle logical being
in [4), we find a similar Bell fidelity of 75(2)%, indicating high-fidelity performance of the readout

and feedforward operations.

4.4 COMPLEX LOGICAL CIRCUITS USING 3D CODES

One important challenge in realizing complex algorithms with logical qubits is that universal com-
putation cannot be implemented transversally *7. For instance, when using 2D codes such as the
surface code, non-Clifford operations cannot be easily performed*’, and relatively expensive tech-
niques are required for non-trivial computation 57>*% as Clifford circuits can be easily simulated .
In contrast, 3D codes can transversally realize non-Clifford operations, but lose the transversal H*".
However, these constraints do not imply that classically hard or useful quantum circuits cannot
be realized transversally or efficiently. Motivated by these considerations, we explore efficient real-
ization of classically hard algorithms that are co-designed with a particular error-correcting code.
Specifically, we implement fast scrambling circuits using small 3D codes, which are used for native
non-Clifford operations (CCZ).

We focus on small 3-dimensional [[8,3,2]] codes (Fig. sa)3#*#¢Honcluc Menendez etal, Wangetal. ' \ohich

have various appealing features. They encode three logicals per block, feature d = 2 (d = 4) in the

Z basis (X basis), implying error detection (correction) capabilites for Z (X) errors, and can realize a
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Figure 4.5: Complex logical circuits using 3D codes. a, [[8,3,2]] block codes can transversally realize {CCZ, CzZ, Z,
CNOT} gates within each block, and transversal CNOTs between blocks. By preparing logical qubits in |—|—L), per-
forming layers of {CCZ, Ccz, Z} alternated with interblock CNOTs, and measuring in the X-basis, we realize classically
hard sampling circuits with logical qubits. b, Measured sampling outcomes for a circuit with 12 logical qubits, 8 logical
CZs, 12 logical CNOTs, and 8 logical CCZs. By increasing error detection, the measured distribution converges toward
the ideal distribution. c, Circuit involving 48 logical qubits with 228 logical CZ / CNOT gates and 48 logical CCZs.

d, Classical simulation runtime for calculating an individual bitstring probability; bottom plot is estimated based on
matrix multiplication complexity. e, Measured normalized XEB as a function of sliding-scale error-detection for 3, 6,
12, 24, and 48 logical qubits. For all sizes we observe a finite XEB score which improves with increased error detection.
Diagram shows 48-logical connectivity, with logical triplets entangled on a 4D hypercube. f, Scaling of raw (red) and
fully error-detected (black) XEB from e. Physical upper-bound fidelity (blue) is calculated using best measured physical
gate fidelities. Diagrams show physical connectivity. [[8,3,2]] cubes are entangled on 4D hypercubes, realizing physical
connectivity of 7D hypercubes.
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transversal CNOT between blocks. Most importantly, by using physical { 7', S} rotations (T'is 7 /4
phase gate) one can realize transversal { CCZ, CZ, Z} gates on the logical qubits encoded within
each block, as well as intrablock CNOTs by physical permutation Fonciue Menendez ecal,Wang etal. (Meth-
ods). This gate set allows us to transversally realize the circuits illustrated in Fig. sa,c, alternating
between layers of { CCZ, CZ, Z} within blocks and layers of CNOTs between blocks. Although
transversal / is forbidden, initialization and measurement in either the X or Z basis eftectively al-
lows H at the beginning and end of the circuit.

We use these transversal operations to realize logical algorithms that are difficult to simulate clas-
sically "9+*'°. More specifically, these circuits can be mapped to Instantaneous Quantum Polyno-
mial (IQP) circuits *>'°+"*°. Sampling from the output distribution of such circuits is known to be

classically hard in certain instances 26

, implying a quantum device can be exponentially faster than a
classical computer for this task.

Figure sb shows an example implementation of a 12-logical-qubit sampling circuit. Here, we
prepare all logical blocks in |+) ,, implement a scrambling circuit with 28 logical entangling gates,
and then measure all logicals in the X-basis. Figure sb shows the probability of observing each of the
22 = 4096 possible logical bitstring outcomes, showing that as we progressively apply more error
detection (i.e. postselection) in postprocessing, the distribution more closely reproduces the ideal
theoretical distribution. To characterize the distribution overlap, we use the cross-entropy bench-
mark (XEB) >, which is a weighted sum between the measured probability distribution and the ideal
calculated distribution, normalized such that XEB=1 corresponds to perfectly reproducing the ideal
distribution, and XEB=0 corresponds to the uniform distribution which occurs when circuits are
overwhelmed by noise. Consistent with Fig. sb, the 12-logical-qubit circuit XEB increases from
0.156(2) t0 0.616(7) upon applying error detection (Fig. se). We note that XEB should be a good
fidelity benchmark for IQP circuits (Methods).

We next explore scaling to larger systems and circuit depths. To ensure high complexity of our
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logical circuits, we use nonlocal connections to entangle the logical triplets on up to 4D hypercube
graphs, which results in fast scrambling89. Exploring entangled systems of 3, 6, 12, 24, and 48 log-
ical qubits, in all cases we find a finite XEB score which improves with increased error detection
(Figs. se,f). The finite XEB indicates successful sampling, and the improvement with error detection
shows the benefit of using logical qubits. While this improvement comes at the cost of measurement
time due to error detection, improving the sample quality cannot be replaced by simply generating
more samples. Thus, improving the XEB score yields significant practical gains. We obtain an XEB
of = 0.1 for 48 logical qubits and hundreds of nonlocal logical entangling gates, up to roughly an
order of magnitude higher than previous physical qubit implementations of similar complexity 5,
showing the benefits of a logical encoding for this application.

Assuming our best measured physical fidelities, the estimated upper-bound for an optimized
physical qubit implementation in our system is also significantly below the measured logical XEB
(blue line in Fig. sf, Methods). In attempting to run these complex physical circuits, in practice
we find that realising non-vanishing XEB is significantly more challenging; we confirm with small
physical instances that we measure values well below this upper-bound (Methods). In addition to
the error-detecting benefits, it appears the logical circuit is significantly more tolerant to coherent
errors, exhibiting operation that is inherently digital, just with imperfect fidelity, consistent with
theoretical predictions*>. We also note that for the logical algorithms we optimize performance by
optimizing the stabilizer expectation values (rather than the complex sampling output), providing
further advantage for logical implementations.

Our 48-logical circuit, corresponding to a physical qubit connectivity of a 7D hypercube, con-
tains up to 228 logical two-qubit gates and 48 logical CCZ gates. Simulation of such logical circuits
is challenging due to the high connectivity (rendering tensor networks inefficient) and large num-
bers of non-Cliffords**. To benchmark our circuits, we structure them such that we can leverage

an efficient simulation method (Methods) which takes ~ 2 seconds to calculate the probability of
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Figure 4.6: Logical two-copy measurement. a, Identical scrambling circuits are performed on two copies of 12 logical
qubits, and then measured in the Bell basis to extract information about the state. Z basis measurements are corrected
with an [[8,3,2]] decoder (when full error detection is not applied). b, Measured entanglement entropy as a function of
subsystem size, showing expected Page-curve behavior® for the highly scrambled state, improving with increased error
detection. ¢, Measured and simulated magic (associated with non-Clifford operations) as a function of number of CCZ
gates applied, performed on two copies of scrambled 6-logical-qubit systems. d, Pauli string measurement and zero-
noise extrapolation using logical qubits. Plot shows the absolute values of all 412 payli string expectation values, which
only have five discrete values for our digital circuit; Pauli strings with the same theory value are grouped. By analyzing
with sliding-scale error detection we improve toward the theoretical expectation values (squares) while also improving
toward a purity of 1. By extrapolating to perfect purity, we extrapolate the expectation values and better-approximate
the ideal values (shaded regions are statistical fit uncertainty).

each bitstring (Fig. 5d). Modeling noise in our logical circuits is even more complicated, as they are
composed from 128 physical qubits and 384 T gates, thereby making experimentation with logical

algorithms necessary to understand and optimize performance.

4.5 QUANTUM SIMULATIONS WITH LOGICAL QUBITS

Finally, we explore the use of logical qubits as a tool in quantum simulation, probing entangle-
ment properties of our fast scrambling circuits, potentially related to complex systems such as black
holes'5:%9. In particular, we utilize a Bell-basis measurement made on two copies of the quantum

state (Fig. 6a), which is a powerful tool that can efficiently extract many properties of an unknown
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state 3975 With this two-copy technique, in Fig. 6b we plot the measured entanglement entropy
in the scrambled system. We observe a characteristic Page curve '*5 associated with a maximally en-
tangled, highly scrambled, but globally pure state. These measurements also reveal a final state pu-
rity of 0.74(3), compared to the measured XEB of 0.616(7) in Fig. sf, consistent with XEB being a
good proxy for the final state fidelity. Despite postselection overhead, we find error detection signifi-
cantly improves signal-to-noise here, as near-zero entropies are exponentially faster to measure.
Two-copy measurements can also be used to simultaneously extract information about all 4N
Pauli strings7*. Using this property and an analysis technique known as Bell difference sampling *
we experimentally evaluate and directly verify the amount of additive Bell magic®® in our circuits
as a function of number of applied logical CCZs (Fig. 6¢). This measurement of magic, associated
with non-Clifford operations, quantifies the number of 7"gates (assuming decomposition into 7)
required to realize the quantum state by observing the probability that sampled Pauli strings com-
mute with each other (see Methods). Moreover, combining encoded qubits and two-copy measure-
ment allows for additional error mitigation techniques. As an example, Fig. 6d shows the measured
absolute expectation values of all 41 logical Pauli strings with sliding-scale error detection. Since
in the two-copy measurements, for each error detection threshold we also measure the overall sys-
tem purity, we can extrapolate our expectation values to the case of unit-purity (zero-noise)**. This
procedure evaluates the averaged Pauli expectation values to &~ 10% relative precision of the ideal

theoretical values spanning several orders of magnitude (Methods).

4.6 OuTLOOK

These experiments demonstrate key ingredients of scalable error correction and quantum informa-
tion processing with logical qubits. In addition to implementing the key elements of logical pro-

cessing, our approach demonstrates practical utility of encoding methods for improving sampling
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and quantum simulations of complex scrambling circuits. Future work can explore if these methods
can be generalized e.g. to more robust, higher-distance codes and if such highly entangled, non-
Clifford states could be utilized in practical algorithms. We note the demonstrated logical circuits
are approaching the edge of exact simulation methods (Fig. 5d), and can readily be used for explor-
ing error-corrected quantum advantage. These examples demonstrate that the use of novel encoding
schemes, co-designed with efficient implementations, can allow one to implement particular logical
algorithms at reduced cost.

Our observations open the door for exploration of large-scale logical qubit devices. A key future
milestone would be to perform repetitive error correction '# during a logical quantum algorithm
to greatly extend its accessible depth. This repetitive correction can be directly realized using the
tools demonstrated here by repeating the stabilizer measurement (Fig. 2) in combination with mid-
circuit readout (Fig. 4). The use of the zoned architecture and logical-level control should allow our
techniques to be readily scaled to over 10000 physical qubits by increasing laser power and opti-
mizing control methods, while QEC efficiency can be improved by reducing two-qubit gate errors
t0 0.1%°*. Deep computation will further require continuous reloading of atoms from a reservoir
source '*5'°7. Continued scaling will benefit from improving encoding efficiency, e.g. by using

uantum low-density-parity-check (QLDPC) codes *#Xu ¢t ytilizing erasure conversion "5 >3
q P q g

98 as well as ad-

or noise bias*”, and optimizing the choice of (possibly multiple) atomic species >
vanced optical controls®3. Further advances could be enabled by connecting processors together in
amodular fashion using photonic links or transport **#3, or more power-efficient trapping schemes

such as optical lattices '+°

. Although we do not expect clock speed to limit medium-scale logical sys-
tems, approaches to speed up processing in hardware 5 or with nonlocal connectivity *” should
also be explored. We expect that such experiments with early-generation logical devices will enable

experimental and theoretical advances that dramatically reduce anticipated costs of large-scale error-

corrected systems, accelerating development of practical applications of quantum computers.
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Physical mechanisms for a fault-tolerant

quantum architecture

Additional details for the description in this section can be found in Ref- 18
Quantum mechanics exhibits features, such as superpositions and a continuous state space, that
make it powerful for computation '3, However, these same features make quantum computers

extremely fragile”*. Classical computers, in contrast, are composed of intrinsically robust digital bits
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Figure 5.1: Exploring the building block for scalable fault-tolerant quantum computation. a, To implement error-
corrected computation, the logical information is encoded physical qubits and digital gates are used to apply unitary
evolution on the logical level. Multiple key building blocks ranging from logic gates, logical teleportation and below-
threshold entropy removal are required for scalable implementations. b, Removing errors with repeated error-correction.
Stabilizer measurement on d=5 surface code is interspersed with global coherent errors on the data qubits. Repeated
correction reduces error build-up through both the Zeno effect and error tracking. ¢, Spin-to-position conversion for
non-destructive qubit readout. Readout is accomplished with a state-selective 1D lattice that splits the spin-state.

that are robust to imperfections, due to the use of dissipation”'. At first glance, quantum computa-
tion cannot allow this, since dissipation would destroy the coherent, unitary evolution. Moreover,
because the quantum wavefunction evolves in a continuous state space, it is highly sensitive to im-
perfections — large-scale algorithms, for example, require qubit rotations to have a precision of
1071459,

Remarkably, quantum error correction enables unitary evolution at the logical-qubit level while
applying dissipation to the physical degrees of freedom to suppress error accumulation. While
such stabilizing mechanisms arise naturally in classical systems, they must be carefully engineered
in quantum systems. Achieving robust, digital quantum operations involves a range of compo-
nents>57, and various methods exist for realizing them. In this work, we identify and implement
the core physical mechanisms required for digital, fault-tolerant quantum computation, along with
scalable methods for their use in algorithms. Through this, we uncover simplified approaches for

achieving robust operation and effective error correction. In addition to observing long-theorized
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behaviors central to quantum information science, these results provide a deeper understanding of
these foundational mechanisms and can help guide the design of future algorithms, QEC protocols,
and hardware architectures.

Figure 1a depicts the core ingredients required for scalable, fault-tolerant implementation of
unitary logical evolution. Scalable fault-tolerant implementations require multiple key features, ul-
timately resulting in a logarithmic overhead for running arbitrary computations?. Logic gates are
used for entangling logical qubits. However, this computation generates entropy due to imperfec-
tions”', which must then be removed. Scalable operation involves removing newly created errors,
such that the entropy remains sufficiently low and exponential error suppression can be achieved by
increasing code distance **. Finally, universal processing requires measurement and teleportation to
achieve universal gate sets®*' and introduce non-unitary evolution on the physical data qubits.

We study these using a logical processor described previously 7, with key upgrades enabling deep,
universal error-corrected circuits. Physical qubits are encoded in hyperfine clock states within ¥ Rb
atoms, and high-fidelity entangling operations are realized via fast excitation to Rydberg states*?.
Hundreds of atoms are stored in optical tweezers generated by a spatial light modulator (SLM) in
storage, entangling, and readout zones. Quantum circuits are programmed by shuttling qubits in
the middle of the computation with a 2D acousto-optic deflector. Crucially this system provides
massive control parallelism over logical qubit blocks where for logic gates, repeated error correction,
and even universal computation, all the physical qubits within the logical block realize identical
operations that can be delivered as parallel instructions with optical control.

Key upgrades enable delayed erasure detection of atoms for improved QEC performance '5'7,
as well as techniques for re-initialization and re-use mid-circuit, further enabling an improvement
in experimentaly cycle rate by two orders of magnitude. Fig 1c shows a diagram of non-destructive
readout with a one-dimensional circularly polarized optical lattice in the readout zone. The opti-

cal lattice is spin-selective '+?, pinning one qubit state in its starting tweezer location, and a second
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Figure 5.2: Role of stabilizer measurement in logic operations. a, Atom images illustrating two-qubit logic gates and
stabilizer measurement. Lattice surgery is realized via measuring logical product and transversal gates are realized

via atomic motion. b, Dependence of error of the logic operation on the ancilla measurement error. For transversal
operations, ancilla measurement errors (injected in post-processing) weakly reduce the error per logical operation, while
for lattice surgery the fidelity decays sharply. ¢, N repeated logic operations are interspersed with rounds of stabilizer
measurement (QEC). Transversal CNOT has lower error than lattice surgery (left), and has an optimum of roughly 3
CNOTs per round, as seen most clearly with modest postselection (right).

tweezer drags away the unpinned atom into a different position. Conventional camera-based read-

out of the atomic position then realizes the readout, and subsequently the atoms can be returned to

their initial location.

5.1 STABILIZER MEASUREMENT DURING ALGORITHMS

We first study the role of stabilizer measurement in stabilizing a logical quantum bit. In Fig. 1, we
create a distance-5 surface code logical qubit and perform five rounds of stabilizer measurement.
Data qubits are held in static potentials in the entangling zone, and an ancilla block is moved over to
perform parallel entangling operations. After extracting the stabilizer checks, the ancilla is moved to
the storage zone, and a new ancilla block is brought in to repeat the cycle.

To evaluate how repeated stabilizer measurements remove error, we inject global coherent errors
at regular intervals. Repeated correction during these intervals significantly suppresses logical error,
as coherent errors are projected into incoherent ones (quantum Zeno effect) and tracked. Notably,
although the injected errors are global, stabilizer measurements result in uncorrelated physical errors

(Fig. 1b)*>. Furthermore, these coherent physical errors do not translate to the logical level (Fig. 1c),

I00



with logical rotations further suppressed by the randomness of stabilizer projections (Methods).
We next study stabilizer measurements during logic operations using lattice surgery”* and transver-

sal gates 3%

. In the transversal case, we apply three rounds of N repeated CNOTs between two
surface codes, interleaved with two rounds of stabilizer checks. In the lattice surgery case, we per-
form a ZZ measurement using two rounds of stabilizer checks”*. To explore their differing roles, we
introduce ancilla measurement errors in postprocessing (Fig. 2b). In the transversal setting, gate per-
formance degrades mildly with increasing error, while in lattice surgery, logical entanglement rapidly
degrades. This highlights a key distinction between the two cases. In the transversal gate setting, the
logic is realized direcly between the data qubit pairs, and stabilizers play the role of entropy removal,
whereas in lattice surgery, the ancilla measurements directly perform the logic operation and have to
be made accurately.

Although conventionally d rounds of stabilizer measurements are assumed per gate, in transversal
settings — where stabilizer measurements only remove local entropy — only O(1) rounds should
be required '73>"5%. We test this hypothesis by studying performance as a function of N repeated
CNOT gates between the two logical block, interleaved with two QEC cycles. We find optimal
performance for several CNOTs per QEC round, and using postselection on decoding confidence
(Methods), observe that three CNOTs per round is optimal at low error rates. These results are
consistent with theoretical predictions for universal computation with these decoding techniques
using S 1 QEC round per transversal operation *>'5%. Importantly, we emphasize that even for

universal computation with surface codes, no physical qubit reset is needed - once error locations are

known, they can simply be tracked in-software throughout the physical Clifford circuit’”.
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5.2 BELOW-THRESHOLD PERFORMANCE

QEC performance is enhanced by extracting as much information as possible about which errors
have occurred. As roughly half of our errors are qubit loss, directly detecting the loss provides sig-
nificant information in addition to inference on error locations inferred by stabilizer measurement
results. Such direct detection of an error - a so-called erasure error - has been highlighted by recent
theoretical studies to greatly improve QEC performance'S*. Accordingly, we use our lattice-based
spin-to-position conversion readout '#’ to directly detect qubit loss that occurred during the re-
peated QEC as seen in Fig 3a. As such erasures are not detected immediately upon happening, we
refer to them as a delayed erasure’.

We find that loss plays a major role in repeated QEC with neutral atoms. As theoretically pre-
dicted, we observe that qubit loss results in flickering stabilizer patterns which create time-correlations
between detected error events (Fig 3b). Leveraging the delayed erasure information we create su-
perchecks that are robust to the lost atom, and thereby data loss does not increase the detected error
fraction (Fig 3c¢). This significant difference suggests that using the loss information in decoding
can greatly improve performance”, which we realize via most likely error methods as well as machine
learning trained on simulated and experimental data (Fig 3f, Methods).

We now characterize repeated QEC performance as a function of the code distance d*. We find
that after four rounds of repeated error correction, d=5 has a 2.10(12)x lower error than d=3, show-
ing below-threshold behavior for this characterization circuit. We note that while clearly below
threshold for the repeated QEC here, theoretically the threshold will get worse by roughly ~ 1.1x
when also incorporating ~ 1 transversal gate per QEC round, and worse by ~ 1.2x in the limit of
many repeated rounds. The average error during the four rounds of error correction is 0.6% per
round for the d=5, and reduces toward 0.1% per round on shots with no qubit loss (Fig 3¢), again

highlighting the role of loss and delayed erasure detection. Although these results indicate promis-
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Figure 5.4: Synthesizing analog angles with fault-tolerant digital gates. a, Programmable angles R(ﬁ, @) are realised

by an alternating sequence of H and T gates. Circuit shows an implementation of such a sequence with T implemented
transversally and H implemented via teleportation. b, Subjecting codes of various dimensionality to global rotations.
Plateaus are seen at robust angles where the stabilizer also revives. 3D codes, only with all positive stabilizer signs,
have an additional plateau at T angles.c, Generated angles using entangled Reed-Muller codes, measured by single qubit
tomography, for different total number of T gates. Experiment is consistent with theory (crosses) within statistical error.
d, Minimum separation between generated angles decreases exponentially with length of sequence, as predicted by the
Solovay-Kitaev theorem. Bloch sphere shows all measured angles.

103



ing performance, large-scale computation will require reducing physical errors by another factor of
~ S; we provide a tabulation of estimated error contribution in Fig 3f and discuss in the Methods

how these physical improvements can be made.

5.3 ANALOG EVOLUTION WITH DIGITAL GATES

In the above we characterize the role that repeated error correction plays in removing errors created
during logic operations, and find that such performance improves with increasing system size. Crit-
ically however, these correctable logical operations are necessarily discretized, digital gates. This is
necessary in order to be correctable and robust to imperfections in, for example, miscalibrations in a
global angle 6.

The Solovay-Kitaev theorem guarantees that arbitrary single-qubit rotations can be approxi-
mated to exponential precision using only digital gates like // and 7%534'. Alternating layers of
fault-tolerant H, T, and X gates enable access to a dense set of angles (Fig. 4a). Since /£ and T cannot
simultaneously be implemented unitarily in a fault-tolerant way*7, we use teleportation to realize
the H gate'"®. This approach bypasses the Eastin-Knill theorem * and naturally removes entropy
via measurement and feedforward 2*"37.

Figure 4b explores fault-tolerant 7"gate generation using 3D color codes. We compare unencoded
qubits, 2D color codes (Steane) '3°, and 3D color codes (Reed-Muller) under global & rotations**¢.
Asin Fig. 1, errors are suppressed by the Zeno effect and error correction near allowed angles. Cru-
cially, 3D codes exhibit robustness at 7"angles due to their transversal 7"gate**. Combined with
teleportation-based H gates, this enables universal processing. While we study the core physics here
with 3D color codes, the same principles underpin many techniques including magic state distilla-

tion (Methods)>7.

Figure 4c shows the set of angles generated by the circuit in Fig. 4a using up to three 7"gates. The
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resulting logical states span a range of points on the Bloch sphere and match the expected angles
with high precision (within statistical uncertainty; see Methods). As predicted by the Solovay-Kitaev
theorem ®5', the angular spacing between accessible states shrinks exponentially with the number of
T gates, enabling precise synthesis of arbitrary rotations with only a logarithmic number of steps?.
These results emphasize two key points. First, teleportation is a core enabling mechanism for
universal processing, allowing analog rotations to be built from digital gates while breaking the con-
straints of the Eastin-Knill theorem. Due to our ability to realize transversal gates and teleportations,
the state synthesis and state measurement natively accomplishes constant entropy operation '*”
without the need for additional repeated stabilizer measurement. Second, the role of stabilizers dif-
fers fundamentally when generating logical magic. For Clifford circuits, stabilizer measurements
primarily remove entropy. But for transversal 7"gates, correct stabilizer signs (e.g., +1 eigenvalues)

are required to realize the operation (Fig. 4b). This reveals a direct connection between logical magic

and the underlying physical entanglement structure (Methods) 7.

S-4 DEEP CIRCUITS AT CONSTANT ENTROPY

To support deep-circuit computation on the logical level, it is important that the processor is kept
at a constant entropy (Figure sa)’. Computation inevitably introduces errors in the physical qubit
state, as well as increasing entropy in the degrees of freedom of the physical atoms. Transversal tele-
portation is a direct approach to guarantee the computation remains at constant entropy, as the
logical information propagates to a new block while the physical errors, and used physical atoms,
get left behind on the previous block. Measuring this block then accomplishes reset, recooling, and
reinitialization of the physical atoms. And when the block is prepared again, it is again at a low en-
tropy, and this ensures that the overall computation stays at a constant entropy.

To realize such constant entropy behavior we ensure the atom internal state, atom temperature,
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Figure 5.5: Architecture for constant-entropy computation. a, Image of processor and illustration of process for
removing entropy generated by computation. b, Rabi oscillations measured by reuse of atoms with 150 cycles of
non-destructive measurement and reinitialization. Each curve is one experimental repetition averaged over 200 atoms
in parallel. 3D cooling methods are used in this subplot as coherence does not need to be preserved. c, Local cooling
with 1D PGC and EIT. The finite magnetic field is compensated simply by applying a relative detuning between the

two circularly polarized counterpropagating beams, lending to a rotating frame where the effective field is zero. The
loss is constant as a function of time and recovers to steady state within one cycle after applying a perturbation to the
system (dashed line). Additional shielding of the data qubits is provided by a 1530 shielding laser (not pictured here, see
Methods).
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Figure 5.6: Deep circuits at constant entropy. a, Schematic of a 2D cluster state of Steane codes in space and time. The
same atomic qubits are reused every other time layer for up to 27 layers. b, Repeated logical state preparation. The
stabilizer error is constant as a function of cycle, and the loss grows slightly as the qubit reservoir is slowly depleted.

¢, Logical and physical correlations in 1D (top) and 2D (bottom) cluster states. Logical correlations persist while stabi-
lizer error correlations rapidly decay. d, Logical-level evolution is unitary and allows the logical operator to propagate
throughout the algorithm whereas physical-level evolution is dissipative and does not let physical errors propagate.

and atom filling are all reinitialized. We use the lattice to measure the internal state non-destructively
(Fig. 1¢). For reinitializing the atom temperature, whereas typical atomic physics techniques operate
using 3D beams in zero magnetic field, we develop methods that enable high-fidelity imaging and
cooling operating with 1D beams and in a finite field (Fig. 5c)*>"*®3¢ while also keeping the data
qubits coherent (Methods)7#. Finally, holes in the array are refilled by atoms from a reservoir. With
all these methods combined, in Fig. ¢ we measure the performance when subjecting the atoms

to all the operations (except entanglement) involved for a deep circuit. Applying a perturbation

on the sth cycle, we find that the atomic filling and temperature quickly recover to a steady-state.
The 1D methods nearly reproduce the conventional 3D performance, limited by tweezer-depth
inhomogeneity (which we found at the end of our measurements). Such continuous operation
experiments also allow for fast experimental cycle rates. As an example of this, we study fast Rabi
calibrations with a 4-ms cycle time in Figure sb.

Having established repeated reinitialization of the physical atom, we implement repeated reini-
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tialization of the logical block 37 as a constant-entropy resource. We create 32 blocks of [[7,1,3]]
codes (16 blocks per alternating group) for up to 27 layers. Importantly, we find that the stabilizer
expectation value is constant as a function of the cycle number, indicating a steady-state internal
entropy. We note that while the entropy is constant, our fidelity here is limited by multiple sub-
optimalities in our circuit design structure which we chose for creating generic hypercube codes,
and can be improved significantly for future experiments (Methods).

As an example algorithm, we entangle the [[7,1,3]] codes in both the time and space direction to
realize 1D and 2D cluster states and probe the resulting correlations. In Figure 6¢ we plot the cor-
relations on both the algorithm level as well as the physical error level by calculating the correlator
(Z:Z;) — (Zi)(Z;) between events in both time and space. On the logical-qubit level we observe the
expected correlations between logical outcomes corresponding to successful algorithm evolution,
with a decay with distance corresponding to an implicit algorithmic error rate, which is dependent
on the internal entropy as seen by a varying acceptance fraction. Conversely, for the internal stabiliz-
ers and physical errors, we observe the correlations are rapidly suppressed. This is because, whereas
the logical decoding and logical feedforward (here done in-software) maintains unitary evolution
on the logical level, the physical-level circuit results in errors traveling maximum 1 layer, and thereby

guarantees that the algorithm proceeds at constant entropy.

5.5 OuTLOOK

These experiments isolate and demonstrate the core mechanisms required for scalable, fault-tolerant
implementations of arbitrary algorithms as well as their implementations with neutral atoms. Re-
moving entropy from logic gates, below-threshold performance, synthesis of arbitrary angles, and
deep circuits at constant entropy are all essential ingredients of large-scale processing with scalable

overheads. Although these key elements are all demonstrated separately here, future work can com-
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bine them to enable advanced fault-tolerant processing. Although here the reservoir slowly depletes,
in a companion paper on a separate apparatus, we demonstrate coherent continuous operation

on over 3000 atomic qubits by continuous replenishment, with techniques fully compatible with
the methods presented here. Taken together, these techniques can enable small-scale fault-tolerant
implementations of arbitrary algorithms. While currently approximately a factor of 2 below the
threshold, this needs to be maintained in the deep-circuit context as well as improved by a factor of
3-5 (see Methods).

Our experiments further elucidate core physical mechanisms and highlight questions in QEC al-
gorithm design. It is found that the transversal gate setting requires less entanglement within the
logical block to realize logic operations compared to the lattice surgery setting. Conversely, en-
tanglement is found to play a central role in realizing logical magic. Such an observation hints to
a potential deeper understanding of the essential elements of protecting algorithmic outputs as op-
posed to individual qubits. The central role of transversal teleportation, and its ability to keep errors
from propagating, also highlights that consideration of entropy on both the qubit states as well as
the physical atoms is important in the design of fault-tolerant architectures. Establishing the core
foundations of fault-tolerant computation, these results help illuminate the path forward toward

large-scale computation.
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What comes next?

6.1 SUMMARY

In the above chapters, we described methods we developed for realizing quantum computation
with neutral atoms as well as exploring error-corrected algorithms. We learned a lot about what is
involved in running error-corrected algorithms, although there is clearly still much to learn. We

found that understanding the core physics of the logical qubits is illuminating to understanding



Working with error-corrected qubits: a new scientific frontier
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Figure 6.1: Physical and logical qubits are very different objects. Whereas we have experimentally studied physical
qubits - i.e. two-level quantum systems - for nearly a century, logical qubits are very new to us. They behave in very
different and strange ways. If we are using quantum computers in the future, which we expect is very likely, then it is
extremely likely that they will be made out of logical qubits. How exciting and fun it is that we get to start exploring
them and see how they behave.

ways to improve the quantum error correction.
The prudent question: what comes next from here? For one, it is becoming extremely clear that
quantum error correction actually does work, and that you can suppress errors by increasing code

distance. The progress will - quite literally - continue to be exponential from here.

6.2 SCIENCE OF LOGICAL QUBITS

What (hopefully) was also clear from the above is that logical qubits are extremely interesting and
understanding them is a rich science and physics frontier. We have been working with physical
qubits since the 40’s (spins in NMR), and remarkably, all these qubits behave the same - whether
they are photons, spins, superconductors, mechanical oscillators, or so on. The reason these qubits
behave the same is that they are two-level systems. We have developed extremely good intuition

for these - Rabi oscillations, notions of gate fidelities, and so on. Logical qubits however, are no-
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+ Readout zone: measure qubits in parallel without disturbing active / idle data qubits

« Atom loading zone: replenish atoms indefinitely for running arbitrarily deep circuits

« Remote entanglement zone: generate remote Bell pairs for connecting separate processors

Figure 6.2: Expanding current tools to a large-scale processor. Atom re-loading zones facilitate running arbitrarily
deep circuits, and remote entanglement zones facilitate using networking to attain larger sizes as well as explore other
applications of quantum systems.

tably 7ot two-level systems - they are many-level systems. As such, they can behave in complex and
surprising ways! For example, with a physical qubit the notion of “gate fidelity” is very clear and
well-defined: you either do the operation you asked for, or you do something exactly orthogonal
with some probability p. What is gate fidelity with logical qubits? As discussed above, it is clearly
entropy-dependent, so even just having a single number cannot be a good enough description any-
more. As we also discussed above, it often doesn’t make too much sense to think about the logical
qubit block, it often makes more sense to think about the logical operator which spreads through-
out the circuit. This is not such a surprise, since a “logical qubit” is anyway just an abstracted log-
ical unit of quantum information, which can spread throughout the circuit in various complex
ways. The things that physical qubits and logical qubits can natively do are also strikingly different
- the “native evolution” of physical qubits is often analog evolution under Hamiltonian dynamics,

whereas the “native evolution” of logical qubits is often digital evolution under Clifford circuits.
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Figure 6.3: Connecting modules via remote Bell pairs. Logical qubits in each module are realized using an array of

atoms and connected using teleported gates. The Bell pairs are generated using either a lens, an optical cavity, or an

array of optical cavities. See Ref. 134 for additional details. Importantly, the fidelity threshold of required Bell pairs in

such a scheme is only 10% 38,134

thresholds due to the reduced dimensionality.

, as the surface codes are joined on a boundary, effectively given repetition-code-like

If we are using quantum computers in the future - which we expect is very likely - then it is ex-

tremely likely that they will be running algorithms via logical qubits. How exciting and fun it is that

we get to start experimentally exploring the physics of these objects and finding that they behave so

differently than what we’re used to.

6.3

TOWARD FUTURE PROCESSORS AND QEC

That said, we clearly still have a very far way to go on a technical level as well. There are many ideas

about how these things may continue. A prominent perspective is that at some point we will need

to treat each individual processor as a “module” and begin to link them together via remote Bell

pairs (see Figs. 6.2, 6.3). Significant progress is underway with such methods**#¢, and is receiving

more and more attention. Such capabilities will be useful not only for making larger quantum com-

puters, but also for exploring a rich variety of possibilities when quantum computers are connected
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Figure 6.4: Exciting recent developments in neutral atoms and quantum error correction..

on a quantum network. This is an exciting prospect especially given that we do not yet know exactly

what we will use such quantum systems for.

One may wonder if there are ways to improve things significantly beyond our current approach.

It will be an exciting next few years where creative ideas can be explored. It seems likely that there

will be significant progress to come in both neutral atoms and QEC broadly, and that the field is at a

true inflection point (see Fig. 6.4).

114



Exploring applications of quantum

PTOCESSOTrS

7.1  OVERVIEW

In the above, we spent a lot of time discussing the physics of how to build quantum processors - on

both an atomic physics level as well as on the logical qubit level. But let’s say we had one tomorrow,

I1§



and it worked exactly the way we wanted it to. What would we even do with it? This is also a broad
question in the field ' *3.

A natural application of quantum computers is to simulate quantum mechanics>°. In the below
I overview various quantum simulations and computations we studied, covering quantum phases of
matter, non-equilibrium and non-thermalizing dynamics, topological quantum spin liquids, combi-
natorial optimization, quantum coarsening dynamics, hybrid analog-digital quantum simulations,
and digital quantum simulations of non-abelian spin liquids and fermionic dynamics. Only a brief
overview and key figures will be presented here, and references to additional description are included

in each section.
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7.2 QUANTUM PHASES OF MATTER ON A 256—ATOM PROGRAMMABLE QUANTUM SIMU-

LATOR

Additional details for this section can be found in Ref-#°.

Motivated by far-reaching applications ranging from quantum simulations of complex processes
in physics and chemistry to quantum information processing, a broad effort is currently underway
to build large-scale programmable quantum systems. Such systems provide unique insights into
strongly correlated quantum matter, while at the same time enabling new methods for computation
and metrology. Here, we demonstrate a programmable quantum simulator based on determinis-
tically prepared two-dimensional arrays of neutral atoms, featuring strong interactions controlled
via coherent atomic excitation into Rydberg states. Using this approach, we realize a quantum spin
model] with tunable interactions for system sizes ranging from 64 to 256 qubits. We benchmark the
system by characterizing high-fidelity antiferromagnetically ordered states and demonstrating quan-
tum critical dynamics consistent with an Ising quantum phase transition in (2+1) dimensions. We
then create and study several new quantum phases that arise from the interplay between interac-
tions and coherent laser excitation, experimentally map the phase diagram, and investigate the role
of quantum fluctuations. Offering a new lens into the study of complex quantum matter, these ob-
servations pave the way for investigations of exotic quantum phases, non-equilibrium entanglement

dynamics, and hardware-efficient realization of quantum algorithms.
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Figure 7.1: Programmable two-dimensional arrays of strongly-interacting Rydberg atoms. a. Atoms are loaded

into a 2D array of optical tweezer traps and rearranged into defect-free patterns by a second set of moving tweez-

ers. Lasers at 420 nm and 1013 nm drive a coherent two-photon transition in each atom between ground state

lg) = |5S1/2, F = 2,mp = —2) and Rydberg state |r) = [70S) /5, m; = —1/2,m; = —3/2). b. Fluorescence
image of initial random loading of atoms, followed by rearrangement to a defect-free 15X 15 (225 atoms) square array.
After this initialization, the atoms evolve coherently under laser excitation with Rabi frequency Q(#), detuning A(#),
and long-range interactions Vij realizing a many-body unitary U(t). Finally, the state of each atom is read out, with
atoms excited to |7) detected as loss and marked with red circles. Shown on the far right is an example measurement
following quasi-adiabatic evolution into the checkerboard phase. c, d. Similar evolution on honeycomb and triangular
lattices result in analogous ordered phases of Rydberg excitations with filling 1/2 and 1/3, respectively.
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Figure 7.2: Observation of the (2+1)D Ising quantum phase transition on a 16 X 16 array. a. The transition into the
checkerboard phase is explored using a linear detuning sweep A(z‘) at constant ). The resulting checkerboard ordering
is measured at various endpoints. b. Example of growing correlations G® with increasing A/Q along a linear sweep
with sweep rates = 15 MHz/us. c. Growth of correlation length ffors spanning an order of magnitude (15, 21, 30, 42,
60, 85, and 120 MHz/us). fused here measures correlations between the coarse-grained local staggered magnetization
(see Methods). d. For an optimized value of the critical exponent v, all curves collapse onto a single universal curve
when rescaled relative to the quantum critical point A,. Inset: distance D between all pairs of rescaled curves as a
function of » (see Methods). The minimumaty = 0.62(4) (red dashed line) yields the experimental value for the
critical exponent (red and gray shaded regions indicate uncertainties) and is consistent with the theoretical prediction

v = 0.629.
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7.3 CONTROLLING QUANTUM MANY-BODY DYNAMICS IN DRIVEN RYDBERG ATOM AR-

RAYS

Additional details for this section can be found in Ref.*°.

Controlling non-equilibrium quantum dynamics in many-body systems is an outstanding chal-
lenge as interactions typically lead to thermalization and a chaotic spreading throughout Hilbert
space. We experimentally investigate non-equilibrium dynamics following rapid quenches in a
many-body system composed of 3 to 200 strongly interacting qubits in one and two spatial dimen-
sions. Using a programmable quantum simulator based on Rydberg atom arrays, we probe coherent
revivals corresponding to quantum many-body scars. Remarkably, we discover that scar revivals can
be stabilized by periodic driving, which generates a robust subharmonic response akin to discrete
time-crystalline order. We map Hilbert space dynamics, geometry dependence, phase diagrams, and
system-size dependence of this emergent phenomenon, demonstrating novel ways to steer entangle-
ment dynamics in many-body systems and enabling potential applications in quantum information

science.
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Figure 7.3: Experimental investigations of quantum many-body scars. (A) Two-dimensional atom array subject to global
Rydberg lasers with Rabi frequency Q) and detuning A. (B) A quasi-adiabatic ramp of A and ) prepares an antiferro-
magnetic state |AF1> with sublattice A excited, and a detuning quench launches non-equilibrium dynamics. Atoms in
|lg) are imaged in optical tweezers via fluorescence while atoms in |7)) (empty circles) are expelled and detected as atom
loss. (C) The Rydberg population on sublattices 4 and B undergo periodic oscillations (Inset: geometry used here).
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Figure 7.4: Emergent subharmonic locking and stabilization. (A) Pulse sequence showing state preparation and quench
with Aq(t). (B) Scar dynamics on a chain during quench to fixed optimal detuning (bare) with lifetime 7,4, and time-
dependent detuning (drive) with modulation frequency w,, = 1.24 () and lifetime 74;.. The drive increases the scar

lifetime and changes its frequency to a)m/Z. (C) Scar lifetime and response frequency as a function of w,,, showing
a lifetime increase and subharmonic locking. (D) Dynamics of the entire Hilbert space measured with experimental
snapshots (0.5 million total bit strings). The microstates of the constrained Hilbert space are ordered by 7 4

ng, or

equivalently by Hamming distance from |AF1>. Right subplots highlight |AF2> and a state with a domain wall |DW1>.
(E) Reduced density matrix of a single atom in a chain (numerics) shows that driving reduces the growth of entanglement

entropy Sen.
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7.4 PROBING TOPOLOGICAL SPIN LIQUIDS ON A PROGRAMMABLE QUANTUM SIMULATOR

Additional details for this section can be found in Ref."*".

Quantum spin liquids, exotic phases of matter with topological order, have been a major focus
of explorations in physical science for the past several decades. Such phases feature long-range quan-
tum entanglement that can potentially be exploited to realize robust quantum computation. We
use a 219-atom programmable quantum simulator to probe quantum spin liquid states. In our ap-
proach, arrays of atoms are placed on the links of a kagome lattice and evolution under Rydberg
blockade creates frustrated quantum states with no local order. The onset of a quantum spin liquid
phase of the paradigmatic toric code type is detected by evaluating topological string operators that
provide direct signatures of topological order and quantum correlations. Its properties are further
revealed by using an atom array with nontrivial topology, representing a first step towards topo-
logical encoding. Our observations enable the controlled experimental exploration of topological

quantum matter and protected quantum information processing.
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Figure 7.5: Dimer model in Rydberg atoms arrays. (A) Fluorescence image of 219 atoms arranged on the links of a
kagome lattice. The atoms, initially in the ground state |g> evolve according to the many-body dynamics U(#). The

final state of the atoms is determined via fluorescence imaging of ground state atoms. Rydberg atoms are marked

with red dimers on the bonds of the kagome lattice. (B) We adjust the blockade radius to Rb/a = 2.4, by choosing
Q = 27 X 1.4MHzanda = 3.9 um, such that all six nearest neighbors of an atom in |r) are within the blockade
radius R;. A state consistent with the Rydberg blockade at maximal filling can then be viewed as a dimer covering of
the kagome lattice, where each vertex is touched by exactly one dimer. (C) In the ideal limit, QSL state corresponds to

a coherent superposition of exponentially many dimer coverings. (D) Detuning A(r) and Rabi frequency .Q(t) used

for quasi-adiabatic state preparation. (E) (Top) Average density of Rydberg excitations <n> in the bulk of the system,
excluding the outer three layers. (Bottom) Probabilities of empty vertices in the bulk (monomers), vertices attached to a
single dimer, or to double dimers (weakly violating blockade). After A/Q ~ 3, the system reaches ~ 1/4 filling, where
most vertices are attached to a single dimer, consistent with an approximate dimer phase.
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Figure 7.6: Detecting a dimer phase via diagonal string operator. (A) The Z string operator measures the parity of
dimers along a string. (B) A perfect dimer covering always has exactly one dimer touching each vertex of the array, so
that (Z) = —1around asingle vertexand (Z) = (—1)#endosedvertices for |5rger [oops. (C) Z parity measurements
following the quasi-adiabatic sweep of Fig. 4.1D, with the addition of a 200 ns ramp-down of € at the end to optimize
preparation. At different endpoints of the sweep and for different loop sizes (inset), we measure a finite <Z> consistent
with an approximate dimer phase.
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7.5 QUANTUM OPTIMIZATION OF MAXIMUM INDEPENDENT SET USING RYDBERG ATOM

ARRAYS

Additional details for this section can be found in Ref.*".

Realizing quantum speedup for practically relevant, computationally hard problems is a cen-
tral challenge in quantum information science. Using Rydberg atom arrays with up to 289 qubits
in two spatial dimensions, we experimentally investigate quantum algorithms for solving the Max-
imum Independent Set problem. We use a hardware-efficient encoding associated with Rydberg
blockade, realize closed-loop optimization to test several variational algorithms, and subsequently
apply them to systematically explore a class of graphs with programmable connectivity. We find the
problem hardness is controlled by the solution degeneracy and number of local minima, and exper-
imentally benchmark the quantum algorithm’s performance against classical simulated annealing.
On the hardest graphs, we observe a superlinear quantum speedup in finding exact solutions in the

deep circuit regime and analyze its origins.
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Figure 7.7: Hardware-efficient encoding of the maximum independent set using Rydberg atom arrays. A. An example
of a unit disk graph, with any single vertex (e.g. the blue vertex) being connected to all other vertices within a disk of
unit radius. B. A corresponding MIS solution (denoted by the red nodes). C. The MIS problem is encoded with atoms
placed at the vertices of the target graph and with interatomic spacing chosen such that the unit disk radius of the graph
corresponds to the Rydberg blockade radius. Shown is an example fluorescence image of atoms, with gray lines added
to indicate edges between connected vertices. D. The system undergoes coherent quantum many-body evolution under
a programmable laser drive (Q(z), @(#), A(#)) and long-range Rydberg interactions V. E. Asite-resolved projective
measurement reads out the final quantum many-body state, with atoms excited to the Rydberg state (red circles) corre-
sponding to vertices forming an independent set. A classical optimizer uses the results to update the parameters of the
quantum evolution (Q(%), @(t), A(#)) to maximize a figure of merit for finding an MIS.
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Figure 7.8: Quantum algorithm performance across different graphs. A. The approximation error 1 — R for an optimized
quasi-adiabatic sweep plotted as a function of effective depth]N) on four graphs of the same size (N = 180 vertices),
showing strong dependence on the number of MIS solutions (MIS degeneracy) D s (inset: corresponding MIS proba-

bility Pyzs vs. ]3). B. At a fixed depthf) = 20,1 — R and Py for various 180-vertex graphs are strongly correlated
with Djyzs. C. At the same effective depthj) = 20,1 — R for 115 graphs of different sizes (N = 80-289) and MIS

degeneracies D ;s exhibit universal scaling with the degeneracy density p = log(DMIS) /N(inset: data plotted as a
function of NN). Error bars for Py4ys, here and throughout the text, denote the 68% confidence interval.
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7.6 QUANTUM COARSENING AND COLLECTIVE DYNAMICS ON A PROGRAMMABLE SIM-

ULATOR

Additional details for this section can be found in Ref."%.

Understanding the collective quantum dynamics of nonequilibrium many-body systems is an
outstanding challenge in quantum science. In particular, dynamics driven by quantum fluctuations
are important for the formation of exotic quantum phases of matter, fundamental high-energy pro-
cesses, quantum metrology, and quantum algorithms. Here, we use a programmable quantum sim-
ulator based on Rydberg atom arrays to experimentally study collective dynamics across a (2+1)D
Ising quantum phase transition. After crossing the quantum critical point, we observe a gradual
growth of correlations through coarsening of antiferromagnetically ordered domains. By determin-
istically preparing and following the evolution of ordered domains, we show that the coarsening is
driven by the curvature of domain boundaries, and find that the dynamics accelerate with proximity
to the quantum critical point. We quantitatively explore these phenomena and further observe long-
lived oscillations of the order parameter, corresponding to an amplitude (Higgs) mode. These obser-
vations offer a unique viewpoint into emergent collective dynamics in strongly correlated quantum

systems and nonequilibrium quantum processes.
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Figure 7.9: Ordering via coarsening. a, Atoms arranged in a square lattice are prepared in the ground state |g> and
driven from the disordered phase, shown here as a fluorescence image (atoms in ‘V> are detected as loss and are
indicated with red circles), into an antiferromagnetic ordered phase, across a quantum phase transition. The subse-
guent coarsening dynamics lead to the progressive development of long-range order (shown here using the real-space
correlation function G(x,y) and experimental snapshots). The snapshots show the local single-spin-flip-corrected
staggered magnetization, with white (dark grey) shading indicating AF, (AF,) orders (see Methods). b, The detuning
A(z‘) is swept linearly, with a fixed Rabi frequency (2, to a final value A in the ordered phase, where it is held constant
for the duration of the hold time. ¢, The correlation length fgrows over the course of the hold time. The solid line is a
fitto (co + c1)® + ccos (wt + @), representing sinusoidal oscillations on top of a power-law growth. Errorbars are
smaller than markers. d, The early-time growth of the squared correlation length is consistent with a linear increase
with time, as expected for coarsening dynamics with a nonconserved order parameter. The dynamics are faster at lower
A/Q, closer to the critical point. e, The structure factor S(/e7 z‘) of the staggered magnetization, for different hold
times, at A/Q = 2.0. Inset: the structure factors collapse onto a single curve when the time axis is rescaled by the
correlation length £(#) and the magnitude of the structure factor is rescaled by a time-dependent amplitude fz(t)b(t)
(see Methods). For the data shown here, Q/27z = 3.8 MHz.
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Figure 7.10: Dynamics of seeded domains. a, We deterministically create a centered domain of AF, order surrounded
by a backdrop of AF; order, by “pinning” each ground-state atom in the target ordering using a local light shift d;,

while sweeping A(t) and maintaining a constant Rabi frequency (). Upper left: target amplitude of the local detun-

ing pattern; J; is inversely proportional to the number of neighboring Rydberg atoms surrounding each ground-state
atom. Center: Rydberg population of a single shot immediately after the local detuning is quenched off. Right: local
staggered magnetization, demarcating the prepared domains. b, Evolution of the average local staggered magnetization
with time, as the prepared state evolves under different values of A/Q. ¢, The squared radius of the central domain,
rz, decreases linearly with time. d, The rate of change of the area, }'2, increases with proximity to the critical point,

(A — A[)/Q. The dashed line is a guide to the eye for the theoretically expected scaling relationship. e, Change in the
radially averaged local staggered magnetization with Manhattan distances d,, = 0, 2, 8 from the center of the injected
square domain. The order initially changes near the domain wall and begins to change in the center of the domain only
at later times. Atoms is the bulk of the dominant ordering far from the domain wall, in gray, remain close to their initially
prepared states. The dynamics are plotted for A/Q = 2.5 and Q /27 = 6.0 MHz.
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7.7 HYBRID ANALOG-DIGITAL QUANTUM SIMULATION

Additional details for this section can be found in Ref."’.

We here explore the applications of atom movement to quantum simulation. In particular, we
perform hybrid, modular quantum circuits composed of analog Hamiltonian evolution, reconfig-
uration, and digital gates. Together, these tools open a wide variety of new possibilities in quantum
simulation and many-body physics. As a specific example, we measure the Renyi entanglement en-
tropy after a quantum quench by effectively interfering two copies of a many-body system, and
observe the non-monotonic oscillations in entanglement entropy characteristic of non-thermalizing

quantum many-body scars**7%,
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Figure 7.11: Dynamic reconfigurability for hybrid analog-digital quantum simulation. a, Hybrid quantum circuit combin-
ing coherent atom transport with analog Hamiltonian evolution and digital quantum gates. b, Measuring entanglement
entropy in a many-body Rydberg system via two-copy interferometry. ¢, Measured half-chain Renyi entanglement
entropy after many-body dynamics following quenches on two 8-atom systems. Quenching from |gggg> ([g> = |1>)
results in rapid entropy growth and saturation, signifying quantum thermalization. Quenching from |rgrg...> reveals

a significantly slower growth of entanglement entropy. d, Measuring the mutual information at 0.5-us quench time
reveals a volume-law scaling for the thermalizing |gggg> state, and an area-law scaling for the scarring |rgrg...> state.
e, The single-site Renyi entropies for sites in the middle of the chain quickly increase and saturate for the |gggg>
quench, but show large oscillations for the |rgrg...> quench. Solid curves are results of exact numerical simulations for
the isolated quantum system under Hy 4 with no free parameters (see Methods for details of data processing). Error
bars represent 1 standard deviation.
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Figure 7.12: Local observables and entanglement entropy for quantum many-body scars. a, Experimentally measured
single-site entropy for each site in the 8-atom chain when quenching from the scarred \Z2> state, including the classical
entropy subtraction. Solid curves plot exact, ideal (imperfection-free) numerics of Hgq; excellent agreement between
data and numerics is found for every atom in the chain. b, (Top) Same data as Fig. 7.11, showing single-site entropy of
the middle two atoms in the chain, for two different initial states ’°. (Bottom) Measurements of the many-body state in
the Z-basis with the interferometry circuit turned off. Characteristic of the scars fromthe | Z,) = |rgrgrgrg) state,
the Rydberg excitation probability on the sublattices exhibits periodic oscillations 20 In the bottom row, the dark data
points are measured in the {|1) , |7) } basis, and the faint data points are measured in the {|0) , |1)} basis after the
coherent mapping sequence. Measurements in both bases agree well with exact numerics (solid lines), which we em-
phasize has no free fit parameters and does not account for any experimental imperfections, such as detection infidelity.
Moreover, the data indicate the high fidelity of preparation into the |Z2) state by use of local Rydberg 7 pulses. In
plotting, we delay the theory curves and the {|1> s |r>} basis measurement by 10 ns to account for the fact that the
Raman 7 pulse we apply cuts off the final 10 ns of the Rydberg evolution, when measuring in the {|0> s |1>} basis.

¢, Numerical simulations of the single-site Renyi entropy on two adjacent sites in the idealized ‘PXP’ model of perfect
nearest-neighbor blockade 143 The system size is 24 atoms with periodic boundary conditions, showing the same
out-of-phase oscillations in the entanglement entropy of the two sublattices. d, Diagram of the constrained Hilbert
space of the system 1. The early-time, out-of-phase entropy oscillations”° of the scars can be understood in this
constrained Hilbert space picture, where the scar dynamics are known to take the state from the left end (|rgrgrgrg>) to
the right end (|grgrgrgr>) (dark circles represent |7) and white circles represent |g>) 143, Near these crystalline ends of
this constrained Hilbert space, the Rydberg atoms can fluctuate (high entropy), but the ground state atoms are pinned
(low entropy). Our analysis shows that entanglement between atoms on the same sublattice contributes to the eventual
degradation of the revival fidelity of the |Z,) state.
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7.8 PROBING TOPOLOGICAL MATTER AND FERMION DYNAMICS ON A NEUTRAL-ATOM QUAN-

TUM COMPUTER

Additional details for this section can be found in Ref.3*.

Quantum simulations of many-body systems are among the most promising applications of
quantum computers. In particular, models based on strongly-correlated fermions are central to our
understanding of quantum chemistry and materials problems, and can lead to exotic, topological
phases of matter. However, due to the non-local nature of fermions, such models are challenging
to simulate with qubit devices. Here we realize a digital quantum simulation architecture for two-
dimensional fermionic systems based on reconfigurable atom arrays. We utilize a fermion-to-qubit
mapping based on Kitaev’s model on a honeycomb lattice, in which fermionic statistics are encoded
using long-range entangled states. We prepare these states efficiently using measurement and feed-
forward, realize subsequent fermionic evolution through Floquet engineering with tunable entan-
gling gates interspersed with atom rearrangement, and improve results with built-in error detection.
Leveraging this fermion description of the Kitaev spin model, we efhiciently prepare topological
states across its complex phase diagram and verify the non-Abelian spin liquid phase by evaluat-
ing an odd Chern number. We further explore this two-dimensional fermion system by realizing
tunable dynamics and directly probing fermion exchange statistics. Finally, we simulate strong inter-
actions and study dynamics of the Fermi-Hubbard model on a square lattice. These results pave the
way for digital quantum simulations of complex fermionic systems for materials science, chemistry,

and high-energy physics.
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Figure 7.13: Digital quantum simulations with reconfigurable atom arrays. a, The honeycomb lattice used in this work
with 104 total atomic qubits and periodic boundary conditions along the shorter direction, forming a cylinder. The
qubits are encoded in 87Rb atoms and entangling gates are realized through excitation to interacting Rydberg states.

To encode fermion statistics, we prepare a long-range entangled state characterized by hexagonal plaquette operators
W}):X122Y3X4ZSY6 that commute with the unitary evolution and are therefore conserved. The encoded Majorana
fermions live on vertices, at the ends of operator strings, and conventional (complex) fermions are formed by combining
two Majoranas along a chosen link orientation. b, The long-range entangled state is prepared using mid-circuit mea-
surement of ancilla qubits, and plaquettes are deterministically flipped to be +1 using conditional single-qubit gates (red
circle). ¢, The Floquet evolution cycle consists of atom reconfiguration interspersed with tunable entangling gates and
global basis changes. d, Accumulated entangling phase upon repeated application of exp(¢76[ZQZ] /4) gates with a
variable angle & realized through fast, parameterized laser pulses. The values show extracted values of , and error bars
represent one standard deviation.
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Figure 7.14: Kitaev model on a honeycomb lattice. a, The honeycomb model, consisting of anisotropic spin interactions
along the three directions of the honeycomb lattice (/x+/y+/z=1), exhibits topological order with three Abelian

(A) phases and a single non-Abelian phase B. The toric code state is the fixed-point state AIZ of the Abelian Az phase
(/z=1). b, Starting from this initial state, we prepare different states on the phase diagram. Top: numerically optimized
sequence of two-qubit gates used to prepare the non-Abelian phase B. Each circuit layer includes CPHASE (CP) gates
and global single-qubit rotations. Bottom: plaquette parity during the evolution, with postselection based on atom loss
and decoding. c, Pauli strings of different lengths measured on the three studied states and averaged over the bulk

of the system. Error bars represent 68% confidence intervals. d, In the fermion representation, the link operators are
proportional to nearest-neighbor Majorana hoppings, Kf](./Y/Zodc,fj. Longer Pauli strings constructed from their prod-
ucts result in longer-range hopping operators. e, The free-fermion parent Hamiltonian 7, can be reconstructed from
measured two-point Majorana correlations. f, The Chern number C is evaluated using the learned parent Hamiltonians
of the string distributions in ¢, resulting in C=0 in phase A and C=1 in phase B; the robustness of this procedure is
explored in Methods. The non-Abelian phase B is characterized by the underlying topological order and an odd Chern

number.
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Figure 7.15: Two-component strongly interacting fermions. a, Two independent species of fermions, labeled “spin-up”
and “spin-down”, are realized by dividing the system into two halves. The XX and YY links across the boundary are
turned off to facilitate independent hopping dynamics; this system realizes a 4x4 lattice with two fermion species. b,
Floquet evolution consists of independent hopping within the two halves followed by density-density interactions
between the two spin states. ¢, The interactions are realized through a parallel entangling operation connecting the

two halves of the system. Two parallel CNOT gates propagate a ZZ(&) operator, applied to the spin-up half, into the
interaction term. d, The initial state is a checkerboard pattern, staggered between the two fermion spin states. e, Stag-
gered magnetization dynamics during a quench with and without the interactions. f, Final staggered magnetization as a
function of interaction strength. Increasing interactions suppress the spin mixing dynamics. The solid lines are the result
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