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Transitioning from quantum computation on physical qubits to quantum computation on encoded,
logical qubits can improve the error rate of operations, and will be essential for realizing valuable
quantum computational advantages. Using a neutral atom quantum processor with 256 qubits, each
an individual Ytterbium atom, we demonstrate the entanglement of 24 logical qubits using the
distance-two J4, 2, 2K code, simultaneously detecting errors and correcting for lost qubits. We also
implement the Bernstein-Vazirani algorithm with up to 28 logical qubits encoded in the J4, 1, 2K code,
showing better-than-physical error rates. We demonstrate fault-tolerant quantum computation in our
approach, guided by the proposal of Gottesman (2016), by performing repeated loss correction for
both structured and random circuits encoded in the J4, 2, 2K code. Finally, since distance-two codes
can correct qubit loss, but not other errors, we show repeated loss and error correction using the
distance-three J9, 1, 3K Bacon-Shor code. These results begin to clear a path for achieving scientific
quantum advantage with a programmable neutral atom quantum processor.

I. INTRODUCTION

Quantum computers can enable faster, more accurate
solutions than classical computers. However, the biggest
challenge to scaling up quantum computers is errors, or
“noise.” Physical qubits and their operation are inherently
noisy. State-of-the-art two-qubit gate error rates depend
on the qubit implementation, and in some flagship quan-
tum processors range, e.g., from p = 0.1% for an ion trap
processor [MBA+23] to an average of p = 0.4% for a su-
perconducting qubit processor [GC24]. If a circuit cannot
tolerate errors, it can only run for roughly 1/p steps, or
fewer, which is not nearly enough to achieve large-scale,
advantageous computation. Even the best physical qubits
are insufficiently reliable, without error correction, to run
even moderate-size quantum algorithms.
Indeed, obtaining a quantum advantage in scientific

applications will likely require at least 100 qubits with
error rate p at most 10−6, while a quantum advantage for
industrial-scale problems may require upwards of 1000

∗ These authors contributed equally to this work.

qubits with p ∼ 10−12 [BMT+22]. Such error rates will
not be achievable at the physical level. Fortunately, encod-
ing qubits in quantum error-correcting codes, thereby cre-
ating “logical” qubits, should allow dramatic reductions in
effective error rates. The operations must also be encoded,
according to fault-tolerant constructions [AGP06]. Thus,
by using quantum error correction and fault tolerance,
noise in quantum hardware can be addressed through
software, albeit with a cost in physical qubit overhead.

In this work, we present a step toward achieving scien-
tific quantum advantage by demonstrating reliable quan-
tum computation using logical qubits that outperforms
corresponding physical-qubit based computation. We
present our results on a neutral atom quantum processor.
Neutral atom quantum architectures recently have been in
rapid development. Previously, neutral atom architectures
were predominantly analog in nature. Recent progress has
enabled neutral atom approaches to transition to digital,
gate-based computation [EBK+23, SST+23, MLP+23,
RCC+24, FTS+24, Ato24]. The promise of neutral atoms
as qubits is their configurability, both in count and con-
nectivity, while also maintaining low error rates. The
neutral atom quantum processor we use in this work has
up to 256 qubits (Ytterbium atoms), with all-to-all con-
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FIG. 1. Summary of results for the 24-qubit cat state.
Shown is the error for measurements in the X basis, the error
for measurements in the Z basis, and their sum, for three
cases. A total less than 50% implies entanglement. The
baseline (left) is an unencoded 24-qubit cat state; the error
bars are large because we have conservatively chosen only the
best run instead of averaging all baseline runs, which would
further increase the separation between logical and physical
performance. See Fig. 7 for more details. The encoded bars
are based on different ways of interpreting the same data for
J4, 2, 2K-encoded cat states. In one case (middle), we reject
trials with a detected error, but attempt to correct for lost
qubits. In the other case (right), we reject trials with any lost
qubit or detected error.

nectivity enabled by atom movement, along with high
two-qubit physical gate fidelity and atom loss detection.
This allows for flexible computation, as well as the ability
to both use and optimize over a wide range of quantum
error-correcting codes, including those requiring non-local
connectivity, for the underlying neutral atom architecture.
We refer to the system for detecting and correcting errors,
also during computation, as the qubit virtualization sys-
tem, as encoded, logical qubits are virtual qubits made
up of some number of physical qubits.

Through co-optimization of fault-tolerant quantum er-
ror correction protocols within the qubit virtualization
system and the neutral atom quantum processor design,
we demonstrate the creation of logical qubits, their logical
entanglement, and logical computation, while correcting
for lost atoms.

Key results. We demonstrate a variety of reliable
quantum computations that outperform physical qubit
computation using logical qubits co-designed with a pro-
grammable neutral atom quantum processor. First, we
show entanglement of 24 logical qubits in a “cat” state
(Fig. 1). This is the largest encoded cat state on record
to date, illustrating the scale available in neutral atom
processors. We then demonstrate quantum algorithms
encoded into logical qubit computations. We implement
the Bernstein-Vazirani algorithm [BV97, CEMM98], a
quantum algorithm well known for showing the higher
efficiency of quantum computers versus classical. Our
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FIG. 2. Summary of results for the Bernstein-Vazirani
algorithm with an n-bit secret string. The string is always 1n,
as the corresponding oracle is the most difficult to implement.
The success probability is the probability of measuring 1n,
conditioned on acceptance. For the unencoded algorithm
(black), we accept when the n measured atoms are present.
For the encoded algorithm (red), we accept when all of the
n measured code blocks are decodable; in particular, it can
detect faults and correct for lost atoms. The lighter points are
based only on those trials with no initial atom loss.

implementations involve as many as 28 logical qubits,
encoded in 112 physical qubits (Fig. 2). Next, we demon-
strate fault tolerance guided by a proposal of Gottes-
man [Got16]. These experiments incorporate repeated
error detection and, notably, repeated loss correction, a
critical feature for scaling neutral atom processors. Each
of the above experiments are encoded to distance two;
they are capable of detecting phase and bit-flip errors and
correcting atom loss. Finally, we demonstrate correcting
both loss and errors, with repeated error correction in the
distance-three Bacon-Shor code [Bac06].

Related work. Creating and verifying large cat states,
also known as GHZ states [GHZ89], is a common bench-
mark for measuring hardware progress [Kre24]. The qual-
ity of an experiment is typically expressed by the fidelity
with the ideal cat state, and where a fidelity greater
than 1/2 is the success criterion. For example, Moses et
al. [MBA+23] prepared the 20-qubit cat state with an 86%
fidelity, and the 32-qubit cat state with an 82% fidelity,
on the Quantinuum H2 trapped-ion processor. Using
superconducting qubits, Bao et al. [BXS+24] prepared a
60-qubit cat state with a 59% fidelity. For encoded qubits,
the published record to date is an encoded 12-qubit cat
state with at least a 99.8% fidelity, also on H2 [RAC+24].
On a neutral atom system, Bluvstein et al. [BEG+24] have
prepared a four-qubit encoded cat state with a fidelity
of 72(2)% using error correction, ranging to 99.85+0.1

−1.0%
using full error detection and therefore with much lower
acceptance probability. Table I summarizes results with
encoded cat states.
The Bernstein-Vazirani algorithm for finding a se-

cret string is another benchmark for quantum proces-
sors [LGM+24]. It has been implemented with unen-
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TABLE I. Experiments preparing encoded cat states.

Logical
Reference qubits Code Fidelity

[HDHL24] 4 J25, 4, 3K 99.5+0.2
−0.4% to 99.7+0.2

−0.3%

[BEG+24] 4 J7, 1, 3K
{

72(2)% error correction

99.85+0.1
−1.0% error detection

[RAC+24] 12 J16, 4, 4K 99.82+0.12
−0.4 % to 99.90+0.1

−0.3%

This work 24 J4, 2, 2K


73.4+3.1

−3.3% to 85.6+2.3
−2.5%

error detection
and loss correction

89.8+4.7
−6.6% to 91.5+4.3

−6.2%
error and loss detection

coded qubits on superconducting processors [RHK+20,
DH21, PL23], ion trap processors [FHM+16, DLF+16,
WBD+19], and both processor types [LMRM17,
MLM+19, BWM21, LJV+23], for various lengths of
the secret string, up to length 26 for superconducting
qubits [PL23] and up to length 20 for ion traps [LJV+23].
It is difficult to compare these results fairly. Some test
identification of the secret s = 1n, since it is hardest to
implement; the corresponding oracle requires the most
two-qubit gates. Others test against random strings s or
average over different Hamming weights, and this is much
easier, particularly on ion traps, comparable to finding
s = 1n/2. The success probabilities also vary consider-
ably, e.g., from an exponentially small value for random s
with length 26 [PL23], to 70% for random s with length
20 [LJV+23].

A critical capability for enabling more complex, reli-
able computation in a quantum processor is repeated
detection and correction of errors. The latest genera-
tions of quantum hardware have enabled a variety of
such demonstrations within the past few years. Repeated
error detection with distance-two codes has been demon-
strated on ion traps, including three rounds on eight
logical qubits [SBA24], and 15 rounds on four logical
qubits [YDKR24]. Demonstrations based on Gottesman’s
protocol [Got16] for fault tolerance with the J4, 2, 2K
code, but without including repeated error detection,
include [WWJ+18, HF19, Vui18, LGL+17, CCNH21].

Repeated error correction, with higher-distance codes,
has also been demonstrated. For single logical qubits,
demonstrations include those on trapped-ion proces-
sors [RBL+21, PBP+24] and superconducting proces-
sors [KLR+22, Goo23, GC24, PNH+24] each with vary-
ing numbers of rounds, e.g., up to nearly 36 rounds of
error correction (250 syndrome extraction cycles) on the
J49, 1, 7K surface code, with a 0.143(3)% logical error rate
per cycle [GC24]. Repeated error correction on multiple
qubits has been implemented, including three rounds on
two logical qubits [PSR+24], and five rounds on eight
logical qubits [RAC+24], each while beating error rates
of physical baselines.
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FIG. 3. Diagram of experimental architecture. 171Yb atoms,
which each encode a physical qubit in their ground-state nu-
clear spin, can occupy tweezer traps within either a register
array or an interaction zone (IZ). Up to 8 pairs of atoms inter-
act at a time in the IZ, driven by two-qubit (2Q) gate lasers
to implement controlled phase gates on the atoms in each
pair. Arbitrary single-qubit (1Q) operations can be applied
in parallel to the atoms within a row of the register; here
one atom is missing. Each atom has a home register location,
indicated by dashed lines, where it is originally loaded and
where 1Q gates can be applied. Movement of atoms between
the two zones enables arbitrary connectivity for 2Q gates. Up
to eight atoms from the same row can move in parallel, but
their paths cannot cross.

II. PHYSICAL MACHINE DESCRIPTION

All results presented in this work were obtained on
a quantum processor based on reconfigurable arrays of
neutral 171Yb atoms, depicted in Fig. 3, with the qubits en-
coded in the ground-nuclear spin states (1S0, mF = ±1/2).
Aspects of the system have previously been described
in [BBB+22, NC+23, NKC+24], as well as an accompa-
nying publication [Ato24]. Further system and bench-
marking details will follow in a separate manuscript, in
preparation.

By moving atoms between arrays of static optical
tweezer traps using mobile tweezers, this platform enables
arbitrary connectivity between qubits, for a large numbers
of qubits. Single-qubit operations and qubit storage are
performed in a register array, which is loaded in an itera-
tive manner from a repeatedly filled reservoir [NKC+24].
Two-qubit gates are performed in a separate interaction
zone (IZ). For this work, up to 256 atoms are available
for computation, and up to eight atoms within the same
row may be moved between the register and IZ at a time,
subject to constraints associated with intermodulation in
the acousto-optic deflectors used to generate the moving
tweezers. Typical atom loss probabilities per move are
below 0.1%. State-resolved, low-loss readout is performed
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by transferring atoms from the tweezer arrays into traps
formed by cavity-enhanced optical lattices, which allows
for state and atom detection with error and loss rates
at the few parts-per-thousand level (see [NKC+24] for a
detailed characterization of state preparation and imag-
ing). Importantly, the ability to perform state-selective,
low-loss imaging allows us to distinguish between differ-
ent types of error. An image performed prior to circuit
execution allows the identification of sites successfully
occupied by atoms, while a pair of images directly after
circuit execution and after optical pumping within the
qubit subspace allow determination of both the presence
and state of the atoms.

In the encoded Bernstein-Vazirani experiment with
n = 7, for example, on average 0.52(7)% of the 32 atoms
were not loaded, and 1054 of 1200 shots, or 85(2)%, had
no initial loss. The fraction of qubits lost during the
circuit averaged 2.3+0.2

−0.1%. Initial loss varies, and more
complicated circuits would have a higher circuit loss rate.

Single-qubit operations are performed in parallel on
rows of atoms within the register, with the pulse area,
phase, and presence of the gates controlled individually on
each site using an architecture similar to that described
in Ref. [BBB+22]. These gates are performed using two-
photon Raman transitions driven by two independently
controlled and site-resolved laser beams detuned roughly
10 GHz from the 3P1, F = 1/2 manifold. We calibrate an
SX gate on each site of the register, and perform virtual Z
rotations of arbitrary angle by changing the relative phase
of the two drive lasers on subsequent gates. We character-
ize the performance of the single-qubit operations using
a Clifford randomized benchmark sequence. At depths
of up to 500 Clifford gates, we find an average fidelity of
99.85(2)% per Clifford gate, averaged across three rows of
the register spanning those used in this work. Because the
nuclear spin qubit is well-isolated from differential light-
shifts and has low sensitivity to magnetic fields, we do
not automatically apply dynamical decoupling sequences
for the circuits presented in this work.

Two-qubit controlled-phase (CZ) gates are performed
in the IZ on up to eight pairs of atoms in parallel. These
gates are mediated by excitation to a highly-excited Ryd-
berg state (653S1). The sites of the IZ are spaced such
that atoms occupying the same pair of sites are in the
so-called “Rydberg blockade” limit, where the strength of
interactions between the atoms exceeds other relevant en-
ergy scales, while atoms in different pairs interact weakly
enough to be treated independently. All operations in the
IZ are applied in parallel to all atoms within the IZ.

Atoms are excited to the Rydberg state using a sequen-
tial two-photon transition. State-selectivity is provided
by the first stage of the two-photon transition, from 1S0,
mF = −1/2 to the metastable 3P0, mF = 1/2 state.
Polarization selectivity, along with the narrow linewidth
of the transition and slow Rabi rate (10 kHz) relative
to the qubit frequency (376 kHz) ensure that only one
qubit state is excited to the metastable state. From the
metastable state, atoms are excited to the Rydberg state

TABLE II. Randomized benchmark infidelities, post-selected
on an atom (1Q) or pair of atoms (2Q) remaining in the qubit
subspace, and probability of one or both atoms being lost from
the qubit subspace. Benchmarking sequences are described in
the main text.

Benchmark protocol Infidelity Loss + Leakage

1Q Clifford RB 0.15(2)% 0.007(1)%

2Q Static IRB 0.56(15)% 0.27(6)%

2Q Echoed RB with moves 0.4(1)% 0.5(1)%

2Q Echoed RB without moves 0.35(5)% 0.24(6)%

using a UV laser pulse (total duration 110 ns) that imple-
ments a gate similar to the time-optimal controlled-phase
(CZ) gate described in [JP22]. While the IZ traps are
equally confining for the ground and metastable states,
the register traps are near a tune-out wavelength for the
metastable states, providing near-zero trapping potential.
Thus, any gate errors that lead to population being left in
the metastable state (such as some coherent population
errors on either stage of the two-photon transition) are
converted to loss and can be detected. This “erasure
conversion” proves useful in identifying the location of
errors [WKPT22].

We quantify the performance of our two-qubit gates
using several variations on randomized benchmarking.
In all presented cases, data is taken in parallel over the
eight pairs of sites in the IZ, and averaged. To isolate
the performance of the two-qubit gates themselves, in
the absence of any errors that may be incurred through
atomic movement, we perform interleaved randomized
benchmarking (IRB) on static atoms within the IZ. In
this protocol, we compare the return probability after a
given number of random two-qubit Clifford operations
(plus a return pulse calculated to return to a desired
measurement state) to the same circuit with an additional
CZ gate interleaved after each Clifford gate (and with an
appropriately modified return pulse). By comparing the
probability of returning to the measurement state versus
the depth of the Clifford circuit with and without the
added CZ gates, we isolate the error associated with the
CZ gate alone, averaged over the two-qubit Hilbert space.
Here, the atoms are kept in the IZ for all operations
(unlike typical circuits, single qubit gates are applied in
the IZ for this protocol). Fits to IRB data taken out to
depth 34 indicate an infidelity per CZ gate of 0.56(15)%
and additional loss and population leakage outside of the
qubit subspace of 0.27(6)%.

In actual circuits, atoms are moved between the regis-
ter and IZ between single-qubit operations and two-qubit
operations, to allow arbitrary connectivity. Because atom
movement can cause heating, which may impact the per-
formance of all following gates, IRB does not cleanly
isolate the performance of the CZ gate when atoms are
moved between arrays. For this, we rely on a variant
of randomized benchmarking described in [Ato24] and
similar to that in [EBK+23], where concatenated circuit
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blocks each consist of a random single-qubit operation
and two CZ gates separated by an echo pulse. A final gate
sequence returns atoms to the measurement basis. We
isolate the contribution from the two-qubit gates (along
with any loss or infidelity due to associated movements,
up to single-qubit phases which are canceled by the echo
pulses) by subtracting the per-depth infidelity associated
with the single-qubit operations. From this, we extract
a per-CZ gate error of 0.4(1)% and loss of 0.5(1)%. For
comparison, the same procedure applied to atoms that
remain static in the IZ for all operations yields a per-gate
error rate of 0.35(5)% and loss of 0.24(6)%. Table II
summarizes the results of these benchmarks. The per-
formance of our gates is sensitive to relative alignment
of gate lasers and optical potentials, and other factors
that may drift on the timescale of hours to days. The
values presented here represent typical values over the
time period in which the circuits presented in this work
were run.

In our experiments, atom movement is scheduled us-
ing a combination of manual and algorithmic techniques,
including the use of graph and annealing algorithms to
minimize the number of atom movement operations.

III. FOUR-QUBIT CODES

The J4, 2, 2K code [VGW96, GBP97] is a stabilizer
code [Got98] with stabilizer generators

X X X X

Z Z Z Z

and logical operators

X1 = X X I I .
Z1 = I Z I Z

X2 = X I X I
Z2 = I I Z Z

The code can detect any single-qubit error; for example, a
single-qubit Y error flips both stabilizer generators. The
code can correct for a single-qubit loss. For example, if
the second qubit is lost and this is known (an erasure
error), then logical qubit 1 can still be decoded using
the logical operators X1 ∼ IIXX, Z1 ∼ ZIZI, because,
having multiplied by a stabilizer, these operators are not
supported on the second qubit. However, once a qubit
is lost, the code does not protect against errors on the
remaining qubits, e.g., with the second qubit lost an X1

qubit error results in a logical X1 error.
Observe that encoded |00⟩ is the four-qubit cat state

1√
2
(|0000⟩ + |1111⟩). As shown in Figs. 4 and 5, an ex-

tra ancilla qubit is needed to prepare this state fault
tolerantly [Sho96].

The J4, 1, 2K code is actually the same code, but only
using one of the two logical qubits. The other logical
qubit is treated as a gauge qubit, meaning we can set it

arbitrarily [Bac06]. Unlike the J4, 2, 2K code, the J4, 1, 2K
code can sometimes correct two qubit losses. For example,
X1 can still be decoded if both qubits 1 and 2 are lost,
or both 3 and 4, but not any other pair.

Between two J4, 2, 2K or J4, 1, 2K code blocks, transversal
physical CNOT gates fault-tolerantly implement logical
transversal CNOT. Other logical operations can also be ex-
ecuted fault tolerantly on a J4, 2, 2K code block, including
SWAP, CNOT, CZ and Hadamard (H⊗H) on both qubits.
Swapping the middle two physical qubits swaps the logi-
cal qubits. Swapping the first and third physical qubits
implements a logical CNOT gate from 1 to 2. Applying
the Hadamard gate H transversally implements logical
H ⊗ H and a logical swap. Letting SZ = ( 1 0

0 i ) =
√
Z,

and SX = 1√
2

(
1 −i
−i 1

)
∝

√
X, observe that

SZXS†
Z = Y SZY S†

Z = −X SZZS†
Z = Z

SXXS†
X = X SXY S†

X = Z SXZS†
X = −Y.

Simple stabilizer algebra then shows that applying SZ ⊗
S†
Z⊗S†

Z⊗SZ implements a logical CZ gate. Finally, using

H = SZSXSZ , applying SX ⊗S†
X ⊗S†

X ⊗SX implements
a logical dual CZ gate, (H ⊗H) CZ (H ⊗H).

IV. ENCODED 24-QUBIT CAT STATE

An n-qubit cat state can be written as 1√
2
(|0n⟩+ |1n⟩).

Here, we prepare an encoded cat state on 24 logical qubits,
encoded with the J4, 2, 2K code into 48 physical qubits.
The circuit we implement is explained in Fig. 4. Start-
ing with a logical circuit to prepare 1√

2
(|024⟩+ |124⟩), we

fault-tolerantly encode it into the J4, 2, 2K code. We then
arrange the qubits, four code blocks in each row with
the ancilla qubits at the end, and schedule the gates and
qubit movements as in Fig. 5. The unencoded baseline ex-
periment prepares a 24-qubit cat state using a separately
optimized circuit, in Fig. 6.
The cat state has genuine multipartite entanglement,

meaning that it is entangled across every bipartition of
the n qubits. Any state that has fidelity greater than
1/2 with the ideal cat state also has genuine multipar-
tite entanglement [GS10]. However, states with ≤ 1/2
fidelity may not even be entangled; the classical mixture
1
2 (|0n⟩⟨0n| + |1n⟩⟨1n|) has fidelity 1/2 with the ideal cat
state, but no entanglement. Our experiments, as well as
[HDHL24, RAC+24], measure X basis and Z basis error
rates, pX and pZ . The fidelity to the ideal cat state is
between 1 − pX − pZ and 1 − max(pX , pZ), essentially
because possible Y errors contribute to both pX and pZ ;
this is the reason for the fidelity ranges in Table I.
We find that for the encoded cat state, using error

detection and loss correction, pX +pZ = 26.6+3.3
−3.1%, while

for the unencoded baseline pX + pZ = 42.0+11.3
−10.1%. The

results are summarized in Fig. 1 and Table III. While
the encoding is clearly beneficial, interestingly, it helps
reduce pX much more than pZ . The baseline error bar
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8
<latexit sha1_base64="JKEXOxY572+o2HJTyjOtiljdw2A=">AAAB3nicbVBNS0JBFL1jX2ZfVss2QxK0kvcirFYJtWipkB+gYvPG+3Rw3gcz8wIRt20i2hT0k/oL/Yt+QuPTjdqBgcM5Z7j3XC+WQhvH+SGZtfWNza3sdm5nd2//IH94VNdRojjWeCQj1fSYRilCrBlhJDZjhSzwJDa84d3Ubzyj0iIKH80oxk7A+qHwBWfGStWbbr7gFJ0UdJW4c1K4/YUUlW7+u92LeBJgaLhkWrdcJzadMVNGcImTXDvRGDM+ZH0cp+tN6JmVetSPlH2hoam6kGOB1qPAs8mAmYFe9qbif14rMf51ZyzCODEY8tkgP5HURHTalfaEQm7kyBLGlbAbUj5ginFjL5Kz1d3loqukflF0S8VS9bJQvp/dALJwAqdwDi5cQRkeoAI14IDwCh/wSZ7IC3kj77Nohsz/HMMCyNcfEaaJpA==</latexit>

9
<latexit sha1_base64="T+p9cNgkgqaa2QUUNPQ5sHacglk=">AAAB33icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVHcWdOGyin1AW0omzbShmcmQ3BFK6dqNiBsF/8hf8C/8BDPTbtp6IHA454R7z/VjKQy67o+TW1vf2NzKbxd2dvf2D4qHRw2jEs14nSmpdMunhksR8ToKlLwVa05DX/KmP7pN/eYz10ao6AnHMe+GdBCJQDCKVnr03F6x5JbdDGSVeHNSuvmFDLVe8bvTVywJeYRMUmPanhtjd0I1Cib5tNBJDI8pG9EBn2T7TcmZlfokUNq+CEmmLuRoaMw49G0ypDg0y14q/ue1EwyuuxMRxQnyiM0GBYkkqEhalvSF5gzl2BLKtLAbEjakmjK0JynY6t5y0VXSuCh7lXLl4bJUvZvdAPJwAqdwDh5cQRXuoQZ1YBDAK3zAp0OdF+fNeZ9Fc878zzEswPn6A3HBidY=</latexit>

10
<latexit sha1_base64="g7cG/TADfV3U8+tgs1GnBdG6V7E=">AAAB33icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVHcWdOGyin1AW0omzbShmcmQ3BFK6dqNiBsF/8hf8C/8BDPTbtp6IHA454R7z/VjKQy67o+TW1vf2NzKbxd2dvf2D4qHRw2jEs14nSmpdMunhksR8ToKlLwVa05DX/KmP7pN/eYz10ao6AnHMe+GdBCJQDCKVnr0vF6x5JbdDGSVeHNSuvmFDLVe8bvTVywJeYRMUmPanhtjd0I1Cib5tNBJDI8pG9EBn2T7TcmZlfokUNq+CEmmLuRoaMw49G0ypDg0y14q/ue1EwyuuxMRxQnyiM0GBYkkqEhalvSF5gzl2BLKtLAbEjakmjK0JynY6t5y0VXSuCh7lXLl4bJUvZvdAPJwAqdwDh5cQRXuoQZ1YBDAK3zAp0OdF+fNeZ9Fc878zzEswPn6A3M7idc=</latexit>

11

<latexit sha1_base64="6ezQAOD4KydZgma240MLBNyAD0c=">AAAB73icbVDLTgIxFL2DL8TXqEs3jcTEFZlhge4k0YVLTOSRACGd0oGGTju2HRIkfIcbY9xo4p/4C/6Fn2BnYAN4kian55ym99wg5kwbz/txchubW9s7+d3C3v7B4ZF7fNLQMlGE1onkUrUCrClngtYNM5y2YkVxFHDaDEa3qd8cU6WZFI9mEtNuhAeChYxgY6We6zJhqMIkvaFnKWjPLXolLwNaJ/6CFG9+IUOt5353+pIkERWGcKx12/di051iZRjhdFboJJrGmIzwgE6zeWfowkp9FEpljzAoU5dyONJ6EgU2GWEz1KteKv7ntRMTXnenTMSJoYLMPwoTjoxEaXnUZ4oSwyeWYKKYnRCRIU7r2xUVbHV/teg6aZRLfqVUeSgXq3fzHUAezuAcLsGHK6jCPdSgDgTG8Aof8Ok8OS/Om/M+j+acxZtTWILz9QciTZCs</latexit>

interaction zone

<latexit sha1_base64="+tfTGH/yIEbFiqM9yodkFCLExxI="></latexit>

register

<latexit sha1_base64="ft2/fRvtAQ7ffUZvMcJCXfMP/Gk="></latexit>

1p2 �|0
2
4〉

+
|1

2
4〉 �

<latexit sha1_base64="zWJccY+CTVn8cLLdgCx9/U28K58=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRG8G9OAxAfOAJMTZSW8yZPbBTK8QQq5eRLwo+En+gn/hJzh5XBItGCiqauiu9hMlDbnut5NZW9/Y3Mpu53Z29/YP8odHdROnWmBNxCrWTZ8bVDLCGklS2Ew08tBX2PCHt1O/8YTayDh6oFGCnZD3IxlIwclKVbebL7hFdwb2l3gLUrj5gRkq3fxXuxeLNMSIhOLGtDw3oc6Ya5JC4STXTg0mXAx5H8ez9SbszEo9FsTavojYTF3K8dCYUejbZMhpYFa9qfif10opuO6MZZSkhJGYDwpSxShm066sJzUKUiNLuNDSbsjEgGsuyF4kZ6t7q0X/kvpF0SsVS9XLQvlufgPIwgmcwjl4cAVluIcK1EAAwgu8w4fz6Dw7r87bPJpxFn+OYQnO5y8EXImb</latexit>

0
<latexit sha1_base64="tbhzuTun3cX+7Vb/sN1P6/qY3Ek=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRG8G9OAxAfOAJMTZSW8yZPbBTK8QQq5eRLwo+En+gn/hJzh5XBItGCiqauiu9hMlDbnut5NZW9/Y3Mpu53Z29/YP8odHdROnWmBNxCrWTZ8bVDLCGklS2Ew08tBX2PCHt1O/8YTayDh6oFGCnZD3IxlIwclKVa+bL7hFdwb2l3gLUrj5gRkq3fxXuxeLNMSIhOLGtDw3oc6Ya5JC4STXTg0mXAx5H8ez9SbszEo9FsTavojYTF3K8dCYUejbZMhpYFa9qfif10opuO6MZZSkhJGYDwpSxShm066sJzUKUiNLuNDSbsjEgGsuyF4kZ6t7q0X/kvpF0SsVS9XLQvlufgPIwgmcwjl4cAVluIcK1EAAwgu8w4fz6Dw7r87bPJpxFn+OYQnO5y8F1omc</latexit>

1
<latexit sha1_base64="KhfwHdJjoANyHcpgGvN+vxA9PY4=">AAAB3nicbVDLSgMxFL1TX7W+qi7dBIvgqswUqe4s6MJlC/YBbamZNNOGZjJDckcopVs3Im4U/CR/wb/wE0yn3bT1QOBwzgn3nuvHUhh03R8ns7G5tb2T3c3t7R8cHuWPTxomSjTjdRbJSLd8argUitdRoOStWHMa+pI3/dHdzG8+c21EpB5xHPNuSAdKBIJRtFKt1MsX3KKbgqwTb0EKt7+QotrLf3f6EUtCrpBJakzbc2PsTqhGwSSf5jqJ4TFlIzrgk3S9KbmwUp8EkbZPIUnVpRwNjRmHvk2GFIdm1ZuJ/3ntBIOb7kSoOEGu2HxQkEiCEZl1JX2hOUM5toQyLeyGhA2ppgztRXK2urdadJ00SkWvXCzXrgqV+/kNIAtncA6X4ME1VOABqlAHBhxe4QM+nSfnxXlz3ufRjLP4cwpLcL7+AAdQiZ0=</latexit>

2
<latexit sha1_base64="3Ha4poZMPyWGSfKIAIU4GR8rlDU=">AAAB3nicbVDLSgMxFL1TX7W+qi7dBIvgqsyoVHcWdOGyBfuAttRMmmlDM5MhuSOU0q0bETcKfpK/4F/4CabTbtp6IHA454R7z/VjKQy67o+TWVvf2NzKbud2dvf2D/KHR3WjEs14jSmpdNOnhksR8RoKlLwZa05DX/KGP7yb+o1nro1Q0SOOYt4JaT8SgWAUrVS97OYLbtFNQVaJNyeF219IUenmv9s9xZKQR8gkNabluTF2xlSjYJJPcu3E8JiyIe3zcbrehJxZqUcCpe2LkKTqQo6GxoxC3yZDigOz7E3F/7xWgsFNZyyiOEEesdmgIJEEFZl2JT2hOUM5soQyLeyGhA2opgztRXK2urdcdJXUL4peqViqXhXK97MbQBZO4BTOwYNrKMMDVKAGDDi8wgd8Ok/Oi/PmvM+iGWf+5xgW4Hz9AQjKiZ4=</latexit>

3
<latexit sha1_base64="PcmaSUaBvwUa0syWiYhqucuL7Nk=">AAAB2nicbVDLTgJBEOzFF64v9OplIjHxRHaNQW+S6MEjJvJIgODs0MCE2Udmek0I4erFeFO/yV/wL/wEh4ULYCWTVKpq0l0dJEoa8rwfJ7exubW9k9919/YPDo8K7nHdxKkWWBOxinUz4AaVjLBGkhQ2E408DBQ2gtHdzG+8oDYyjp5onGAn5INI9qXgZKXHq26h6JW8DGyd+AtSvP2FDNVu4bvdi0UaYkRCcWNavpdQZ8I1SaFw6rZTgwkXIz7ASbbelJ1bqcf6sbYvIpapSzkeGjMOA5sMOQ3NqjcT//NaKfVvOhMZJSlhJOaD+qliFLNZV9aTGgWpsSVcaGk3ZGLINRdkL+La6v5q0XVSvyz55VK5WLmfXwDycApncAE+XEMFHqAKNRCA8AYf8Ok8O6/O+zyYcxY/TmAJztcfrVWIfw==</latexit>

4
<latexit sha1_base64="t1GIb+J6cfpVRg/CB7BuO9ZG7Ds=">AAAB3nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVncWdOGyBfuAttRMmmlDM5MhuSOU0q0bETcKfpK/4F/4CabTbtp6IHA454R7z/VjKQy67o+TWVvf2NzKbud2dvf2D/KHR3WjEs14jSmpdNOnhksR8RoKlLwZa05DX/KGP7yb+o1nro1Q0SOOYt4JaT8SgWAUrVS96uYLbtFNQVaJNyeF219IUenmv9s9xZKQR8gkNabluTF2xlSjYJJPcu3E8JiyIe3zcbrehJxZqUcCpe2LkKTqQo6GxoxC3yZDigOz7E3F/7xWgsFNZyyiOEEesdmgIJEEFZl2JT2hOUM5soQyLeyGhA2opgztRXK2urdcdJXUL4peqViqXhbK97MbQBZO4BTOwYNrKMMDVKAGDDi8wgd8Ok/Oi/PmvM+iGWf+5xgW4Hz9AQu+iaA=</latexit>

5
<latexit sha1_base64="cqcE/9Nlkx9ondq74rg5g7qyvTs=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRG8G9OAxAfOAJMTZSW8yZPbBTK8QQq5eRLwo+En+gn/hJzh5XBItGCiqauiu9hMlDbnut5NZW9/Y3Mpu53Z29/YP8odHdROnWmBNxCrWTZ8bVDLCGklS2Ew08tBX2PCHt1O/8YTayDh6oFGCnZD3IxlIwclK1VI3X3CL7gzsL/EWpHDzAzNUuvmvdi8WaYgRCcWNaXluQp0x1ySFwkmunRpMuBjyPo5n603YmZV6LIi1fRGxmbqU46Exo9C3yZDTwKx6U/E/r5VScN0ZyyhJCSMxHxSkilHMpl1ZT2oUpEaWcKGl3ZCJAddckL1Izlb3Vov+JfWLolcqlqqXhfLd/AaQhRM4hXPw4ArKcA8VqIEAhBd4hw/n0Xl2Xp23eTTjLP4cwxKcz18NOImh</latexit>

6
<latexit sha1_base64="UzG0lbi9k7boNRSfbhrd1zOeemI=">AAAB3nicbVDLSgMxFL1TX7W+qi7dBIvgqsyItO4s6MJlC/YBbamZ9E4bmskMSUYopVs3Im4U/CR/wb/wE0yn3bT1QOBwzgn3nuvHgmvjuj9OZmNza3snu5vb2z84PMofnzR0lCiGdRaJSLV8qlFwiXXDjcBWrJCGvsCmP7qb+c1nVJpH8tGMY+yGdCB5wBk1VqqVe/mCW3RTkHXiLUjh9hdSVHv5704/YkmI0jBBtW57bmy6E6oMZwKnuU6iMaZsRAc4Sdebkgsr9UkQKfukIam6lKOh1uPQt8mQmqFe9Wbif147McFNd8JlnBiUbD4oSAQxEZl1JX2ukBkxtoQyxe2GhA2poszYi+RsdW+16DppXBW9UrFUuy5U7uc3gCycwTlcggdlqMADVKEODBBe4QM+nSfnxXlz3ufRjLP4cwpLcL7+AA6yiaI=</latexit>

7
<latexit sha1_base64="UDdqrdZ0y4/pGLfxcIze7AM87p0=">AAAB3nicbVDLSgMxFL1TX7W+qi7dBIvgqsyI1O4s6MJlC/YBbamZ9E4bmskMSUYopVs3Im4U/CR/wb/wE0yn3bT1QOBwzgn3nuvHgmvjuj9OZmNza3snu5vb2z84PMofnzR0lCiGdRaJSLV8qlFwiXXDjcBWrJCGvsCmP7qb+c1nVJpH8tGMY+yGdCB5wBk1VqqVe/mCW3RTkHXiLUjh9hdSVHv5704/YkmI0jBBtW57bmy6E6oMZwKnuU6iMaZsRAc4Sdebkgsr9UkQKfukIam6lKOh1uPQt8mQmqFe9Wbif147MUG5O+EyTgxKNh8UJIKYiMy6kj5XyIwYW0KZ4nZDwoZUUWbsRXK2urdadJ00ropeqViqXRcq9/MbQBbO4BwuwYMbqMADVKEODBBe4QM+nSfnxXlz3ufRjLP4cwpLcL7+ABAsiaM=</latexit>

8
<latexit sha1_base64="JKEXOxY572+o2HJTyjOtiljdw2A=">AAAB3nicbVBNS0JBFL1jX2ZfVss2QxK0kvcirFYJtWipkB+gYvPG+3Rw3gcz8wIRt20i2hT0k/oL/Yt+QuPTjdqBgcM5Z7j3XC+WQhvH+SGZtfWNza3sdm5nd2//IH94VNdRojjWeCQj1fSYRilCrBlhJDZjhSzwJDa84d3Ubzyj0iIKH80oxk7A+qHwBWfGStWbbr7gFJ0UdJW4c1K4/YUUlW7+u92LeBJgaLhkWrdcJzadMVNGcImTXDvRGDM+ZH0cp+tN6JmVetSPlH2hoam6kGOB1qPAs8mAmYFe9qbif14rMf51ZyzCODEY8tkgP5HURHTalfaEQm7kyBLGlbAbUj5ginFjL5Kz1d3loqukflF0S8VS9bJQvp/dALJwAqdwDi5cQRkeoAI14IDwCh/wSZ7IC3kj77Nohsz/HMMCyNcfEaaJpA==</latexit>

9
<latexit sha1_base64="T+p9cNgkgqaa2QUUNPQ5sHacglk=">AAAB33icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVHcWdOGyin1AW0omzbShmcmQ3BFK6dqNiBsF/8hf8C/8BDPTbtp6IHA454R7z/VjKQy67o+TW1vf2NzKbxd2dvf2D4qHRw2jEs14nSmpdMunhksR8ToKlLwVa05DX/KmP7pN/eYz10ao6AnHMe+GdBCJQDCKVnr03F6x5JbdDGSVeHNSuvmFDLVe8bvTVywJeYRMUmPanhtjd0I1Cib5tNBJDI8pG9EBn2T7TcmZlfokUNq+CEmmLuRoaMw49G0ypDg0y14q/ue1EwyuuxMRxQnyiM0GBYkkqEhalvSF5gzl2BLKtLAbEjakmjK0JynY6t5y0VXSuCh7lXLl4bJUvZvdAPJwAqdwDh5cQRXuoQZ1YBDAK3zAp0OdF+fNeZ9Fc878zzEswPn6A3HBidY=</latexit>

10
<latexit sha1_base64="g7cG/TADfV3U8+tgs1GnBdG6V7E=">AAAB33icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVHcWdOGyin1AW0omzbShmcmQ3BFK6dqNiBsF/8hf8C/8BDPTbtp6IHA454R7z/VjKQy67o+TW1vf2NzKbxd2dvf2D4qHRw2jEs14nSmpdMunhksR8ToKlLwVa05DX/KmP7pN/eYz10ao6AnHMe+GdBCJQDCKVnr0vF6x5JbdDGSVeHNSuvmFDLVe8bvTVywJeYRMUmPanhtjd0I1Cib5tNBJDI8pG9EBn2T7TcmZlfokUNq+CEmmLuRoaMw49G0ypDg0y14q/ue1EwyuuxMRxQnyiM0GBYkkqEhalvSF5gzl2BLKtLAbEjakmjK0JynY6t5y0VXSuCh7lXLl4bJUvZvdAPJwAqdwDh5cQRXuoQZ1YBDAK3zAp0OdF+fNeZ9Fc878zzEswPn6A3M7idc=</latexit>

11

<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉
<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉

<latexit sha1_base64="zWJccY+CTVn8cLLdgCx9/U28K58=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRG8G9OAxAfOAJMTZSW8yZPbBTK8QQq5eRLwo+En+gn/hJzh5XBItGCiqauiu9hMlDbnut5NZW9/Y3Mpu53Z29/YP8odHdROnWmBNxCrWTZ8bVDLCGklS2Ew08tBX2PCHt1O/8YTayDh6oFGCnZD3IxlIwclKVbebL7hFdwb2l3gLUrj5gRkq3fxXuxeLNMSIhOLGtDw3oc6Ya5JC4STXTg0mXAx5H8ez9SbszEo9FsTavojYTF3K8dCYUejbZMhpYFa9qfif10opuO6MZZSkhJGYDwpSxShm066sJzUKUiNLuNDSbsjEgGsuyF4kZ6t7q0X/kvpF0SsVS9XLQvlufgPIwgmcwjl4cAVluIcK1EAAwgu8w4fz6Dw7r87bPJpxFn+OYQnO5y8EXImb</latexit>

0

<latexit sha1_base64="tbhzuTun3cX+7Vb/sN1P6/qY3Ek=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRG8G9OAxAfOAJMTZSW8yZPbBTK8QQq5eRLwo+En+gn/hJzh5XBItGCiqauiu9hMlDbnut5NZW9/Y3Mpu53Z29/YP8odHdROnWmBNxCrWTZ8bVDLCGklS2Ew08tBX2PCHt1O/8YTayDh6oFGCnZD3IxlIwclKVa+bL7hFdwb2l3gLUrj5gRkq3fxXuxeLNMSIhOLGtDw3oc6Ya5JC4STXTg0mXAx5H8ez9SbszEo9FsTavojYTF3K8dCYUejbZMhpYFa9qfif10opuO6MZZSkhJGYDwpSxShm066sJzUKUiNLuNDSbsjEgGsuyF4kZ6t7q0X/kvpF0SsVS9XLQvlufgPIwgmcwjl4cAVluIcK1EAAwgu8w4fz6Dw7r87bPJpxFn+OYQnO5y8F1omc</latexit>

1

<latexit sha1_base64="KhfwHdJjoANyHcpgGvN+vxA9PY4=">AAAB3nicbVDLSgMxFL1TX7W+qi7dBIvgqswUqe4s6MJlC/YBbamZNNOGZjJDckcopVs3Im4U/CR/wb/wE0yn3bT1QOBwzgn3nuvHUhh03R8ns7G5tb2T3c3t7R8cHuWPTxomSjTjdRbJSLd8argUitdRoOStWHMa+pI3/dHdzG8+c21EpB5xHPNuSAdKBIJRtFKt1MsX3KKbgqwTb0EKt7+QotrLf3f6EUtCrpBJakzbc2PsTqhGwSSf5jqJ4TFlIzrgk3S9KbmwUp8EkbZPIUnVpRwNjRmHvk2GFIdm1ZuJ/3ntBIOb7kSoOEGu2HxQkEiCEZl1JX2hOUM5toQyLeyGhA2ppgztRXK2urdadJ00SkWvXCzXrgqV+/kNIAtncA6X4ME1VOABqlAHBhxe4QM+nSfnxXlz3ufRjLP4cwpLcL7+AAdQiZ0=</latexit>

2

<latexit sha1_base64="3Ha4poZMPyWGSfKIAIU4GR8rlDU=">AAAB3nicbVDLSgMxFL1TX7W+qi7dBIvgqsyoVHcWdOGyBfuAttRMmmlDM5MhuSOU0q0bETcKfpK/4F/4CabTbtp6IHA454R7z/VjKQy67o+TWVvf2NzKbud2dvf2D/KHR3WjEs14jSmpdNOnhksR8RoKlLwZa05DX/KGP7yb+o1nro1Q0SOOYt4JaT8SgWAUrVS97OYLbtFNQVaJNyeF219IUenmv9s9xZKQR8gkNabluTF2xlSjYJJPcu3E8JiyIe3zcbrehJxZqUcCpe2LkKTqQo6GxoxC3yZDigOz7E3F/7xWgsFNZyyiOEEesdmgIJEEFZl2JT2hOUM5soQyLeyGhA2opgztRXK2urdcdJXUL4peqViqXhXK97MbQBZO4BTOwYNrKMMDVKAGDDi8wgd8Ok/Oi/PmvM+iGWf+5xgW4Hz9AQjKiZ4=</latexit>

3

<latexit sha1_base64="PcmaSUaBvwUa0syWiYhqucuL7Nk=">AAAB2nicbVDLTgJBEOzFF64v9OplIjHxRHaNQW+S6MEjJvJIgODs0MCE2Udmek0I4erFeFO/yV/wL/wEh4ULYCWTVKpq0l0dJEoa8rwfJ7exubW9k9919/YPDo8K7nHdxKkWWBOxinUz4AaVjLBGkhQ2E408DBQ2gtHdzG+8oDYyjp5onGAn5INI9qXgZKXHq26h6JW8DGyd+AtSvP2FDNVu4bvdi0UaYkRCcWNavpdQZ8I1SaFw6rZTgwkXIz7ASbbelJ1bqcf6sbYvIpapSzkeGjMOA5sMOQ3NqjcT//NaKfVvOhMZJSlhJOaD+qliFLNZV9aTGgWpsSVcaGk3ZGLINRdkL+La6v5q0XVSvyz55VK5WLmfXwDycApncAE+XEMFHqAKNRCA8AYf8Ok8O6/O+zyYcxY/TmAJztcfrVWIfw==</latexit>
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FIG. 4. (a) Logical circuit to prepare a 24-qubit cat state 1√
2

(
|024⟩+ |124⟩

)
. The qubits are arranged in 12 pairs that will

each be encoded into a J4, 2, 2K code block. The logical CNOT gates are applied in seven rounds, indicated by the alternating
colors. (b) The same circuit, fault-tolerantly encoded into the J4, 2, 2K code. This circuit prepares an encoded 24-qubit cat state,
and is what runs on the device. The circuit involves 59 atoms (qubits) and 101 physical CZ gates, with a CZ depth of 11; at
most five CZ gates touch any qubit. There are 12 code blocks, all but the first using an extra ancilla qubit, shown in gray, to
prepare the initial state, encoded |00⟩, fault tolerantly. Each ancilla should be measured to be 0. In the circuit diagram, a blue
wire indicates a qubit in the Hadamard basis, and changing in or out of this basis uses a Hadamard gate, not shown. The CZ
gates are shown in the correct temporal order, except that the black and red CZ gates are applied in parallel, up to eight at a
time. Not shown is that in fact all qubits are together prepared in |0⟩ initially, and only converted to |+⟩ using a Hadamard
gate just in time for their first CZ gate. Also not shown are the final transversal X or Z measurements, made simultaneously.
(c) Arrangement of atoms for the experiment. Each of the top three rows in the storage zone has four code blocks, and the
fourth row has the ancilla qubits for blocks 1–11. Not to scale.
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|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉
<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉

<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>
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<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉
<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉

<latexit sha1_base64="vW1d4cPN6MegQXsGBTCe5+8zdtY="></latexit>

|+〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="sjcC/FGIgT8m5T3GBjXPGQ0KOlE="></latexit>

〈0|<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="OPUR+bziS5ZnrcaIIZIqIvNmIDc=">AAAB73icbVDLTgIxFL2DL8TXqEs3jcTEuCAzLNCdJG5cYiKPBAjplA40dNqx7ZAg4TvcGONGE//EX/Av/AQ7AxvAkzQ5Pec0vecGMWfaeN6Pk9vY3Nreye8W9vYPDo/c45OGlokitE4kl6oVYE05E7RumOG0FSuKo4DTZjC6S/3mmCrNpHg0k5h2IzwQLGQEGyv1XJcJQxUm6Q09S0F7btEreRnQOvEXpHj7CxlqPfe705ckiagwhGOt274Xm+4UK8MIp7NCJ9E0xmSEB3SazTtDF1bqo1Aqe4RBmbqUw5HWkyiwyQiboV71UvE/r52Y8KY7ZSJODBVk/lGYcGQkSsujPlOUGD6xBBPF7ISIDHFa366oYKv7q0XXSaNc8iulykO5WL2a7wDycAbncAk+XEMV7qEGdSAwhlf4gE/nyXlx3pz3eTTnLN6cwhKcrz8ae5CS</latexit>

interaction zone

<latexit sha1_base64="6iMJWi22trpRaTzJ1vDK9WPqExo=">AAAB5XicbVDJSgNBFHwTtxi3qEcvjUEQD2Emh+jNgBePEc0CSQg9PW+SJj0LvQgh5BO8iHhR8Hf8Bf/CT7AzySWJBQ1FVTXv1fNTwZV23R8nt7G5tb2T3y3s7R8cHhWPT5oqMZJhgyUikW2fKhQ8xobmWmA7lUgjX2DLH93N/NYzSsWT+EmPU+xFdBDzkDOqrdR+ZEMMjMB+seSW3QxknXgLUrr9hQz1fvG7GyTMRBhrJqhSHc9NdW9CpeZM4LTQNQpTykZ0gJNsyym5sFJAwkTaF2uSqUs5Gik1jnybjKgeqlVvJv7ndYwOb3oTHqdGY8zmg0IjiE7IrDIJuESmxdgSyiS3GxI2pJIybQ9TsNW91aLrpFkpe9Vy9aFSql3NbwB5OINzuAQPrqEG91CHBjAQ8Aof8OkMnBfnzXmfR3PO4s8pLMH5+gNynIzC</latexit>

Schedule

FIG. 5. A portion of the encoded circuit from Fig. 4 prepares an encoded four-qubit cat state. The gates in this circuit need to
be scheduled. Two-qubit CZ gates are applied in the interaction zone, up to eight gates in parallel, and all the one-qubit gates
on a particular qubit are applied at its initial location in the storage zone. One-qubit gates on a subset of qubits in the same
row can be applied in parallel. Two atoms can be moved in parallel, but their paths cannot cross. Note that in this example, for
clarity the two code blocks are arranged adjacent to each other in the storage zone, whereas in Fig. 4 they are interleaved.
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<latexit sha1_base64="ft2/fRvtAQ7ffUZvMcJCXfMP/Gk="></latexit>
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<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="OPUR+bziS5ZnrcaIIZIqIvNmIDc=">AAAB73icbVDLTgIxFL2DL8TXqEs3jcTEuCAzLNCdJG5cYiKPBAjplA40dNqx7ZAg4TvcGONGE//EX/Av/AQ7AxvAkzQ5Pec0vecGMWfaeN6Pk9vY3Nreye8W9vYPDo/c45OGlokitE4kl6oVYE05E7RumOG0FSuKo4DTZjC6S/3mmCrNpHg0k5h2IzwQLGQEGyv1XJcJQxUm6Q09S0F7btEreRnQOvEXpHj7CxlqPfe705ckiagwhGOt274Xm+4UK8MIp7NCJ9E0xmSEB3SazTtDF1bqo1Aqe4RBmbqUw5HWkyiwyQiboV71UvE/r52Y8KY7ZSJODBVk/lGYcGQkSsujPlOUGD6xBBPF7ISIDHFa366oYKv7q0XXSaNc8iulykO5WL2a7wDycAbncAk+XEMV7qEGdSAwhlf4gE/nyXlx3pz3eTTnLN6cwhKcrz8ae5CS</latexit>
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e

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="ft2/fRvtAQ7ffUZvMcJCXfMP/Gk="></latexit>

1p2 �|0
2
4〉

+
|1

2
4〉 �

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>
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FIG. 6. Circuit to prepare a 24-qubit cat state, unencoded. One-qubit gates are applied at an atom’s home register location.

is large because rather than averaging over all trials, we
chose for a challenging baseline the best of 27 separate
runs, each consisting of 300–400 unencoded trials with X
and Z basis measurement; Fig. 7 gives more details.
Figure 8 shows how conditioning on at most k lost

qubits, for various values of k, allows a smoother inter-
polation, in both acceptance probability and total error
probability, between the different results in Table III.
Finally, Fig. 9 shows the different machine runs that com-
bine to give the data in Table III, plotted conditioned on
no initial atom loss. The spread and correlations in the
figure suggest some machine parameter drift.

V. ENCODED BERNSTEIN-VAZIRANI
ALGORITHM

Consider a black box oracle {0, 1}n → {0, 1}, with
a secret string s ∈ {0, 1}n, that on query x returns
s · x = s1x1 ⊕ · · · ⊕ snxn, with ⊕ denoting addi-
tion modulo 2. Classically, n queries to the oracle
are required and sufficient to learn s. The Bernstein-
Vazirani algorithm [BV97, CEMM98] makes a single
query to the quantum version of this oracle, Us =∑

x∈{0,1}n,b∈{0,1} |b⊕ (s · x)⟩⟨b|⊗|x⟩⟨x|, to learn s through

the following steps:

|−,+n⟩ Us7−→ 1√
2n

∑

x∈{0,1}n

(−1)s·x|−, x⟩ I⊗H⊗n

7−→ |−, s⟩ .

This classic algorithm was designed to prove an oracle
separation between the classical randomized and quantum
polynomial-time complexity classes BPP and BQP.
For n ∈ {7, 11, 15, 19, 23, 27}, we implement the

Bernstein-Vazirani algorithm for the hardest secret string,
s = 1n. We implement the algorithm using J4, 1, 2K-
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FIG. 7. Each trial of the unencoded baseline 24-qubit cat
state experiment included two cat states, one measured in the
X basis and the other measured in the Z basis. Shown here
are the baseline runs, each consisting of 300–400 trials. Only
cat states with no qubit loss are included, on average 135.3
and 161.0 trials for X and Z basis measurements, respectively.
The high variance in the observed error rates complicates
reporting a single baseline X plus Z basis total error rate. To
be conservative, disadvantaging the encoded cases, we decided
to report the best single run as a baseline. The red data point
has the least total error. In the X basis, 26 out of 100 cat
states had a logical error, and in the Z basis, 19 out of 121
cat states had a logical error. The baseline error bars in Fig. 1
are large because they are based on only this run, rather than
on the average of all the runs in this plot.

encoded logical qubits, as well as corresponding unen-
coded baseline circuits. Figure 10 shows the encoded
circuit for n = 19, involving n + 1 = 20 logical qubits,
4(n+ 1) = 80 atoms and 6n+ 2 = 116 physical CZ gates.
The largest instance run, n = 27, contains 28 logical
qubits, 112 atoms and 170 physical CZ gates. Note that
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TABLE III. Data for the 24-qubit cat state experiments. An experiment is accepted if it is neither prerejected nor postrejected.
For the encoded experiments, a trial is “prerejected” if it is rejected during the initial state preparation because one of the
|00⟩ = 1√

2
(|04⟩ + |14⟩) states fails verification. A surviving trial is “postrejected” if a code block cannot be decoded, either

because of a detected error or because of two or more lost qubits in the block. We have also filtered out the encoded data with
no initial losses, and the data with no losses at all. For the unencoded baseline, a trial is prerejected if there are any initial
losses and a surviving trial is postrejected if there are any circuit losses. As explained in Fig. 7, we have selected the best of the
unencoded runs, in order to create a challenging baseline.

Experiment Basis Trials Prerejected Postrejected Pr[accept] Errors Error rate

Cat-24 encoded: all data X 14 400 10 159 3026 8.4+0.5
−0.4% 148 12(2)%

Z 15 360 11 090 3283 6.4(4)% 170 17(2)%

no initial loss X 8433 5371 2122 11.1(7)% 115 12(2)%

Z 8575 5589 2185 9.3(6)% 115 14+3
−2%

no loss X 395 66 221 27+5
−4% 9 8+6

−4%

Z 463 98 220 31(4)% 2 1+3
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FIG. 8. Data from the encoded 24-qubit cat state experiment,
selecting only trials within specified loss criteria. In general,
attempting to correct for more loss leads to a higher acceptance
probability, but also a higher error rate. In each trial, an atom
may be missing before the circuit even begins, a loading loss,
or it may be lost during the circuit. The red points show
the total X basis plus Z basis error rate, plotted against the
average of the X and Z acceptance probabilities, based on
either all 29 760 trials, only those 17 008 trials with no initial
loss, or only those 858 trials with no loss at all. For the blue
points, we select only trials in which the total number of lost
qubits, including load loss and circuit loss, is at most a certain
threshold. Note that Fig. 9 only includes trials with no initial
loss, and the acceptance probabilities in Fig. 9 are conditioned
on no initial loss, so the normalization is different. (Figure 7
for the baseline only includes trials with no loss at all.)

for the last n code blocks we store information in the
first logical qubit X1, Z1 of the J4, 2, 2K code, but for
the first block we use X2, Z2; this allows logical CZ to
be implemented transversally without any qubit swaps.
Also, we encode |+⟩ as |+1⟩ = 1

2 (|01⟩+ |10⟩)⊗2; setting
the gauge qubit to |1⟩ allows us to prepare the state fault
tolerantly without any verification. We prefer |±1⟩ to

|±0⟩ = 1
2 (|00⟩ ± |11⟩)⊗2 because expanded in the compu-

tational basis all the terms in |±1⟩ have Hamming weight
two, making it a decoherence-free subspace invariant to
collective dephasing [PSE96].

The unencoded algorithm accepts if no measured atom
is lost, and is successful if the measured string is 1n. The
encoded algorithm tolerates losses, but rejects if any of
the last n code blocks is not decodable.
Figure 2 summarizes the results, with more details in

Table IV. The encoded algorithms have a statistically sig-
nificantly higher success probability than the unencoded
baseline, albeit with a lower acceptance rate.
Computing the success probability conditioned on ac-

ceptance makes sense if we treat the Bernstein-Vazirani
algorithm as a generic quantum algorithm, as done above.
However, it was originally proposed as a quantum query
algorithm, in which minimizing the number of oracle
queries was of key importance. In this light, we can look
at the data and ask whether with only one oracle query
allowed (one trial), the encoded circuit still beats the un-
encoded circuit. In short, the answer is probably not. In
this case, neither the encoded nor unencoded algorithms
can condition on acceptance, and with only one trial it
requires guessing the secret string. In particular, with a
lost unencoded qubit or an undecodable code block the
probability of guessing the corresponding bit is only 1/2,
and the expected Hamming distance of the guess away
from the secret string increases by 1/2. As shown in Ta-
ble V, if you are only allowed to make one query to either
the unencoded or encoded oracles, and if your goal is to
maximize the probability of guessing the secret string s,
then for n ≥ 11 it is better to use the unencoded oracle.
On the other hand, if your goal is to minimize the ex-
pected Hamming distance of your guess from s, then it is
better in all cases to use the encoded oracle.
These statements are not contradictory. They hold

because the failure modes of the encoded and unencoded
algorithms are quite different, as shown in Fig. 11. In-
tuitively, an error on the ancilla qubit in the unencoded
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(a) X basis runs
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(b) Z basis runs

FIG. 9. Encoded 24-qubit cat state data from 45 X basis measurement runs, and 48 Z basis measurement runs. This data was
taken overnight, while the machine ran unattended. Each blue point gives the acceptance probability, conditioned on no initial
loss, and logical error rate for a run of, on average, 187 trials for the X basis data, and 179 trials for the Z basis data. (We
attempted 320 trials, but some trials failed to load all atoms.) For clarity, only some error bars are shown. The black squares
are the averages over all the data, the numbers we report. We interpret the negative correlation between acceptance probability
and logical error rate as evidence of some machine parameter drift between runs, despite automatic recalibrations.
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|+〉

<latexit sha1_base64="DTAHsnbWdTEfnyVVeDwKJzIRZTw="></latexit>

|+〉

<latexit sha1_base64="DTAHsnbWdTEfnyVVeDwKJzIRZTw="></latexit>

|+〉

<latexit sha1_base64="DTAHsnbWdTEfnyVVeDwKJzIRZTw="></latexit>

|+〉

<latexit sha1_base64="DTAHsnbWdTEfnyVVeDwKJzIRZTw="></latexit>

|+〉

<latexit sha1_base64="DTAHsnbWdTEfnyVVeDwKJzIRZTw="></latexit>

|+〉

<latexit sha1_base64="DTAHsnbWdTEfnyVVeDwKJzIRZTw="></latexit>

|+〉
<latexit sha1_base64="DTAHsnbWdTEfnyVVeDwKJzIRZTw="></latexit>

|+〉

<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�

<latexit sha1_base64="StWBLISFvBtQ5wODc/TbpC+/n8c=">AAAB43icbVDLSgMxFL1TX7W+qi7dBIvgqsx0Ud1ZEMFlBfuAtpRM5k4bm0mGJCOU0i9wI+JGwf/xF/wLP8HptJu2Hggczjnh3nP9WHBjXffHyW1sbm3v5HcLe/sHh0fF45OmUYlm2GBKKN32qUHBJTYstwLbsUYa+QJb/uh25reeURuu5KMdx9iL6EDykDNqU6l5J5kKsF8suWU3A1kn3oKUbn4hQ71f/O4GiiURSssENabjubHtTai2nAmcFrqJwZiyER3gJNtxSi5SKSCh0umTlmTqUo5GxowjP01G1A7NqjcT//M6iQ2vexMu48SiZPNBYSKIVWRWmARcI7NinBLKNE83JGxINWU2PUshre6tFl0nzUrZq5arD5VSrTy/AeThDM7hEjy4ghrcQx0awOAJXuEDPh10Xpw3530ezTmLP6ewBOfrD9tpi9M=</latexit>

Encode

<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�

<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="odR5o3xBjhST7cQXAi5GwPlvyMo="></latexit>· · ·

<latexit sha1_base64="odR5o3xBjhST7cQXAi5GwPlvyMo="></latexit>· · ·

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="b8OxxC6K0WZ17Gx5Cneaf1Ii3wo="></latexit>

|−〉

<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="g0+VoI8tP6xmRMFnxpM0OE5+gig="></latexit>

Z

<latexit sha1_base64="g0+VoI8tP6xmRMFnxpM0OE5+gig="></latexit>

Z

<latexit sha1_base64="g0+VoI8tP6xmRMFnxpM0OE5+gig="></latexit>

Z

<latexit sha1_base64="g0+VoI8tP6xmRMFnxpM0OE5+gig="></latexit>

Z

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="g0+VoI8tP6xmRMFnxpM0OE5+gig="></latexit>

Z

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="g0+VoI8tP6xmRMFnxpM0OE5+gig="></latexit>

Z

<latexit sha1_base64="odR5o3xBjhST7cQXAi5GwPlvyMo="></latexit>· · ·

<latexit sha1_base64="odR5o3xBjhST7cQXAi5GwPlvyMo="></latexit>···

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

<latexit sha1_base64="6ezQAOD4KydZgma240MLBNyAD0c=">AAAB73icbVDLTgIxFL2DL8TXqEs3jcTEFZlhge4k0YVLTOSRACGd0oGGTju2HRIkfIcbY9xo4p/4C/6Fn2BnYAN4kian55ym99wg5kwbz/txchubW9s7+d3C3v7B4ZF7fNLQMlGE1onkUrUCrClngtYNM5y2YkVxFHDaDEa3qd8cU6WZFI9mEtNuhAeChYxgY6We6zJhqMIkvaFnKWjPLXolLwNaJ/6CFG9+IUOt5353+pIkERWGcKx12/di051iZRjhdFboJJrGmIzwgE6zeWfowkp9FEpljzAoU5dyONJ6EgU2GWEz1KteKv7ntRMTXnenTMSJoYLMPwoTjoxEaXnUZ4oSwyeWYKKYnRCRIU7r2xUVbHV/teg6aZRLfqVUeSgXq3fzHUAezuAcLsGHK6jCPdSgDgTG8Aof8Ok8OS/Om/M+j+acxZtTWILz9QciTZCs</latexit>

interaction zone

<latexit sha1_base64="IXZYai3Ck4ziJyCiZRQndvs2W+A=">AAAB6XicbVDLTgIxFL2DL8QX6tJNIzFxRWZYoDtJdOESE3kkQEinFGjotJP2jgkSPsKNMW408Wf8Bf/CT7AMbABP0uTknNPce24YS2HR93+8zMbm1vZOdje3t39weJQ/PqlbnRjGa0xLbZohtVwKxWsoUPJmbDiNQskb4eh25jeeuLFCq0ccx7wT0YESfcEoOqltURs64ORZK97NF/yin4Ksk2BBCje/kKLazX+3e5olEVfIJLW2FfgxdibUoGCST3PtxPKYspEbMEk3nZILJ/VIXxv3FJJUXcrRyNpxFLpkRHFoV72Z+J/XSrB/3ZkIFSfIFZsP6ieSoCaz2qQnDGcox45QZoTbkLAhNZShO07OVQ9Wi66TeqkYlIvlh1Khcje/AWThDM7hEgK4ggrcQxVqwCCGV/iAT2/kvXhv3vs8mvEWf05hCd7XH4rujqg=</latexit>

storage zone
<latexit sha1_base64="zWJccY+CTVn8cLLdgCx9/U28K58=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRG8G9OAxAfOAJMTZSW8yZPbBTK8QQq5eRLwo+En+gn/hJzh5XBItGCiqauiu9hMlDbnut5NZW9/Y3Mpu53Z29/YP8odHdROnWmBNxCrWTZ8bVDLCGklS2Ew08tBX2PCHt1O/8YTayDh6oFGCnZD3IxlIwclKVbebL7hFdwb2l3gLUrj5gRkq3fxXuxeLNMSIhOLGtDw3oc6Ya5JC4STXTg0mXAx5H8ez9SbszEo9FsTavojYTF3K8dCYUejbZMhpYFa9qfif10opuO6MZZSkhJGYDwpSxShm066sJzUKUiNLuNDSbsjEgGsuyF4kZ6t7q0X/kvpF0SsVS9XLQvlufgPIwgmcwjl4cAVluIcK1EAAwgu8w4fz6Dw7r87bPJpxFn+OYQnO5y8EXImb</latexit>

0
<latexit sha1_base64="PcmaSUaBvwUa0syWiYhqucuL7Nk=">AAAB2nicbVDLTgJBEOzFF64v9OplIjHxRHaNQW+S6MEjJvJIgODs0MCE2Udmek0I4erFeFO/yV/wL/wEh4ULYCWTVKpq0l0dJEoa8rwfJ7exubW9k9919/YPDo8K7nHdxKkWWBOxinUz4AaVjLBGkhQ2E408DBQ2gtHdzG+8oDYyjp5onGAn5INI9qXgZKXHq26h6JW8DGyd+AtSvP2FDNVu4bvdi0UaYkRCcWNavpdQZ8I1SaFw6rZTgwkXIz7ASbbelJ1bqcf6sbYvIpapSzkeGjMOA5sMOQ3NqjcT//NaKfVvOhMZJSlhJOaD+qliFLNZV9aTGgWpsSVcaGk3ZGLINRdkL+La6v5q0XVSvyz55VK5WLmfXwDycApncAE+XEMFHqAKNRCA8AYf8Ok8O6/O+zyYcxY/TmAJztcfrVWIfw==</latexit>

4
<latexit sha1_base64="UDdqrdZ0y4/pGLfxcIze7AM87p0=">AAAB3nicbVDLSgMxFL1TX7W+qi7dBIvgqsyI1O4s6MJlC/YBbamZ9E4bmskMSUYopVs3Im4U/CR/wb/wE0yn3bT1QOBwzgn3nuvHgmvjuj9OZmNza3snu5vb2z84PMofnzR0lCiGdRaJSLV8qlFwiXXDjcBWrJCGvsCmP7qb+c1nVJpH8tGMY+yGdCB5wBk1VqqVe/mCW3RTkHXiLUjh9hdSVHv5704/YkmI0jBBtW57bmy6E6oMZwKnuU6iMaZsRAc4Sdebkgsr9UkQKfukIam6lKOh1uPQt8mQmqFe9Wbif147MUG5O+EyTgxKNh8UJIKYiMy6kj5XyIwYW0KZ4nZDwoZUUWbsRXK2urdadJ00ropeqViqXRcq9/MbQBbO4BwuwYMbqMADVKEODBBe4QM+nSfnxXlz3ufRjLP4cwpLcL7+ABAsiaM=</latexit>

8
<latexit sha1_base64="GrXXR0ZROuYtngdjVSQpR9Um+Nk=">AAAB33icbVBNS0JBFL1jX2ZfVss2QxK0kvcktF1CLVpa5AeoyLxxng7O+2DmvkDEdZuINgX9o/5C/6Kf0Ph0o3Zg4HDOGe4914uVNOg4PySzsbm1vZPdze3tHxwe5Y9PGiZKNBd1HqlItzxmhJKhqKNEJVqxFizwlGh6o9uZ33wW2sgofMJxLLoBG4TSl5yhlR7dUi9fcIpOCrpO3AUp3PxCilov/93pRzwJRIhcMWParhNjd8I0Sq7ENNdJjIgZH7GBmKT7TemFlfrUj7R9IdJUXcqxwJhx4NlkwHBoVr2Z+J/XTtC/7k5kGCcoQj4f5CeKYkRnZWlfasFRjS1hXEu7IeVDphlHe5Kcre6uFl0njVLRLRfLD1eF6t38BpCFMziHS3ChAlW4hxrUgYMPr/ABn4SRF/JG3ufRDFn8OYUlkK8/dLWJ2A==</latexit>

12
<latexit sha1_base64="ZjWy6W0eF9IyBeszzL94MqxNh7w=">AAAB33icbVDLSgMxFL1TX7W+qi7dBIvgqsyIjO4s6MJlFfuAtpRMmmlDM5khuSOU0rUbETcK/pG/4F/4CabTbtp6IHA454R7zw0SKQy67o+TW1vf2NzKbxd2dvf2D4qHR3UTp5rxGotlrJsBNVwKxWsoUPJmojmNAskbwfB26jeeuTYiVk84Sngnon0lQsEoWunR87vFklt2M5BV4s1J6eYXMlS7xe92L2ZpxBUySY1peW6CnTHVKJjkk0I7NTyhbEj7fJztNyFnVuqRMNb2KSSZupCjkTGjKLDJiOLALHtT8T+vlWJ43RkLlaTIFZsNClNJMCbTsqQnNGcoR5ZQpoXdkLAB1ZShPUnBVveWi66S+kXZ88v+w2Wpcje7AeThBE7hHDy4ggrcQxVqwCCEV/iAT4c6L86b8z6L5pz5n2NYgPP1B3qdidw=</latexit>

16

<latexit sha1_base64="OGH09YZcFV6qKP2rRanZutLLM8s="></latexit> A
rr

an
ge

an
d

<latexit sha1_base64="c30LEH/fJ1TcBFbhrIBdFSPJXCg="></latexit> sc
he

du
le

<latexit sha1_base64="6ezQAOD4KydZgma240MLBNyAD0c=">AAAB73icbVDLTgIxFL2DL8TXqEs3jcTEFZlhge4k0YVLTOSRACGd0oGGTju2HRIkfIcbY9xo4p/4C/6Fn2BnYAN4kian55ym99wg5kwbz/txchubW9s7+d3C3v7B4ZF7fNLQMlGE1onkUrUCrClngtYNM5y2YkVxFHDaDEa3qd8cU6WZFI9mEtNuhAeChYxgY6We6zJhqMIkvaFnKWjPLXolLwNaJ/6CFG9+IUOt5353+pIkERWGcKx12/di051iZRjhdFboJJrGmIzwgE6zeWfowkp9FEpljzAoU5dyONJ6EgU2GWEz1KteKv7ntRMTXnenTMSJoYLMPwoTjoxEaXnUZ4oSwyeWYKKYnRCRIU7r2xUVbHV/teg6aZRLfqVUeSgXq3fzHUAezuAcLsGHK6jCPdSgDgTG8Aof8Ok8OS/Om/M+j+acxZtTWILz9QciTZCs</latexit>

interaction zone

<latexit sha1_base64="IXZYai3Ck4ziJyCiZRQndvs2W+A=">AAAB6XicbVDLTgIxFL2DL8QX6tJNIzFxRWZYoDtJdOESE3kkQEinFGjotJP2jgkSPsKNMW408Wf8Bf/CT7AMbABP0uTknNPce24YS2HR93+8zMbm1vZOdje3t39weJQ/PqlbnRjGa0xLbZohtVwKxWsoUPJmbDiNQskb4eh25jeeuLFCq0ccx7wT0YESfcEoOqltURs64ORZK97NF/yin4Ksk2BBCje/kKLazX+3e5olEVfIJLW2FfgxdibUoGCST3PtxPKYspEbMEk3nZILJ/VIXxv3FJJUXcrRyNpxFLpkRHFoV72Z+J/XSrB/3ZkIFSfIFZsP6ieSoCaz2qQnDGcox45QZoTbkLAhNZShO07OVQ9Wi66TeqkYlIvlh1Khcje/AWThDM7hEgK4ggrcQxVqwCCGV/iAT2/kvXhv3vs8mvEWf05hCd7XH4rujqg=</latexit>

storage zone

FIG. 10. The n = 19 Bernstein-Vazirani algorithm involves n+ 1 = 20 logical qubits. In our experiment, we test the most
challenging case, in which the secret string is 1n, so there are n logical CNOT gates. Encoded into the J4, 1, 2K code, each logical
qubit becomes a block of four atoms. There are 4(n+ 1) atoms and 6n+ 2 physical CZ gates. Four code blocks are arranged in
each of the storage zone’s top five rows. The gates are scheduled so that the first block, once initialized, stays in the interaction
zone. As transversal CZ gates are applied into block j, block j + 1 is initialized.
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TABLE IV. Data for the Bernstein-Vazirani experiments. The
encoded experiment has no preselection. A surviving trial is
rejected if one of the last n code blocks cannot be decoded,
either because of a detected error or from too many lost qubits.
(The first code block is ignored.) For the unencoded baselines,
a trial is rejected if a measured qubit is lost.

All data

n Version Trials Rejected Pr[accept] Errors Error rate

7 encoded 1200 409 66(3)% 18 2.3+1.2
−0.9%

baseline 600 224 63(4)% 57 15+4
−3%

11 encoded 1200 547 54(3)% 22 3+2
−1%

baseline 600 196 67(4)% 65 16+4
−3%

15 encoded 1200 740 38(3)% 40 9+3
−2%

baseline 600 243 59(4)% 73 20(4)%

19 encoded 1800 1359 25(2)% 43 11(3)%

baseline 800 457 43(3)% 90 26+5
−4%

23 encoded 2400 1993 17+2
−1% 67 16+4

−3%

baseline 3160 2379 25+2
−1% 212 27(3)%

27 encoded 26 040 23 789 8.6(3)% 498 22(2)%

baseline 15 600 12 877 17.5(6)% 857 31(2)%

Trials with no initial loss

n Version Trials Rejected Pr[accept] Errors Error rate

7 encoded 732 233 68(3)% 7 1.4+1.3
−0.8%

baseline 425 76 82+3
−4% 30 9(3)%

11 encoded 471 181 62(4)% 4 1.4+1.8
−1.0%

baseline 540 142 74(4)% 59 15+4
−3%

15 encoded 543 308 43(4)% 15 6+4
−3%

baseline 526 176 67(4)% 66 19(4)%

19 encoded 537 369 31(4)% 16 10+5
−4%

baseline 623 289 54(4)% 81 24+5
−4%

23 encoded 800 647 19(3)% 25 16+6
−5%

baseline 2173 1409 35(2)% 195 26(3)%

27 encoded 4981 4443 10.8+0.9
−0.8% 104 19(3)%

baseline 10 358 7695 25.7(8)% 797 30(2)%

algorithm typically results in a string like 1n/20n/2 and
contributes on average n/2 to the expected Hamming dis-
tance from s. On the other hand, an error on the ancilla
code block in the encoded algorithm often results in a
string like 1n/2⋆n/2, where ⋆ denotes an undecodeable
code block where one must guess a bit of s; this con-
tributes only an average of n/4 to the expected Hamming
distance. Typical errors in the encoded algorithm are her-
alded, so they contribute less to the expected Hamming
distance error metric.

One query to either quantum oracle is much better than
one query to the classical oracle. One classical query can
only return one bit of s, so the probability of guessing s is
Pr[guess] = 1/2n−1 and the expected Hamming distance
to s is E[Hamming] = n−1

2 .

TABLE V. Performance of unencoded and encoded Bernstein-
Vazirani algorithms with a single oracle query. Pr[guess] is the
probability of guessing the secret string based on the measured
outputs, and E[Hamming] the expected distance of the guess
away from the secret string. This analysis is based on all
trials, including ones with initial loss. For a classical oracle,
Pr[guess] = 1/2n−1 and E[Hamming] = n−1

2
.

Unencoded baseline Encoded algorithm

n Pr[guess] E[Hamming] Pr[guess] E[Hamming]

7 67(4)% 0.94 75(2)% 0.48

11 69(4)% 1.04 66(3)% 0.90

15 61(4)% 1.58 51(3)% 1.45

19 49(3)% 2.44 38(2)% 2.29

23 35(2)% 3.42 30(2)% 2.97

27 28.2(7)% 4.12 18.5(5)% 4.05

(a)

(b)

FIG. 11. (a) Histogram of the decoded values for the last n
code blocks, for the n = 19 encoded Bernstein-Vazirani algo-
rithm. Ideally, every block should decode to 1, with no failed
decodings (erasures) or 0s. The green bars are conditioned on
the first block decoding to |−⟩, the red bars on it detecting an
error, and the blue bars on it decoding to |+⟩, a logical error.
Note that when a rare logical error occurs on the first block,
the other blocks are mostly corrupted. The analysis in Fig. 2
conditions on the first block decoding to |−⟩, but Table V
does not place any conditions on it. (b) Similar histograms
for the unencoded baseline algorithm show strikingly different
behavior. Qubit losses are rare, regardless of whether the first
qubit is |−⟩ (green), lost (red), or |+⟩ (blue). The J4, 1, 2K
code turns physical errors into erased code blocks.
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VI. REPEATED LOSS CORRECTION AND
TRANSVERSAL OPERATIONS FOR THE

J4, 2, 2K CODE

A. Repeated loss correction with CZ and dual CZ
logical gates

The circuits considered so far have only used loss correc-
tion and error detection at the very end, when decoding
the final measurements. However, it’s important to be
able to detect and correct errors between computational
steps of an algorithm, to enable deeper computation. To
that end, we explore using loss correction in the middle of
a larger circuit, demonstrating repeated fault-tolerant loss
correction. In order to make the circuits more interesting,
between rounds of loss correction we apply some of the
fault-tolerant logical operations given in Sec. III.
Figure 12 gives a circuit for fault-tolerant error de-

tection for the J4, 2, 2K code. It measures the stabilizer
generators X⊗4 and Z⊗4 in parallel, with one measure-
ment outcome flagging the other for possible correlated
errors. Furthermore, the circuit in Fig. 12(c) replaces two
of the data qubits with fresh qubits, so the full data block
can be refreshed every two rounds of error detection. This
allows us to use the J4, 2, 2K code to correct a lost qubit
during a computation, not just at the very end as in our
logical cat state procedure.
We design and execute experiments that repeatedly

apply logical CZ gates on a J4, 2, 2K code block. Recall

that SZ ⊗ S†
Z ⊗ S†

Z ⊗ SZ implements a logical CZ gate.
Error detection with qubit refresh is inserted between
each pair of CZ gates, as illustrated in Fig. 13. Note that
with j + 1 logical CZ gates, there are j rounds of error
detection, with 5 + 8j CZ gates applied to 5 + 2j qubits.

We also ran a very similar experiment, except applying
logical dual CZ gates, (H ⊗H) CZ (H ⊗H), using SX ⊗
S†
X ⊗ S†

X ⊗ SX .
The encoded experiments can be compared against

corresponding unencoded baselines. Given the system
architecture, there are a few reasonable baselines from
which to choose. For example, we may choose to return
qubits to the storage zone between each CZ, or not. We
have chosen to select unencoded baselines in which, as
shown in Fig. 13(c), between each pair of CZs or dual
CZs, both qubits are moved back to the storage zone and
Pauli X or Z gates, respectively, are applied to each of
them to cancel coherent dephasing from the movement
and two-qubit gates. These baselines performed the best
of those that we tried, disadvantaging any comparison
between encoded and unencoded.

Results for both repeated logical CZ and repeated logi-
cal dual CZ, for up to 10 logical operations and 9 rounds
of loss correction, are shown in Fig. 14, with detailed data
in Table VI. Since the two physical baselines compile to
the same circuit, we have combined them into a single
baseline for comparison. The encoded repeated logical
CZ experiments largely beat the corresponding baselines,
including, for example, an encoded circuit consisting of 10
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FIG. 12. The top circuit (a) measures the parity of four
qubits, i.e., the syndrome of ZZZZ. However, it is not fault
tolerant; a single Z fault on the ancilla can spread undetected
to a weight-two Z error. The next circuit (b) remedies this, and
simultaneously measures XXXX, using a trick from [Rei20].
Now the bad Z fault will be detected, or “flagged,” by the
XXXX measurement, and similarly the ZZZZ measurement
will flag a bad X fault. This circuit gives an efficient, fault-
tolerant error detection procedure for the J4, 2, 2K code. How-
ever, it does not correct for a lost qubit. The bottom circuit
(c) fixes this, halfway, by switching the direction of the final
two CNOT gates. (This is equivalent to inserting swap-based
“leakage-detection units” [CBO+24].) The last two data qubits
are replaced with fresh ancillas, so in particular if one of them
is lost it will be replaced. Thus we can replace all four qubits
in two rounds of error detection. Future work will investigate
this paradigm by combining mid-circuit measurement, qubit
reuse and reinitialization, along with periodic atom cooling
to remove a fundamental obstacle to neutral atom quantum
computing by limiting the depth of circuit any atom must
undergo.

logical CZs with 9 loss-correction rounds outperforming an
unencoded sequence of 10 CZs. Surprisingly, the repeated
dual CZ experiment performs much worse for depths 8
and 10. Since it should be similar to repeated CZs, this
could be from a mistake in scheduling the circuits, or
possibly from machine parameter drift.

B. Random circuits

As explained in Sec. III, the J4, 2, 2K code allows a
variety of other fault-tolerant logical gates. Each of
{CNOT,CZ,SWAP, H⊗2} can be implemented by per-
mutation or transversal gates. This set generates a group



12

<latexit sha1_base64="41skLMzNJVgefVy2RIO4z/80h00="></latexit>

SZ

<latexit sha1_base64="FFUSdmUXaFssYC2mzDGJ0LjqZZA="></latexit>

S†
Z<latexit sha1_base64="FFUSdmUXaFssYC2mzDGJ0LjqZZA="></latexit>

S†
Z

<latexit sha1_base64="41skLMzNJVgefVy2RIO4z/80h00="></latexit>

SZ

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="QQGeeZ3oKb93rWwhMg7oJp6HrJM="></latexit>

|0〉
<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

<latexit sha1_base64="lBl1DZxwGD3FC0E0GFC1aJjTKg4="></latexit>

Prepare |++〉
<latexit sha1_base64="vJNkcuoAc8eTdKHeytQkj242kvY="></latexit>

Error detection
<latexit sha1_base64="QePpMkaOC86qYIVG8Y/x0BgZ3S0="></latexit>

CZ
<latexit sha1_base64="QePpMkaOC86qYIVG8Y/x0BgZ3S0="></latexit>

CZ

<latexit sha1_base64="vJNkcuoAc8eTdKHeytQkj242kvY="></latexit>

Error detection
<latexit sha1_base64="EUDE2ziUpdB6Sb4gDMbIm1rk5DA="></latexit>

Measure

<latexit sha1_base64="41skLMzNJVgefVy2RIO4z/80h00="></latexit>

SZ

<latexit sha1_base64="FFUSdmUXaFssYC2mzDGJ0LjqZZA="></latexit>

S†
Z

<latexit sha1_base64="FFUSdmUXaFssYC2mzDGJ0LjqZZA="></latexit>

S†
Z

<latexit sha1_base64="41skLMzNJVgefVy2RIO4z/80h00="></latexit>

SZ

(a)

<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉
<latexit sha1_base64="uaUft2ljpcP7PpTTwS5lsDXTmMs="></latexit>

|+〉

(b)

<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="+6Idhhgees5IcJcskdlA//Ywb0c="></latexit>

|0〉
<latexit sha1_base64="NUfmQYJHAgtbMHYHg+OPlMPGDW8="></latexit>

+/�

<latexit sha1_base64="7PJ7pG8+472zmkoBGl8bogd+OSo="></latexit>

X
<latexit sha1_base64="7PJ7pG8+472zmkoBGl8bogd+OSo="></latexit>

X

<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H
<latexit sha1_base64="n/oAj7l+lEkc3rBsCgEWCx5SwMk=">AAAB3nicbVDLSgMxFL1TX7W+qm4EN8EiuCozItWdBTddtmAf0JaaSTNtaGYyJHeEUrp1I+JGwU/yF/wLP8F02k1bDwQO55xw77l+LIVB1/1xMhubW9s72d3c3v7B4VH++KRhVKIZrzMllW751HApIl5HgZK3Ys1p6Eve9EcPM7/5zLURKnrEccy7IR1EIhCMopVqlV6+4BbdFGSdeAtSuP+FFNVe/rvTVywJeYRMUmPanhtjd0I1Cib5NNdJDI8pG9EBn6TrTcmllfokUNq+CEmqLuVoaMw49G0ypDg0q95M/M9rJxjcdSciihPkEZsPChJJUJFZV9IXmjOUY0so08JuSNiQasrQXiRnq3urRddJ47rolYql2k2hfDa/AWThHC7gCjy4hTJUoAp1YMDhFT7g03lyXpw3530ezTiLP6ewBOfrDxqQiYc=</latexit>

H

(c)

FIG. 13. (a) Encoded circuit that applies two rounds of encoded CZ gates to |++⟩, encoded in the J4, 2, 2K code, with two
rounds of error detection. Together, the two error detection rounds refresh all four data qubits. (b) The corresponding logical
circuit. Since the CZ gates cancel out, both measurements should give +. (c) The baseline circuit that we run for comparison.
The X echo pulses cancel out coherent dephasing errors from the CZ gates and movement. Both measurements should give −.
This baseline performs better than applying the two CZ gates sequentially without leaving the interaction zone.
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FIG. 14. Error rates for J4, 2, 2K code repeated logical CZ
and repeated logical dual CZ experiments, and the correspond-
ing physical baseline, conditioned on no initial loss. Error
detection between logical gates (Fig. 13) permits mid-circuit
correction of atom loss.

of size 36.
To test the performance of these gates, and in the

spirit of Ref. [Got16], we design experiments by preparing
encoded |00⟩ and then applying up to four elements of
the group at random, with error detection between each
pair of elements. The sequences chosen are, using CNOT
= CX for brevity:

0 : H⊗2 CX (1)

1 : I, CXCZH⊗2 CX

2 : H⊗2 SWAPCX, CZH⊗2 SWAP, H⊗2 SWAPCZ

3 : CXH⊗2 CX, H⊗2, SWAPCX, CZCXH⊗2

The encoding of sequence j involves j rounds of error
detection. Note that the error detection circuits used

here are those of Fig. 12(b), instead of those of Fig. 12(c);
therefore they correct for lost qubits only at the end of the
circuit. Future work may include executing these logical
operation sequences with the circuits of Fig. 12(c).
The choice to error-detect between group elements is

justified by imagining a computation with many [[4,2,2]]
blocks. In that scenario, it is natural to write a circuit as
alternating layers of CNOTs between blocks, and group
elements within each block. It is then also natural to
schedule error detection following each pair of layers in
order to control the spread of errors among blocks.

The output of each random sequence is a stabilizer state
with two generators. Each generator is measured to de-
termine success of failure of the experiment. The encoded
circuits can be directly compared to corresponding physi-
cal baselines that execute the same gate sequence. Results
are shown in Fig. 15, with more details in Table VII. We
find the encoded circuits consistently outperform the cor-
responding physical unencoded baselines.

VII. REPEATED ERROR CORRECTION WITH
THE DISTANCE-THREE BACON-SHOR CODE

Running deep logical circuits in a neutral atom quantum
computer will ultimately require repeated correction of
both errors within the qubit subspace and atom loss
from erasure conversion. In order to demonstrate this,
we choose the distance-three J9, 1, 3K Bacon-Shor code.
This code has previously been implemented on trapped-
ion systems [EDN+21, HBC24]. A code distance greater
than two is needed to correct errors other than loss.

To our knowledge, the present work is the first demon-
stration of repeated error correction in neutral atoms.
We employ a scheme similar to that of Steane and
Knill [Ste97, Kni05, PSR+24], leveraging its ability to
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TABLE VI. Data for our J4, 2, 2K repeated controlled-Z and repeated dual controlled-Z experiments. The encoded experiment
with CZ or dual CZ depth k + 1 has k loss-correction rounds. It uses 5 + 2k physical qubits, with 5 + 8k physical CZ gates. A
trial is prerejected if the cat state verification fails, and it is postrejected if an uncorrectable error is detected. Results for all
available data, and for data in which there is no initial loss are reported separately. The unencoded baseline experiments, the
same for CZ as for dual CZ, are on two qubits and include echos to cancel coherent errors. Trials with initial loss are prerejected,
and those with circuit loss are postrejected. Restricting to trials with no initial loss has no effect on the baseline.

All data

CZ or dual Loss-correction
CZ depth rounds Trials Prerejected Postrejected Pr[accept] Errors Error rate

Encoded CZs 2 1 3400 189 732 73+1
−2% 34 1.4+0.5

−0.4%

4 3 4600 587 2030 43(1)% 43 2.2+0.7
−0.6%

6 5 3700 290 2408 27(1)% 41 4(1)%

8 7 3700 302 2674 20(1)% 37 5+2
−1%

10 9 3700 318 2979 10.9(1)% 21 5(2)%

Encoded dual CZs 2 1 5120 633 1051 67(1)% 53 1.5(0.4)%

4 3 8640 1388 3340 45(1)% 104 2.7(0.5)%

6 5 5120 1156 2899 21(1)% 69 6+2
−1%

8 7 5120 1270 3544 7.7+0.8
−0.7% 63 16+4

−3%

10 9 5120 1640 3242 4.7(6)% 38 16+5
−4%

Baseline 2 — 4960 293 302 88.0(9)% 77 1.8(4)%

4 — 4960 200 431 87.3(9)% 113 2.6+0.5
−0.4%

6 — 4960 202 566 84.5(10)% 186 4.4+0.7
−0.6%

8 — 4660 202 654 82(1)% 210 5.5+0.8
−0.7%

10 — 4960 284 860 77(1)% 374 9.8+1.0
−0.9%

Trials with no initial loss

CZ or dual Loss-correction
CZ depth rounds Trials Prerejected Postrejected Pr[accept] Errors Error rate

Encoded CZs 2 1 3119 127 603 77+1
−2% 21 0.9+0.4

−0.3%

4 3 3787 197 1692 50(2)% 28 1.5+0.6
−0.5%

6 5 3209 205 2048 30(2)% 32 3(1)%

8 7 2890 188 2026 23(2)% 29 4+2
−1%

10 9 3004 210 2417 13(1)% 15 4(2)%

Encoded dual CZs 2 1 4282 333 746 75(1)% 31 1.0+0.4
−0.3%

4 3 6732 854 2324 53(1)% 58 1.6+0.5
−0.4%

6 5 4064 793 2302 24(1)% 48 5(1)%

8 7 3626 775 2500 9.7+1.0
−0.9% 50 14+4

−3%

10 9 3312 940 2171 6.1(8)% 26 13+5
−4%

correct atom loss; see Fig. 16. In this work, the ancilla
qubits are held until readout at the end of the circuit, so
each round of error correction requires the use of addi-
tional qubits. However, in principle, this scheme can be
combined with mid-circuit measurement and reset where
readout and loss detection, combined with mid-circuit
reloading, will enable arbitrary-depth circuits.

After one round of error correction, we find a logical
error rate of 4.9+1.0

−0.9% and after two rounds the error

rate is 8+2
−1%. Table VIII gives more details. While

these results suggest the opportunity to further improve
physical error rates, they also serve as a demonstration
of the mechanism to correct for both errors and loss.
This can be seen in the analysis of the successful trials
with one round of error correction, where on average 0.20
erasures and at least 0.14 errors were corrected in the

readout of the final data block, whereas 0.40 erasures
and 0.50 errors were corrected in the previous round of
X and Z error correction, a higher average number of
corrections. In the successful trials with two rounds of
error correction, on average 0.22 erasures and at least
0.13 errors were corrected in the readout of the final data
block (consistent with the one-round data), while 0.95
erasures and 0.88 errors were corrected in the previous
error-correction rounds.

In order to compare encoded and physical results, we
must choose a meaningful physical baseline. From the
standpoint of the encoded data, the logical circuit is a
quantum memory, applying the logical identity opera-
tion. For a meaningful comparison, we show results for
repeated teleportation of physical qubit states, following
the pattern of repeated teleportation of the logical data
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FIG. 15. Error rates for J4, 2, 2K code random logical circuits,
conditioned on no initial loss. Sequence labels are from the
sequences given in Eq (1).

TABLE VII. Data for our J4, 2, 2K random circuit experiments.
The sequences of operations are specified in Eq. (1). The en-
coding of sequence k includes k rounds of error detection,
5 + 2k physical qubits and 5 + 8k physical CZ gates. For
sequences 0, 1, and 2, the two stabilizer generators of the
output each have weight one and are measured simultane-
ously in each experiment. An error is reported if either of
the two generators have incorrect eigenvalue. The stabilizer
generators of sequence 3 are {XZ,ZX}. The encoded circuit
measures both of these generators in the same experiment
via transversal Y -basis measurements. The physical baselines
require separate experiments for each generator. Results for
the two generators are therefore reported separately. All data
is reported. Restricting to trials with no initial loss has no
effect on the baseline.

All data

Sequence Trials Pre. Post. Pr[accept] Errors Error rate

Encoded 0 1200 66 42 91(2)% 6 0.6+0.6
−0.3%

1 2800 119 467 79+1
−2% 5 0.2+0.4

−0.1%

2 2500 132 737 65(2)% 9 0.6+0.4
−0.3%

XZ 3 7200 595 3292 46(1)% 15 0.5+0.3
−0.2%

ZX 3 7200 595 3292 46(1)% 24 0.7(3)%

Baseline 0 1600 52 51 94(1)% 20 1.3+0.7
−0.5%

1 1600 40 55 94(1)% 13 0.9+0.6
−0.4%

2 1600 66 47 93(1)% 23 1.6+0.7
−0.5%

XZ 3 1800 87 108 89(1)% 50 3.1+0.9
−0.8%

ZX 3 1800 108 134 87(2)% 40 2.6+0.9
−0.7%

Trials with no initial loss

Sequence Trials Pre. Post. Pr[accept] Errors Error rate

Encoded 0 1104 45 35 93+1
−2% 3 0.3+0.5

−0.2%

1 2645 95 398 81+1
−2% 3 0.1+0.2

−0.1%

2 2289 105 605 69(2)% 9 0.6+0.5
−0.3%

XZ 3 6315 425 2702 50(1)% 15 0.5+0.3
−0.2%

ZX 3 6315 425 2702 50(1)% 24 0.8(3)%
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Z error correction

(b)

FIG. 16. (a) In Steane’s scheme to correct X errors, an ancilla
code block is fault-tolerantly prepared in the encoded |+⟩ state.
The data block is coupled to it with transversal CNOT gates
into the ancillas. This logical CNOT has no logical effect,
since |+⟩ is preserved by X (NOT), but it copies X errors
to the ancilla block. Measuring the ancillas transversally in
the Z basis allows the X errors to be identified and corrected.
(Generally, the corrections are not actually applied to the
data block, but rather stored classically, as the “Pauli frame”
for the data.) Z error correction is symmetrical, using an
ancilla block prepared as encoded |0⟩. (b) We modify the
scheme so that X and Z error correction are both implemented
by logical one-qubit teleportation [ZLC00], thus making a
connection to teleportation-based syndrome extraction [Kni05,
PSR+24]. This method has the advantage that a lost atom
will be refreshed with a new qubit. The logical corrections to
complete one-qubit teleportation are not shown above, but
are stored in the Pauli frame.

in Fig. 16(b).

VIII. OUTLOOK

In this work, we have created large entangled logi-
cal states, implemented computational algorithms on en-
coded qubits, demonstrated qubit loss correction, and
implemented a code with the capacity for repeated loss
and error correction. Altogether, these results highlight
the unique features and promise of neutral atoms as a
platform for reliable fault-tolerant quantum computing.
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TABLE VIII. Data for J9, 1, 3K Bacon-Shor code repeated error correction (EC) experiments. The data for the encoded circuits
includes all trials, including those with initial loss, and there is no preselection. When decoding logical X (Z), a trial is
postrejected if there are losses in two or more rows (columns) of the 3× 3 code, or if one row is lost and the other two disagree.
For the unencoded baseline, a trial is prerejected if there are any initial losses and a surviving trial is postrejected if there are
any circuit losses.

Physical Physical
Experiment qubits CZs Trials Prerejected Postrejected Pr[accept] Errors Error rate

Encoded 1 EC round 27 36 2400 — 541 77(2)% 91 4.9+1.0
−0.9%

2 EC rounds 45 66 2400 — 1054 56(2)% 114 8+2
−1%

Baseline 2 1Q teleportations 3 2 640 31 47 88+2
−3% 7 1.3+1.2

−0.7%

4 1Q teleportations 5 4 640 50 82 79(3)% 7 1.4+1.3
−0.8%

The large encoded cat states and the Bernstein-Vazirani
algorithms are enabled by the combination of scalability,
high-fidelity operations inherent to neutral atoms, and
all-to-all connectivity among the qubits. For larger-scale
logical computation, this connectivity paired with high
qubit count will enable the use of nonlocal error-correcting
codes with high encoding rates and low physical qubit
overhead [XZZ+24].

All of the encoded experiments, particularly those with
repeated error detection, highlight the usefulness of loss-to-
erasure conversion in the context of encoded qubits. They
demonstrate that logical circuits can operate effectively
with atom loss, which will be a key feature of large-scale
neutral atom quantum computers.
This work and similar work with other neutral atom

platforms [BEG+24], as well as recent work with supercon-
ducting qubits [GC24] and trapped ion qubits [PSR+24,
RAC+24], highlight a critical advance in the field of quan-
tum computation: the transition from scientific results
computed with physical qubits to computational advances
achieved with logical qubits. After a relatively short time
the neutral atom platform has shown significant advance-
ment from its inception as an experimental quantum

computing platform. In the near future we expect ad-
vances in both 2Q gate fidelities as more iterations are
performed to reduce gate laser noise as well as significant
scale up towards 10 000 qubits allowing for larger distance
codes, more performant logical qubits, and more impres-
sive demonstrations of fault-tolerant, universal quantum
computation.
The combination of a hardware-optimized qubit vir-

tualization system, complete with high-rate and high-
efficiency quantum error correction, with a programmable
neutral atom quantum processor, inclusive of mid-
circuit measurement [NC+23], continuous atom reload-
ing [NKC+24], and increased two-qubit gate fidelity, is a
promising path to achieving large-depth, logical computa-
tion for scientific quantum advantage.
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