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The development of scalable, high-fidelity qubits is a key challenge in quantum
information science. Neutral atom qubits have progressed rapidly in recent years,
demonstrating programmable processors'? and quantum simulators with scaling to
hundreds of atoms**. Exploring new atomic species, such as alkaline earth atoms®~,
or combining multiple species® can provide new paths to improving coherence, control
and scalability. For example, for eventual applicationin quantum error correction, it
isadvantageous to realize qubits with structured error models, such as biased Pauli
errors’ or conversion of errors into detectable erasures'®. Here we demonstrate a new
neutral atom qubit using the nuclear spin of along-lived metastable state in ”*Yb. The
long coherence time and fast excitation to the Rydberg state allow one- and two-qubit
gates with fidelities of 0.9990(1) and 0.980(1), respectively. Importantly, alarge
fraction of all gate errors result in decays out of the qubit subspace to the ground
state. By performing fast, mid-circuit detection of these errors, we convert theminto
erasure errors; during detection, the induced error probability on qubits remainingin

the computational space is less than 107, This work establishes metastable "'Yb as a
promising platform for realizing fault-tolerant quantum computing.

Neutral atoms in optical tweezer arrays are a rapidly developing field
for quantumscience®, including programmable quantum processors'?
and many-body simulators'. Recent advances include scaling to hun-
dreds of atoms**, dual-species arrays with mid-circuit measurements
and continuous reloading®* and efficient architectures for quantum
error correction'®*, The development of tweezer arrays using alkaline
earth atoms®” has enabled new functionality, such as tweezer-based
atomic clocks™" and long-lived nuclear spin qubits” .

Animportant feature of alkaline earth atomsis a metastable excited
electronic state, which can be used to encode information instead of
(orinaddition to) the ground state'®%, This creates anumber of unique
possibilities including fast, high-fidelity excitation to the Rydberg
state” and mid-circuit fluorescence measurements or laser cooling
of ground state atoms. The latter feature is important for mid-circuit
readout and qubit reloading, playing a role analogous to a second
atomic species. Metastable qubits have been proposed for both
neutral atoms'®?° and ions?>** and have recently been demonstrated
with'Yb" ions**%,

The metastable qubit encoding also enables mid-circuit detection
of errorsresultingin transitions to the ground state'®?. This converts
these errors into erasure errors®*?, which are easier to correctin the
context of fault-tolerant quantum computing'®*?°, If a large fraction
of all errors are converted into erasures and the information about
which qubits were erased can be extracted while preserving the quan-
tum state of qubits that did not have errors, the resource overhead for
fault-tolerant computing is substantially reduced. This concept has

stimulated new qubit designs in several platforms'®*°-3* but has not
been experimentally demonstrated.

In this work, we demonstrate a qubit encoded in the nuclear spin of
the metastable 6s6p P, state in neutral 'Yb. We demonstrate
seconds-scale lifetimes and coherence times, single-qubit gates with
F=0.9990(1) and two-qubit gates with 7= 0.980(1), where the latter
is enabled by anew gate design® and fast, single-photon excitation to
the Rydbergstate. A large fraction of the gate errorsresultin transitions
out of the metastable state, to the atomic ground state. By performing
fast (20 ps) imaging of ground state atoms™, we are able to detect these
leakage errors mid-circuit, converting them into erasure errors, with
aprobability of less than 107 of inducing an error on qubits remaining
in the metastable state during detection. We show that 56% of
single-qubit gate errors and 33% of two-qubit gate errors are detected
in this manner. We conclude by discussing future opportunities for the
metastable''Yb qubit, including improvementsin the gate fidelity and
erasure fraction, and possible extensions to mid-circuit qubit readout.

Our experiment begins by trapping individual "*Yb atoms in an
array of optical tweezers (Fig. 1a)'®". We use optical pumping to
initialize the qubitin thesstate 1) = |6s6p °P,, F=1/2, m; = +1/2) (Fig.1b;
see Methods and Extended Data Fig. 1 for details). Single-qubit
rotations between |0) = |6s6p 3PO, F=1/2, mg=-1/2) and |1) aredriven
using aradio frequency (RF) magnetic field tuned to the nuclear spin
Larmor frequency w, =21 x 5.70 kHz (|B| = 5.0 G; Fig.1c). Spinreadout
isimplemented by removingatomsin |1) fromthe trap (viaexcitation
to the Rydberg state and subsequent autoionization’®), and then
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Fig.1|Metastable''Yb qubit. a, Overview of the experimental apparatus,
showing an array of optical tweezers inside a glass cell and cameras for acquiring
non-destructiveimages (using the'S, - P, transition, 556 nm, I'= 21t x 182 kHz)
and fastimages (using the 'S, - 'P, transition, 399 nm, '=2m x 29 MHz).

b, Abbreviated ”*Yb level diagram showing the ground state, imaging transitions
and the nuclear spin sublevels within the metastable *P, state that encode the

depumping the remaining metastable populationback to the ground
state before imaging. The combined fidelity of the state initialization
and imaging is 0.981(9), which is limited by atom loss during the dep-
umping step.

The absence of hyperfine coupling in the *P, level allows extremely
long coherence times for the nuclear spin (7,=23(14) 5,7, = 0.92(2) s),
as demonstrated previously for nuclear spin qubits in the ground
state!”™. Two-qubit operations are performed by selectively exciting
the state |1) to the Rydberg state|6s59s 3SIF= 3/2, m=3/2) using a
302 nm laser (see Extended Data Fig. 2 for details). In contrast to the
metastable state, the presence of hyperfine coupling in the Rydberg
manifold results in a large Zeeman shift between magnetic sublevels
inthe Rydbergstate, such that two-qubit operations can be performed
much faster than w;! (Fig. 1d)'®. The same concept has been used to
implement fast single-qubit rotations using alower-lying excited state®.

Thefidelity of idling and single-qubit operations s limited primarily
by the finite lifetime of the metastable state (Fig. 2a), which is
I,1=2.96(12) s under typical operating conditions. The decay rate
depends strongly on the trap power and can be described as I, =, +
aP + BP*(Fig.2b). The constant term [, = 0.4(2) s *includes background
loss and radiative decay (0.05s™). The linear (&= 0.20(7) s mW™) and
quadratic (8=0.053(5) s mW) terms are attributed to Raman scat-
tering and photoionization, respectively, where the latter is possible
because the trapping laser energy (1 =486.8 nm) is above the two-
photonionization limit. However, both radiative decay and Raman
scattering return the atom to the ground state (with suitable repump-
ing of the other metastable state, >P,), which enables eventual detection,
asshowninFig. 2c.

To detect decays to the ground state without disturbing qubits in
the metastable state, we use fast fluorescence imaging® on the strong
IS, - P, transition. This transition is approximately 160 times faster than
the'S, - °P,intercombination transition used toinitialize the atom array
and measure the final spin state’, which allows for shorter acquisition
times at the expense of losing the atom after the image. This trade-off
isfavourable when probing for qubits that have already had errors, to
minimize the probability of additional decays during the imaging time.
Byilluminatingthe array with counter-propagating beams near satura-
tion, we can detect atoms in the ground state after a 20 ps exposure,
with afidelity of 0.986 (Fig. 2d).

We now apply this technique to demonstrate mid-circuit detection
of decay errors, converting theminto erasures. We use astandard ran-
domized benchmarking (RB) circuit with up to 300 single-qubit gates
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qubit. Single-qubit gates are generated with an RF magnetic field Qz; and
entangling gates areimplemented by coupling |1) toaRydbergstate, |r), with
anultraviolet (UV)laser at 302 nm. ¢, Nuclear spin Rabi oscillation between
|0y and |1), witham-pulse time of 2.0 ms. d, Rydberg Rabi oscillation between
[1) and |r), with aTt-pulse time of 330 ns.

and acquire a fast image after every 50 gates to probe for atoms that
have decayed to the ground state (Fig. 2e). The average gate error rate
ise=1.0(1) x 1072, However, by conditioning on the absence of aground
state atom in all of the erasure detection steps before the final qubit
measurement (Fig. 2f), the error rate decreases to €, = 4.5(3) x 10™.
Therefore, 56(4)% of the errors are detected mid-circuitand converted
into erasure errors. Some of the errors that are not converted can be
attributed toundetected loss (that is, background loss and photoioni-
zation, 2 x 107*) and scattering back into the metastable state while
repumping *P,onanon-ideal transition (1.0(6) x 10*). The remainder
are errors within the metastable state (approximately 1.5 x 107) (see
Extended Data Table 1for asummary).

We now consider imperfections in the erasure detection process,
whichwe divideinto two types: errorsinduced on the qubits remaining
inthe metastable state and imperfect detection of atomsin the ground
state. Qubits remaining in the metastable state suffer errors from the
additional decay probability during the imaging time, P;,=7 x107%, or
fromthe off-resonant scattering of the imaging light. The latter effect
is strongly suppressed by the large detuning between the 'S, - 'P; tran-
sition and any transitions originating from the metastable state (the
nearest state is detuned by 21 x 22 THz). We probe for scattering errors
by continuously illuminating the atoms with theimaging light during
the RBsequence (Fig. 2e, red star). No effect is observed, bounding this
error atless than107° perimaging time. In Fig. 2g, we examine the image
fidelity by varying the erasure detection threshold and tracking two
quantities: the probability P(err.|det.) that a qubit has an error at the
end of the circuit, given that adetection event occurred, and the frac-
tion of all errors that are detected before the end of the circuit,
R.= (e —¢€.)/e. The first quantity is ideally 1 and decreases with false
positive detections when the threshold is too low. The second quantity
isalsoideally 1butislimited by the fraction of errors that are not detect-
able, as well as false negative detections. We find that asuitable thresh-
old exists where essentially all detectable errors are detected, but the
false positive rate remains small.

We now turn to two-qubit entangling gates. We implement a
controlled-Z (CZ) Rydberg blockade gate using the time-optimal gate
protocol of ref. 35, which is a continuous-pulse gate based on the sym-
metric controlled-Z (CZ) gate of ref. 37. The specific gate used in this
work s further optimized to compensate for off-resonant transitions
betweenboth qubitstates and other Rydberglevels (Fig. 3a,b). Precise
control over the Rydberg laser pulse is achieved by coupling the laser
into a UV-stable fibre*® and monitoring the transmitted pulse using a
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Fig.2|Single-qubit gates withmid-circuit erasure conversion. a, Lifetime
of the'Yb metastable qubitinan optical tweezer (power P=0.76 mW, depth
U=58 pK).Thegreen points show the total metastable state population
(1/edecay time ", =2.96(12) s), while the grey and red points show the population
P,in |0y, afterinitializingin |0) and |1), respectively. Fitting the |0) and |1)
populationyieldsanaverage spin-flip time 7, = 23(14) s. b, Metastable state
decayrate/ asafunctionof trap power, showing a quadratic fit (see text) and
itslinear part (dashedline). ¢, Probability P, of recoveringanatomin the ground
state after adecay fromthe metastable state.d, Histogram of camera counts
from fast (20 ps) images on the'S, —'P, transition. The discrimination fidelity is
0.986.Inset, example single-shot fastimage of a 5-site array. e,f, RB of single-
qubit gates (e), using the circuit shownin panel f. After every 50 Clifford gates (C),

heterodynereceiver (see Extended Data Fig. 2 for details). AUV power
of 6 mW is incident on the atoms, corresponding to a Rabi frequency
Quy =21 x1.6 MHz.

To demonstrate the basic functionality of the gate, we prepare and
measure aBell state in parallel on five pairs of atoms (Fig. 3¢c). We obtain
araw Bell state fidelity of 7= 0.866(12) and estimate an intrinsic fidel-
ity for the entanglement step of 7= 0.99(2) by separately character-
izing state preparation and measurement (SPAM) errors. We use a
different measurement circuit than previous works'®*, which increases
certain SPAM errors but makes them easier to characterize. In our
approach, we always record the fraction of events in the state |00),
where both atoms are bright, using single-qubit rotations to map other
desired observables onto this state. We then characterize the SPAM
error by running the same sequence with the CZ gate removed, finding
aSPAM(fidelity of]—‘Sp =0.872(6). Theintrinsic Bell state creation fidel-
ity is estimated by renormalizing all measurement outcomes by 7.

To characterize the performance of the CZ gate more precisely, we
perform a randomized-benchmarking-type experiment with up to
10 CZ gates interspersed with random, global single-qubit rotations.
We find an error probability of 2.0(1) x 10~ per gate, corresponding
to afidelity of 0.980(1). We note that using global single-qubit gates
invalidates therigorous guarantees of two-qubit RB and isinsensitive to
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afastimage probes populationinthe groundstate, converting the decay into
anerasureerror, E. The total error rateis€ =1.0(1) x 10 (green), which falls to
€.=4.5(3) x10*after conditioning on not detecting aground state atom before
theend of the circuit (blue). The total atom survival probability isshownin
grey. Theredstarisfromasecond experiment with the fastimaging light left
on continuously, showing no change. g, The threshold for detectingaground
stateatomin the analysis of the fastimages affects the erasure conversion
performance. We quantify this using the probability of having anerror at the
end ofthe RBsequence conditioned ondetecting an erasure, P(err.|det.) (blue)
andthefractionof allerrors thatare detected as erasures, (€ — €.)/e (green).
Athresholdnear 700 isusedin the analysisin panel e.Inall panels, error bars
denote +1standard deviation.

certain types of errors®*. However, we have simulated this benchmark-
ing approach using a realistic model of the atomic dynamics over a
wide range of error rates and find thatitisagood estimator of the true
fidelity (Methods and Extended Data Fig. 3). From a detailed model with
independently measured parameters, we infer that the leading sources
of gate error are the finite lifetime of the Rydberg state (65(2) ps, 4 x 107
error) and Doppler shifts (T=2.9 uK, 5 x 102 error) (see Extended Data
Table 2 for asummary).

Alarge fraction of these errors result in leakage outside the qubit
space, through spontaneous decay from |r) to low-lying states or as
population remainingin |r) or other Rydberg states (populated via
black-body radiation) at the end of the gate. Leakage errors areintrin-
sictoRydberggatesinany atomicspecies and typically resultinunde-
tected loss™. By taking advantage of the unique property of alkaline
earth atoms that the Rydberg states remain trapped in the optical
tweezer by the Yb* ion core polarizability*®, we can recapture and detect
this leaked population by waiting for it to decay. In Fig. 4b, we show
that, for an atominitially preparedin |r), we recover 10% of the popu-
lation in®P,, 25% in 'S, and 35% in °P, after 400 ps (approximately 30%
of the decays are unaccounted for). After repumping *P, via®S,, 51% of
the populationisin'S,and19%is in>P,. The measured branching ratio
back to *P, matches the theoretical prediction in ref. 10. However,
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Fig.3 | Time-optimal two-qubit gates. a, Laser amplitude (top) and phase
(bottom) for the time-optimal CZ gate®. b, Bloch sphere trajectories during
thegateinthe{|01), |Or)}subspace (red)and {|11), W)} subspace (grey). Here,
W) =(|1r) + [r1))/+/2. ¢, Gate sequence used to prepare and characterize the Bell
state |¢) =(]00) +i [11))/+/2.d, Population of |00} and |11) in the Bell state. The
dashed line shows the probability of preparing and measuring the bright state
100) without the CZ gate. e, Parity oscillations showing the coherence of the
Bellstate, measured using only the bright state population. The off-diagonal
partofthe Bell state density matrixis P,=4A, where Ais the cos(26) oscillation
amplitude. The Bell state fidelity is (Pyo + Py, + P.)/2.f,Randomized circuit
characterization of the two-qubit gate, withan errore =2.0(1) x 102 per gate.

further spectroscopy and modelling of the Yb Rydberg states are
required to understand the lost population.

To convert two-qubit gate errors into erasures, we run the bench-
marking circuit with interleaved fast imaging (after every two CZ
gates). We find a lower error rate after conditioning on not detect-
ing a ground state atom, €.=1.3(1) x 107 per gate (Fig. 4c). This
correspondsto converting approximately 33% of the errorsinto erasure
errors. Our error model predicts that 60% of all gate errors are leak-
age, which is consistent with the experiment given that only half of
the Rydberg leakage is detected (Methods). Waiting for the Rydberg
population to decay increases the erasure detection time from 20 ps
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Fig.4|Erasure conversion for two-qubitgates. a,Populationleakedinto |r) or
other Rydbergstates canbe recovered by waiting for it to decay. The measured
branchingratiointo the (meta)stablelevelsisindicatedinthe diagram.b, The
populationrecovery is measured by using different repumping conditions to
separately measure thereturnto'S,, *P,, and turning on all repumpers measures
thetotal returnto’S,, *P,and>P,. ¢, Randomized circuit characterization of CZ
gates withinterleaved erasure detection after every two gates. The total error
rateofe=2.0(1) x 102 pergate (green) isreduced toe. =1.3(1) x 10 per gate
(blue) after conditioning on not detecting anatomin the ground state before
theend of the circuit. We note that the green curveis reproduced in Fig. 3f.

d, Analysis of the erasure detection fidelity during two-qubit gates, following
Fig.2g. e, Erasure detection probability for differentinitial states under
repetitive CZ gates. Linear fits are overlaid, with the shaded area marking one
standard deviation. The erasure probability for |00) is 4(6) x 10 per gate,
whichis consistent with zero.

t0420 ps, increasing the decay probability on qubits without errors to
P,=14x10™*

Finally, we demonstrate that erasure errors occur asymmetrically
from the qubit states |0) and |1), which is another form of bias that is
advantageous in the design of fault-tolerant systems®. In Fig. 4e, we
show the probability per gate of detecting an erasure when preparing
in |00), |++) and |11), using a longer sequence with up to 18 CZ gates
(withnointerleaved single-qubit rotations, to maintain the state pop-
ulations in the computational basis). The probability of detecting a
leaked qubit is much higher when the initial state has a probability of
beingin |1), as expected from the selective excitation of |1) to the



Rydberg state™. We infer a lower bound on the ratio of the erasure
probabilities of p;;/pgo > 15(9).

Having demonstrated the basic properties of the metastable qubit
and erasure conversion, we now reconsider the advantages and dis-
advantages of metastable qubit encoding. The main disadvantage
is that the finite metastable state lifetime introduces an additional
error channel that affects very slow operations and qubit storage.
The lifetime is 2-3 times shorter than typical Raman-limited T;
times for hyperfine qubits in alkali atoms'?, but the impact is off-
set by the fact that many of these decays can be detected, as dem-
onstrated here. The metastable state decay is not relevant on the
submicrosecond timescale of two-qubit gates, which are, instead,
limited by the finite decay rate of the Rydberg state. The same decay
channelis present for Rydberg gates in any atomic species and typi-
cally results in atom loss. The fact that the metastable qubit allows
these decays to be recaptured and detected is a substantial advan-
tage, which will become even more consequential as other sources
of error are eliminated and Rydberg decays become dominant'®*.,
Using fast single-photon excitation from the metastable state, as
demonstrated here, our error model predicts that large improve-
ments in gate fidelity are achievable with modest laser upgrades
(Methods).

There are several straightforward improvements to increase the
fraction of errors that can be detected and converted into erasures.
The fraction of detected metastable state decays can be increased by
using an alternative repumping transition for °P, (Methods), a longer
trapping wavelength to suppress photoionization and abetter vacuum
toreducebackground losses. Thereis noapparent obstacle to detect-
ing virtually all of the metastable state decays. In two-qubit gates, the
fraction of all errors that are leakage will increase as the gate fidelity
improves and Rydberg decays become the dominant error mecha-
nism and could be as high as 98% (ref. 10). Composite pulses can also
convertcertainerrors suchasamplitude noise and Doppler shiftsinto
erasures**2, Finally, the detection fidelity of Rydberg leakage can be
increased by identifying and repumping additional decay pathways,
or by ionizing atoms in the Rydberg state at the end of the gate and
detecting the Yb*ions directly using fluorescence'®* or charged par-
ticledetectors, which have demonstrated 98%ion detection efficiency
from an optical tweezer**,

The demonstrated high-fidelity control and mid-circuit erasure
conversion establishes metastable "'Yb as a promising architec-
ture for fault-tolerant quantum computing based on erasure con-
version. In this context, the key property of this demonstration
is that the quantum state of qubits that did not have erasures is
unaffected by the erasure detection process. In an error correct-
ing code, this will allow the erased qubits to be replaced using a
moveable optical tweezer, such that the correct code state can be
restored after measuring the error syndromes'. Erasure conversion
may also be useful in other contexts, such as quantum simulation or
metrology.

The detection protocols demonstrated in this work can also be
adapted to mid-circuit qubit readout*>*¢, by selectively transferring
one of the qubit levels back to the ground state (that is, using optical
pumping). Subsequently transferring the other level and measuring
the ground state population again would allow atom loss to be distin-
guished, whichis also beneficial for error correction?. The metastable
qubit will also enable mid-circuit reloading of new qubits, as demon-
strated already with dual-species experiments®, Lastly, we note that
while finalizing this manuscript, we became aware of recent, related
work inrefs. 47,48.
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Methods

Experimental apparatus

We load a tweezer array from a three-dimensional magneto-optical
trap operating onthe'S, - *P, intercombination line. The tweezers are
at awavelength of 1 =486.78 nm, which is magic for the ground state
andthe 3P, F=3/2, |m;| =1/2 excited states's. An acousto-optic deflec-
tor driven by an arbitrary waveform generator is used to create
defect-free one-dimensional tweezer arrays viarearrangement*°, We
use approximately 4 mW per tweezer in the plane of the atoms for
loading and rearrangement, corresponding toatrap depth of 300 pK.
After loading, a short blue-detuned cooling pulse is used to reach a
temperature of approximately 7= 5 pK. For determining theinitial and
final tweezer occupation, we image using the intercombination line
transition, achieving a fidelity and survival probability of 0.995in a
15 ms exposure time’. Theimages are acquired withan sCMOS camera
(Photometrics Prime BSI). To perform fast imaging?®® for detecting
atoms that have decayed to'S,, we use the'S, -~ 'P, transition at 399 nm.
Weilluminate theatoms with aresonant retro-reflected beam at a power
of =4/, Theimage is acquired using an EMCCD camera (Nuivii HNii
512 Gamma) with EM gain =1,000. We achieve a detection fidelity of
0.986in20 ps. The survival probability of thisimaging process is small
but non-zero (2-5%), so we follow each blue image with an additional
80 ps pulse toensure that none of the atoms that decayed to the ground
state are present in the final spin measurement image. The position
spread of the atoms during the imaging is approximately 2 pm (root
meansquare).

We can create arrays of up to 30 optical tweezers, limited by the
available trapping laser power. To avoid Rydberg interactions during
the spinreadout, we use aspacing of d = 43 pm for the experimentsin
Fig. 2d, limiting the array to five sites. For the two-qubit experiments
inFigs. 3 and 4, we use five dimers spaced by d =43 um, with a separa-
tion of 2.4 pum between the atoms in each pair.

Metastable state initialization and measurement

We initialize atoms into the 3P, state using optical pumping, to avoid
the need for a clock laser and state-insensitive tweezers for the clock
transition. The optical pumping schemeis depicted in Extended Data
Fig. 1a. A coherent two-photon transition (556 nm, ¢*-polarized;
1,539 nm, -polarized) is used to excite atoms from the|'S ,, m = +1/2)
tothe |3D1, F=3/2, m; = +3/2) state. The m;levels in the excited state
aresplitby 5.7 linewidthsin amagneticfield, allowing energy-selective
excitation of the m:=3/2 sublevel, evenin the presence of polarization
imperfections. This state decays to |1) with approximately 64% prob-
abilityandreturns to'S, (via>P,) in most of the other cases (the branch-
ingratio to>P,is1%and this state is continuously repumpedvia®S, using
a770 nm laser with sidebands to address both Flevels). The detuning
of the 556 nm leg of the two-photon Raman transition is chosen to be
resonant with the|P,, F=3/2, m; = 1/2) excited state, to continuously
pump atoms out of the |'S,, m, =—1/2) state.

During this process, several per cent of the atoms end up in |0),
because of off-resonant excitation to other D, states and decays
through *P,. To increase the purity in the |1) state, we apply a short
pulse of light at 649 nm (¢"), coupling |0) to|>S,, F=1/2, m; =1/2). This
removes the atom from |0) withapproximately 90% probability, after
which we apply an additional cycle of repumping from the ground
state. This processis repeated a second time.

The total duration of the optical pumping processis 500 ps and the
average number of scattered photons is less than two. We measure a
temperature of 5.7 pK for atoms in °P,, indicating minimal heating.

To measure the population in *P,, we pump atoms back from P, to
the ground state via *S, (Extended Data Fig. 1b), with continuousillu-
mination from 770 nm to repump >P,. To make this measurement
spin-selective, we first remove atoms in |1) by exciting to |r) and auto-
ionizing the Rydberg population®. In addition to being destructive,

this step limits the density of tweezers, to avoid blockade effects. In
future work, this step canbe replaced with spin-selective optical pump-
ingvia’S, or D, to allow non-destructive readout. Because the *P, state
is anti-trapped inthe 486 nm tweezer (U3P2/U3Po ~—2),wepulse offthe
traps for 3 ps during this step, which resultsin afew per centatomloss
probability. This could be mitigated using multiple short modulation
pulses or a different tweezer wavelength where P, is trapped (that is,
532 nm*?).

We characterize the fidelity of the initialization and readout process
by preparing the states |0) and |1) using the procedures described
above together with nuclear spin rotations. We observe the correct
outcome 99.6(3)% of the time for |1) (the dark state) and 96.6(8)% of
the time for |0) (the bright state), for an average initialization and
readout fidelity of 98.1(9)%. We believe that the dominant erroris loss
during the pumping back to *P,,

Finally, we note several other experimental details. The initialization
andreadout are performed with a trap depth of 300 pK, corresponding
to a power of 4 mW per tweezer. During the gate operations, the trap
isramped down to 58 pK (0.76 mW), which reduces Doppler shifts and
atom loss from pulsing off the traps during the two-qubit gates. This
cools the atoms further to 7=2.94 pK, measured from the Ramsey
coherence time of the Rydberg state. The 770 nm repumper is left on
continuously during the entire time the atomisin the metastable state,
torapidly repump any atoms that scatter or decay to *P,. Thisis not the
ideal repumper configuration, as it has a 25% probability of pumping
anatom back to *P,. Thisis evidentin the finite spin-flip rate in Fig. 2a;
repeating that measurement without the 770 nm repumper resultsin
no observable spin flips, as expected from the absence of hyperfine
coupling®. In the future, repumping P, through a D, state (that is,
using transitions at496.8 nmor 1,983 nm) would avoid repopulating*P,,.

Rydberglaser system and beam delivery

Atoms are excited to the Rydberg state using UV light at 302 nm. This
light is produced in two steps. First, we generate approximately 1W
of 604 nm light through sum frequency generationin a40 mm long
periodically poled lithium niobate crystal using a titanium-sapphire
laser at 980 nm (MSquared Solstis, 1 W) and an Er-doped fibre laser
at1,565 nm (NKT, 10 W)**. Then, this light is converted to 302 nmina
resonant cavity, achieving approximately 50 mW output power.

The cavity is followed by an always-on acousto-optic modula-
tor for amplitude stabilization and a second, pulsed acousto-optic
modulator to generate the gate pulses (Extended Data Fig. 2a). The
pulsed light is coupled into a solarization-resistant UV fibre patch-
cord® (NKT LMA-PM-15) and delivered to a monolithic breadboard
mounted directly next to the glass cell, where it is focused to abeam
waist of w, =10 pm at the atoms using an objective lens (Thorlabs LMU-
3X-UVB). The power on the breadboard is approximately 6 mW. The
entire breadboard is mounted on a motorized stage to align the beam
to the atoms. The free-space optical path length after the fibre is less
than30 cm, whichreduces sensitivity to air currents and temperature
gradients. A photodiode onthe breadboard monitorsthe pulse power.
Additionally, approximately 10% of the light is picked off and coupled
back into a second UV fibre and beat against the un-modulated UV
laser in a heterodyne configuration. This allows the complex enve-
lope of the laser pulse to be measured, to adjust the driving signal to
compensate for phase transients during the rising and falling edges
(Extended Data Fig. 2b,c).

Characterization of SPAM errors

While we initialize and measure atoms in the tweezers with a fidelity
of approximately 0.995, the qubit initialization and measurement are
affected by additional errors. These errors are dominated by the loss
of atoms, including loss during the optical pumping into and out of
3P, (we believe that the return step is the dominant source of loss) and
decay out of °P, during the gate sequence.
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With the destructive spin readout scheme used in this work, qubits
in |1) cannot be distinguished from atom loss. However, the imaging
errors are biased towards false negatives: from repeated imaging, we
infer afalse positive atom detection probability of 4 x 107*. Therefore,
the dominant measurementerroristoincorrectly label abright site as
dark, while the probability of labelling a dark site as bright is very low.
Exploiting this bias, we devise an accurate method to correct this
error by converting all observables to the probability of both atoms
being bright P,,. We first explain the theory of atom loss correction by
measuring P, and then show how to determine the Bell state fidelity
from only measurements of Py.

For ageneric process, P,, can be written as

Pop= Pioointy Pt + Piobiioss) Ploss: (1)

where P, is the probability of no atom loss during the process, P, is the
probability that at least one atom is lost, and P,y and Ppyoss) are the
corresponding conditional probabilities of correctly measuring both
atoms in the bright state. From the above discussion, the probability
thatalostatomappears brightis negligible, Pyjoss) = 0, S0 Py, = Py P
The value of P,, can be measured independently by removing the CZ
gate and blowout pulse. If the spin readout is perfect, then the condi-
tional fidelity Py, = Po/Po gives the fidelity corrected for atom loss
during the initialization and readout process. For completeness, we
assume that the spin readout is perfect for now and provide a lower
bound on the Bell state fidelity after introducing the detailed experi-
mental scheme.

Here, we explain in detail how we apply this correction to the Bell
state fidelity in Fig. 3 in the main text. The Bell state fidelity can be
determined as 7= (Pyo + P; + P.)/2, so we need to convert the three
terms ontheright-handsideto P,;.Since |0) is the bright state, Py, can
bedirectly inferred from P,,. P;; can be measured by applying an addi-
tional nuclear spin t pulse and then measuring Py,

Tomeasure P, we need an observable O. = [11) (00| + |00) (11|, which
canbe obtained using the parity oscillation circuitin Fig. 3c. This circuit
can be represented as U= e ™*e %22 where X=0%+02,Z=0.+02,
with ¢4, 0 being the Pauli operator on jth atom. The probability of
measuring Py, is then Py = Tr(UpUTO,), with O, = |00) €00.

This is mathematically equivalent to measuring an effective
observable

00 — eiel/ZeinXM-Oooe—inX/4e—iOZ/2

1 —iel _jeif _a2i0
1l 1 1 —ie 2
4| je 1 1 -ie? |

_e 0 e jeif ]

The term oscillating at 20is the desired observable, /4. By fitting
the parity oscillation signal in Fig. 3e to Acos(26 + 6,) + B, we obtain
P.=4A.

Inasecond experiment, we measure the dimer survival probability
P, without the CZ gate and spin blowout pulses. The intrinsic Bell state
fidelity is estimated to be Ff = F;/P,. In the experiment, we measure
Poo = 0.46(1), P, = 0.42(1), P.= 0.86(2) and P,, = 0.872(6), yielding
Fs=0.866(12) and a corrected value F5=0.99(2).

Sofar, we have assumed a perfect spin readout. Now we analyse the
effect of spinreadoutinfidelity and derive an approximate lower bound
on the intrinsic Bell state fidelity Ff in the presence of spin readout
errors. Inthe following, we discuss only the probabilities conditioned
onnoatomloss and we drop the superscript cfor simplicity. We define
the single-atom spin readout true positive rate p;, (an atomin |0)
appears bright) and false positive rate p, (an atomin |1) appears
bright). Givenanunderlying, true Bell state population Pj, the measured
population ﬁy canbe written as

IS(’)O = POOP'?‘P + (P01+ PIO)prpr + Pllpgp

o : (3)
Pll = Pllpr + (P01+ PlO)prpr + POOpr'
wherethe P, is extracted by applying at pulse and then measuring the
double bright state population. The diagonal part of the Bell state fidel-
ityisthen

ﬁOO + ﬁll - 2p'|'pp|:p

Poot P1= Do)’
T~ Prp

“)

To derive the coherence term, we rewrite equation 3 using the obs-
ervables withimperfectspinreadout O, = p$P|OO)<OO| +PpPep(I11¢00] +
100)(11]) + p7, |11)(11]. We similarly define 0 = €"7/2e™/* 0 e ™/ *e07/2,
The experimental signal Tr(pOy) contains a cos(26 + ;) oscillation
term with amplitude 1/[4(pTP—pFP)2]; therefore, the measured
coherenceis P = P.(p;p — Psp)” With P the actual coherence. Therefore,
actual Bell state fidelity 7 is related to the measured fidelity 7 via

_ fB_pTPpFP S 7B_pFP
(pTP_pFP)Z B (l_pFP)Z (5)
=Fa+ QFy~Dp, + BF-2)pi, + O(pl,) = Fy,

B

where the inequality in the second line is obtained by setting p, =1
(the inequality holds for pp > pgp) and the inequality in the last line
holds aslong as Fis much greater than1/2 and p is small. In our case,
Prp=0.4%and F;=0.99(2), so the measured value is alower bound on
the true value without spin readout errors.

Two-qubit entangling gates

The two-qubit gate implemented in our experiment is adapted from
thetime-optimal gateinref. 35.Inthat work, each atomis modelled as
athree-level system {|0), |1), |r)} with a perfect Rydbergblockade
preventing a simultaneous excitation of both atoms to |r) and with a
coupling of |1) and |r) through a global laser with constant ampli-
tude and time-dependent phase ¢(¢). Using the quantum optimal
control method of gradient ascent pulse engineering (GRAPE)>*¢,
ref. 35 then determines the time-optimal pulse ¢(¢) to implement
aCZgate.

This simple three-level model does not accurately describe our
system, because of off-resonant coupling between both qubit states
and other Rydberg levels (Extended Data Fig. 1d). To incorporate this
effect, we use GRAPE to redesign our pulses under a new model that
takes all of these additional transitions into consideration. All four
sublevels of the 6559s 351, F=3/2 Rydberg manifold are included:
{Ir_3/2), Ir.12), Iry2), 11} Taking the polarization of our Rydberg
laser and the Clebsch-Gordon coefficients of each transition
into account, the Hamiltonian of a single atom in the basis of
{10), 11}, |r_3/2), 1112, |1i/2), |132)} can then be written as

—ipp —i¢p
A, Qe 0 Qe
2 2./3
Qe Qe
0o 0 o0
2.3 2
i
Q; 0 -3, 0 0 0
Ho=hl =, ()
0 0 -2o, 0 0
2.3 r
Qe
0 0 0 -A 0
2.3 r
i
0 Qg o o0 o0 o




Here, Qisthe Rabifrequency and ¢ is the phase of the Rydberg laser.
The Zeeman splitting in the °P, and Rydberg manifolds is denoted by
A,,and A, respectively. Because the Landé g-factor in the P, mani-
fold is more than three orders of magnitude smaller than the one
in 6s59s°3S, F=3/2, we set A, = 0 for simplicity. When taking both
atoms and the van der Waals interaction into consideration, the full
Hamiltonian of the system is then

H=H,®I+1®H,+h % Viira 114l ® [y < )
ij

In the limit of strong van der Waals interaction (|Vj,,| > Q), any
double-Rydberg excitation is strictly forbidden. In this case, one can
separately calculate the dynamics of the system depending onits initial
state, with each corresponding to an evolution in a five-dimensional
subspace,

|OO> > {|OO>, |Or_3/2>, |0r1/2>, |I'_3/20>, |r1/20>}r
|Ol> = {lOl), |Or,1/2), |0r3/2>, |r,3/21>, |r1/21>}:
[11) = {|11), [1ry5), 1390, =151, |13, 1D}.

We note that the dynamics of |01) and |10) are always the same and
therefore the latter is omitted for brevity.

Givenaspecificvalue of A,/Q, a GRAPE optimization similar toref. 35
can be implemented with our more accurate model. Instead of using
apulse with square amplitude, we fix Q(¢) to have Gaussian rising and
falling edges and total duration T. This minimizes the pulse bandwidth
and reduces unwanted excitation of the other Rydberg state, while
having negligible effect onthe average population of the Rydberg state.
Wethen find the laser phase ¢(¢) minimizing the infidelity for a CZ gate.
For the sake of the optimization, a piecewise constant approximation
() =@, forte[Tn/N, T(n+1)/N]with N=100 > 1 pieces ismade. The
infidelityl — F canthen be numerically minimized overthe ¢, ..., ®y_1,
withthe GRAPE algorithm providing an efficient way of calculating the
gradient VA% in time O(N). Note that also a global phase 6, and a
single-qubit phase 6, are included in the optimization, such that the
desired evolutionis given by |00) ~ e'% |00y, |01) ~ €!®0*% |01y and
[11) — —ei©0*200 |17,

For the experimental parameters of A, =21 x 9.3 MHz and Q = 21t x
1.6 MHz, A,/Q = 5.8, we find a gate with infidelity1 - F< 107,

For deployment on the experiment, we use a parameterized ver-
sion of the GRAPE-derived pulse in terms of a finite sum of Chebyshev
polynomials,

) nmax 2t
A =g~ ) c,,T,,[7—1), (8)
n=0

where T,(x) is the nth Chebyshev polynomial of the first kind. We find
that truncating the series at n,,,, = 13 does not affect the gate fidelity.
This lower-dimensional parameterization is useful for experimental
fine-tuning by scanning each coefficient around its nominal value, to
correct for control errors and effects notincluded in our model.

Noise model for two-qubit gates

To understand the sources of infidelities in our two-qubit gates,
we have developed a numerical simulation combining the master
equation formalism with the Monte Carlo method, based on the
six-level model discussed above. It includes Markovian decay from
the finite Rydberg state lifetime, coherent errors (imperfect Rydberg
blockade and off-resonant excitation) and non-Markovian noise
(Doppler shifts from atomic motion and laser phase and intensity
noise). Non-Markovian effects are included using a Monte Carlo
approach, by simulating the evolution under randomly generated
noise traces and averaging the final result®’.

The gate fidelity that we wish to estimate is defined as

7= { dpw) U @ 1w, ©

where theintegrationis taken over the Haar measure in the two-qubit
Hilbert space, £ is the quantum channel describing the gate and U'is
the corresponding unitary for an ideal CZ gate.

In practice, equation 9 is difficult to evaluate. Therefore, we use an
equivalent expression in terms of the process fidelity 7, and the
leakage L*%:

4F,+1-1L
~ Moot 17E (10)
5
Here, the process fidelity is defined in terms of the superoperators
Sy, Scof quantum channels U, € as
1
Foro= ETr(SLSS). (11)

Leakage out of the computational space (arising from population
decay from the Rydberg states or population leftin the Rydberg state
at the end of the gate'®) is computed as

L=1-Tr[&1)]/4. (12)

The parametersinthe error model are determined fromindepend-
ent experiments. Exploiting the ability to trap Rydberg atoms*’, we
directly measure the Rydberg statelifetime, finding T, , = 65(2) ps. We
use a Ramsey experiment to measure the Doppler shift and other
quasi-static detuning errors and find a purely Gaussian decay with 1/e
decaytimeT; = 5.7 ps. This places an upper bound on the temperature
of T<2.94 pK. We measure the laser phase noise before the second
harmonic generation, using a high-finesse cavity as a frequency dis-
criminator. Finally, we measure the laser intensity noise after the sec-
ond harmonic generation.

We find that the leading sources of error are the Rydberg state
decay (5 x107%), detuning from Doppler shifts (5 x107), laser phase
noise (2 x 107) and imperfectionsin the laser pulse envelope (2 x 107%).
Simulating these effects together gives a gate error of 1.4 x 1072, lower
than the experimental value of 2 x 1072 (Extended Data Table 2). This
leaves an error of approximately 6 x 10 that is not accounted for in our
model. The most plausible explanation is slow drifts in experimental
parameters affecting the gate calibration, but further investigationis
required toisolate and correct this error.

The model additionally predicts that 60% of the errors should be
leakage errors, including decays from the Rydberg state during the gate
and population trappedinthe Rydbergstate at the end of the gate. This
is consistent with the observed erasure conversion fraction of 33% for
the two-qubit gates (Fig. 4c) when correcting for the fact that we only
detect 50% of the decays from the Rydberg statein'S,,.

To achieve higher gate fidelities, the key parameter is the Rabi
frequency. The Rydberg decay error decreases with the gate time, as
1/Qy,. The Doppler shift error decreases as1/Qf,. Given that our current
UV laser power of 6 mW is far from the highest power demonstrated
atasimilar wavelength®, the known error sources canall be suppressed
below 107 with straightforward improvements in laser power, phase
noise and pulse shape control.

Randomized circuit benchmarking validation

Asnotedinthetext, the two-qubit benchmarking circuit usedin Figs. 3f
and 4c does not generate a rigorous fidelity estimate because we use
global single-qubit rotations. It is completely insensitive to certain
errors, such as a SWAP of the two qubits®. To assess the reliability of
this estimate, we have simulated the exact benchmarking sequences
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usedinthe experimentwiththe error model discussedin the previous
section, varying the strength of each noise term over a large range to
simulate arange of gate error rates, up to several times worse than the
measured experimental value.

In Extended Data Fig. 3b, we compare the true gate error rates with
the those extracted from the simulated benchmarking circuit without
erasure conversion and find that the benchmarking gives a good esti-
mation of the error rate with a relative uncertainty of less than 10%.

Data availability

The datareported inthis manuscript are available in the Harvard Data-
verse online repository at https://doi.org/10.7910/DVN/TJ60OIF.
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Extended DataFig.1|Level diagrams and laserbeam geometry. a, Partial
level diagram showing the transitions used to optically pump into the state |1)
forinitialization. b, Partial level diagramindicating the transitions used to
measure the spin state in °P,. First, atomsin [1) are removed from the trap using
Rydberg excitation and subsequent autoionization. Then, all population in*P,
ispumped back to'S,and imaged. ¢, Propagation directions and polarizations
ofthelasersaddressing the atoms. The 556 nm and 399 nmimaging beams are
notshown, butare co-propagating with the 770 nmbeamand retro-reflected.
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The microscope objective used to project the tweezers and image the atoms
(numerical aperture NA=0.6) is positioned above the glass cell. d, Partial level
diagram showing the transitions between P, and the Rydberg manifold used
inthiswork. The detuning between the Rydberg statesis 5.8 timeslarger than
Q. The302nmbeamislinearly polarized perpendicular to the magnetic field,
whichis constrained by the geometry of our apparatus. Inthe future, using a
pure o*-polarized 302 nm beam would increase the gate speed by a factor of /2
forthesamelaser power.
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Extended DataFig.2|Rydberglasersystem.a, The302nmlightis generated
by aresonant cavity. The output beamis power-stabilized by aservo formed by
AOM1andPD1, and pulses are generated by AOM2. The pulsed light is coupled
intoafibre and delivered toa monolithicbreadboard next to the glass cell.
PD2 monitors the pulse power on the breadboard. To monitor the pulse phase,
asmallfractionofthelightis sentbackto the optical table with asecondfibre,
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andinterfered with the un-modulated laser to formabeatnote on PD3 (at the
frequency of AOM2). The beatnoteis digitized and digitally demodulated to
extract theamplitude and phase profilesshowninband c, together with the
target pulse shapes (solid lines). Programming AOM2 with a naive waveform
resultsin phasedistortion; the waveform shownin cis obtained after closed-
loop correction.
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Extended DataFig.3|Randomized circuitbenchmarking experiment. noise termis varied randomly around the nominal value expected for the
a, Sequence of operations for the entangling gate randomized circuit experiment. The randomized circuit benchmarking infidelity is typically
benchmarking experiment (the horizontal axisisnot to scale). b, Comparison within10% of the true gate error (shaded region), indicating thatitisagood

ofthe simulated gate fidelity and simulated randomized circuit benchmarking estimator of the true gate fidelity.
fidelity for the error model discussed inthe Methods. The strength of each



Article

Extended Data Table 1| Single-qubit gate error budget

Total gate error® 1.0(1)x10~°
Erasure probability® 5.5(3)x10~*
Background loss and photoionization” 2x10™*
Imperfect repumping” 1.0(6)x10~4
Errors in qubit subspace® 1.5x10~*
Sum of all contributions 1.0(1)x10~°

*Measured. "Computed from independently measured quantities. °Inferred.



Extended Data Table 2 | Two-qubit gate error budget

Total gate error® 2.0(1)x10~*
Rydberg state lifetime” 5x107°
Doppler shift® 5x107°
Laser phase noise” 2x1073
Imperfect pulse envelope® 2x107°
Other, unknown® 6x103
Sum of all contributions 2.0x10*

?Estimated from randomized circuit benchmarking. "Computed from independently measured quantities. °Inferred.
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