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Arrays of optically trapped neutral atoms are a promising architecture for the realization of quantum
computers. In order to run increasingly complex algorithms, it is advantageous to demonstrate high-fidelity
and flexible gates between long-lived and highly coherent qubit states. In this work, we demonstrate a uni-
versal high-fidelity gate set with individually controlled and parallel application of single-qubit gates and
two-qubit gates operating on the ground-state nuclear-spin qubit in arrays of tweezer-trapped 171Yb atoms.
We utilize the long lifetime, flexible control, and high gate fidelity of our system to characterize native
gates using single- and two-qubit Clifford and symmetric subspace randomized-benchmarking circuits
with more than 200 controlled-Z (CZ) gates applied to one or two pairs of atoms. We measure our two-
qubit entangling gate fidelity to be 99.72(3)% (99.40(3)%) with (without) postselection. In addition, we
introduce a simple and optimized method for calibration of multiparameter quantum gates. These results
represent important milestones toward executing complex and general quantum computation with neutral
atoms.
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I. INTRODUCTION

Error-corrected quantum computation requires the abil-
ity to perform high-fidelity gate operations and readout
on large numbers of physical qubits [1]. Toward this end,
platforms utilizing individually controlled neutral atoms
have recently demonstrated techniques to assemble arrays
of over 1000 atomic qubits [2–4], as well as midcir-
cuit measurement [5–10]. High-fidelity single-qubit gates
with arbitrary local control have been demonstrated in
atoms featuring hyperfine [10] and nuclear-spin qubits
[11]. Two-qubit gates with fidelity above 99%, the most
commonly cited threshold for the surface code [1], have
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been demonstrated in hyperfine [12,13], optical [14], and
metastable nuclear-spin qubits [15].

Among the different optically trapped neutral-atom
platforms, ground-state nuclear-spin qubits feature long
coherence times due to a high degree of insensitivity to
environmental perturbations such as trap light shifts and
magnetic fields, as well as a near-infinite lifetime with
respect to decay [11,16]. Compared to metastable nuclear-
spin or optical qubits (which suffer from a relatively short
lifetime due to trap Raman scattering) and hyperfine qubits
in alkali atoms (which feature a relatively high sensitiv-
ity to trap light shifts), ground-state nuclear-spin qubits
are well suited for combining high-fidelity gates with
atomic rearrangement. This paradigm facilitates flexible
connectivity, thereby enabling the implementation of error-
correction schemes that efficiently utilize physical qubits
[10,17,18].

Universal gate-based quantum computation generally
consists of a maximally entangling two-qubit gate (e.g.,
controlled-NOT (CX) [19], XX [20], controlled-Z (CZ)
[21]) and individually controlled single-qubit gates. In
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neutral-atom systems, such single-qubit gates can be
difficult in practice for closely spaced trapped qubits.
This problem has recently motivated the use of global
single-qubit operations for subspace benchmarking that
can characterize many important gate errors in quan-
tum systems [13,22,23]. However, for a more accurate
measurement of overall gate fidelity, individually address-
able single-qubit gates allow one to use two-qubit Clif-
ford benchmarking [24,25] that is not immune to specific
errors.

In this work, we demonstrate manipulation of quan-
tum states in the ground-state nuclear spin of 171Yb atoms
through individually controlled single-qubit gate opera-
tions and two-qubit operations based on sequential state-
selective coherent excitation to a long-lived clock state
and Rydberg state. We estimate a CZ fidelity of 99.72(3)%
(99.40(3)%) with (without) postselection from two-qubit
Clifford-randomized-benchmarking (CRB) experiments
and a single-qubit CRB fidelity of 99.963(2)%. Using
a benchmark sequence that is insensitive to single-qubit
phases (relevant to situations in which such phases can
be canceled between pairs of gates by using echo tech-
niques, as in Refs. [10,13]), we infer a CZ-gate fidelity of

99.86(7)% (99.56(5)%) with (without) postselection. The
combination of these spatially selective high-fidelity gates
with the previously demonstrated continuous loading [2]
and midcircuit measurement [8] is expected to lead to new
demonstrations of quantum error correction and complex
circuits among many physical qubits, as we have recently
shown in Ref. [26].

Section II describes the qubit array geometry and trap-
ping wavelengths used in this work. Section III describes
our single-qubit gate scheme, calibration procedure, and
performance. Section IV describes our two-qubit gate as
a two-step process involving clock shelving and Ryd-
berg excitation, with detailed discussion of error mitigation
strategies, benchmarking protocols and performance, and a
novel calibration procedure for multi-parameter quantum
gates. Section V concludes and discusses implementa-
tion of nuclear spin qubits within a quantum computing
architecture.

Appendix A describes our experimental setup and read-
out scheme. Appendixes B–E describe details about our
1Q and 2Q gates. Details on data analysis are discussed in
Appendix F. Our best understanding of our error budget is
described in Appendix G.

(a)

(c)

(b)

FIG. 1. (a) A diagram showing an array of trapped atoms (blue circles) and the interaction zone (red box), where spatially selective
global addressing for our two-qubit gates occurs. The global addressing beams propagate along the x direction with indicated polariza-
tions and are used for readout (green), clock (yellow), and Rydberg (purple), with their respective polarizations indicated, are shown.
Individual Raman-pair beams used for single-qubit gates propagate along z and are linearly polarized along x and y, respectively.
Two-qubit gates are realized simultaneously in distant atomic pairs. The magnetic field B (518 G) points along the x direction. (b) A
level diagram showing the relevant transitions and atomic levels involved in our gates: nuclear-spin-qubit states |0〉 and |1〉, clock state
|c〉, and Rydberg state |r〉. The virtual level for the Raman pair is shown as a dashed line. Lasers transferring population between states
are shown. (c) The Clifford-randomized-benchmarking (CRB) decay averaged over the seven IZ sites. Each depth is an average over
five random single-qubit (1Q) Clifford circuits and 75 repetitions of each circuit. The error bars represent the 1σ confidence interval.
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II. QUBIT ADDRESSING

Our platform consists of an array of optically trapped
single 171Yb atoms, previously described in Refs. [2,8],
where the nuclear-spin ground states 1S0, mf = −1/2
(mf = 1/2) are used to encode the |0〉 (|1〉) states of our
qubit, as shown in Fig. 1(b). In this work, we operate with
a modality specifically designed to isolate the performance
of gate operations. Single- and two-qubit gates are per-
formed in the science optical tweezers formed with 460-
nm light (which provide state-insensitive trapping for the
1S0 ↔ 3P0 optical clock transition used in our two-qubit
gates [8,27]), while state preparation and state-sensitive
nondestructive readout are performed in the reservoir 483-
nm tweezers (which provide state-insensitive trapping for
the 1S0 ↔ 3P1 intercombination line). In order to enhance
the data rate while limiting the potential for inhomogene-
ity between sites, we perform two-qubit gates within one
or two pairs of traps in a single row of the array, which
is refilled from a larger reservoir of atoms after readout
(for further details, see Appendix A). We call this row the
interaction zone (IZ), as sketched in Fig. 1(a).

III. SINGLE-QUBIT GATES

The single-qubit addressing scheme employed in this
work (similar to that developed in Ref. [11]) enables local
and parallel control of the pulse area and phase of rota-
tions applied to the nuclear-spin qubits of multiple atoms
in the IZ simultaneously. Here, the Raman beams are red
detuned by 5 GHz of the 1S0 ↔ 3P1, F = 1/2 transition
[see Figs. 1(a) and 1(b)], resulting in a two-photon Raman
Rabi rate of approximately 2π × 7 kHz. The phase of the
applied gate is set by the differential phase of the two
Raman beams and can be controlled arbitrarily.

The single-qubit (1Q) gate set used here consists of Zπ/2
and Xπ/2 operations, where Zπ/2 operations are performed
virtually via frame tracking and used to update the phase
of the next applied Xπ/2 pulse [28]. We characterize the
performance of these gates using CRB experiments [29–
31], yielding an average fidelity of 99.963(2)% per Clifford
gate, averaged over the seven IZ sites. In Fig. 1(c), we
show a typical averaged RB curve for seven IZ sites, with
the CRB circuit executed in parallel among the IZ atoms.

Calibration of the Xπ/2 gate requires setting the pulse
area by tuning the product of Rabi rates associated with
the individual Raman beams and zeroing differential light
shifts by tuning the intensity ratio of the two Raman
beams. For both of these calibrations, we rely on pulse
sequences heavily inspired by robust-phase-estimation
(RPE) methods [32]. Additionally, we perform local beam-
alignment calibrations via single-beam ac-Stark shift mea-
surements to align each set of Raman beams to the atoms
[10]. Typical gate performance is limited by quasistatic
drifts in alignment and beam intensities, not fundamen-
tal processes such as intermediate-state scattering. All

calibrations and corrections are applied to individual qubits
(see Appendix B).

IV. TWO-QUBIT GATES

Two-qubit (2Q) gates are performed by state-selectively
exciting pairs of atoms to high-lying Rydberg states via
a two-step process to apply a symmetric CZ gate [12]. In
contrast to previously demonstrated two-photon excitation
schemes, where the drive lasers are applied simultaneously
and detuned from a short-lived intermediate state [12,33–
35], we operate with sequential resonant excitation to and
from a long-lived intermediate state [14]. This has sev-
eral key advantages. It allows us to maximize the Rabi
frequency to the short-lived Rydberg state given power
constraints, which in turn reduces the effects of Ryd-
berg decay. Further, by using a long-lived intermediate
state, scattering from this state is reduced as well. Finally,
because the excitation to the intermediate state is relatively
slow, moderate differential light shifts on the narrow tran-
sition can be used to prevent atoms from participating in a
gate, providing opportunities for site-selective addressing
while using global gate lasers [8].

Excitation to and from the metastable clock state |c〉 =
|3P0, mf = −1/2〉 that forms the intermediate state of our
sequential excitation scheme is performed via a X clk

π shelv-
ing pulse, designed and calibrated to transfer as much
population as possible between |1〉 and |c〉. A combi-
nation of frequency and polarization selectivity provides
state selectivity for this excitation process and thus for the
two-qubit gate. From the clock state, we apply a pulse
of ultraviolet (UV), 302-nm, σ−-polarized light to drive
the |c〉 ↔ |r〉 = |65 3S1, F = 3/2, mf = −3/2〉 transition
[see Fig. 1(b)]. The UV-pulse phase and amplitude pro-
file are chosen to ensure that every atomic pair returns to
its initial state after the pulse, while pairs of neighboring
clock atoms acquire an additional π phase shift due to
the Rydberg-blockade mechanism [36]. Finally, atoms are
returned to |1〉 with a second X clk

π pulse, having acquired a
conditional phase that implements a CZ gate.

During the application of our two-qubit gates, the atoms
are trapped in 460-nm optical tweezers within the IZ
with a trap frequency ωx/(2π) = 50 kHz. Nonparticipat-
ing reservoir atoms are maintained in |0〉 and do not couple
to |c〉.

A. Clock shelving

To ensure optimal performance of the two-qubit gate,
it is crucial to minimize population and phase errors aris-
ing from the clock-shelving and -unshelving pulses. The
clock pulses are applied to a Doppler-sensitive (single-
photon) transition and are relatively slow (�clk/(2π) ≈
7 kHz) compared to the trap frequency, making them sen-
sitive to a specific set of errors: finite atomic temperature
leads to a spread in Rabi frequencies between motional
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states [37] and atoms can be coupled to other motional
states of the trap. Laser-phase and amplitude noise near
the Rabi frequency [38–40], as well as trap-induced decay
from the clock state [41], can also degrade performance.
Finally, quasistatic errors in clock laser detuning can lead
to qubit phase shifts during the gate.

In order to mitigate the effects of atomic motion, we
cool the atoms near their motional ground state along the
direction of the clock laser. For cooling, we use three-
dimensional gray molasses to cool atoms to n̄ = 0.25(10)

along the x direction [9]. With a Lamb-Dicke parame-
ter η = 0.26, this would limit the clock-shelving fidelity
to < 99.8% [42] for a single π pulse. With two clock-
shelving pulses per qubit per CZ gate, clock-shelving errors
would limit CZ fidelity significantly. To further reduce sen-
sitivity to any effect that causes spread in Rabi rates, and
atomic temperature, we employ shaped composite pulses
(SCPs) [43]. The smooth pulse shape reduces unwanted
frequency components that can induce motional-state-
changing transitions and the composite pulse is designed to
be robust to pulse-area errors. For a detailed error budget,
see Appendix G.

There are significant drawbacks to using SCPs. Pulses
are typically longer than for a square pulse, making them
more susceptible to laser-frequency noise, Raman scatter-
ing, and quasistatic detunings. To minimize these effects,
we have found that a Blackman-shaped Yclk

π/2 − X clk
π − Yclk

π/2
pulse offers enough robustness, while balancing the impact
from frequency noise [44]. We refer to this pulse as the
YXYclk pulse and from now on we will assume that the
X clk

π operation is a YXYclk pulse. Additional effects that
affect clock-shelving fidelity, but have smaller impact, can
be found in the Appendixes C and G.

In Fig. 2(a), we measure the shelving fidelity of our
X clk

π pulses for atoms starting on state |1〉. Typical shelv-
ing fidelities per pulse exceed 99.85% in these conditions.
Most of the error is population left in |c〉, with a smaller
loss or decay to the other ground state due to Raman
scattering of the 460-nm light. Each Blackman-shaped π

clock pulse lasts 130 µs and is calibrated using RPE tech-
niques. We characterize the laser-frequency noise on an
optical self-heterodyne fiber interferometer setup [45] and
with spin-locking atomic measurements that map laser-
frequency noise into changes of atomic coherence [23,38].
The frequency range of interest spans from a few kilohertz
to 20 kHz, where typical laser locks have limited gain. We
find that the interferometer reports a larger frequency noise
than that inferred from the atomic measurement, as shown
in Fig. 2(b). We attribute this disagreement to a combina-
tion of excess acoustic noise and limitations on the noise
floor of the interferometer; therefore we bound the con-
tribution of laser-frequency noise to that extracted in the
spin-locking experiments. The simulations presented in the
appendixes incorporate laser-frequency noise to estimate
the shelving fraction.
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FIG. 2. Clock benchmark. (a) The probability P1 of measuring
an atom in state |1〉, after repeated application of shaped com-
posite pulses (SCPs) X clk

π on the IZ, for initial state |1〉. Here, we
measure a 99.860(7)% shelving fraction per pulse, per atom. (b)
The spin-locking measurement for the X clk

π/2 − Yclk(T) − X clk
−π/2

circuit, where Yclk(T) is a pulse along the geometrical Y axis in
the |1〉 - |c〉 Bloch sphere with duration T and Rabi rate �Y

SL. For
each �Y

SL, we infer the laser-frequency noise SSL
ν (f ) from the

temporal decay in coherence. We also show the interferometer
laser-frequency noise Sint

ν (f ) (black). Data below 4 kHz are heav-
ily impacted by the acoustic noise present in the interferometer
(blue-shaded region). (c) Preselected (red circles), postselected
on atoms remaining in the qubit subspace (blue squares), clock
leakage (brown diamonds), and pair survival (green triangles) for
a clock-GERB experiment (U = X clk

π X clk
π ) measured in the two-

atom basis. The solid lines are fits to apx + b, where x is the
number of GERB blocks, and b = 1/9 for the preselected curve,
b = 1/4 for the postselected-in-qubit-subspace curve, and b = 0
for the loss and clock leakage curves (see Appendix F). The error
bars represent 1σ confidence intervals. The inset represents the
U-GERB sequence as described in the text.

To characterize the performance of clock pulses (and,
later, two-qubit gates) on arbitrary nuclear-spin-qubit
states, we adopt a strategy similar to that described in
Ref. [13]. This protocol consists of initializing atom pairs
in |00〉 and applying N blocks each containing (i) a com-
mon random Haar-distributed 1Q rotation Rrand on both
qubits, (ii) a two-qubit unitary U on the atomic pair, (iii)
an echo pulse (Xπ ) on the qubit space, and (iv) an addi-
tional application of U, as sketched in Fig. 2(c) inset. Each
block uses a different Rrand and satisfies that U − Xπ − U
does not create entanglement. After the N blocks are
applied, a deterministic 1Q rotation Rf, precalculated under
the assumption that U is ideal, returns atoms to the |00〉
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state. Readout is performed in the two-qubit computational
basis. By progressively constructing our CZ gate from dif-
ferent U gates—e.g., identity, X clk

π X clk
π , and finally a full

CZ gate—we can identify different error sources. We call
this protocol the U-global-echo randomized-benchmarking
sequence (U-GERB). We note that unlike 2Q Clifford RB,
this U-GERB protocol applies the same gates to atoms
within a pair and so constitutes a symmetric subspace
benchmark.

We measure the characteristic clock-GERB curve for
U = X clk

π X clk
π in Fig. 2(c). This measurement is subject to

errors from the eight 1Q gates used in each block. We
characterize those in the case in which U is the iden-
tity operation and measure a contribution of 0.32(2)% per
atomic pair per GERB block. In this data set, characteristic
of a well-tuned system, we measure a preselected fidelity
for the clock shelve-unshelve sequence (red circles) of
99.80(1)% per pair, after removing the 1Q error. The post-
selected fidelity of the clock shelve-unshelve sequence on
atoms that remain on the qubit subspace at the end of
the circuit is 99.94(2)% (blue squares), which is mostly
affected by decoherence between the optical and ground-
state qubits. The difference between the pre- and postse-
lected fidelities points to clock leakage (atoms that have
remained in |c〉) and loss.

Leakage error represents population left in the clock
state after each shelve-unshelve sequence (U). We are able
to measure this contribution using an additional readout
step preceded by a clock-repumping state, that effectively
brings all of the remaining clock population back to the
ground state. By estimating the fraction of pairs that are
present in this readout image, compared to the image that
only reveals atoms present in the qubit subspace, we deter-
mine that clock leakage (brown diamonds) contributes a
0.13(2)% infidelity in our clock-GERB sequence. Finally,
using all of the readout steps, we can determine the pair-
survival probability (green triangles) of 99.979(4)% after
each shelve-unshelve sequence (see Appendix C).

B. Rydberg gate

Once clock shelving is complete, entangling gates are
performed via the Rydberg-blockade mechanism [46], by
coupling atoms from the clock state to the |r〉 state with
a single global beam at 301.9 nm [Fig. 3(a)]. Our UV
laser system enables Rydberg Rabi rates �ryd > 2π × 15
MHz, though usually a smaller Rabi rate is chosen to
remain far below the Rydberg interaction energy U/� =
2π × 160 MHz. For most Rydberg operations, the 460-nm
tweezers are kept on, as they provide a trapping poten-
tial for the |r〉 state due to the ion core polarizability
[47] and have minimal impact on gate performance. The
Rydberg-state lifetime is 65(3) µs at a typical trap depth
(see Appendix D).

(a)

(b) (c)

time

FIG. 3. The two-qubit gate. (a) A schematic depiction of the
three-step gate. First, an X clk

π pulse shelves qubit state |1〉 into
|c〉. Second, the clock state is coupled to a Rydberg state, with
the laser amplitude and phase profile chosen to implement a
controlled-Z (CZ) gate. Third, an unshelving X clk

π pulse trans-
fers population from |c〉 back to qubit state |1〉. Each step is
performed simultaneously on two participating atoms. (b) The
CZ-gate parameters are calibrated by a series of one-dimensional
(1D) scans along eigenvectors of the fidelity Hessian. After exe-
cuting a circuit with repeated CZ gates (top), we measure the
population in |00〉 (blue circles) and the pair survival (yellow
squares). Scanning the offset α0 along eigenvector 0 modifies
the parameters x = (

A, ω/�ryd, θ , T�ryd/(2π), 
/�ryd
)

accord-
ing to their respective eigenvector coefficients, x = xinitial +
α0 (0.45, −0.19, 0.14, −0.056, 0.87) and each variable is updated
by the optimal α0,opt = −0.008 multiplied by its eigenvector
coefficient. This eigenvector changes φent while having little
effect on survival. The solid curves are not simple fits but results
from the simulation of Appendix E with fitted x offset and y scale.
(c) The simulated optimization trajectory with repeated 1D scans
of raw gate parameters (green circles) or eigenvector coefficients
(orange squares). The eigenvector scans are decoupled and reach
the minimum in a fixed number of steps, while the raw-parameter
scans are not fully converged after many optimization rounds.
For visual clarity, the optimization is performed over just two of
the five phase parameters, ω and T. The contours represent the
gate infidelity accounting only for calibration errors.

The CZ gates are implemented with an approximation
of the time-optimal gate [48], using the sinusoidal phase
parametrization of Ref. [13], φ(t) = A cos(ωt − θ) + 
t,
with a square pulse of length T. Optimization over the
phase parameters guarantees that the |01〉 (|10〉) states
undergo nearly closed rotations through the |0r〉 (|r0〉)
states, ideally leaving no population in the Rydberg state
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and picking up a single-qubit phase φ01 (φ10), while
the |11〉 ideally leaves no population in |W〉 = (|cr〉 +
|rc〉)/√2 and picks up a different phase φ11. The lat-
ter may be decomposed into the sum of single-qubit
and entangling phases as φ11 = φent + φ01 + φ10. Choos-
ing gate parameters so that φent = π , the final unitary is
U0 = diag(1, eiφ01 , eiφ10 , −ei(φ01+φ10)), which can be con-
verted to the ideal CZ gate U0 = diag(1, 1, 1, −1) with
virtual single-qubit Z rotations.

Although optimal phase profiles are readily obtained in
simulation, experimental imperfections shift the optimum,
requiring calibration of the control parameters. Calibra-
tion of Rydberg gates is typically performed by a series
of one-dimensional (1D) optimizations of each parameter,
characterizing the phase profile of the laser drive [13]. Due
to coupling between parameters, many iterations may be
required to achieve convergence. We implement a simple
optimized calibration by inferring the optimization land-
scape from the simulated gate to guide the experimental
optimization. Specifically, we obtain the simulated Hessian
matrix of gate performance near an optimum, diagonalize
it, and then perform experimental 1D scans of gate param-
eters x along the eigenvectors according to xj = xj ,initial +
αQjn, where Qjn is the j th component of the nth eigenvec-
tor and α is the scan parameter [Fig. 3(b)]. Because the
eigenvectors are ideally decoupled, near-optimal fidelity
can be reached with a single 1D scan along each eigen-
vector, greatly improving the convergence compared to
scans of raw gate parameters, while retaining their robust-
ness and clarity. The principle is demonstrated through
simulation in Fig. 3(c) and experimentally confirmed in
Fig. 9, where eigenvector calibration produces 4 times bet-
ter infidelity with 3 times fewer shots than raw-parameter
scans from the same nonoptimal initial parameters. Note
also the accurate prediction of the shape of each eigen-
vector scan in Figs. 3(b) and 8. Although simulation is
not sufficient to directly predict the optimal gate parame-
ters, the simulated Hessian is accurate enough to inform
the optimization procedure and we find that it provides
well-decoupled eigenvectors. Notably, the simulation need
not be fine tuned with experimentally measured quantities
and for these calibrations we simulate unitary evolution
without incorporating measured noise, decay rates, or even
laser rise times.

The gate is calibrated using an echoed metric such as the
population of the desired state after applying CZN -Xπ -CZN ,
with N gates on either side of the Xπ pulse, as shown in
the inset of Fig. 3(b). The echo removes any dependence
on the single-qubit phases, which are obtained separately
by RPE. This particular circuit enhances the sensitivity to
entangling phase errors but other circuits such as GERB
yield similar optimal parameters.

Finally, we point out that our gate scheme is suitable
for erasure detection. To accomplish erasure detection,
we note that by transferring the ground-state qubit to the

metastable 3P0 state for the duration of each 2Q gate, Ryd-
berg decay, which results in the ground-state population,
may be detected in the same manner as for a metastable
qubit [49]. In fact, during the unshelving step, any popu-
lation in the ground state will be shelved into the 3P0 state
and could be flagged. As shown in a concurrent publication
[26], the final population in 3P0 can be efficiently converted
to loss, in this case by using tweezers at roughly a tune-out
wavelength for 3P0.

Currently, we only shelve one qubit state, which means
that decay into the other qubit state will not be converted to
erasure by this scheme. To obtain full erasure conversion,
it would be straightforward to transfer both qubit states to
3P0 before each gate, which would result in a slightly lower
fidelity. However, we already observe that approximately
90% of Rydberg decay results in loss, perhaps aided by
antitrapping of some states in the decay pathway at our
trap wavelength.
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FIG. 4. Two-qubit (a) Clifford RB and (b) CZ-GERB bench-
marking, showing the probability of measuring atoms in their
initial state P00 as a function of the gate depth. The blue squares
(red circles) represent the probability of returning to the initial
two qubit state with (without) postselecting on atoms that are in
either nuclear-spin qubit at the end of the circuit. Clock leak-
age (survival) measurements are shown with brown diamonds
(green triangles). The solid curves are fits to the function apx + b,
where x is the circuit depth, while b = 1/4 for the postselected-
in-qubit-subspace curve and b = 0 for the preselected, leakage,
and survival curves (see Appendix F). The error bars represent
1σ confidence intervals.
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TABLE I. The infidelity contribution, the clock leakage, and the pair loss per CZ gate as measured by GERB and CRB. The clock-
GERB, CZ-GERB, and 2Q-CRB infidelities are corrected by the error of a single 1Q gate and the average number of 1Q gates in each
circuit.

1Q GERB (%) Clock GERB (%) CZ GERB (%) 2Q CRB (%)

Preselected infidelity 0.16(1) 0.20(2) 0.44(5) 0.60(3)
Postselected infidelity 0.16(1) 0.06(2) 0.14(7) 0.28(3)
Clock leakage 0.00(1) 0.13(2) 0.12(3) 0.14(2)
Pair loss 0.00(1) 0.021(4) 0.13(3) 0.12(1)

C. Two-qubit gate benchmarking

Clifford gates are the basis for many error-correcting
protocols envisioned for universal fault-tolerant quan-
tum computation [50]. The Clifford group is sufficiently
complex that most errors (even coherent errors) will
be perfectly depolarized under the assumption of fixed
Clifford- error channels associated with each Clifford
gate. This allows one to make unbiased comparisons
across different experimental platforms, even if the imple-
mentation of the Clifford operators may vary [51]. The
ability to perform local and independent single-qubit
operations is both important for use in quantum algo-
rithms and allows us to perform fidelity benchmarks
that average over the full Hilbert space of the qubits,
as opposed to only the symmetric subspace, as has
been the case in recent gate-benchmarking approaches
with tweezer-trapped neutral atoms [13,15,23,52]. Physi-
cal error sources, such as decay from the Rydberg state,
entangling phase, or single-qubit phase errors, will con-
tribute to circuit errors with slightly different weights (see
Appendix G) [23].

We implement two-qubit Clifford gates [30] by perform-
ing the 1Q and 2Q gates described previously. For each
realization of the experiment, 20 random quantum circuits
with a given depth are generated with the QISKIT EXPER-
IMENTS package [53] and executed 20 times per random
circuit. Our measurements are summarized in Fig. 4(a). By
fitting the data to an exponential decay curve, we measure
an average two-qubit Clifford gate fidelity with (with-
out) postselection of 99.40(4)% (98.93(4)%). Accounting
for the average number of native 2Q and 1Q gates per
Clifford gate (approximately 1.51 and 4.36, respectively),
and assuming a depolarizing error model, we extract a
CZ fidelity of 99.72(3)% (99.40(3)%) with (without) post-
selection. The atom-pair loss, the probability of losing
at least one atom of the atomic pair, is measured to be
0.12(1)% per CZ gate and is dominated by Rydberg-state
decoherence.

We compare this 2Q CRB measurement to a CZ-GERB
measurement, which represents a symmetric subspace
benchmark of our CZ gate. In this case, the presence of
echoes within each GERB block (similar to the method
in Ref. [13]) makes this circuit insensitive to single-qubit
phase offsets and more robust against quasistatic drifts.

Using the CZ-GERB circuit, we measure a fidelity of
99.86(7)% (99.56(5)%) with (without) postselection on
atoms remaining in the qubit subspace. We attribute a large
fraction of the difference between the fidelity metrics to
quasistatic errors of the clock laser detuning, which maps
into single-qubit phase errors.

The excess pair loss (0.11(3)%) measured in CZ GERB
[Fig. 4(b)] relative to clock GERB [Fig. 2(c)] contributes
half of the additional preselected infidelity measured
between the two metrics, at 0.20(2)% and 0.44(5)%,
respectively. Furthermore, the clock-state leakage is
determined to be the same as that measured in our clock-
GERB data set, at 0.12(3)% per gate, per pair for CZ-GERB
data and 0.14(2)% for the 2Q CRB set. Additionally, errors
in entangling or single-qubit phases between consecutive
CZ gates will lead to excess infidelity. The observed
infidelities are summarized in Table I. We provide a more
detailed final error budget supported by in situ measure-
ments and simulations, as well as details regarding the
depth scans and fidelity extraction, in the Appendixes F
and G.

V. CONCLUSIONS AND OUTLOOK

In this work, we have shown high-fidelity single- and
two-qubit gates on ground-state nuclear-spin qubits. While
a demonstration of two-qubit gates has been restricted
to one or two pairs of interaction sites, the methods
demonstrated here can also be applied to larger arrays
with arbitrary connectivity by utilizing larger numbers of
tweezer traps [2] and coherent movement of atoms [54],
as demonstrated in Ref. [26]. These extensions benefit
from the long coherence time and insensitivity to light
shifts of the ground-state nuclear-spin qubit, though care
must be taken to minimize atomic heating during move-
ment. Nuclear-spin qubits also enable a complementary
approach, in which the narrow linewidth of the clock-
shelving transition allows the use of local light shifts to
modify connectivity within static arrays of atoms (though
connectivity in this approach is limited to nearby atoms).
By combining these techniques with our demonstrated
midcircuit measurement [8] and continuous-loading tech-
niques [2], as well as erasure conversion provided by state-
selective nondestructive measurement [49], or by state-
selective trapping [26], the high-fidelity and flexible gates
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demonstrated here are expected to enable the execution of
complex error-corrected quantum circuits.

As part of this work, we have extensively character-
ized our single- and two-qubit gates, identifying key areas
for improvement, such as clock-laser-quasistatic and fast-
frequency noise [38,55], and further investigation of the
complex Rydberg-state manifold [15,56]. The high-fidelity
measured in this paper, coupled with advancements in
efficient logical qubit encodings [17] and single-shot fault-
tolerant schemes [57] enabled by all-to-all connectivity,
place neutral-atom arrays in an exciting position in the
pursuit of practical quantum computing.

APPENDIX A: SYSTEM DETAILS

Key aspects of our experimental system have been pre-
viously described in Refs. [2,8]. The lasers required to
create both reservoir and science arrays and to rearrange
atoms between reservoir trap sites, and the Raman beams
needed for the single-qubit rotations are combined on a
dichroic mirror stack. These beams are then delivered to
the vacuum chamber via a high-numerical-aperture (high-
NA) microscope objective (NA = 0.65, field of view =
0.5 mm). Another similar objective is placed at the other
side of the vacuum chamber and is used exclusively to col-
lect 556-nm scattered light in order to perform low-loss
state-selective imaging of individual atoms. In this work,
all state preparation and measurement operations are per-
formed in optical tweezers, not a cavity-enhanced optical
lattice as in Ref. [2].

The reservoir and science traps are each generated via
spatial-light-modulator phase patterns [58] that are imaged
on a microscope objective. The arrays used for this work
consist of 84 trapping sites, distributed in 12 rows and
seven columns. The top row of each array, which we call
the interaction zone (IZ), is displaced from the rest of the
array by 6 µm. The distance between sites in the IZ row
is 3 µm. The reservoir traps have radial trap frequencies
(along the x and y directions) of ωres/(2π) = 110 kHz,
while the science-trap frequency is ωsci/(2π) = 50 kHz.
Both arrays are spatially matched using camera measure-
ments on a lower-NA monitoring system and by realizing
atomic transfer experiments to calibrate any systematic
offsets. To transfer atoms from one array to another, we
linearly ramp up the power of one potential as we ramp
down the other over 2 ms. All gates used in this work are
performed in the science-array IZ, while imaging, cooling,
and state preparation are performed in sites of the reservoir
array at the same locations.

When atoms are initially loaded in the 483-nm reser-
voir traps, light-assisted collisions and optical pumping
addressing the 1S0 ↔ 3P1, F = 3

2 transition allow us to
prepare single atoms in either of the two nuclear-spin
ground states. State-selective readout is done by address-
ing the atoms for 5 ms with a single Gaussian beam

propagating along the x direction (parallel to the 518-G
magnetic field), with waists (wy , wz) = (1.2 mm, 40 µm)

(1/e2 radius), and σ+ (σ−) polarization to address qubit
state |1〉 (|0〉), as shown in Figs. 1(a) and 5. As described
in Ref. [8], high-fidelity state-selective readout is enabled
by a large magnetic field, polarization selectivity, and the
use of a magic wavelength. Typical readout has infidelity
below 0.2% and loss below 0.5%.

After imaging, atoms are further cooled in the reservoir
traps of the IZ to facilitate high-fidelity gate operations. In
this work, we use a variant of gray-molasses cooling by
addressing the atoms simultaneously with the σ+- and π -
polarized 556-nm beams addressing the 1S0, mF = ∓ 1

2 ↔
3P1, F = 3

2 , mF = 1
2 transitions. The σ+ beam is gener-

ated by the same system as the imaging beam shown in
Fig. 1(a), while two π -polarized beams propagate along
the y and z directions [2,9]. These π -polarized beams are
circular Gaussian beams with waists of 150 µm at the
atom plane. The single-photon detuning of these beams
is + 2.5 MHz from the excited state, while the frequency
difference between the σ+ and π beams is equal to the
qubit frequency of 389 kHz. After a cooling duration of
4 ms, we typically observe n̄ = 0.25(10) and we do not
observe significant heating or loss during the transfer of
atoms between the reservoir and science arrays.

To deterministically load atoms into the IZ, we rear-
range atoms with a single 483-nm tweezer created by a
pair of crossed acousto-optical modulators (AODs). For

Readout

Readout

Raman
Pair - 1Q

Clock

Rydberg

Nuclear-spin
qubit

FIG. 5. A level diagram indicating the most relevant states for
site-selective readout, 1Q rotations, clock shelving, and Rydberg
excitation. The level spacing is not to scale.
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this work, we perform CZ gates on either one or two pairs
of sites in the IZ. In instances in which we load two atomic
pairs, these pairs are separated by 12 µm. After the atoms
are loaded, we image, cool, and prepare them in state |0〉
using global addressing. Once the atoms have been initial-
ized, we transfer them to the 460-nm science traps. At this
point, we run arbitrary circuits, e.g., GERB, Clifford RB,
and RPE calibrations, as described in more detail in the
following appendixes.

In a typical gate-characterization sequence in the IZ, we
use several readout images with intermediate ground-state
optical pumping and clock-state repumping to determine
if each atom is in state |0〉, |1〉, |c〉, or lost. In particu-
lar, we take an image before starting the circuit and three
images postcircuit. The second of these three images is pre-
ceded by an optical-pumping step that brings every ground
state to |0〉, while the third image is preceded by a clock-
repumping step that allows us to measure leakage out of
the qubit subspace and lost atoms. This allows us to con-
dition our data to successful initial pairs and determine the
state of every qubit among |0〉, |1〉, |c〉, or lost. The data
are analyzed in the two-qubit computational basis. We then
use some of these images to properly postselect the circuit
success based on some conditions or to identify population
recovered by optical pumping and repumping. In this way,
we can analyze errors arriving from clock leakage, loss, or
anything that affects the qubit subspace.

APPENDIX B: SINGLE-QUBIT ROTATIONS

We perform arbitrary local single-qubit rotations using
two orthogonally polarized Raman beams, the frequency
and position of which are controlled by two pairs of
crossed AODs [11]. The Raman beams are combined on
a polarizing beam splitter and delivered to the vacuum
chamber through a high-NA objective. At the atom plane,
the beams are focused to 1.2 µm 1/e2 radius. One beam is
polarized along the magnetic field and the other orthog-
onal to it. The Raman pair is detuned by 
1Q/(2π) =
−5 GHz from the 3P1, F = 1/2 manifold. We note that in
our scheme there is a counterpropagating drive with the
same two-photon Rabi rate but with a two-photon detuning
of twice the qubit frequency, which sets a limit on our 1Q
gate speed. However, there are a number of proposals [59]
and demonstrations [60] of optimized pulse sequences to
perform high-fidelity gates faster than the qubit frequency.

Upstream acousto-optical (AOM) and electro-optical
(EOM) modulators enable parallel control of single-qubit
operations. Calibration of the Xπ/2 gate requires calibra-
tion of the bare qubit frequency, the differential light
shift on the qubit states due to the addressing lasers,
and the pulse area, as well as careful alignment of the
Raman beams to the atoms. We calibrate the bare qubit
frequency (near 388.9 kHz) through a 100-ms Ramsey
spectroscopy experiment in the science traps, where we

typically observe changes of approximately 1 Hz daily. We
do not observe significant inhomogeneities in the measured
qubit frequency across the IZ sites.

Calibration of the differential light shifts and the pulse
area are performed by controlling the relative and com-
mon optical powers between the two Raman beams at a
single site level, respectively. Inspired by RPE methods,
we perform a repeated sequence of Xπ/2Xπ/2X−π/2X−π/2
pulses to calibrate the differential light shifts and a series
of Xπ/2Xπ/2Xπ/2Xπ/2 pulses to tune the pulse area. We iter-
ate these calibrations with different numbers of repetitions
in order to progressively improve our precision. Raman-
beam alignments are realized by mapping the ac-Stark shift
of an individual beam into phase changes in a Ramsey
sequence, similar to the method used in Ref. [10]. Faster
camera-based measurements between the 1Q array and the
trap arrays are used to correct drifts from its set point.
Our single-qubit gate performance is not limited by fun-
damental processes such as intermediate-state scattering.
Rather, based on RPE and camera-based measurements,
we attribute the majority of the 1Q error to quasistatic drifts
in the relative position between traps and 1Q beams. The
simulations suggest that 100-nm drifts and misalignment
can explain typically observed errors.

The GERB sequences for the 2Q gate rely on 1Q
operations to randomize the gate of interest over a sub-
set of arbitrary input states. Random Haar-distributed
rotations are constructed from random angles φ0, φ1,
and φ2, with distributions weighted such that Rrand =
Z[φ0]Xπ/2Z[φ1]Xπ/2Z[φ2] samples the Hilbert space of
each qubit uniformly. At the end of the GERB
sequence, we apply a single precomputed rotation Rf =
Z[φf

0 ]Xπ/2Z[φf
1 ]Xπ/2Z[φf

2 ] to return atoms to the initial
qubit state, provided that U is perfect. We benchmark our
GERB sequence against the 1Q Clifford RB result, by run-
ning it with U = Id. Each GERB block consists of four
Xπ/2 gates per atom and so eight per pair. We typically
measure 0.32(2)% infidelity per GERB block (computed
on an atomic pair for consistency with 2Q benchmarks),
which is consistent with 8 times the average gate infidelity
measured in the Clifford RB sequence. To remove the 1Q
error from other GERB measurements, i.e., when U is not
an idle operation, we subtract 0.16(1)% per U infidelity on
each atomic pair.

APPENDIX C: CLOCK OPERATIONS

The clock beam propagates along the x direction and is
elliptically shaped at the atom plane with waists (wy , wz) =
(400 µm, 35 µm). The large magnetic field and polariza-
tion selectivity [see Fig. 1(a)] suppress other excitation
paths and also suppress differential qubit phase shifts.
We operate our clock with Rabi rates �clk/(2π) between
3 kHz and 15 kHz, placing us in the resolved-sideband
limit with respect to the radial-science-trap frequencies
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of ωsci/(2π) ≈ 50 kHz. In this regime, we are sensitive
to both the effects of atomic motion and laser-frequency
noise, which are the main contributors to the shelving error.
To mitigate frequency noise seen by the atoms, we sta-
bilize the phase of the delivered clock light via a fiber
noise-cancellation setup that references the phase of the
delivered light to the vacuum chamber [61]. The optical
power delivered to the atoms is also actively stabilized.

We characterize the atom temperature using spec-
troscopy of the motional clock sidebands along x, as shown
in Fig. 6(a). At typical temperatures, a single (noncom-
posite) Blackman-shaped pulse with a peak Rabi rate of
2π × 7 kHz shows shelving fidelities slightly above 99%,
measured by repeated application of the clock pulse as in
Fig. 2(a). We have verified via RPE measurements that the
residual infidelity is not due to coherent errors but, rather,
to the Debye-Waller effect from trapped atoms at finite
temperature [42]. The use of pulse-area-robust compos-
ite pulses improves this shelving fraction, at the price of
applying longer pulses with greater sensitivity to both qua-
sistatic and time-varying laser-frequency noise. The cool-
ing mechanism described in Appendix A has shown better
clock performance while running deep circuits compared
with other cooling protocols, such as Doppler cooling [8]
or Raman-sideband cooling [2,16].

The lifetime of ground-state atoms in the science or
reservoir traps is mostly limited by vacuum and intensity
noise on the traps and is at least 5 s. However, for atoms
in the clock state, Raman scattering of the 460-nm light
drives population out the 3P0 manifold. For the science
traps with a 50-kHz trap frequency, we have measured
T1 = 1.06(5) s [see Fig. 6(b)]. For the X clk

π SCPs used
in the main text (260 µs duration), we estimate that this
scattering accounts for an 0.019% error per CZ gate aver-
aged uniformly over possible states of the atomic pair (see
Appendix G). We note that such Raman scattering would
act as an idle loss in metastable qubit architectures, posing
a challenge with regard to achieving high-fidelity circuit
operation at this trap wavelength and depth [15,35].

To measure the laser-frequency noise at 578 nm, we
use a scheme similar to that described in Ref. [45]. We
employ a 1 km single-mode (SM) optical-fiber interferom-
eter surrounded by sound-absorbing material. One of the
interferometer arms is frequency shifted by a 200-MHz
AOM. Laser-frequency noise is mapped (via the trans-
fer function of the delay line) into the interferometer beat
note at 200 MHz, which is measured with a spectrum ana-
lyzer (SignalHound SM200B). A typical measurement is
shown in Fig. 6(c). At low frequencies, the laser noise is
overwhelmed by the acoustic noise present in the room
[blue-shaded region in Fig. 6(c)], while we attribute the
majority of the noise above 4 kHz to laser-frequency noise.

Atomic spin-locking measurements, as in Fig. 2(b), are
our best estimation of the frequency noise above 1 kHz.
A typical spin-locking experiment performs a Ramsey
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FIG. 6. (a) Sideband spectroscopy on the clock transition for
atoms trapped on the science IZ (average data). (b) The clock-
state lifetime. Atoms are held in the science traps (50-kHz trap
frequency). We measure the population in either ground state (red
circles), the atom loss (blue squares), and the population remain-
ing in the clock state (green triangles), after holding atoms for
time T. Fitted T1 = 1.06(5) s using the 3P0 survival data (green),
while the typical loss via the 3P2 state and other mechanisms has
a 1/e decay time of 5.7(6) s. (c) The clock laser-frequency noise
Sν(f ) as measured in the 1-km-fiber self-heterodyne interferom-
eter at 578 nm. The blue-shaded region represents the frequency
range in which our measurement is overwhelmed by acoustic
noise present in the room. (d) The coherence decay in a spin-
locking experiment for �Y

SL/(2π) = 5.5 kHz. The fit function
is (1 + e−t(�SL+1/(2T1)))/2, where T1 = 1.06(5) s. The error bars
represent 1σ confidence intervals.

sequence that prepares an atom along the Y axis of the
optical-qubit (|1〉 ↔ |c〉) Bloch sphere and then applies
a drive with duration T and Rabi rate �Y

SL along the Y
axis [23,38]. In the presence of laser-frequency noise,
the atomic coherence is displaced from the Y axis, such
that a final π/2 pulse along the X axis cannot return the
population to either of the poles, as shown in Fig. 6(d).
From these data, we determine the 1/e decay rate �SL,
taking into account contributions from T1. In the linear-
response approximation, the decay rate �SL is �SL =
2π2Sν(�

Y
SL/(2π)), where Sν(f ) is the double-sided laser-

frequency noise power spectral density (PSD) [23]. We
repeat this measurement for different Rabi rates �Y

SL to
reconstruct Sν(f ).

We find some disagreement between the frequency noise
inferred from spin-locking measurements and that mea-
sured by the fiber interferometer, especially below 10 kHz.
This may be due to unaccounted noise sources on the inter-
ferometer. For predicting the contribution of laser phase
noise, we rely on the frequency PSD Sν(f ) measured by the
spin-locking experiment as an upper bound to the actual
laser-frequency noise.

To improve the data rate for calibrations involving our
clock laser, we perform many experiments in series on
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the same atoms, which can lead to leakage into the clock
state. In order to recycle population from the clock state,
we use a repumper on the fast 3P0 ↔ 3D1, F = 1

2 1388-
nm transition. This beam propagates along the x direction
and is linearly polarized. However, about 2% of the atoms
that undergo a repumping cycle decay to the 3P2, which
is either weakly or not trapped in our tweezers, leading
to loss. Therefore, before repumping, we optically pump
atoms are in the ground state to |0〉, apply a high Rabi rate
YXYclk π pulse on the |1〉 − |c〉 transition and finally apply
a resonant 1388-nm pulse to the clock state. This reduces
loss significantly, speeding up relevant calibrations.

APPENDIX D: RYDBERG STATE

Our UV laser operates at 301.9 nm and is focused
down to a approximately circular beam with an 18-µm
beam waist, which propagates along the x direction in the
IZ. We work with the |r〉 = |65 3S1, F = 3/2, mF = −3/2〉
Rydberg state. Excitation to undesired mF sublevels is sup-
pressed by both circularly polarized light and gigahertz-
scale Zeeman splitting from the large magnetic field.
Recent studies of the detailed structure of the 171Yb Ryd-
berg manifold in Ref. [15] have shown that the 2Q gate
fidelity can be strongly influenced by the Rydberg state
used, accidental Föster resonances, or the choice of the

(a) (b)

(d)(c)

FIG. 7. Rydberg state and laser characterization. (a) Rydberg-
state-lifetime measurement, by population return after a π pulse
into the Rydberg state, a variable wait time, and a π pulse back.
The fitted lifetime is 65(3) µs at a typical trap depth. (b) Clock-
Rydberg T∗

2 measurement by Ramsey decay, with a Gaussian fit
of T∗

2 = 3.4(2) µs. (c) T2 echo decay with traps on, Gaussian fit
T2,echo = 5.1(4) µs. The x axis represents the total duration of the
echo sequence. (d) T2 echo decay with traps dropped, Gaussian
fit T2,echo = 11(2) µs. The error bars represent 1σ confidence
intervals.

magnetic field. We expect to further investigate this at our
larger magnetic fields.

The UV beam waist is only 18 µm and the spacing
required to avoid pair crosstalk is at least 10 µm, pre-
venting us from achieving a high UV Rabi rate in distant
rows or densely populating a single row. Although we have
measured the fidelity of our gates using one or two pairs,
we have measured it across all possible isolated nearest-
neighbor pairs in the IZ sites, or in parallel over a full
row with 16 pairs in a concurrent publication [26]. We do
not observe significant changes in gate fidelity, and when
we do, it is mostly associated with misalignment of the
single-site Raman beams.

Population and coherence decay times for the Rydberg
state are shown in Fig. 7. As mentioned in the main text,
the 460-nm tweezers provide a trapping potential for Ryd-
berg atoms due to the ion core polarizability and may be
kept on or dropped. The lifetime of the Rydberg state is
65(3) µs with traps on at typical depth and shows lit-
tle dependence on the trap depth, so long as it is deep
enough to confine the atom effectively. A Gaussian fit to
Ramsey contrast decay yields T∗

2 = 3.4(2) µs, which is
mostly explained by the UV laser phase noise, dominated
by sub-50 kHz frequencies, and also reflects Doppler shifts
and other slow-detuning errors. An echo sequence gives
T2,echo = 5.1(4) µs (11(2) µs) with traps on (off), as the
dephasing due to motion in the trap cannot be echoed
effectively at times on the scale of the trap period.

APPENDIX E: TWO-QUBIT GATE CALIBRATION

Entangling gates implemented by transient Rydberg
excitation must satisfy several constraints (accrued entan-
gling phase and population left in the Rydberg state for
each basis state) and therefore require several degrees of
freedom to be tuned. The optimal values may be approxi-
mately determined by simulation but experimental model
violation inevitably requires experimental calibration. In
special cases, the optimal parameters can be inferred one
by one from a series of experiments, as in the Pichler-
Levine gate [12]. Otherwise, the conventional strategy is
to parametrize the gate arbitrarily and then optimize the
gate performance over 1D scans of each parameter, gener-
ally requiring multiple rounds of iteration due to coupling
between the parameters.

We address this problem by simulating not just the
optimal parameters but the structure of the optimiza-
tion landscape. The gate performance is approximated
to second order around an optimum as I ≈ I(x0) +
1
2
xiHij 
xj , where 
xi is the difference of the ith param-
eter from its optimal value and the Hessian matrix can
be determined by finite differences of I . The Hessian
is well known to be useful in numerical-optimization
algorithms but these algorithms are often not robust to
experimental noise. We choose instead to diagonalize the
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FIG. 8. Typical eigenvector scans. As in Fig. 3(b), each plot scans the offset αn along eigenvector n, so that the raw gate parameters
xj vary as xj = xj ,initial + αnQjn, where Qjn is the j th element of the nth eigenvector. After performing the circuit shown in Fig. 3(b)
(but here with only eight CZ gates on either side of the echo), we measure the population in |00〉 (blue circles) and pair survival (yellow
squares). The dashed lines are not simple fits but results from the simulation of Appendix E with a fitted x offset and y scale. Here,
an intentional offset from the optimal values has been introduced to eigenvector 3 before scanning, which is fully recovered after one
round of scans. The gate has no quadratic dependence on eigenvector 4, leaving a strongly suppressed quartic dependence.

Hessian H = Q
QT with � a diagonal matrix and the
columns of Q the (orthogonal) eigenvectors of H. Then,
I ≈ I(x0) + 1

2

∑
n 
nn(
qn)

2, where 
qn = Qjn
xj is the
scalar projection of 
x along the nth eigenvector.

Clearly, the infidelity is now a sum of decoupled func-
tions of the 
qn. Thus the 
qn can be optimized indepen-
dently, scanning over each by adding to xinitial a multiple of
the nth eigenvector, xj = xj ,initial + αQjn, and experimen-
tally optimizing over α, as shown in Figs. 3(b) and 8. The
result, as shown via simulation in Fig. 3(c), is that the
optimum may be reached with a single scan over each
eigenvector. This is confirmed experimentally in Fig. 9
where, after a parameter offset is introduced to produce
approximately 10% infidelity, five eigenvector scans pro-
duce a near-optimal preselect infidelity of 0.51(4)%, while
15 raw parameter scans achieve only 2.1(2)% preselect
infidelity.

The gate-performance function I may be chosen as the
average gate infidelity [48] of CZ-X -CZ, appropriate if
optimizing in a CZ-GERB sequence that randomizes over
input states, or the state infidelity for a single initial state
after a sequence with multiple CZ gates, as is done in
Fig. 3(b). The latter has coherent addition of entangling
phase errors, magnifying the sensitivity compared to CZ
GERB, which adds entangling phase errors incoherently,
but the two yield similar optimal parameters. A coher-
ent circuit leads to linear increase in precision with the
number of CZ gates in the circuit [32], whereas CZ-GERB
calibration circuits increase precision by the square root
of the number of CZ gates. Either way, we use an echoed
sequence to remove the dependence on the single-qubit
phase—while the entangling phase and the Rydberg popu-
lation have nontrivial dependence on the gate parameters,
single-qubit phases can be easily isolated with an echo
and then separately measured with RPE and corrected with
virtual Z gates.

Experimental imperfections will alter the Hessian but
many (e.g., finite blockade and rise time) can be easily

incorporated into the simulation, and in practice the eigen-
vectors remain reasonably decoupled regardless. With five
control parameters such as A, ω, φ, T, and δ, one eigenvec-
tor will have a zero eigenvalue, so only four tunable param-
eters are necessary to optimize a Rydberg controlled-phase
(CPhase) gate. We nondimensionalize all parameters with
time units by �ryd, so that the control eigenvectors can be
conveniently scaled to different Rabi rates (however, the
blockade strength and rise time cannot be easily scaled
in experiment, so we precompute several Hessians for
different ranges of Rabi rates).

With nondimensional parameters x = (
A, ω/�ryd, φ,

T�ryd/(2π), 
/�ryd
)
, the simulated Hessian for the cir-

cuit shown in Fig. 3(b) is as follows:

H =

⎡

⎢⎢⎢
⎣

663 −9.07 −0.00101 106 957
−9.07 739 −141 585 −350

−0.00101 −141 36.9 −121 −0.00172
106 585 −121 632 −44.1
957 −350 −0.00172 −44.1 1950

⎤

⎥⎥⎥
⎦

.

Note the strong coupling between ω/�ryd and T�ryd/

(2π), indicated by off-diagonal elements nearly as large as
the diagonal elements. This suggests that raw-parameter
scans are particularly inefficient for correcting Rabi rate
errors, which perturb both of these parameters, whereas
eigenvector scans remove the problematic coupling.

The experimentally optimized parameters used for the
benchmarking results are

A = 0.733,

ω/(2π) = 9.72 MHz,

φ = −0.625,

T = 136 ns,


/(2π) = −649 kHz.
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FIG. 9. An experimental optimization trajectory with repeated
1D scans of raw gate parameters (green circles) or eigenvector
coefficients (orange squares), using a similar circuit to that shown
in Fig. 3(b) but with only two CZ gates on either side of the echo.
After initial gate optimization (blue triangle), an offset has been
introduced to the gate parameters T and ω to yield an infidelity
of approximately 10%. The gate has then been recalibrated with
either five eigenvector scans or 15 raw-parameter scans. Note
that while all raw parameters have been scanned, only changes
in T and ω appear on this plot, so not all 15 points are visible.
After calibration, GERB benchmarking has been performed at
the parameters denoted by star markers. The eigenvector scans
appear much closer to the optimum and reach a near-ideal pre-
select infidelity of 0.51(4)% (corrected for 0.2% error from 1Q
gates), while the raw-parameter scans reach a preselect infi-
delity of 2.1(2)%, or 4× worse despite a 3× longer calibration
procedure.

However, there is a 1D family of parameters that produce
equivalent fidelity, which corresponds to moving along the
zero-eigenvalue vector.

A greatly simplified simulation is used to calculate the
Hessian for calibration purposes but note that a more com-
plete model of the gate is presented in Appendix G. Here,
we simulate only the unitary evolution of the gate with
symmetric couplings, under the Hamiltonian

H = H00 + H01 + H10 + H11,

H00 = 0,

H01 = −
 |0r〉 〈0r| + �ryd

2
(
eiφ(t) |0r〉 〈01| + c.c.

)
,

H11 = −
 |W〉 〈W| + (U − 2
) |rr〉 〈rr|

+ �ryd√
2

[
eiφ(t) (|W〉 〈11| + |rr〉 〈W|) + c.c.

]
,

where H10 is of a similar form to H01, U is the Ryd-
berg interaction strength, φ(t) is parametrized as in the
main text, |W〉 = 1√

2
(|1r〉 + |r1〉) is the symmetric one-

excitation state, and the four terms H00, H01, H10, and H11
act on mutually uncoupled sectors of the Hilbert space. The
transformation of each qubit-subspace basis state (|00〉,
|01〉, |10〉, and |11〉) under the gate is evaluated using
the QuTiP Schrödinger-equation solver [62]. Loss of pop-
ulation left in the Rydberg state is coarsely accounted
for (neglecting decay during the gate and possible decay
back to the qubit subspace) by truncating the final state to
the qubit subspace, consistent with the subspace-averaged
fidelity of Ref. [63]. This yields a nonunitary 4 × 4 trans-
formation matrix V for a single gate application. Multiple
applications of the gate are modeled by repeated applica-
tions of V, which are appropriate if time is allowed for
complete loss of the Rydberg population between applica-
tions, and an echoed sequence is given by Vn (X ⊗ X ) Vn.

Other than a rough estimate of the blockade strength, we
do not simulate any particulars of the experiment (laser rise
time, Rydberg decay rate, or decoherence) for the results
presented here and we still find excellent convergence
properties using the resulting eigenvectors for calibration.
However, it would be straightforward to extend the simu-
lation. The simulated Hessian could be directly used in a
number of alternative optimization algorithms, potentially
leading to further improvements in the calibration speed.

APPENDIX F: DATA ANALYSIS

Our two-qubit gates circuit-depth scans repeat a circuit
about 20 times and sample ten different circuits for CZ
GERB and 20 different circuits for 2Q CRB. The value
assigned as the measured probability is the weighted aver-
age over the different circuit realizations. The error bars at
each circuit depth are assigned as the standard error of the
mean among the different realizations.

For the circuit-depth scans shown in Figs. 1(c), 2(c),
and 4, we fit all the decay functions to exponential func-
tions apx + b, where x represents the depth of the circuit,
a and p are fitting parameters, and b is fixed to a prede-
termined value. Typically, b is related to the single-atom
subspace dimensionality d and the total number of qubits
in the measurement basis [22]. All infidelities, 1 − F , are
calculated from the decay fit as

1 − F = 1 − (d2 − 1)p + 1
d2 ≈ (1 − p)(1 − b). (F1)

Confidence intervals on the error rates and fidelities are
reported based on the standard-deviation errors of the fit-
ting parameters, taking into account the actual spread of
the experimental data.

For the 1Q CRB measurement, we consider b = 1/2, as
this is measured in the single-atom basis. For the clock-
GERB experiments presented in Fig. 2(c), we choose
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FIG. 10. The circuits used for the 2Q Clifford RB experiments,
generated as random realizations of circuits with a fixed set of
Clifford depths. When these are decomposed into native gates,
the number of Xπ/2 and CZ gates varies across circuits of the
same Clifford depth. For the particular circuits and decomposi-
tion into native gates used here, the average number of CZ gates
per Clifford gate is 1.51 and the average number of Xπ/2 gates is
4.36.

different values of b for the different cases. For the pre-
selected fidelity, analyzed in the two-qubit measurement
basis, we fix b = 1/9 because each atom in a pair can be in
states |0〉, |1〉, or |c〉 and leakage is larger than loss. For the
postselected fidelity on the qubit subspace, each pair atom
can be in states |0〉 or |1〉, so we fix b = 1/4. Finally, the
loss measurement represents any other possibility, so we
fix b = 0.

For the CZ-GERB and 2Q Clifford depth curves in Fig. 4,
we make the choice of fixing b = 0 for the pair sur-
vival and preselected fidelities, but we fix b = 1/4 for the
qubit-subspace postselected fidelity as there are four pos-
sible basis states for our readout. We set b = 0 in these
cases because atom loss is possible and significant on both
curves, and once the circuit fails to produce the desired
output, the state will not go back to its initial state.

Isolating the CZ-gate error from the 2Q Clifford decay
fit requires subtracting out the error incurred by 1Q gates
that occur in the sequence. We do this by multiplying the
known 1Q CRB error by the average number of 1Q gates
in each CZ CRB sequence and dividing the remaining error
by the average number of CZ gates. The average gate num-
bers are obtained by direct counting of the gates in the
circuits used in these experiments, as shown in Fig. 10,
yielding approximately 4.36 1Q and 1.51 CZ gates per Clif-
ford depth. This estimation of the CZ-gate error is used for
simplicity and we stress that the estimates are subject to the
assumption of depolarizing errors and no qubit-subspace
leakage [22,30]. The error estimates could be improved by

including other experiments (e.g., unitarity benchmarking
[64]) but are left for future work.

APPENDIX G: GATE SIMULATOR AND ERROR
BUDGET

Based on atomic experiments, we can estimate the con-
tribution of known error sources. We use an approach in
which we compute the average fidelity of our CZ gate [48]
using a superoperator simulator with measured experimen-
tal values as inputs. Errors are averaged over time and
represent our understanding of the typical operational state
of the machine. This estimation is based on a single gate,
rather than a calculation of the fidelity over some specific
characterization circuit, i.e., GERB or CRB.

We separate errors between the clock operation and the
UV operation. In the clock, we consider six primary error
sources: (1) clock-frequency drift, (2) fast laser-frequency
noise, (3) trap scattering out of the clock state to the qubit
subspace, (4) finite-temperature effects on clock excita-
tion, (5) differential light shift due to the shaped clock
pulse between the |1〉 and |c〉 states, and (6) loss from the
science tweezers. In the UV, we find significant error con-
tributions from (1) the finite Rydberg lifetime, (2) Rydberg
decoherence, and (3) pulse repeatability.

During a calibration cycle, the clock frequency drifts.
We estimate a Gaussian distributed static detuning with
width 33 Hz for the clock operation based on experimen-
tal measurements of this frequency drift. Since we use a
measurement based on detuning several minutes after cal-
ibration, this error source is likely an upper bound for
the true error due to this effect. This contributes 0.126%
infidelity, with 0.007% of this due to leakage.

The clock laser-frequency noise is estimated based upon
a smoothed fit to experimental data of a spin-lock measure-
ment and the implied two-sided phase PSD from expo-
nential decays in the spin-locking experiment shown in
Fig. 2(b). This fit goes down to 10 Hz and thus is distinct
from the slow-timescale drift. For a given realization of
the phase-noise PSD Sφ , we sample the laser phase as in
Ref. [40]:

φ(t) = 2
∑

k

√
Sφ(fk)
fk cos(2π fkt + φk) , (G1)

with φk chosen randomly and 
f some small step in fre-
quency space. This phase simply adds to the desired phase
of the pulses. The clock phase noise contributes 0.116% to
the infidelity and 0.088% to the leakage rate.

In order to model the effects of atom temperature on the
clock-shelving fraction, we consider only the modification
to the resonant carrier Rabi rate due to the Debye-Waller
effect. Here, the Rabi rate for the nth motional eigen-
state along the direction of the driving laser is reduced
by e−η2/2Ln(η

2), with η ≈ 0.26 the Lamb-Dicke parameter
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and Ln the nth Laguerre polynomial. In order to approxi-
mate the pulse-area calibration procedure that takes place
at this same temperature, we set the thermally average Rabi
rate to give a perfect pulse area for the given pulse dura-
tion. Thus, colder than average atoms will be over-rotated
while warmer than average atoms will be under-rotated.
We choose n̄ = 0.25 and sample the motional eigenstate
independently for both atoms. Temperature effects in the
clock cause 0.013% infidelity entirely in the form of
leakage.

Raman scattering of off-resonant trap light from the
clock state is a known error source. In our nominal traps,
the clock state has a lifetime of 1.06 s. In order to simplify
the analysis here, we model the leakage scattering as hav-
ing a branching ratio of 50% to each atomic ground state,
since the lifetime of the main intermediate state 3P1 in the
decay pathway is short compared to the clock Rabi rate.
This contributes 0.019% to infidelity, with 0.008% leak-
ing back to the clock state. The observed 5-s 1/e atom loss
contributes to 0.005% leakage.

Additionally, due to the ac-Stark shifts from far off-
resonant states, the clock operation shifts the differential
frequency between |1〉 and |c〉 by an average of 125 Hz
over the course of the clock pulse. We calibrate the detun-
ing so that the time-averaged detuning is 0, but the light
shift varies over the course of the pulse and the shaped
clock pulse will only be resonant at its average Rabi rate.
This contributes 0.009% error, entirely as leakage since the
average detuning is 0.

Turning to UV errors, we model the Rydberg life-
time as 65 µs, where an atom lost from the Rydberg
state is assumed to be permanently lost. This leads to a
loss probability of 0.075% per pair during the CZ gate.
Assuming the measured T∗

2 results from quasistatic detun-
ing errors, the root-mean-square (rms) detuning can be
calculated as 2π × 
rms = 1/T∗

2. Simulation of the time-
optimal gate with a static detuning error yields an infidelity
2.9(2π
/�)2, for a total infidelity 2.9/(T∗

2�)2 = 0.007%.
Similarly,we expect a small coherent population left in
the Rydberg state, that we treat as loss, which contributes
0.001% to such error. We measure atom loss of 0.11(3)%
and 0.09(1)% for GERB and CRB after accounting for
clock loss (see Table I). The small discrepancy between
the predictions of our model and RB measurements can
potentially be explained by gate-parameter drift or excess
decay of the entangled Rydberg state.

We additionally model a 0.4% variation in the time-
optimal pulse area, which is constant over the duration
of the UV gate as measured in the experiment. This
contributes error at 0.007%, mostly due to the 0.005%
loss.

In general, when calculating the fidelity for an arbitrary
CZ gate, we are free to choose a single-qubit phase as we
see fit. We choose the single-qubit phase that minimizes
each error independently, in order to avoid over-estimating
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FIG. 11. The error budget based on simulation and analytic
calculations. The darker-shaded region in each bar represents
the portion of infidelity due to leakage and loss. We include
our best understanding of all input error sources from ab initio
experimental measurements.

coherent errors. We finally recalibrate the parameters of
the time-optimal gate for our finite Rydberg blockade of
160 MHz.

We summarize the contributions of each error source
with 1 − F > 10−4 in Fig. 11 and also in Table II. In the
figure, the height of each bar represents the decrease in
average gate fidelity due to this error. The darker portion of
the bar gives the probability for either atom to be outside of
the qubit subspace following the CZ gate, i.e., at least one
atom is either leaked or lost. The lighter portion alone is the
portion of the error not due to leakage or loss. The bars are
colored according to whether they occur on the clock oper-
ation (green) or the UV operation (magenta). Along with
these error sources, we show the experimentally measured
CZ CRB and GERB infidelities, as well as the numerically
modeled totals for both leakage and loss, and the decrease
in fidelity 
F . This error budget predicts an infidelity of
0.375% with at least one atom leaked or lost 0.211% of the
time.

When realizing a CZ-GERB experiment, effects such as
single-qubit phase errors are not relevant due to the global
echo present in each GERB block. Therefore, we expect

TABLE II. A summary of the simulated error sources in our CZ
gate, as compared to Fig. 11.

Error source Infidelity (%) Leakage or loss (%)

Clock static detuning 0.126 0.007
Clock phase noise 0.116 0.088
Clock temperature 0.013 0.013
Clock scattering 0.019 0.008
Clock loss 0.005 0.005
Clock light shift 0.009 0.009
UV T1 0.075 0.075
UV T∗

2 0.007 0.001
UV repeatability 0.007 0.005
Totals 0.375 0.211
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most of the CZ-GERB error to be caused by leakage, loss,
and any gate-parameter calibration errors. For other met-
rics such as the Clifford RB ones, additional errors that
are not echoed—e.g., those that affect the single-qubit
phase—contribute to the measurement.

Regarding the disagreement between the simulated error
budget and experimentally measured errors, we have iden-
tified some potential error sources that will be subjected to
further investigation. We have declined to include errors in
the error budget that are not experimentally well charac-
terized. For example, we have observed an approximately
30% larger clock leakage and loss than what we expected
due to clock-related errors, which are transferred into the
CZ gate. We have also observed larger loss than predicted
by the single-atom Rydberg T1 measurements with the
460-nm traps on during the measurement, but the Rydberg
T2 and T∗

2 measurements are fully explained by the UV
laser-frequency noise. Although, experimentally, the time
between consecutive CZ gates is always much larger than
the Rydberg T1, the dynamics of these populations over
long circuits are also not considered in this gate simulator,
which could impact deeper circuits.

We know of other potential effects that can con-
tribute to this error budget. Some are relatively small,
i.e., clock laser-intensity noise, Doppler effects, and finite
Rydberg blockade. However, other effects are less well
known—e.g., the effect of atom motion in an imperfect
trapping potential when probed by a Doppler-sensitive
operation such as our clock shelving—and a complete
understanding of how Rydberg pair states affect the CZ
gate under practical operational conditions that involve
multiple lasers and background fields. Future work will
investigate the impact of these additional effects on our CZ
gates.
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