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We report the implementation of universal two- and three-qubit entangling gates on neutral atom
qubits encoded in long-lived hyperfine ground states. The gates are mediated by excitation to
strongly interacting Rydberg states, and are implemented in parallel on several clusters of atoms
in a one-dimensional array of optical tweezers. Specifically, we realize the controlled-phase gate,
enacted by a novel, fast protocol involving only global coupling of two qubits to Rydberg states.
We benchmark this operation by preparing Bell states with fidelity F ≥ 95.0(2)%, and extract gate
fidelity ≥ 97.4(3)%, averaged across five atom pairs. In addition, we report a proof-of-principle
implementation of the three-qubit Toffoli gate, in which two control atoms simultaneously constrain
the behavior of one target atom. These experiments demonstrate key ingredients for high-fidelity
quantum information processing in a scalable neutral atom platform.

Trapped neutral atoms are attractive building blocks
for large scale quantum information systems. They can
be readily manipulated in large numbers while maintain-
ing excellent quantum coherence, as has been demon-
strated in remarkable quantum simulation and precision
measurement experiments [1, 2]. Single atom initializa-
tion, addressing, and readout have been demonstrated in
a variety of optical trapping platforms, and single-qubit
gates have been implemented with exquisite fidelity [3–
5]. Multi-qubit entangling gates with neutral atoms can
be implemented by driving atoms to highly excited Ryd-
berg states, which exhibit strong and long-range interac-
tions [6]. Protocols for entangling atoms using Rydberg
interactions have been explored theoretically and exper-
imentally over the last decade [7–13], but despite ma-
jor advances, progress in this field has been limited by
relatively low fidelities associated with ground-Rydberg
state coherent control [14]. Recent advances in Rydberg
atom control [15–17] offer new opportunities for realiza-
tion of entangling gates, combining high-fidelity perfor-
mance and parallelization.

In this Letter, we introduce a new method for realiz-
ing multi-qubit entangling gates between individual neu-
tral atoms trapped in optical tweezers. In our approach,
qubits are encoded in long-lived hyperfine states |0〉 and
|1〉 which can be coherently manipulated individually or
globally to perform single-qubit gates. Our two-qubit
gate, the controlled-phase gate, is implemented with a
novel protocol consisting of just two global laser pulses
which drive nearby atoms within the Rydberg blockade
regime [7]. We benchmark this gate by preparing Bell
states of two atoms with a fidelity F ≥ 95.0(2)%, aver-
aged across five pairs of atoms. After accounting for state
preparation and measurement errors, we extract the en-
tanglement operation fidelity to be Fc ≥ 97.4(3)%, com-
petitive with other leading platforms capable of simulta-

neous manipulation of ten or more qubits [18–21]. We
additionally demonstrate a proof-of-principle implemen-
tation of the three-qubit Toffoli gate, wherein two atoms
simultaneously constrain a third atom through the Ryd-
berg blockade, highlighting the potential use of Rydberg
interactions for efficient multi-qubit operations [14, 22].

In our experiments, individual atoms are trapped in
optical tweezers and sorted by a real-time feedback pro-
cedure into groups of two or three, organized in a one-
dimensional array [23–25]. We encode qubits in the
hyperfine ground states of these atoms, with |0〉 =
|5S1/2, F = 1,mF = 0〉 and |1〉 = |5S1/2, F = 2,mF =
0〉. In each experiment we initialize all qubits in |0〉
through a Raman-assisted optical pumping procedure
[26]. Single-qubit coherent control is achieved through a
combination of a global laser field which homogeneously
drives all qubits, as well as local addressing lasers which
apply AC Stark shifts on individual qubits (Fig. 1a, b).
The global drive field is generated by a 795 nm laser,
tuned near the 5S1/2 to 5P1/2 transition. This laser is
intensity modulated to produce sidebands which drive
the qubits through a two-photon Raman transition with
an effective Rabi frequency Ω01 ≈ 2π × 250 kHz (Fig.
1e) [26, 27]. The local addressing beams are generated
by an acousto-optic deflector which splits a single 420 nm
laser, tuned near the 5S1/2 to 6P3/2 transition, into sev-
eral beams focused onto individual atoms (Fig. 1a,d) [17].
We describe these two couplings as global X(θ) qubit ro-
tations and local Z(θ) rotations. After each sequence, we
measure the individual qubit states by pushing atoms in
|1〉 out of the traps with a resonant laser pulse, followed
by a site-resolved fluorescence image of the remaining
atoms [26].

We perform multi-qubit gates by exciting atoms
from the qubit state |1〉 to the Rydberg state |r〉 =
|70S1/2,mJ = −1/2〉. All atoms are homogeneously cou-
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FIG. 1. Control of individual qubits in atom arrays.
a) Atoms arranged in pairs are globally driven with a 795 nm
Raman laser (shown in red) which couples the hyperfine qubit
levels. Local 420 nm beams (purple) are focused onto individ-
ual sites, resulting in a light shift δ used for individual address-
ing. Additionally, atoms are globally excited by a bichromatic
Rydberg laser (shown in blue) containing 420 nm and 1013 nm
light from the |1〉 qubit state to |r〉. b) Relevant atomic lev-
els. The qubit states are |0〉 = |5S1/2, F = 1,mF = 0〉 and
|1〉 = |5S1/2, F = 2,mF = 0〉. The qubit state |1〉 is coupled
to the Rydberg state |r〉 = |70S1/2,mJ = −1/2〉 with de-
tuning ∆ and Rydberg Rabi frequency Ω. c) Rydberg Rabi
oscillations from |1〉 to |r〉. Only one atom in each pair is
prepared in state |1〉 to avoid interactions. Atoms in |r〉 are
directly detected by loss from tweezers [17]. d) Local phase
shifts as measured in a Ramsey sequence, averaged across
the five atom pairs. The purple curve belongs to the ad-
dressed atom and shows high-contrast oscillations; the gray
curve shows the non-addressed atom, which sees limited < 2%
crosstalk. e) Rabi oscillations from |0〉 to |1〉 driven by Ra-
man lasers. Error bars in all figures denote 68% confidence
intervals and in most cases are smaller than the markers.

pled from |1〉 to |r〉 through a two-photon process with
effective Rabi frequency Ω ≈ 2π×3.5 MHz (Fig. 1c) [26].
Within a given cluster of atoms, the Rydberg interaction
between nearest neighbors is 2π × 24 MHz � Ω; neigh-
boring atoms therefore evolve according to the Rydberg
blockade in which they cannot be simultaneously excited
to the Rydberg state [7].

To entangle atoms in such arrays, we introduce a new
protocol for the two-qubit controlled-phase (CZ) gate
that relies only on global excitation of atoms within the
Rydberg blockade regime. The desired unitary operation
CZ maps the computational basis states as follows:

|00〉 → |00〉
|01〉 → |01〉eiφ

|10〉 → |10〉eiφ

|11〉 → |11〉ei(2φ−π) (1)
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FIG. 2. Controlled-phase (CZ) gate protocol. a) Two
global Rydberg pulses of length τ and detuning ∆ drive Bloch
sphere rotations around two different axes due to a laser phase
change ξ between pulses. b) As a result of the evolution,
each basis state returns to itself with an accumulated dynam-
ical phase. |00〉 is uncoupled and therefore accumulates no
phase. |01〉 and |10〉 are equivalent by symmetry (φ01 = φ10),
while |11〉 accumulates phase φ11. The CZ gate is realized for
φ11 = 2φ01 − π. c) The dynamics of the |01〉 and |11〉 states
can be understood in terms of two-level systems with the same
detuning ∆ but different effective Rabi frequencies. The pulse
length τ is chosen such that the |11〉 system undergoes a com-
plete detuned Rabi cycle during the first pulse, while the |01〉
system undergoes an incomplete oscillation. The laser phase
ξ is chosen such that the second pulse drives around a dif-
ferent axis to close the trajectory for the |01〉 system, while
driving a second complete cycle for the |11〉 system. d) The
dynamical phases φ01 and φ11 are determined by the shaded
area enclosed by the Bloch sphere trajectory and vary from 2π
to 0 as a function of ∆, corresponding to increasingly shallow
trajectories. Insets show family of trajectories for different
detunings. Choosing ∆ ≈ 0.377Ω realizes the CZ gate.

This map is equivalent to the canonical form of the
controlled-phase gate CZ = 2|00〉〈00| − 1 up to a single-
qubit phase φ. To realize this gate, we use two global
Rydberg laser pulses of the same length τ and detuning
∆ which couple |1〉 to |r〉, with the laser phase of the
second pulse shifted by ξ (Fig. 2).

The gate can be understood by considering the be-
havior of the four computational basis states. The |00〉
state is uncoupled by the laser field and therefore does
not evolve. The dynamics of |01〉 (and |10〉) are given
by the coupling of the single atom on the |1〉 ↔ |r〉
transition, forming a two-level system with Rabi fre-
quency Ω and detuning ∆ (Fig. 2c, top). The |11〉
state evolves within the Rydberg blockade regime as
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a two-level system due to the collective coupling from
|11〉 ↔ |W 〉 = 1√

2
(|1r〉 + |r1〉), with enhanced Rabi fre-

quency
√

2Ω and the same detuning ∆ (Fig. 2c, bottom).
For a chosen detuning ∆, we select the pulse length τ
such that the first laser pulse completes a full cycle of a
detuned Rabi oscillation for the |11〉 system. The same
pulse drives an incomplete Rabi oscillation on the |01〉
system. A subsequent phase jump Ω → Ωeiξ rotates
the orientation of the drive field around the Z axis by
an angle ξ such that a second pulse of length τ com-
pletes the oscillation and returns the state to |01〉, while
driving a second complete detuned oscillation on the |11〉
configuration. By the end of the second pulse, both |01〉
and |11〉 return to their initial positions on the Bloch
sphere but with accumulated dynamical phases φ01 and
φ11, which depend on the geometric surface area of the
Bloch sphere enclosed by the ∆-dependent trajectories.
As shown in Fig. 2d, for a specific choice of laser detun-
ing (∆ ≈ 0.377Ω), 2φ01 − π = φ11, realizing the CZ gate
(1). Remarkably, this gate protocol is faster (total time
2τ ≈ 2.732π/Ω) than the traditional approach [7] of se-
quential local pulses (total time 4π/Ω), and offers the
additional advantage of requiring only global coupling of
both qubits.

We demonstrate the parallel operation of the CZ gate
on five separate pairs of atoms by using it to create Bell
states of the form |Φ+〉 = 1√

2
(|00〉+|11〉). We initialize all

atomic qubits in |0〉, then apply a global X(π/2) Raman
pulse to prepare each atom in |−〉y = 1√

2
(|0〉− i|1〉). The

CZ gate protocol, consisting of the two Rydberg laser
pulses, is then applied over a total time of 0.4 µs, dur-
ing which the optical tweezers are turned off to avoid
anti-trapping of the Rydberg state. The pulse sequence
realizes map (1), along with an additional phase rotation
on each qubit due to the light shift of the Rydberg lasers
on the hyperfine qubit states. We embed the CZ im-
plementation in an echo sequence to cancel the effect of
the light shift, and we add an additional short light shift
to eliminate the single-particle phase φ [26]. Altogether,
this realizes a unitary that combines the canonical CZ
gate with a global X(π) gate (enclosed region in Fig.
3a,d). A final X(π/4) rotation produces the Bell state
|Φ+〉 (Fig. 3a) [26].

We characterize the experimentally produced state
ρ by evaluating its fidelity with respect to the target
Bell state F = 〈Φ+|ρ|Φ+〉. The fidelity is the sum of
two terms, the first of which is the Bell state popula-
tions, given by the probability of observing |00〉 or |11〉
(Fig. 3b). The second term is the coherence between
|00〉 and |11〉, measured by applying a global Z(θ) rota-
tion followed by a global X(π/2) rotation and observing
parity oscillations (Fig. 3a,c) [28]. When evaluating the
contributions to the fidelity, we account for atom popula-
tion left in the Rydberg state after the operation and for
background losses. Both of these correspond to leakage
out of the qubit subspace and can lead to overestimation
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FIG. 3. Bell state preparation and CNOT gate. a)
Quantum circuit used to prepare and probe the |Φ+〉 state. b)
Measured populations of the Bell states. Raw measurements
associating |0〉 with atom presence and |1〉 with atom absence
yields 97.6(2)% in the target states. Separate measurements
of leakage out of the qubit subspace indicate a small contribu-
tion (light shaded region) to these probabilities; subtracting
this contribution, the measured population is ≥ 95.8(3)%. c)
The parity oscillation with respect to accumulated phase θ has
a measured amplitude of 94.2(4)%. The resulting lower bound
on Bell state fidelity is F ≥ 95.0(2)% (raw measurements
yield F raw = 95.9(2)%). Correction for SPAM errors results
in Fc ≥ 97.4(3)%. d) The CNOT gate is constructed from
our native CZ gate with the addition of local hyperfine qubit
rotations. e) The four computational basis states are pre-
pared with average fidelity 96.8(2)%. f) We apply the CNOT
sequence to the four computational basis states and measure
the truth table fidelity to be FCNOT ≥ 94.1(2)%. Corrected
for SPAM errors, the fidelity is Fc

CNOT ≥ 96.5(3)%. Wire-
frames on purple bars show ideal outcomes; solid bars show
the raw measurement; the light-shaded top portions of the
bars bound the contribution from qubit leakage. Only the
darker lower region is counted towards fidelities.

of the |1〉 populations and Bell state fidelities in the raw
measurements. Using separate measurements of atoms in
both hyperfine qubit states [26], we determine a conser-
vative upper bound on these leakage errors and subtract
this contribution (shown in light shaded regions of bar
plots in Figs. 3,4, see [26]). The resulting lower bound
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FIG. 4. Realization of three-qubit Toffoli gate. a)
The Toffoli gate is implemented in parallel on four triplets of
atomic qubits using the same lasers as for two-qubit gates.
b) Quantum circuit for constructing the Toffoli gate from
local rotations and a globally implemented CCZ gate. c)
Eight computational basis states are prepared with aver-
age fidelity 95.3(3)%. d) Measured truth table, with fidelity
FToff ≥ 83.7(3)%. Corrected for SPAM errors, the fidelity
is Fc

Toff ≥ 87.0(4)%. Wireframes on purple bars show ideal
outcomes; solid bars show the raw measurement; the light-
shaded top portions of the bars bound the contribution from
qubit leakage. Only the darker lower region is counted to-
wards fidelities.

on the Bell state fidelity is F ≥ 95.0(2)%.
The measured Bell state fidelity includes errors in state

preparation and measurement (SPAM), as well as errors
in the two-qubit entangling gate. To characterize the
entangling gate specifically, we evaluate the error contri-
butions from SPAM (1.2(1)% per atom) and compute a
SPAM-corrected fidelity Fc ≥ 97.4(3)% [26]. The ma-
jority of the remaining error is due to finite atomic tem-
perature and laser scattering during Rydberg dynamics
[26]. We separately characterize our native CZ gate by
converting it to a controlled-NOT (CNOT) gate via lo-
cal rotations (Fig. 3d). We measure the action of the
CNOT gate on each computational basis state to obtain
its truth table fidelity Fc

CNOT ≥ 96.5(3)%, corrected for
SPAM errors (Fig. 3e,f) [26].

Finally, we extend our control of multiple atomic
qubits to implement the three-qubit controlled-
controlled-phase (CCZ) gate. This logic operation
can be decomposed into five two-qubit gates [29–31].
Instead, we realize this multiple-control gate directly by
preparing three atoms in the nearest-neighbor blockade
regime such that both outer atoms constrain the behav-

ior of the middle atom. The complicated three-atom
dynamics makes it challenging to analytically construct
global laser pulses that realize a CCZ gate in this con-
figuration. We therefore use numerical optimization to
construct a global amplitude and frequency modulated
laser pulse which approximately implements the CCZ
gate [26]. The laser pulse is optimized through the
remote dressed chopped random basis (RedCRAB)
optimal control algorithm [32, 33].

We implement the CCZ gate in parallel on four triplets
of atomic qubits (Fig. 4a). The three atoms in each
triplet are arranged such that nearest neighbors are
blockaded by the strong 2π × 24 MHz interaction, as in
the two-qubit experiments. The edge atoms interact with
each other weakly (2π×0.4 MHz). As with the two-qubit
gate, we embed the CCZ gate in an echo sequence to can-
cel light shifts, such that our gate implements CCZ along
with a global X(π) rotation. To characterize the perfor-
mance of this three-qubit gate, we convert it into a Toffoli
gate by applying a local Hadamard on the middle atom
before and after the CCZ gate (along with edge X(π)
pulses, to simplify implementation [26]) (Fig. 4b). We
apply the Toffoli gate to each computational basis state
to measure the truth table fidelity Fc

Toff ≥ 87.0(4)%, cor-
rected for SPAM errors (Fig. 4c,d) [26]. We additionally
perform “limited tomography”, consisting of truth table
measurements in a rotated basis, to verify the phases of
the Toffoli unitary in a more experimentally accessible
manner than full process tomography [31]. The limited
tomography fidelity is Fc

LT ≥ 86.2(6)% [26].

These results can be directly improved and extended
along several directions. The fidelity of Rydberg coupling
is primarily limited by finite atomic temperature and off-
resonant laser scattering, which can be addressed by side-
band cooling of atoms within optical tweezers [34, 35] and
by higher power lasers. The background atomic loss and
state preparation can be improved using higher quality
vacuum systems [36] and more sophisticated state prepa-
ration techniques [5]. Finally, atomic qubit readout can
be improved using recently demonstrated non-destructive
readout protocols [5, 37, 38] to give stronger constraints
on the atomic populations.

While in this work we have performed parallel gate
implementation on spatially separated clusters of atoms,
the same approach can be extended to non-local cou-
pling within contiguous atom arrays using local address-
ing with an additional off-resonant laser system. Specifi-
cally, subsets of the array could be simultaneously illumi-
nated to create light shifts that bring them into resonance
with a global resonant Rydberg excitation laser [26]. Fur-
thermore, with more atoms arranged in the blockade vol-
ume, the controlled-phase gate demonstrated here can
be extended to higher multi-qubit gates with global cou-
pling [26]. The dipolar interaction between S and P Ry-
dberg states [39] could also be used to achieve improved
gate connectivity between qubits. A combination of the
present results with recently demonstrated trapping and
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rearrangement of individual neutral atoms in 2D and 3D
[24, 40, 41] will be well-suited for the implementation of
deep quantum circuits or variational quantum optimiza-
tion with hundreds of qubits [42]. In addition, such a
platform could be utilized to explore efficient methods
for error correction and fault-tolerant operation to even-
tually enable scalable quantum processing.
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Note added: During the completion of our manuscript
we became aware of related work demonstrating neutral
atom gates in two-dimensional atom arrays [43].
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and M. D. Lukin, “Coherence and Raman sideband cool-
ing of a single atom in an optical tweezer,” Physical Re-
view Letters 110, 133001 (2013).

[36] J. P. Covey, I. S. Madjarov, A. Cooper, and M. En-
dres, “2000-times repeated imaging of Strontium atoms
in clock-magic tweezer arrays,” Physical Review Letters
122, 173201 (2019).

[37] M. Martinez-Dorantes, W. Alt, J. Gallego, S. Ghosh,
L. Ratschbacher, Y. Völzke, and D. Meschede, “Fast
non-destructive parallel readout of neutral atom regis-
ters in optical potentials,” Physical Review Letters 119,
180503 (2017).

[38] M. Kwon, M. F. Ebert, T. G. Walker, and M. Saffman,
“Parallel low-loss measurement of multiple atomic
qubits,” Physical Review Letters 119, 180504 (2017).
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