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Scalable quantum computers and quantum networks require the combination of quantum processing
nodes with efficient light-matter interfaces to distribute quantum information in local or long-distance
quantum networks. Neutral-atom arrays have both been coupled to Rydberg states to enable high-fidelity
quantum gates in universal processing architectures, and to optical cavities to realize interfaces to photons.
However, combining these two capabilities and coupling atom arrays to highly excited Rydberg states in
the mode of an optical cavity has been an outstanding challenge. Here we present a novel cavity-coupled
Rydberg array that achieves this long-standing goal. We prepare, detect, and control individual atoms in a
scalable optical tweezer array, couple them strongly to the optical mode of a high-finesse optical cavity and
excite them in a controlled way to Rydberg states. We show that high-cooperativity coupling to an optical
cavity—demonstrated via the dispersive shift of the resonance of the cavity in presence of the atoms—and
strong Rydberg interactions—demonstrated via the collective enhancement of Rydberg coupling in the
atomic array—can be achieved in our setup at the same spatial location. Our presented experimental
platform opens the path to several new directions, including the realization of quantum network nodes,
quantum simulation of long-range interacting, open quantum systems, and photonic-state engineering
leveraging high-fidelity Rydberg control.

DOI: 10.1103/jgdt-d61y Subject Areas: Atomic and Molecular Physics,
Quantum Physics

I. INTRODUCTION

The realization of efficient and high-quality interfaces
between emitters and single photons is a central goal in
quantum science [1], and an essential requirement for
distributed quantum computing, metrology, or quantum
communication, and ultimately a scalable quantum internet
[2–4]. Optical cavities are a leading approach to achieving
strong coupling between single atoms and single photons in
the strong-coupling or high-cooperativity regime of cavity
quantum electrodynamics (cQED) [5]. Single- or few-atom
cavity couplings have been leveraged to realize elementary
atom-based building blocks of quantum networks, includ-
ing fast nondestructive detection of atoms [6–8], the
creation of entanglement between atoms [9–11] or the

realization of photonic entangled states [12,13]. Very
recently, the capabilities of atomic cQED systems have
been expanded by placing arrays of single atoms trapped in
optical tweezers inside single-mode cavities [8,14–19] or
cavity arrays [20,21]. In parallel, arrays of atoms coupled to
highly excited Rydberg states have rapidly progressed, with
advances in quantum computing, quantum simulation, and
quantum metrology [22,23]. In particular, quantum com-
puting based on neutral-atom arrays has become a central
focus in the field, with breakthroughs in the realization of
high-fidelity gates in different species and qubit imple-
mentations [24–28], excellent scalability of the array sizes
[29–33] and first demonstrations of logical qubits and
circuits [34–38].
Complementing the excellent control over individual

qubits in Rydberg arrays with an efficient atom-light
interface featuring strong coupling between single atoms
and single photons opens the path towards remote entan-
glement between nodes with computing capabilities, which
is a cornerstone of scalable neutral-atom-based quantum
network nodes [4,39–41], smaller-scale logical quantum
memories [42], and ultimately distributed quantum com-
puting architectures [43–45]. Promising efforts towards the
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realization of such a hybrid platform include nanophotonic
cavities [46,47]. However, the strong electric fields in the
vicinity of such devices have to be managed in order to
generate Rydberg-based entanglement, which is limited to
regions distant from the device [48]. In general, integrating
high-fidelity Rydberg coupling with optical cavities poses
challenges due to the presence of dielectric surfaces, e.g., in
near-planar [10,12,13,15] or fiber-based cavities [11,49], or
due to the electric field created by the required piezoelectric
transducers, which are used to stabilize the length of optical
cavities and ensure strong coupling to the atoms. While
exciting progress has been made in photonic-state-engi-
neering by ensembles coupled both to the modes of optical
cavities and Rydberg states [50–52], these experiments
typically do not operate in the single-atom high-coopera-
tivity cQED regime and are lacking single-atom control. Up
to now, it has been an outstanding challenge in the field to
couple scalable arrays of single atoms to Rydberg states in
or even near the mode of optical cavities.
Here, we overcome several experimental challenges and

combine a tweezer array with individual atoms strongly
coupled to the optical mode of a high-finesse optical cavity
with Rydberg excitation. We prepare, detect, and control
individual atoms in a scalable optical tweezer array with up
to 48 traps with high fidelities and couple them strongly to
the mode of an optical cavity. We characterize the atom-
cavity coupling via the dispersive atom-photon interaction
when detuning the cavity from atomic resonance, and show
nondestructive state-selective detection using the cavity.
Going beyond previous work, we controllably excite
Rydberg states at the location of the cavity mode. In
particular, we demonstrate that the transition frequency to
Rydberg states is only minimally perturbed by the electric
fields due to the cavity. Finally, we leverage the arbitrary
configurability of the optical tweezers to prepare ensembles
of up to four individual atoms in the regime of Rydberg
blockade. Optically coupling these blockaded ensembles to
a high-lying Rydberg state, we observe a square-root
scaling of the Rabi frequency with atom number, a
characteristic signature of entangled W states expected
in this regime [53,54].

II. EXPERIMENTAL SETUP

Our experiments are performed in a new experimental
machine based on 87Rb atoms, optimized for combining a
tweezer array, a near-concentric optical cavity and Rydberg
excitations; see Fig. 1(a). Our tweezer arrays at a wave-
length of 1015 nm are generated using a spatial light
modulator, which enables arbitrary tweezer configurations
via phase-only modulation [55]. The tweezers are focused
in the atomic plane using a microscope objective with a
numerical aperture (NA) of 0.6, resulting in arrays of up to
49 near diffraction-limited optical tweezers at the center of
our optical cavity with a trap depth of approximately
1.2 mK. Fluorescence from the atoms is collected through

the same objective and then delivered to a qCMOS camera,
yielding a high-signal-to-noise image of individual atoms
in the tweezer array for an exposure time of 80 ms; see
Fig. 1(b). By analyzing three subsequent images [31], we
find initial loading probabilities of 52.0(2)%, imaging
fidelities of 99.988(3)%, and single-atom survival proba-
bilities as high as 99.88(2)%, compatible with other results
achieved in alkali atoms; see Fig. 1(d). The high-finesse
cavity is built in a near-concentric configuration, assembled
from two mirrors with radius of curvature R ¼ 10.0ð1Þ mm
each, and with a mirror separation of ∼20 mm. The cavity
is one-sided with input (output) mirror transmission of
2 ppm (30 ppm). This configuration maximizes optical
access while simultaneously supporting small optical
modes at the cavity center and hence large single-atom
cooperativity C ¼ 4g2=κΓ, where g denotes the vacuum
Rabi coupling of the atom to the cavity mode, κ the decay
rate of the photons out of the cavity, and Γ the decay rate of
atoms due to photons emitted into free space [8,14,56,57].
In addition to the cavity coupling, we can also controllably
excite the atoms to Rydberg states on a two-photon
transition via the intermediate 6P3=2 state and at interatomic
distances where Rydberg blockade is expected; see
Fig. 1(c). In order to ensure mechanical decoupling of
the cavity from vibrations of the experimental table and the
vacuum chamber, we mount the two mirrors on top of a
mechanical vibration isolation tower; see Fig. 1(a). The
combination of stainless steel rings and an ultrahigh-
vacuum-compatible fluoroelastomer results in a strong
low-passing character of the entire structure. The top part
of the tower is manufactured from titanium, which features
a low outgassing rate and thus enables long vacuum-limited
lifetimes. In fact, we verify that we can hold the atoms
in our tweezers under continuous cooling conditions for
322(3) s [see Fig. 1(d)], despite the vicinity of the glued
cavity mirror assemblies. At the same time, the metallic
titanium platform shields electric fields generated by the
piezos used to stabilize the cavity length.
In order to demonstrate high-fidelity manipulation of the

internal atomic states, we first optically pump the atoms to
the state jF ¼ 2; mF ¼ −2i using a σ−-polarized beam
aligned with the quantization axis (x axis) and stabilized to
the F ¼ 2 − F0 ¼ 2 transition in 87Rb. Subsequently, we
drive the jF ¼ 1; mF ¼ −1i to jF ¼ 2; mF ¼ −2i transi-
tion using a Raman beam aligned with the y axis, with an
intermediate-state detuning of ΔR ¼ 2π × 100GHz from
the D1 line. We extract a SPAM-corrected π-pulse fidelity
for this transition of 99.2ð3Þ% from the measured Rabi
oscillation at the π-pulse time. The Raman system uses a
combination of a chirped Bragg grating with an electro-
optical modulator to generate efficient amplitude modula-
tion [58]. We perform state-selective detection by removal
of atoms in F ¼ 2 to observe Rabi oscillations and thus
arbitrary initial-state control at the single-qubit level when
combined with phase-control on the Raman beam pair;
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see Fig. 1(e). We also use the same Raman beam with a
retroreflection mirror in order to drive motional sidebands
of the atoms, allowing us to realize Raman sideband
cooling down to average motional occupation of n̄ ¼
0.62ð15Þ in one dimension. We note that while Raman
cooling is possible in principle in our setup, the measure-
ments presented were achieved without this additional
cooling step.

III. CAVITY COUPLING

After demonstrating the generation of tweezer arrays as
well as high-fidelity preparation and manipulation of
atoms, we proceed by showing that they strongly couple
to the mode of the optical cavity. We first characterize the
cavity without loading atoms using a 780 nm probe beam
coupled into the cavity and detected in transmission using a
single-photon counting module (SPCM). We find a free-
spectral range of FSR ¼ 7.65ð7Þ GHz, yielding a cavity
length of Lexp ¼ 19.6ð2Þ mm consistent with our design.
To obtain an initial estimate of the cQED parameters of our

setup, we measure the photon storage time in the cavity to
be td ¼ 1.44ð2Þ μs, which is equivalent to the cavity
full width at half maximum (FWHM) linewidth
κ ¼ 2π × 110ð2Þ kHz; see Fig. 2(b). Combined with the
FSR, we find a cavity finesse of F ¼ 7.0ð1Þ × 104, in good
agreement with an independent ringdown measurement
obtained by sweeping the probe rapidly across the cavity
resonance. To extract the mode shape of the cavity mode,
we prepare a stochastically loaded tweezer array with
4 × 12 traps in the x-y plane, spaced by 4 μm orthogonal
to the cavity axis and 12 μm along the cavity axis. We
initially increase the probe power coupled into the cavity to
a level where the atoms within the mode scatter photons
off-resonantly on the cycling transition F ¼ 2 − F0 ¼ 3 in
87Rb; see Fig. 2(a). We lower the tweezer depth from the
imaging configuration to 0.3 mK, such that this off-
resonant scattering heats the atoms in the tweezer array
and leads to atom loss at the position of the optical mode.
Throughout, the cavity is kept at a fixed detuning Δca ¼
2π × 101ð1Þ MHz with respect to the atomic transition by
locking it to a stabilized laser at 840 nm. Scanning the
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FIG. 1. Experimental setup and array generation. (a) Close-up of the optical cavity including the electric-field shielding platform, and
atomic array. The counterpropagating dark red (blue) beams along the x axis represent the 1015 nm (420 nm) components of the
Rydberg excitation. The light red arrow represents the polarizer beam pumping to the state jF ¼ 2; mF ¼ −2i. The orange arrow
represents the Raman beam. The light red shading between the mirrors denotes the cavity mode (not to scale). Along the vertical axis, the
optical tweezers are projected through an out-of-vacuum objective (not shown) above the cavity. Atoms from the 2D MOT enter the
science region from below, passing through the opening in the science platform, loading a 3D MOTat the center of the cavity. (b) Array
of Rydberg-blockaded ensembles of 2 × 2 tweezers inside the cavity mode volume (red, not to scale), stochastically loaded with 87Rb
atoms. The magnetic quantization field is aligned with the x axis. The Rydberg blockade disk is indicated in blue. The single-atom
coupling to cavity mode g, the cavity decay rate κ, and the free-space atomic decay rate Γ are indicated. (c) Level diagram for two
atoms, including the Raman, Rydberg, and cavity-coupling transitions. jg0i ¼ j5S1=2; F ¼ 2; mF ¼ −2i; jgi ¼ j5S1=2; F ¼ 1;
mF ¼ −1i; jei ¼ j5P3=2; F ¼ 3i; jii ¼ j6P3=2; F ¼ 3i; jri ¼ j53S1=2i. For a distance R < Rb, the Rydberg interaction energy shift
V leads to Rydberg blockade. (d) Loading individual atoms in the optical traps, we perform high-fidelity [99.988(3)%] and high-survival
[99.88(2)%] imaging with bimodal count histograms. Measurement of the loss dynamics of tweezer-trapped atoms yields a lifetime of
322(3) s. (e) Starting from atoms optically pumped to the state jF ¼ 2; mF ¼ −2i using circularly polarized light, we demonstrate high-
fidelity manipulations of the internal states of 87Rb via a Raman beam detuned from the D1 line. All error bars represent the standard
error of the mean (s.e.m.).

REALIZATION OF A CAVITY-COUPLED RYDBERG ARRAY PHYS. REV. X 16, 041039 (2026)

041039-3



position of the array in the z direction and averaging along
the cavity axis, the loss feature reveals a tomographic image
of the cavity mode [Fig. 2(b)] with extracted waists wu ¼
20ð1Þ and wz ¼ 21ð1Þ μm in the x-y plane and z direction,
respectively. Combining these measurements, we extract an
expected maximal cooperativity on the cycling transition
of Cth ¼ 6Fλ2=ðπ3wuwzÞ ≈ 20ð1Þ.
After completing the alignment of the array with the

cavity mode, we reduce the probe power coupled into the
cavity. In this configuration, the atoms prepared in
jF ¼ 2; mF ¼ −2i couple dispersively to the cavity reso-
nance at minimal atom loss, leading to an expected atom-
number-dependent shift of the cavity resonance given by
δN ¼ NCðΓκ=4ΔcaÞ ¼ Nðg2=ΔcaÞ [56]. The cavity shift is
measured by scanning the probe beam across the cavity
resonance and comparing the resonance positions with and
without the atoms present in the cavity; see Fig. 2(c) left
inset. Here, a single trace is obtained by stepping the probe
through different Δpc and recording the counts on the
SPCM for an integration time of 100 μs. To obtain an
experimental estimate of the cavity cooperativity, we pre-
cisely control the number of atoms coupled to the cavity
mode using a microwave drive on the jF ¼ 2; mF ¼ −2i to
jF ¼ 1; mF ¼ −1i transition; see Fig. 2(c). The cavity shift
exhibits a clean sinusoidal variation as a function of the Rabi
drive duration, directly reflecting the effective number of
atoms in F ¼ 2 coupled to the cavity and thus establishing a
nondestructive state-selective atom number probe. We fur-
thermore find excellent correlation with a destructive meas-
urement of the atoms in F ¼ 1 in the same sequence after
pushing atoms inF ¼ 2 and taking a fluorescence image; see
Fig. 2(c), right inset.
Extracting the cooperativity from these measurements

requires the effective number of atoms Neff coupled to the
cavity mode. This number is obtained as Neff ¼ αN, with
the correction factor α ¼ 0.23ð1Þ determined from the
precise tomographic measurement of the mode and the
array parameters in combination with the total atom
number in the array, N, measured in fluorescence. The
correction factor includes the reduction of the coupling due
to contributions from the Gaussian transverse mode shape
[0.47(1), calculated from the data in Fig. 2(b)] as well as the
averaging over the cos2-axial standing wave of the cavity
mode (0.5) [59]. Combining the correction factor with
the precisely determined cavity shift, we obtain an
effective shift per atom of δ̄1 ¼ δN=Neff ¼ δN=ðαNÞ ¼
2π × 15.8ð6Þ kHz. This yields an estimate for the single-
atom cavity coupling of g ¼ 2π × 1.26ð2Þ MHz.
Combined with the cavity linewidth κ extracted from the
photon storage time and the known decay rate Γ of 87Rb, we
determine a lower bound for the cooperativity of our system
of C ¼ 4g2=κΓ ¼ 9.6ð4Þ. Our cavity thus operates deep in
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FIG. 2. Cavity geometry and atom-cavity interaction. (a) Rel-
evant levels to probe the cavity spectrum. The probe beam,
resonant with the cavity, is detuned from the D2-cycling
transition by Δca and the probe is varied around that point by
Δpc. Atoms in F ¼ 1 act as spectators not coupled to the cavity.
(b) Left panel: Photon storage time in the cavity. An exponential
fit yields a decay time of td ¼ 1.44ð2Þ μs, corresponding to a
cavity FWHM of κ ¼ 2π × 110ð2Þ kHz. Right panel: Tomo-
graphic atom loss measurement while scanning the array position
in the z direction and averaging along the cavity direction. We
obtain an image scan of the cavity mode, from which we extract
cavity waists of wu ¼ 20ð1Þ and wz ¼ 21ð1Þ μm. (c) Characteri-
zation of the cavity through dispersive shift measurements. The
main panel shows the dispersive cavity shift after driving the
system from jF ¼ 2; mF ¼ −2i to jF ¼ 1; mF ¼ −1i using a
microwave Rabi pulse with variable duration (orange). The
sinusoidal variation reflects the number of atoms in F ¼ 2
coupled to the cavity. The state-selective cavity measurement
is in good agreement with a destructive state-selective fluores-
cence measurement of the atoms performed in the same sequence
after pushing all atoms inF ¼ 2. Left inset: Lorentzian cavity line
shapes with (orange) and without atoms (gray) together with
Lorentzian fits used to extract the cavity shift in the main panel.
Orange (gray) ticks indicate the position of the cavity resonance
with (without) atoms. Right inset: Atom-number-resolved shift
extracted from two curves shown in the main panel. We find the
expected linear relation between atom number and cavity shift.
All error bars for population measurements represent the standard
error of the mean. For the cavity shift measurements, the error
represents the 1σ confidence interval for the resonance positions
extracted from the fits.
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the single-atom high-cooperativity cQED regime. We
attribute the discrepancy with the expected cooperativity
Cth mostly to reduction of the coupling for our magnetic
field configuration, cavity polarization and alignment of the
array, and leave their optimization to future work.

IV. RYDBERG RESONANCE

Exciting Rydberg atoms in the cavity poses a substantial
challenge due to the vicinity of the dielectric cavity mirror
substrates as well as the piezoelectric transducers required
to control the length of the cavity. In our near-concentric
cavity geometry, effects coming from the mirror surfaces
are expected to be small due to the large mirror separation.
However, voltages of up to 125 V may be applied at the
piezos at a distance of approximately 10 mm from the
location of the tweezer array and the cavity mode. Rydberg
states can couple to this electric field via their strong DC-
polarizability, which results in detrimental, fluctuating
resonances and long-term drifts at a scale of up to
1 GHz. Conversely, exciting Rydberg atoms enables
precise probing of the local electric field environment at
the location of the atoms [60,61]. To characterize the
effectiveness of our titanium platform to shield electric
fields generated by the piezos, we couple to the state 53S1=2
starting from the 5S1=2 ground state. We employ an off-
resonant two-photon excitation from the intermediate 6P3=2
state involving a blue photon at 420 nm on the lower leg
and a near-infrared photon at 1015 nm on the upper leg; see
Fig. 3(a). We note that, at our tweezer wavelength, the

Rydberg states are antitrapped. To mitigate trap-induced
resonance asymmetries due to this trapping mismatch, we
rapidly turn off the tweezers during the spectroscopy pulse
and apply approximate π pulses while scanning the two-
photon detuning; see inset of Fig. 3(b). Tracking the
position of the resonance as function of the applied voltage
to the piezo, we find only small total shifts on the order of
100 kHz peak to peak for voltages up to 125 V, in line with
the expectation obtained from a 3D finite-element simu-
lation of the electric field configuration at the location of
the atoms performed with COMSOL on our manufacturing
CAD model. This strong suppression of the electric field is
further illustrated in Fig. 3(c) by finite-element electrostat-
ics simulations comparing the field as a function of the
distance from the piezo in the cases of shielded and
unshielded piezos. We find that our simple design of
burying the piezo in the metallic titanium platform leads
to a suppression of the electric field at the position of atoms
by more than 1 order of magnitude, resulting in a reduction
of the expected resonance shifts from the 100MHz range to
approximately 100 kHz. Furthermore, we note that it is
unlikely that applying voltages as high as 125 V will be
required to keep the cavity at the working point. In fact, we
have confirmed that long-term drifts of the cavity resonance
can be compensated by controlled heating of the cavity
mounts, allowing the piezos to always work in the same
limited voltage range. We anticipate that the small mod-
ulations required on top of such a large, thermally regulated
cavity length, will render fluctuations of the Rydberg
resonance completely irrelevant.
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FIG. 3. Electric field shielding. (a) Rydberg excitation scheme. We couple the Rydberg state 53S1=2 starting from the ground state
5S1=2 via the intermediate state 6P3=2 with an intermediate-state detuning of Δ ¼ 2π × 2GHz via lasers at 420 and 1015 nm. (b) We
measure the Rydberg resonance position δres as a function of the applied voltage to the piezos,U. With both piezos driven symmetrically,
we find only a weak shift that agrees well with our ab initio modeling of the cavity assembly including the electric field shield when
including a small offset electric field at zero piezo voltage (solid line). The inset shows the resonance scan at each piezo voltage from
which we extract the shift from a fit and recording the position of the peak. The error represents the 1σ confidence interval for the
resonance positions extracted from the fits. (c) Comparison of the electric field at the position of the atoms in a configuration where the
mirrors sit on exposed piezos (light green) with our configuration where they are buried in a titanium platform (dark green). Top: Case
where only one piezo is driven to 100 V. Bottom: Symmetric case where both piezos are driven. The weak dependence observed in (b) is
hence a direct consequence of our shielding of the piezo. We find that a suppression of the electric field by more than 1 order of
magnitude is achieved, which corresponds to close to 3 orders of magnitude suppression of the resonance shifts (right axis).
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V. COLLECTIVE RABI OSCILLATIONS

With stable Rydberg resonances established, we finally
demonstrate the controlled excitation of Rydberg states in
an interacting regime at the location of the cavity mode.
Specifically, we adapt the tweezer pattern to feature
groups of atoms separated by approximately 3.2 μm, within
the expected blockade radius of Rb ¼ 5.8 μm for the
Rydberg state 53S1=2 at our expected Rabi frequency
ΩRyd ≃ 2π × 1 MHz. When suddenly switching on the
Rydberg coupling under these conditions, we observe
coherent Rabi oscillations between the ground and
Rydberg states, which are not trapped and thus lost from
our tweezers before detection. We group the data according
to the atom number obtained from a first image taken
before the Rydberg excitation. Limiting the maximum
number of lost atoms to one in a second image after the
dynamics, we extract the probability of creating a single
Rydberg excitation as a function of the initial atom number;
see Fig. 4(a). Double Rydberg excitation due to imperfect
blockade or atom loss in the tweezers due to heating lead to

a small fraction of 7% of the events where two or more
atoms are lost. We note that the oscillation onset delay at
t ¼ 0 comes from the finite rise time of the switching
AOM. Fitting a damped oscillation to the data for N ¼ 1
atom per group, we extract ΩRyd ¼ 2π × 0.820ð4Þ MHz,
with a dephasing rate ΓRyd ¼ 2π × 0.12ð2Þ MHz. The
residual dephasing is likely due to a combination of
inhomogeneity of the coupling due to excitation beam size
and finite atom temperature. Furthermore, we find that the
Rabi frequency increases with the initial atom number N in
a four-tweezer group with a characteristic dependence of
the coupling strength, ΩN ¼ ΩRyd

ffiffiffiffi

N
p

, signaling the cou-
pling to the multipartite entangled W state [53,54]; see
Fig. 4(b). To verify the minimal impact of the electric field
also in this Rabi oscillation measurement, we perform the
same sequence while scanning the cavity piezos between
20 and 100 V with a triangle ramp at a frequency of 42 Hz.
Extracting the dephasing time of the Rabi oscillations τ, we
find that the “quality factor” ΩNτ, i.e., the number of
coherent oscillations per decay time is, within error bar,
indistinguishable between the scanned and unscanned
cases despite the large scanning amplitude.
These measurements were intentionally performed at

lower Rydberg Rabi frequency to increase the blockade
radius. When operating at our maximally achievable
Rydberg Rabi frequency of 4.37ð2Þ MHz, we obtain a
SPAM-corrected π-pulse fidelity of 98.0ð4Þ%. From a
Ramsey measurement we extract a coherence time
T�
2 ¼ 1.8ð9Þ μs, within error bars independent of whether

the piezo is driven or not.

VI. CONCLUSION

In summary, we have presented a new experimental
setup that combines single tweezer-trapped atoms with a
high-cooperativity optical cavity and highly excited
Rydberg states. Our results clearly demonstrate the com-
patibility of these capabilities, which will be enhanced by
several improvements to be implemented in the near future.
In particular, we are working on a phase-noise reduction
system for our Rydberg excitation beam at 1015 nm, which
is currently derived from an extended-cavity diode laser
locked to an ultralow expansion glass cavity. We expect that
the suppression of phase noise in the MHz regime [62–64]
will open a straightforward path towards high-fidelity two-
qubit gate operations on the ground-state qubits. Already
with the currently achieved parameters, our setup opens the
route to a number of interesting directions, including the
realization of fast cavity-assisted nondestructive readout [8]
and cyclic error correction codes prepared using high-
fidelity Rydberg coupling [34,38]. Fast, nondestructive
readout combined with high-fidelity preparation of
entangled states could also be used to realize one-way
quantum computing [65]. The nonlocal connectivity pro-
vided by the cavity opens the route towards novel two-qubit
gate schemes [66–69] that could overcome the time over-
head of shuttling qubits over large distances within a node
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FIG. 4. Collective Rydberg coupling. (a) Preparing a tweezer
array with groups of four tweezers within a Rydberg blockade
radius Rb ¼ 5.8 μm, indicated by the radius of the circle in the
inset in (b), we measure the probability of finding maximally one
excitation in the system after suddenly turning on the Rydberg
coupling light (blue points). When postselecting on the initially
prepared number of atoms, N, we find that the Rabi frequency
increases with atom number, as extracted from a cosinusoidal fit
of the form Af1 − e−ðt−t0Þ=τ̃ cos½Ω̃ðt − t0Þ þ ϕ�g. Error bars re-
present the standard error of the mean. (b) We find quantitative
agreement with the expected dependence of the extracted Rabi
frequency (blue points) with a prediction based on scaling the
extracted Rabi frequency ΩRyd for N ¼ 1 with the square root of

the number of atoms within a blockade radius, ΩN ¼ ΩRyd

ffiffiffiffi

N
p

(solid line). The left panel in the inset shows the Rabi oscillations
in the presence of a full-amplitude piezo scan (cyan datapoints),
together with a fit (solid line). The right panel shows the extracted
quality factor ΩNτ without (with) scanning the piezos in blue
(cyan). We find no difference between the two cases within the
error bars, which represent the 1σ confidence intervals extracted
from the fits.
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by asynchronous entanglement distribution. Furthermore,
leveraging the high-fidelity entangling gates of atom arrays
coupled to the optical cavity, we anticipate applications in
photonic state engineering, where atomic entanglement is
repeatedly swapped to photonic states [13,70,71], thus
paving the way for novel quantum network [4,41] and
distributed quantum computing [42] protocols. Finally, our
system opens a new direction in analog and mixed analog-
digital quantum simulations where strong Rydberg inter-
actions compete with long-range cavity interactions and
dissipation. Such a setting features a rich and experimen-
tally largely unexplored phase diagram [72,73], novel out-
of-equilibrium dynamics [74–76], as well as novel routes to
engineer interesting entangled states within the cavity [77].
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Measurement of the internal state of a single atom without
energy exchange, Nature (London) 475, 210 (2011).

[8] E. Deist, Y.-H. Lu, J. Ho, M. K. Pasha, J. Zeiher, Z. Yan, and
D.M. Stamper-Kurn, Mid-circuit cavity measurement in a
neutral atom array, Phys. Rev. Lett. 129, 203602 (2022).

[9] S. Welte, B. Hacker, S. Daiss, S. Ritter, and G. Rempe,
Photon-mediated quantum gate between two neutral atoms
in an optical cavity, Phys. Rev. X 8, 011018 (2018).

[10] S. Daiss, S. Langenfeld, S. Welte, E. Distante, P. Thomas, L.
Hartung, O. Morin, and G. Rempe, A quantum-logic gate
between distant quantum-network modules, Science 371,
614 (2021).

[11] B. Grinkemeyer, E. Guardado-Sanchez, I. Dimitrova, D.
Shchepanovich, G. E. Mandopoulou, J. Borregaard, V.
Vuletić, and M. D. Lukin, Error-detected quantum oper-
ations with neutral atoms mediated by an optical cavity,
Science 387, 1301 (2025).

[12] P. Thomas, L. Ruscio, O. Morin, and G. Rempe, Efficient
generation of entangled multiphoton graph states from a
single atom, Nature (London) 608, 677 (2022).

[13] P. Thomas, L. Ruscio, O. Morin, and G. Rempe, Fusion of
deterministically generated photonic graph states, Nature
(London) 629, 567 (2024).

[14] E. Deist, J. A. Gerber, Y.-H. Lu, J. Zeiher, and D.M.
Stamper-Kurn, Superresolution microscopy of optical fields
using tweezer-trapped single atoms, Phys. Rev. Lett. 128,
083201 (2022).

[15] L. Hartung, M. Seubert, S. Welte, E. Distante, and G.
Rempe, A quantum-network register assembled with optical
tweezers in an optical cavity, Science 385, 179 (2024).

[16] J. Ho, Y.-H. Lu, T. Xiang, C. C. Rusconi, S. J. Masson, A.
Asenjo-Garcia, Z. Yan, and D. M. Stamper-Kurn, Optome-
chanical self-organization in a mesoscopic atom array, Nat.
Phys. 21, 1071 (2025).

[17] Z. Wang, S. Guan, G. Teng, P. Yang, P. Zhang, G. Li, and T.
Zhang, A cavity QED system with defect-free single-atom
array strongly coupled to an optical cavity, Quantum Front.
4, 10 (2025).

[18] B. Hu, J. Sinclair, E. Bytyqi, M. Chong, A. Rudelis, J.
Ramette, Z. Vendeiro, and V. Vuletić, Site-selective cavity
readout and classical error correction of a 5-bit atomic
register, Phys. Rev. Lett. 134, 120801 (2025).

[19] M. L. Peters, G. Wang, D. C. Spierings, N. Drucker, B. Hu,
M.-W. Chen, Y.-T. Chen, and V. Vuletić, Cavity-enabled
real-time observation of individual atomic collisions, Phys.
Rev. Lett. 135, 093402 (2025).

[20] A. L. Shaw, A. Soper, D. Shadmany, A. Kumar, L. Palm,
D.-Y. Koh, V. Kaxiras, L. Taneja, M. Jaffe, D. I. Schuster,
and J. Simon, A cavity-array microscope for parallel single-
atom interfacing, Nature (London) 650, 320 (2026).

REALIZATION OF A CAVITY-COUPLED RYDBERG ARRAY PHYS. REV. X 16, 041039 (2026)

041039-7

https://doi.org/10.1038/nphoton.2014.192
https://doi.org/10.1038/nature07127
https://doi.org/10.1038/nature07127
https://doi.org/10.1126/science.aam9288
https://doi.org/10.1038/s41534-023-00759-9
https://doi.org/10.1038/s41534-023-00759-9
https://doi.org/10.1103/RevModPhys.87.1379
https://doi.org/10.1103/RevModPhys.87.1379
https://doi.org/10.1103/PhysRevLett.104.203601
https://doi.org/10.1038/nature10225
https://doi.org/10.1103/PhysRevLett.129.203602
https://doi.org/10.1103/PhysRevX.8.011018
https://doi.org/10.1126/science.abe3150
https://doi.org/10.1126/science.abe3150
https://doi.org/10.1126/science.adr7075
https://doi.org/10.1038/s41586-022-04987-5
https://doi.org/10.1038/s41586-024-07357-5
https://doi.org/10.1038/s41586-024-07357-5
https://doi.org/10.1103/PhysRevLett.128.083201
https://doi.org/10.1103/PhysRevLett.128.083201
https://doi.org/10.1126/science.ado6471
https://doi.org/10.1038/s41567-025-02916-7
https://doi.org/10.1038/s41567-025-02916-7
https://doi.org/10.1007/s44214-025-00083-7
https://doi.org/10.1007/s44214-025-00083-7
https://doi.org/10.1103/PhysRevLett.134.120801
https://doi.org/10.1103/941q-5sdq
https://doi.org/10.1103/941q-5sdq
https://doi.org/10.1038/s41586-025-10035-9


[21] A. Soper, D. Shadmany, A. L. Shaw, L. Palm, D. I. Schuster,
and J. Simon, Stability, degeneracy, and scalability of a
600-site cavity array microscope, Phys. Rev. X 16, 041009
(2026).

[22] A. Browaeys and T. Lahaye, Many-body physics with
individually controlled Rydberg atoms, Nat. Phys. 16,
132 (2020).

[23] A. M. Kaufman and K.-K. Ni,Quantum science with optical
tweezer arrays of ultracold atoms and molecules, Nat. Phys.
17, 1324 (2021).

[24] S. J. Evered, D. Bluvstein, M. Kalinowski, S. Ebadi, T.
Manovitz, H. Zhou, S. H. Li, A. A. Geim, T. T. Wang, N.
Maskara, H. Levine, G. Semeghini, M. Greiner, V. Vuletić,
and M. D. Lukin, High-fidelity parallel entangling gates on
a neutral-atom quantum computer, Nature (London) 622,
268 (2023).

[25] J. A. Muniz, M. Stone, D. T. Stack, M. Jaffe, J. M. Kindem
et al., High-fidelity universal gates in the 171Yb ground state
nuclear spin qubit, PRX Quantum 6, 020334 (2025).

[26] M. Peper, Y. Li, D. Y. Knapp, M. Bileska, S. Ma, G. Liu, P.
Peng, B. Zhang, S. P. Horvath, A. P. Burgers, and J. D.
Thompson, Spectroscopy and modeling of 171Yb Rydberg
states for high-fidelity two-qubit gates, Phys. Rev. X 15,
011009 (2025).

[27] R. Tao, O. Lib, F. Gyger, H. Timme, M. Ammenwerth, I.
Bloch, and J. Zeiher, Universal global gates for a fine-
structure qubit in strontium-88, Phys. Rev. Lett. 136,
153602 (2026).

[28] A. Senoo, A. Baumgärtner, J. W. Lis, G. M. Vaidya, Z.
Zeng, G. Giudici, H. Pichler, and A. M. Kaufman, High-
fidelity entanglement and coherent multi-qubit mapping in
an atom array, Nat. Phys. 22, 903 (2026).

[29] F. Gyger, M. Ammenwerth, R. Tao, H. Timme, S. Snigirev,
I. Bloch, and J. Zeiher, Continuous operation of large-scale
atom arrays in optical lattices, Phys. Rev. Res. 6, 033104
(2024).

[30] M. A. Norcia, H. Kim, W. B. Cairncross, M. Stone, A. Ryou
et al., Iterative assembly of 171Yb atom arrays with cavity-
enhanced optical lattices, PRX Quantum 5, 030316 (2024).

[31] H. J. Manetsch, G. Nomura, E. Bataille, X. Lv, K. H. Leung,
and M. Endres, A tweezer array with 6,100 highly coherent
atomic qubits, Nature (London) 647, 60 (2025).

[32] N.-C. Chiu, E. C. Trapp, J. Guo, M. H. Abobeih, L. M.
Stewart et al., Continuous operation of a coherent 3,000-
qubit system, Nature (London) 646, 1075 (2025).

[33] J. Zhu, C. Chen, L. Zhou, X. Xie, C. Jiang, Z. Ding, F. Wu,
F. Yang, G. Wang, Q. Gong, P. Zhang, S. Zhang, and P.
Peng, High-efficiency loading of 2400 ytterbium atoms in
optical tweezer arrays, Phys. Rev. Lett. 137, 063201 (2026).

[34] D. Bluvstein, S. J. Evered, A. A. Geim, S. H. Li, H. Zhou
et al., Logical quantum processor based on reconfigurable
atom arrays, Nature (London) 626, 58 (2024).

[35] B. W. Reichardt, A. Paetznick, D. Aasen, I. Basov, J. M.
Bello-Rivas et al., Fault-tolerant quantum computation with
a neutral atom processor, arXiv:2411.11822.

[36] B. Zhang, G. Liu, G. Bornet, S. P. Horvath, P. Peng, S. Ma,
S. Huang, S. Puri, and J. D. Thompson, Logical qubits with
erasure conversion using metastable neutral atoms, Nat.
Phys. 22, 910 (2026).

[37] R. Rines, B. Hall, M. H. Teo, J. Viszlai, D. C. Cole et al.,
Demonstration of a logical architecture uniting motion and
in-place entanglement, arXiv:2509.13247.

[38] D. Bluvstein, A. A. Geim, S. H. Li, S. J. Evered, J. P. Bonilla
Ataides et al., A fault-tolerant neutral-atom architecture for
universal quantum computation, Nature (London) 649, 39
(2026).

[39] A. Reiserer, Colloquium: Cavity-enhanced quantum net-
work nodes, Rev. Mod. Phys. 94, 041003 (2022).

[40] W. Huie, S. G. Menon, H. Bernien, and J. P. Covey, Multi-
plexed telecommunication-band quantum networking with
atom arrays in optical cavities, Phys. Rev. Res. 3, 043154
(2021).

[41] Y.-L. Zhang, Q.-X. Jie, M. Li, S.-H. Wu, Z.-B. Wang, X.-B.
Zou, P.-F. Zhang, G. Li, T. Zhang, G.-C. Guo, and C.-L.
Zou, Architecture for a quantum repeater based on Ryd-
berg-atom quantum processors, Phys. Rev. Appl. 24,
024052 (2025).

[42] J. Sinclair, J. Ramette, B. Grinkemeyer, D. Bluvstein,
M. D. Lukin, and V. Vuletić, Fault-tolerant optical inter-
connects for neutral-atom arrays, Phys. Rev. Res. 7,
013313 (2025).

[43] C. Monroe, R. Raussendorf, A. Ruthven, K. R. Brown, P.
Maunz, L.-M. Duan, and J. Kim, Large-scale modular
quantum-computer architecture with atomic memory and
photonic interconnects, Phys. Rev. A 89, 022317 (2014).

[44] Y. Li and J. D. Thompson, High-rate and high-fidelity
modular interconnects between neutral atom quantum
processors, PRX Quantum 5, 020363 (2024).

[45] S. Sunami, S. Tamiya, R. Inoue, H. Yamasaki, and A.
Goban, Scalable networking of neutral-atom qubits: Nano-
fiber-based approach for multiprocessor fault-tolerant
quantum computers, PRX Quantum 6, 010101 (2025).

[46] T. Ðorđević, P. Samutpraphoot, P. L. Ocola, H. Bernien, B.
Grinkemeyer, I. Dimitrova, V. Vuletić, and M. D. Lukin,
Entanglement transport and a nanophotonic interface for
atoms in optical tweezers, Science 373, 1511 (2021).

[47] S. G. Menon, N. Glachman, M. Pompili, A. Dibos, and H.
Bernien, An integrated atom array-nanophotonic chip plat-
form with background-free imaging, Nat. Commun. 15,
6156 (2024).

[48] P. L. Ocola, I. Dimitrova, B. Grinkemeyer, E. Guardado-
Sanchez, T. Đorđević, P. Samutpraphoot, V. Vuletić, and
M. D. Lukin, Control and entanglement of individual
Rydberg atoms near a nanoscale device, Phys. Rev. Lett.
132, 113601 (2024).

[49] D. Hunger, T. Steinmetz, Y. Colombe, C. Deutsch, T. W.
Hänsch, and J. Reichel, A fiber Fabry-Perot cavity with high
finesse, New J. Phys. 12, 065038 (2010).

[50] J. Ningyuan, A. Georgakopoulos, A. Ryou, N. Schine, A.
Sommer, and J. Simon,Observation and characterization of
cavity Rydberg polaritons, Phys. Rev. A 93, 041802(R)
(2016).

[51] T. Stolz, H. Hegels, M. Winter, B. Röhr, Y.-F. Hsiao, L.
Husel, G. Rempe, and S. Dürr, Quantum-logic gate between
two optical photons with an average efficiency above 40%,
Phys. Rev. X 12, 021035 (2022).

[52] J. Vaneecloo, S. Garcia, and A. Ourjoumtsev, Intracavity
Rydberg superatom for optical quantum engineering:

JACOPO DE SANTIS et al. PHYS. REV. X 16, 041039 (2026)

041039-8

https://doi.org/10.1103/9cwp-ppp2
https://doi.org/10.1103/9cwp-ppp2
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41586-023-06481-y
https://doi.org/10.1038/s41586-023-06481-y
https://doi.org/10.1103/PRXQuantum.6.020334
https://doi.org/10.1103/PhysRevX.15.011009
https://doi.org/10.1103/PhysRevX.15.011009
https://doi.org/10.1103/gj3b-5ngl
https://doi.org/10.1103/gj3b-5ngl
https://doi.org/10.1038/s41567-026-03258-8
https://doi.org/10.1103/PhysRevResearch.6.033104
https://doi.org/10.1103/PhysRevResearch.6.033104
https://doi.org/10.1103/PRXQuantum.5.030316
https://doi.org/10.1038/s41586-025-09641-4
https://doi.org/10.1038/s41586-025-09596-6
https://doi.org/10.1103/bp6k-8zmd
https://doi.org/10.1038/s41586-023-06927-3
https://arXiv.org/abs/2411.11822
https://doi.org/10.1038/s41567-026-03309-0
https://doi.org/10.1038/s41567-026-03309-0
https://arXiv.org/abs/2509.13247
https://doi.org/10.1038/s41586-025-09848-5
https://doi.org/10.1038/s41586-025-09848-5
https://doi.org/10.1103/RevModPhys.94.041003
https://doi.org/10.1103/PhysRevResearch.3.043154
https://doi.org/10.1103/PhysRevResearch.3.043154
https://doi.org/10.1103/8rss-rqr2
https://doi.org/10.1103/8rss-rqr2
https://doi.org/10.1103/PhysRevResearch.7.013313
https://doi.org/10.1103/PhysRevResearch.7.013313
https://doi.org/10.1103/PhysRevA.89.022317
https://doi.org/10.1103/PRXQuantum.5.020363
https://doi.org/10.1103/PRXQuantum.6.010101
https://doi.org/10.1126/science.abi9917
https://doi.org/10.1038/s41467-024-50355-4
https://doi.org/10.1038/s41467-024-50355-4
https://doi.org/10.1103/PhysRevLett.132.113601
https://doi.org/10.1103/PhysRevLett.132.113601
https://doi.org/10.1088/1367-2630/12/6/065038
https://doi.org/10.1103/PhysRevA.93.041802
https://doi.org/10.1103/PhysRevA.93.041802
https://doi.org/10.1103/PhysRevX.12.021035


Coherent control, single-shot detection, and optical π
phase shift, Phys. Rev. X 12, 021034 (2022).

[53] Y. O. Dudin, L. Li, F. Bariani, and A. Kuzmich,Observation
of coherent many-body Rabi oscillations, Nat. Phys. 8, 790
(2012).

[54] J. Zeiher, P. Schauß, S. Hild, T. Macrì, I. Bloch, and C.
Gross, Microscopic characterization of scalable coherent
Rydberg superatoms, Phys. Rev. X 5, 031015 (2015).

[55] F. Nogrette, H. Labuhn, S. Ravets, D. Barredo, L. Béguin,
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