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Neutral-atom arrays provide a versatile platform for quantum information processing. However, in
large-scale arrays, efficient photon collection remains a bottleneck for key tasks such as fast, nondestruc-
tive qubit readout and remote entanglement distribution. We propose a cavity-based approach that enables
fast, parallel operations over many atoms using multiple modes of a single optical cavity. By selectively
shifting the relevant atomic transitions, each atom can be coupled to a distinct cavity mode, allowing
independent simultaneous processing. We present practical system designs that support cavity-mode mul-
tiplexing with up to 50 modes, enabling rapid mid-circuit syndrome extraction and significantly enhancing
entanglement distribution rates between remote atom arrays. This approach offers a scalable solution to
core challenges in neutral-atom arrays, advancing the development of practical quantum technologies.
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I. INTRODUCTION

Neutral-atom arrays are a leading platform for fault-
tolerant quantum computing, offering high-fidelity single-
and two-qubit gates [1–6] with arbitrary connectivity
enabled by coherent transport of qubits [7,8]. These
capabilities have already supported demonstrations of
fault-tolerant logical operations in small quantum error
correction (QEC) codes [9,10]. At the same time, systems
with increasingly large array sizes have been realized [11],
including recent demonstrations of continuous operation
with up to 3000 atoms [12–14]. Despite these advances,
utility-level atomic quantum processors are expected to
require millions of qubits operating under high-rate QEC
cycles [15–19].

Progress toward this regime can be advanced by improv-
ing two essential hardware-level operations: (i) non-
destructive qubit readout for mid-circuit measurements
(MCMs), enabling entropy removal in QEC codes
[10,20–23], and (ii) remote entanglement distribution,
enabling scalability through a network of interconnected
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quantum processing modules [24–31]. Both operations
depend on collecting photons scattered by individual
atoms in the array. In current systems, this is typically
implemented using high numerical-aperture microscope
objectives, but their limited collection efficiency (�10%)
restricts performance. Consequently, nondestructive read-
out and remote entanglement generation are generally
bounded to timescales of several milliseconds [10,22,23,
32,33], introducing a bottleneck for QEC cycle rates and
hindering the feasibility of modular scale-up.

Optical cavities provide a promising solution, enabling
high photon collection efficiencies by enhancing atomic
emission into a well-defined mode via the Purcell effect
[34], while also supporting fast operations through cavity-
mediated light-matter interactions. A key figure of merit
in this context is the cooperativity, denoted by η, a
dimensionless parameter characterizing the strength of the
atom–cavity interaction. Recent experiments have demon-
strated fast, high-fidelity, nondestructive qubit readout in
systems with η > 1 [35–39]. Cavities have also been used
to realize atom–photon and remote atom–atom entangle-
ment in both neutral-atom [40–48] and trapped-ion [49–
55] systems. Theoretical proposals further suggest that
significantly higher entanglement generation rates can be
achieved with heralded schemes and improved system
parameters [32,33,56,57].

However, integrating optical cavities with large-scale
neutral-atom arrays presents a significant technical chal-
lenge. To date, cavity operations have been restricted to
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serial execution, with only one atom–cavity interaction
occurring at a time. This limitation creates a bottleneck
for protocols involving many atoms and hinders scala-
bility to large arrays. Moreover, a fundamental trade-off
arises from the choice of cavity geometry. Since coop-
erativity scales inversely with the mode area, reducing
the cavity mode size generally enhances photon collec-
tion efficiency and strengthens atom–photon coupling,
enabling faster cavity-mediated operations. On the other
hand, tighter mode confinement restricts the number of
atoms that can be simultaneously coupled to the cavity
mode. As a result, implementations based on small cavities
often require transporting atoms into and out of the cavity
mode, introducing additional time overhead for large-scale
operations. One alternative scaling strategy is to employ
multiple cavities, each coupled to an individual atom [58,
59]. While this approach circumvents the single-mode con-
straints, it typically introduces different challenges, such as
restricted optical access and reduced cavity performance.
More broadly, an ideal integration approach must preserve
the full functionality of neutral-atom arrays. In particular,
the performance of two-qubit Rydberg gates in compact
cavities can be compromised by stray electric fields aris-
ing from charges accumulating on nearby surfaces (<
100 µm) [60], and mitigation strategies are active areas
of research [61]. Collectively, these considerations moti-
vate the need for a scalable cavity integration approach
that simultaneously preserves the advantages of high coop-
erativity, accommodates large atom numbers, keeps the
mirror surfaces at sufficient distance from the atoms, and
remains generally compatible with the geometrical and
other constraints of neutral-atom arrays.

In this work, we introduce an approach that enables
parallel cavity-enhanced operations on many atoms via
multiple modes of a single optical cavity. Interfacing atoms
with near-degenerate multimode cavities has previously
been explored for various purposes, including tracking
the motion of single atoms [62,63], mediating tunable-
range atom–atom interactions [64,65], realizing Laughlin
states of light [66], and enhancing cooperativity [67]. Here,
we propose to selectively couple atoms to nondegener-
ate cavity modes by leveraging local light shifts—building
on techniques demonstrated in Ref. [38]. Addressing dis-
tinct longitudinal and transverse modes enables both fre-
quency and spatial multiplexing of operations, a concept
we term cavity-mode multiplexing (CMM). This approach
substantially increases operational throughput, alleviating
the single-mode trade-off between cavity size and pro-
cessing rate. It thus allows the use of larger cavities
that are naturally compatible with the geometry of atom
arrays and can accommodate many qubits, thereby reduc-
ing requirements for atom transport. While CMM enables
a wide range of applications, in this work we focus on
two use cases: (i) rapid syndrome extraction in QEC cycles
through parallelized, adaptive qubit measurements, and (ii)

fast, fault-tolerant links between logical qubits in distinct
modules, achieved via high-rate remote entanglement in
a design compatible with intracavity Rydberg gates. For
both tasks, when applied to large-scale atom arrays, CMM
offers a potential speedup of approximately two orders
of magnitude compared to architectures relying on free-
space photon collection. Together, these capabilities estab-
lish CMM as a promising approach to fast and scalable
modular quantum computing with neutral-atom arrays.

This paper is organized as follows. In Sec. II, we
describe a system overview of CMM with neutral atoms
in more detail, including the role of light shifts and mode
sorting. We then present two applications of CMM: Sec. III
outlines a cavity design tailored for fast syndrome extrac-
tion across thousands of qubits, while Sec. IV introduces
a different design optimized for high-rate remote entan-
glement generation and support for teleported CNOT gates
between qubits in distant modules. Finally, Sec. V provides
concluding remarks and discusses future directions.

II. SYSTEM OVERVIEW

We begin by outlining the physical configuration for
implementing CMM with neutral atoms. Consider a reg-
ister of single atoms trapped in optical tweezers inside a
Fabry–Pérot optical cavity, as illustrated in Fig. 1. Lon-
gitudinal modes of a fixed transverse profile (e.g., TEM00)
are evenly separated in frequency by the free spectral range
(FSR) of the cavity. Within each FSR, higher-order trans-
verse modes exhibit distinct resonance frequencies due to
their differing spatial profiles and associated Guoy phase
shift [68]. Together, this structure provides a versatile set
of spectrally resolved cavity modes that can be harnessed
for multiplexing.

The minimal atomic level configuration consists of three
states: a ground state |g〉, an excited state |e〉, and a
higher-lying excited state |f 〉. The cavity mode couples
to the |g〉 → |e〉 atomic transition. To locally control this
atomic transition frequency, additional beams addressing
each atom couple the excited state |e〉 to |f 〉 with Rabi
frequency �c and detuning �c, inducing a light shift on
|e〉. Since the control beams are far detuned from any
ground-state transitions, |g〉 remains essentially unaffected.
Local light shifts induced via excited-to-excited state tran-
sitions have been employed in several experimental set-
tings [10,14,23,66,69–72]. In particular, this technique has
recently been used to selectively decouple atoms from a
single cavity mode [38]. With additional polarization con-
trol to address specific magnetic sublevels, such shifts have
also been proposed as a means to modify cavity-mediated
photon–atom gate dynamics [73].

In our setting, the induced shift allows the |g〉 → |e〉
transition of each atom to be independently coupled near-
resonantly to a separate cavity mode, effectively pro-
viding each atom with its own dedicated cavity mode.
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FIG. 1. Conceptual depiction of cavity-mode multiplexing in
an atomic register. The bare cavity spectrum is shown on the
left vertical axis, where distinct longitudinal and transverse
modes appear at different frequencies. Site-selective control
beams (blue) are used to induce light shifts on the excited state
|e〉 via the |e〉 → |f 〉 transition, thereby tuning the |g〉 → |e〉
transition frequency of each atom to match a different cavity res-
onance. External probe beams at the corresponding frequencies
(red–orange–yellow) excite the atoms, and the emitted photons
are coupled into their respective cavity modes. At the cavity
output, the different modes are separated by a mode sorter for
detection.

This configuration supports multiplexed operations across
the entire atomic register. As an illustrative example, we
consider the case where photons scattered by different
atoms are simultaneously collected through separate cav-
ity modes. As depicted in Fig. 1, for each atom i in the
register, a probe field drives the shifted transition with Rabi
frequency �i

p and detuning�i
p . We denote the detuning of

the corresponding cavity mode from the probe frequency
by �i

cav. Setting �i
cav = 0 ensures maximal photon collec-

tion efficiency. In this way, photons scattered by all atoms
in the register are simultaneously collected through their
assigned cavity modes with high efficiency.

Differentiating the light scattered by each atom requires
resolving the corresponding transverse and longitudinal
cavity modes. Transverse mode separation can be real-
ized with multiplane light conversion (MPLC), which per-
forms arbitrary unitary transformations of spatial modes
through a sequence of phase masks separated by opti-
cal Fourier transform or free-space propagation [74]. This
technique has been employed to convert colocated high-
order spatial modes into spatially distinct Gaussian beams,
scaling to more than a thousand modes [75–77]. The
MPLC can be implemented using a programmable spa-
tial light modulator (SLM); however, for static mode
sorting, where the required phase remains fixed, custom-
fabricated phase masks offer higher spatial resolution at

lower optical losses [77,78]. Longitudinal modes, sepa-
rated in frequency by the cavity FSR, can be spatially
separated using a high-resolving power dispersive ele-
ment such as a virtually imaged phased array (VIPA)
[79,80], which enables extremely high frequency resolu-
tion in excess of �f /f ∼ 106 [81,82]. Alternatively, the
reimaging phased array (RIPA) spectrometer based on a
self-imaging VIPA scheme can offer improved spatial pro-
files for better collection efficiency [83]. Depending on
the intended application, the separated modes can then be
imaged onto a camera or coupled into single-mode fibers
and directed to single-photon detectors for high-efficiency
counting.

Achieving multiplexing across many modes while main-
taining low crosstalk requires the application of large
light shifts to many atoms individually. To keep the
required optical powers at practical levels, we consider on-
resonance control light (�c = 0) that dresses the states |e〉
and |f 〉, producing new eigenstates |e±〉 = (|e〉 ± |f 〉)/√2.
This results in ground-to-dressed-state transitions with fre-
quencies ∓�c relative to the original |g〉 → |e〉 transition.
We constrain the maximum frequency shift, �c, such that
intensity fluctuations of 0.1% produce frequency varia-
tions on the order of the excited-state linewidth �, which
permits shifts of up to 2000�. The mixing of |e〉 and
|f 〉 also reduces the atom–cavity coupling strengths by
a factor of 2, and modifies the dressed-state linewidths
compared to the bare state |e〉. Additionally, we note that
beam pointing fluctuations and finite atomic temperature
can lead to heating from dipole force fluctuations due to the
large ∼ GHz potential depth differences between ground
states and excited dressed state |e+〉, which we assume
are well-controlled (see Appendix D). While the follow-
ing discussion focuses on implementing CMM with 87Rb
atoms, the concepts presented are readily applicable to
other alkali and alkaline-earth species, as well as to ions.

III. SYNDROME EXTRACTION

Error-corrected quantum computing relies on MCM of
syndrome qubits to identify and correct errors occurring in
the data qubits encoding the logical quantum information.
In neutral-atom arrays, syndrome extraction via free-space
imaging typically requires several milliseconds, consti-
tuting a substantial fraction of the QEC cycle duration.
Optical cavities, in contrast, enable nondestructive qubit
readout on the microsecond timescale by coupling one of
the qubit states, |1〉, to an excited state, |e〉, via the cav-
ity mode, as illustrated in Fig. 2(a). Common techniques
include fluorescence detection, where probe light address-
ing the |1〉 → |e〉 transition is applied via an external beam
and the scattered photons are collected through the cavity
[35,37,38]; and transmission detection, where the presence
of an atom in |1〉 suppresses resonant cavity transmis-
sion [36,37,39,84]. However, even with microsecond-scale
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(a) (c)

(b)

FIG. 2. Cavity and atom-array configuration for syndrome readout using cavity-mode multiplexing with HGn,0 modes. (a) Left:
atom array with up to 6400 atoms, each coupled to a cavity mode. Right: atomic level scheme used for qubit readout. (b) Cavity
spectrum showing the peak cooperativity ηpeak of 25 equally spaced HG modes spanning the free spectral range. Cooperativity values
are normalized to η0, the peak cooperativity of the HG0,0 mode. (c) Top: spatial profiles of HGn,0 modes with indices n = 0, 4, 7.
Bottom: cooperativity per atom across the array (every eighth atom shown). Columns of atoms are placed at the intensity maxima of
the HGn,0 modes as indicated by the dashed circles, with odd (even) values of n assigned to the positive (negative) x-axis. Each column
is divided into two registers, which couple to two longitudinal cavity modes with the same transverse profile, separated in frequency
by one free spectral range.

qubit readout, sequentially measuring thousands of syn-
drome qubits extends the total duration to the millisecond
range. In this regime, the added complexity of integrating
a cavity offers limited benefit compared to parallel free-
space imaging, which can simultaneously read out large
qubit arrays.

For syndrome extraction, the ability to couple multiple
qubits simultaneously to the same cavity mode provides
a significant advantage, enabling more efficient readout
strategies than sequential readout [38]. In practical quan-
tum computers, the physical qubit error rates are expected
to be small. This implies that the vast majority of syndrome
qubits will occupy the |0〉 state (indicating the absence of
an error) while only a small fraction will be in the |1〉 state
(signifying the presence of an error). This inherent bias can
be exploited to perform global checks: rather than measur-
ing each syndrome qubit individually, one can probe an

entire batch of nbatch atoms simultaneously to determine
whether any are in |1〉. If no error is detected—an out-
come that is likely given the low error probability—the
procedure advances directly to the next batch. If an error
is detected, an adaptive binary search can be performed
by selectively decoupling subsets of atoms from the cavity
mode through locally controlled light shifts, successively
dividing the batch into two subsets and narrowing the set
of candidate qubits until the faulty syndrome qubit is iden-
tified. In cases where multiple erroneous syndromes are
present within the same batch, the global check and binary
search sequence are repeated until all errors are located.
For an independent probability of a faulty syndrome psynd,
the expected number of queries m required per batch is

m = 1 + nbatchpsynd
[
1 + log2 (nbatch)

]
, (1)
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where the first term corresponds to the single global check
that is always performed on the full batch. The second
term accounts for the additional queries required when
faulty syndromes are present: each faulty syndrome trig-
gers a binary search to localize it within the batch, followed
by a global check to confirm that no further faulty syn-
dromes remain within the batch. This process requires
1 + log2(nbatch) queries per faulty syndrome, and is mul-
tiplied by the expected number of faulty syndromes per
batch, nbatchpsynd.

With a single cavity mode, the expected number of steps
required to process N syndrome qubits is

# steps =
⌈

N
nbatch

⌉
× m, (2)

where �N/nbatch� is the number of batches that must be
processed sequentially. For psynd = 5 × 10−3, a maximum
batch size of nbatch = 256, and a query time of 10 µs, the
total readout duration enters the millisecond regime when
N ≈ 2000 atoms, not accounting for additional time over-
head from transporting atom batches in and out of the
cavity. Therefore, even with adaptive searches, a single
cavity mode does not provide a net advantage over paral-
lel free-space imaging. If, however, adaptive searches can
be performed in parallel across multiple registers—each
coupled to a distinct cavity mode—the scaling improves to

# steps = � N
nbatchnmodes

� × m, (3)

where nmodes denotes the number of available modes.
To realize this parallelism using CMM, we propose the

following design, tailored to 87Rb atoms. We define the
relevant atomic states as

|0〉 ≡ ∣∣5S1/2, F = 1, mF = 1
〉
,

|1〉 ≡ ∣
∣5S1/2, F = 2, mF = 2

〉
,

|e〉 ≡ ∣∣5P3/2, F ′ = 3, mF = 3
〉
,

|f 〉 ≡ ∣∣4D5/2, F ′′ = 4, mF = 4
〉
.

(4)

These qubit states are employed solely during readout; the
qubit need not remain encoded in these states through-
out computation. Since the measurement projects the qubit
into either |0〉 or |1〉, coherence preservation is not required
at this stage, which simplifies changing the basis from the
computational encoding—typically the clock states with
mF = 0—to the readout encoding. It is important to note
that the use of the cycling transition for |e〉 → |f 〉 prevents
mixing with other states that could induce readout errors
via depumping channels from |1〉 to |0〉 or out of the logical
subspace.

TABLE I. Parameters of the optical cavity used for syndrome
extraction.

Cavity length 25 mm
Mode waist 20 µm
Rayleigh range 1.6 mm
Finesse 6 × 104

FSR 6 GHz
Linewidth (FWHM) 2π × 100 kHz

For this atomic configuration, we consider a Fabry–
Pérot optical cavity characterized by the parameters sum-
marized in Table I. We tune the cavity such that the higher-
order Hermite–Gauss modes along the transverse x-axis,
HGn,0 with n ∈ [0, 24], are arranged to be equally spaced
in frequency, with a 240 MHz separation between adjacent
modes. Using these HG modes across two FSRs provides
access to a total of 50 equally spaced cavity modes [see
Fig. 2(b)]. The control beams, resonant with the |e〉 → |f 〉
transition, are used to dress the excited states, allowing to
tune the |1〉 → |e+〉 transition of each atom to couple to the
appropriate cavity mode. The total frequency range spans
12 GHz, and with 0.1% intensity stability of the control
field, the resulting variation of the ground-to-dressed-state
transition frequency is limited to the linewidth of |e〉,
�/(2π) = 6 MHz.

In addition to parallelized syndrome extraction, this
architecture increases the number of atoms that can be
accommodated within the cavity by exploiting the spatially
separated intensity maxima of higher-order HG modes.
Rather than being restricted to the spatial extent of the
fundamental HG00 mode, columns of atoms are arranged
along the z-axis at the intensity maxima of each higher-
order HG mode, positioned at different points along the
x-axis [Fig. 2(c)]. To reduce crosstalk and increase the
spatial separation between adjacent columns of atoms, we
assign modes with odd (even) n to the positive (negative)
x-axis, taking advantage of the symmetry of the intensity
peaks about the y-axis. The resulting square array geom-
etry is compatible with parallel control of atomic motion
using two-dimensional acousto-optic deflectors (AODs).
With a minimum spacing of about 4 µm between adjacent
atoms, this arrangement allows up to 6400 atoms to couple
to some mode of the cavity at once, substantially exceed-
ing what is achievable in a one-dimensional arrangement.
As a result, simultaneous operations can be performed on
50 distinct batches of 128 atoms each.

Figure 2(d) shows the cooperativity η per atom for the
|1〉 → |e+〉 transition, accounting for (i) the reduction in
atom–cavity coupling and decay rate due to the dressed-
state nature of |e+〉, (ii) the Gaussian mode Rayleigh range,
which reduces coupling for atoms farther from the cavity
center along z, (iii) the electric field profile of higher-order
modes, which results in lower atom–cavity coupling as n

020334-5



ZIV AQUA et al. PRX QUANTUM 7, 020334 (2026)

increases, and (iv) the spatial extent of the atomic probabil-
ity distribution in the tweezers for a temperature of 10 µK
(see Appendix A). The resulting average cooperativity is
η̄ = 5.8, with a standard deviation of ση = 1.6 across the
array. This configuration enables fast, high-fidelity flu-
orescence readout. Atoms are individually addressed by
probe beams with Rabi frequency �p/(2π) = 22 MHz,
detuned from the dressed atomic transition by �p/(2π) =
120 MHz, while the corresponding cavity mode is kept
resonant with the probe field (�cav = 0). Under these con-
ditions, atoms in state |1〉 scatter photons efficiently into
the cavity mode, enabling state-selective readout on a
timescale of about 10 µs (see Appendix B for details).

The combination of individual probe addressing and
frequency separation between cavity modes suppresses
crosstalk to below 10−5. Additionally, assuming psynd =
5 × 10−3, the dispersive frequency shift of a given cav-
ity mode due to the presence of faulty syndrome qubits in
other modes is smaller than 10% of the cavity linewidth,
leading to less than a 10% decrease in the collection effi-
ciency. Furthermore, the frequency stability of the dressed
state ensures that readout times vary by less than 10%, as
the frequency fluctuations are small compared to the probe
detuning�p . Alternatively, other readout techniques could
be employed to achieve comparable or improved perfor-
mance by coupling light into the different cavity modes via
the mode sorter; however, a detailed description of such
methods lies beyond the scope of this work.

With 50 available modes and a query time of 10 µs,
this design yields a substantial improvement in syndrome
extraction speed. Following Eqs. (1)–(3), Fig. 3 compares
the scaling of syndrome readout duration with the number

FIG. 3. Scaling of syndrome readout duration using free-space
imaging (orange), a single cavity mode (gray), and CMM over 50
cavity modes (blue), assuming psynd = 5 × 10−3 and 10 µs query
time. Compared to free-space readout, CMM offers a speed-up
of two orders of magnitude, allowing readout of 5000 syndrome
qubits within 50 µs.

of atoms for three cases: a 5 ms free-space readout; adap-
tive searches utilizing a single cavity mode; and adaptive
searches employing 50 cavity modes. As discussed above,
a single-mode system reaches the millisecond timescale
at approximately 2000 atoms. However, CMM with 50
modes in the proposed design achieves an improvement of
more than two orders of magnitude over free-space imag-
ing, completing syndrome extraction in 50 µs for 5000
atoms. Beyond this speedup, cavity readout also strongly
suppresses decoherence of the data qubits from stray pho-
ton scattering: in free-space imaging a large fraction of
photons are emitted into uncontrolled directions, including
toward the data qubits, whereas in the cavity configura-
tion over 80% of the photons are collected into the cavity
modes, thereby strongly reducing this effect. Moreover, the
cavity-enhanced photon collection efficiency allows fewer
photons to be scattered during readout, which minimizes
heating and ensures that the measured atoms can be readily
reused for subsequent operations.

Our scheme is compatible with a zoned architecture
for neutral-atom arrays. Entanglement via Rydberg gates
can be performed within the cavity, and the readout zone
described in this design spans only 200 µm along the x-
axis. This zone can be further restricted to a subset of the
available sites while still maintaining an average coopera-
tivity of η̄ > 6. Additionally, we note that to fully exploit
the benefits of adaptive search, individual control over the
light dressing beams in two dimensions is required, a capa-
bility actively pursued by several research efforts [85–92].
In the following application involving a one-dimensional
array, this level of control is readily available using AODs.

IV. MODULAR CONNECTIVITY

As atom array sizes advance toward thousands of qubits
[11,14], a modular architecture, in which fixed-size atom-
array nodes are interconnected via optical links to enable
distributed quantum computation, would significantly sim-
plify scaling. Such an approach combines scalability with
flexibility, allowing each module to be optimized for
high-fidelity local operations while avoiding the physical
constraints associated with very large monolithic arrays.

At the core of a modular architecture is the ability to
generate remote entanglement between nodes. Shared Bell
pairs, together with local operations, provide the essential
resources for intermodule gates [31,48,93]. As a concrete
example, teleported CNOT gates [94] can be used to fault-
tolerantly connect logical qubits encoded in surface codes
across separate modules [30]. In this protocol, a remote
Bell state is first distributed between two communication
qubits, which are then locally entangled with code qubits
at their respective nodes. Subsequent measurement of the
communication qubits and classical feedforward complete
the teleported operation between the remote code qubits.
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Overall, this procedure combines remote Bell-state gener-
ation, local single- and two-qubit gates, and qubit readout,
all of which must be performed on short timescales to
support high-rate QEC cycles.

Several approaches exist for generating Bell states
between remote atomic qubits [45,57,95,96]. Here we
focus on a heralded scheme in which atom–photon entan-
glement is first generated independently at each node by
emitting a single photon from each communication atom.
The photons, each entangled with its local qubit, are then
routed to a probabilistic Bell-state measurement (BSM),
which heralds the creation of an atom–atom Bell state
[97–100]. The main benefit of this scheme is its herald-
ing property, retaining only successful event and ensuring
that subsequent operations act on a known entangled state.
However, since the BSM relies on detection of both pho-
tons, the success probability scales quadratically with the
photon collection efficiency,

Ps = 1
2

(
αinterface × αsetup

)2 , (5)

where the factor of 1/2 reflects the intrinsic BSM success
probability, αinterface is the probability of obtaining a photon
at the cavity output, and αsetup accounts for the efficiency of
the optical setup, including fiber coupling, optical elements
in the path, and detection efficiency.

In free-space implementations, limited collection effi-
ciency restricts Bell-pair generation rates to the few-
hundred-hertz range [32,99,100]. An advantage of that
approach is the ability to attempt entanglement genera-
tion in parallel across many communication qubits, leading
to a total rate that scales linearly with their number. In
principle, large arrays could therefore reach MHz-scale
entanglement rates by allocating thousands of atoms to
communication. However, this comes at the expense of
dedicating a substantial fraction of the array to com-
munication rather than computation, and even with such
parallelization, intermodule operations remain limited by
millisecond-scale qubit readout times.

Optical cavities provide a more efficient atom–photon
interface, enabling higher Bell-pair generation rates.
Arrays of microcavities have been proposed as a path
toward entanglement rates in the tens of MHz, with esti-
mates for individual microcavities reaching up to 2.4 MHz
[33]. However, within a single cavity mode, entanglement
attempts must be performed sequentially, and in small-
mode-volume cavities the attempt rate is often limited by
atom transport through the cavity. Additionally, in such
compact architectures, local operations can further con-
strain the rate of teleported CNOT gates. For instance,
executing two-qubit Rydberg gates would likely require
atom transport to a suitable distance away from the cavity
structure, introducing additional operational overhead and
complexity. Reliance on atom transport not only reduces

operation speed but also requires additional measures to
preserve coherence, such as dynamical decoupling [8].
We note that cavity-array microscope architectures offer a
viable route that minimizes atom transport, maintains Ryd-
berg compatibility, and supports parallel operations [59].

We propose an alternative approach based on CMM,
which enables parallel Bell-state generation attempts
within a single-cavity that hosts many qubits and remains
compatible with intracavity Rydberg gates, thereby reduc-
ing the reliance on atomic motion. To illustrate this con-
cept, we present a system design with 87Rb that imple-
ments atom–photon entanglement generation via vacuum-
stimulated Raman adiabatic passage (vSTIRAP) [40,101].
The relevant atomic states, shown in Fig. 4(a), are
defined as

|0〉 ≡ ∣∣5S1/2, F = 1, mF = −1
〉
,

|1〉 ≡ ∣∣5S1/2, F = 1, mF = 1
〉
,

|g〉 ≡ ∣∣5S1/2, F = 2, mF = 0
〉
,

|e〉 ≡ ∣∣5P3/2, F ′ = 1, mF = 0
〉
,

|f 〉 ≡ ∣∣4D5/2, F ′′ = 2, mF = 0
〉
.

(6)

The atom–photon entanglement protocol proceeds as fol-
lows. The atom is first initialized in |g〉. An external field
then drives the |g〉 → |e+〉 transition, inducing a vSTIRAP
process that generates a single photon in the cavity whose
polarization (σ+ or σ−) is entangled with the atomic qubit
state,

|ψfinal〉 = 1√
2

(∣∣0, σ+〉 + ∣∣1, σ−〉)
. (7)

In this scheme, the probability of obtaining a photon at the
cavity output is given by

αinterface = η

η + 1
× κe

κe + κi
, (8)

where κe is the cavity decay rate into the designated out-
put mode and κi is the decay rate associated with intrinsic
cavity losses. An important feature of this scheme is that
the external drive can be used to shape the temporal wave-
function of the emitted photon [102]. Such control over
the photon envelope is essential for ensuring the indistin-
guishability of photons generated across different modules,
thereby enabling high-fidelity BSMs even in the presence
of variations in system parameters between modules.

We consider a Fabry–Pérot cavity characterized by
the parameters summarized in Table II. The total cavity
linewidth consists of the coupling rate to the output mode,
κe/(2π) = 2 MHz, and the internal loss rate, κi/(2π) =
38 kHz, assuming mirror losses of 10 ppm. In contrast
to syndrome extraction, simultaneously coupling multiple
atoms to the same cavity mode offers no advantage for
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(a)

(c) (d)

(b)

FIG. 4. Cavity and atom-array configuration for remote atom–atom Bell-state generation using cavity-mode multiplexing with radial
LGp ,0 modes. (a) Left: 1D array with up to 255 atoms, where each atom is coupled to one of the cavity modes. Groups of consecutive
atoms form registers, each associated with a distinct cavity mode. A control beam scans across the array, sequentially coupling atoms
in each register to their assigned mode. Right: atomic level scheme for atom–photon entanglement via vacuum-stimulated Raman
adiabatic passage. (b) Cavity spectrum showing the peak cooperativity of 33 equally spaced LG modes across the free spectral range,
given relative to the peak cooperativity of the LG0,0 mode, denoted η0. The peak cooperativity remains unchanged for the higher-order
radial LG modes. (c) Spatial profiles of LGp ,0 modes with indices p = 0, 2, 4, 8. (d) Cooperativity per atom across the array (every fifth
atom shown). Each color denotes a register of 15 consecutive atoms associated with a cavity mode at a distinct resonance frequency.

atom–photon entanglement. We therefore employ higher-
order radial Laguerre–Gauss modes, LGp ,0 with p ∈
[0, 32], which offer the advantage that the peak field inten-
sity at (x, y) = (0, 0) remains constant with p [Fig. 4(c)].
This property ensures a mode-independent atom–cavity
coupling at that location. The cavity is tuned so that

TABLE II. Parameters of the optical cavity used for modular
connectivity.

Cavity length 6.25 mm
Mode waist 8.6 µm
Rayleigh range 0.3 mm
Finesse 104

FSR 24 GHz
Linewidth (FWHM) 2π × 2.0 MHz

these modes are equally spaced in frequency across the
FSR, with 727 MHz separation between adjacent modes.
Similar to the syndrome extraction case, control beams
resonant with the |e〉 → |f 〉 transition dress the excited
states, enabling the |0〉 → |e+〉 and |1〉 → |e+〉 transitions
to be tuned into resonance with the desired cavity mode. A
maximum frequency shift of 12 GHz with 0.1% intensity
stability keeps fluctuations of the dressed-state transition
within the natural linewidth, �/(2π) = 6 MHz. While this
tuning range does not span the full FSR, it provides access
to 17 cavity modes.

We arrange 225 atoms in a one-dimensional array along
the z-axis with a spacing of approximately 3 µm, such that
the outermost atoms lie roughly one Rayleigh length from
the cavity center. Individual atoms are addressed by con-
trol beams focused to a 2 µm waist. At this tight spacing,
however, residual light shifts on neighboring atoms are
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unavoidable, compromising the selective addressing of
individual atoms. For the maximum applied frequency
shift of 12 GHz, adjacent atoms experience residual shifts
of approximately 1 GHz. To mitigate the crosstalk between
control beams, the array is divided into registers of con-
secutive atoms, with each register associated with a single
cavity mode. Within each register, the control beam is
scanned sequentially to couple individual atoms to the
appropriate mode for atom–photon entanglement. This
procedure is performed in parallel across all registers, as
illustrated in Fig. 4(a). By increasing the spacing between
simultaneously active control beams, this scheme substan-
tially suppresses the crosstalk between the beams. Nev-
ertheless, neighboring atoms can still experience residual
light shifts that may couple them to cavity modes outside
their assigned register. To prevent such unintended inter-
actions, cavity modes with resonance frequencies within
the range of the maximum residual shift are excluded
from use. In practice, this constraint eliminates the two
lowest-frequency modes, while the next available mode
remains sufficiently detuned to suppress unwanted cou-
pling. Consequently, a total of 15 cavity modes are avail-
able, enabling the 225-atom array to be partitioned into 15
registers of 15 atoms each.

This configuration yields an average cooperativity of
η̄ = 7, with a standard deviation of ση = 1.8 across the
array [Fig. 4(d)]. In the calculation, we account for the
branching ratios of |e+〉 to the atomic qubit states, the
variation of atom–cavity coupling along the z-axis, and
an assumed atomic temperature of 10 µK. The latter plays
an important role for higher-order LG modes, where the
central lobe narrows with increasing mode number p .
Consequently, the finite spatial extent of the atomic wave-
function reduces the effective atom–cavity coupling (see
Appendix A).

With this cooperativity, it is possible to implement vSTI-
RAP using an external probe field resonant with the |g〉 ↔
|e+〉 transition and a cavity mode tuned to the |0, 1〉 →
|e+〉 transitions. Using Eqs. (5) and (8), and assuming
an optical setup efficiency of αsetup = 0.75, the predicted
atom–atom entanglement success probability is Ps = 0.21.
This value corresponds to the ideal case where the vSTI-
RAP adiabaticity condition is fully saturated and η is
uniform across the array. To assess the performance under
realistic conditions, we simulate the process for the entire
225-atom array, including all relevant atomic levels, using
a linearly increasing drive (see Appendix C for details). As
shown in Fig. 5, the external probe allows control over the
temporal profile of the output photon. This reveals a trade-
off between photon generation probability—maximized
when the adiabaticity condition is saturated—and the
achievable generation rate. Balancing these factors, our
chosen parameters yield an average success probability
of P̄s = 0.175 across the array. With CMM over the 15
modes, the corresponding atom–atom Bell-state generation

FIG. 5. Photon generation using vacuum-stimulated Raman
adiabatic passage. Simulated photon flux at the cavity output
(blue) produced by a linearly increasing external probe field
(orange) as a function of time. The simulation assumes η = 7
and the cavity parameters described in the main text. The solid
and dotted lines correspond to two different slopes of the exter-
nal probe, resulting in distinct photon temporal profiles, with the
solid line representing the probe drive chosen for our application.
The dotted probe drive saturates the vacuum-stimulated Raman
adiabatic passage adiabaticity condition, resulting in the pho-
ton generation probability given by Eq. (8), but at the cost of
a reduced generation rate.

rate is 3.75 MHz. We note that the system parameters and
drive profile can be further optimized to increase this rate;
however, such optimization lies beyond the scope of this
work.

The protocol remains robust against transition frequency
fluctuations, where a 6 MHz atomic detuning leads to less
than a 1% change in the atom–atom Bell-state probability.
This robustness allows operation in a magnetic field, which
induces Zeeman shifts to the |0〉 and |1〉 qubit states, and
is essential for implementing high-fidelity Rydberg gates.
Additional imperfections arise from spontaneous decay
out of |f 〉 into other states in the 5P3/2 manifold. Most
such decay channels only reduce the photon collection effi-
ciency, but decay to the

∣∣F ′ = 1, mF = ±1
〉

states can also
produce a photon in the cavity while leaving the atom in
|F = 1, mF = 0〉. This occurs with a probability of less
than 1%, and can be mitigated using a measurement that
discriminates between the magnetic sublevels of the F = 1
manifold. We further emphasize that, although the |e〉 ↔
|f 〉 transition is not a cycling transition, a π -polarized
control beam prevents any unwanted mixing with other
states. This is because the π -polarized transitions from |e〉
to

∣
∣F ′′ = 1, 3, 4, mF = 0

〉
are forbidden; the transition to∣∣F ′′ = 1, mF = 0

〉
is excluded by the �F = 0, �mF = 0

selection rule, while transitions to
∣
∣F ′′ = 3, 4

〉
are forbid-

den since they require �F > 1. Under these conditions,
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the achievable atom–atom Bell-state fidelity is sufficient
for modular architectures, since the threshold for stitch-
ing surface-code patches across modules can be as high
as 10% [30].

To evaluate the implications for fault-tolerant archi-
tectures, we connect our results to the cycle time of a
distance-20 surface code, which requires on the order
of 40 teleported CNOT gates per cycle between distant
code patches. In our construction, the communication
atoms remain fixed in place throughout the entire pro-
cess, ensuring stable coupling and minimizing the use of
atom transport. The sequence of operations proceeds as
follows. First, the communication qubits are initialized in
|g〉; we assume that state preparation, together with occa-
sional recooling, requires 16 µs per cycle [32]. Next, since
the expected number of successful pairs equals the num-
ber of atoms times Ps, the 40 required Bell pairs shared
between modules can be generated in a single multiplexed
scan across the array. With a control-beam switching time
of 100 ns, the scan completes within 13 µs. In the fol-
lowing step, Rydberg gates are performed between the
successful communication qubits and the code qubits. This
process involves qubit basis changes, transporting the code
qubits, and the Rydberg interactions themselves. The dom-
inant contribution here is the atomic motion, as Raman
manipulations and Rydberg gates operate in the MHz
regime [9]. Because Rydberg operations can be carried
out directly within the cavity, the surface code patch can
be positioned near the cavity mode, allowing short-range
transport. We estimate this step at approximately 20 µs.
Finally, measurement of the 40 communication qubits is
performed. With a 10 µs measurement time multiplexed
over 15 modes, this requires roughly 25 µs. Adding these
contributions, the full sequence of 40 teleported CNOTs
completes in about 70 µs. This cycle time is roughly two
orders of magnitude faster than free-space implementa-
tions, while requiring significantly fewer communication
qubits.

V. DISCUSSION

We have introduced mode-multiplexed optical cavities
as a scalable interface for neutral atom arrays. In our
approach, atoms are selectively coupled to multiple modes
of a single cavity using light shifts induced via an excited-
to-excited atomic transition. This enables parallel cavity-
enhanced operations, allowing fast processing in cavities
large enough to accommodate large-scale atom arrays. As
a result, the need for atom transport in and out of the
cavity is minimized and the configuration maintains full
compatibility with existing capabilities of the neutral-atom
platform.

We presented two applications of CMM in the con-
text of quantum computing. First, for MCM of syndrome
qubits, our approach reduces the readout duration by two

orders of magnitude compared to free-space readout for
systems with thousands of qubits. The scheme combines
two key capabilities: the ability to couple many atoms
to the same mode, which allows an adaptive search for
faulty syndrome qubits, and the ability to perform this
search in parallel across multiple cavity modes. Beyond
the favorable logarithmic scaling of binary search, adap-
tive syndrome extraction has also been proposed as a
strategy to enhance code performance and shorten QEC
cycles by prioritizing specific syndrome sets in time [103],
a capability that our scheme naturally supports. Second,
we highlight the advantages of CMM in a modular atom
array architecture. In this setting, the mode-multiplexed
interface supports fast intermodule operations by enabling
high-rate remote entanglement of atomic qubits, and fast
local operations such as cavity-based readout and intracav-
ity Rydberg gates. Together, these capabilities provide fast,
fault-tolerant connectivity between logical qubits encoded
in distant modules, supporting distributed quantum com-
puting with neutral-atom arrays. While these two appli-
cations are optimized using different cavity designs, they
are not fundamentally incompatible, and a crossed-cavity
architecture could in principle integrate both functionali-
ties within the same setup.

To fully realize the benefits of CMM, several chal-
lenging hardware requirements must be addressed. One
key aspect is precise control over the cavity symme-
try: either maintaining cylindrical symmetry to support
LG modes or intentionally breaking it to produce HG
modes in the desired orientation. Such control can be
achieved by mounting one of the cavity mirrors on a 3D
piezo translation stage, as demonstrated in Ref. [104].
Another crucial requirement is the ability to individu-
ally address atoms, enabling the application of local light
shifts and the probing of atoms at distinct frequencies
corresponding to their shifted transitions. This capabil-
ity is being actively explored, and both experiments and
theoretical proposals point toward feasible implementa-
tions [85–92]. We note that achieving the required stability
across many control beams is technically demanding and
represents an important experimental challenge; neverthe-
less, we are optimistic that continued advances in site-
resolved atom-array addressing will make such capabilities
accessible.

We note that, in addition to Fabry–Pérot cavities, this
approach can be implemented in other cavity geometries.
For instance, bow-tie cavities allow for small mode waists
while supporting longer cavity lengths, enabling high-
cooperativity designs with smaller FSRs. This configura-
tion reduces reliance on high-order spatial modes, instead
making greater use of longitudinal modes of lower-order
transverse profiles. In the context of remote entanglement,
this can help maintain a high average cooperativity at ele-
vated atomic temperatures, thereby reducing the amount of
required atom cooling.
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APPENDIX A: EFFECT OF FINITE ATOM
TEMPERATURE ON THE COOPERATIVITY OF

HIGHER-ORDER CAVITY MODES

We calculate the cooperativity of higher-order HG
and LG cavity modes for a single 87Rb atom con-
fined in an optical tweezer. The tweezer operates at a
wavelength λtrap = 852 nm with waist wtrap = 1 µm, and
provides trap frequencies ωx = ωz = 2π × 100 kHz and
ωy = 2π × 19.17 kHz in the coordinate system defined in
Fig. 2(a) and Fig. 4(a). Over the temperature range con-
sidered here, the atomic motion in each direction is well
described by a harmonic potential.

For a harmonically trapped atom at temperature T, the
position distribution is Gaussian with variance

σ 2
i = �

2mωi
coth

(
�ωi

2kBT

)
, i ∈ {x, y, z}. (A1)

An example of this spatial probability density is shown in
Fig. 6(a) for T = 10 µK.

The transverse cavity field at the cavity waist (z = 0) is
modeled using normalized HGn,0 and LGp ,0 modes,

|un(x, y)| =
√

2/π
w2

HG2nn!
Hn

(√
2x

wHG

)

exp
(

−x2 + y2

w2
HG

)

(A2)

and

|up(x, y)| =
√

2
πw2

LG
Lp

(
2(x2 + y2)

w2
LG

)
exp

(
−x2 + y2

w2
LG

)
,

(A3)

with waists wHG = 20 µm and wLG = 8.6 µm, as con-
sidered in Secs. III and IV, respectively. Representative
transverse intensity profiles of these modes are shown in
Figs. 6(b) and 6(c).

The position-dependent atom–cavity coupling is propor-
tional to the field amplitude

g(r) ∝ uν(x, y) cos(kz), (A4)

where k = 2π/λcav is the cavity wavevector, and we use
λcav = 780 nm.

Thermal motion reduces the cooperativity through
spatial averaging of the coupling strength. We separate
transverse (x, y) and axial (z) contributions by defining
reduction factors relative to the peak cooperativity of the
fundamental mode, η0,

η⊥
η0

= 〈uν(x, y)〉2/[u0(0, 0)]2,

ηz

η0
= 〈cos(kz)〉2 = exp

(−k2σ 2
z

)
,

(A5)

with ν ∈ n, p . The transverse factor captures the mode-
dependent reduction arising in higher-order transverse cav-
ity modes, while the axial factor accounts for motion along

(a) (b) (c)

FIG. 6. (a) Atomic spatial probability density for a temperature of 10 µK in the optical tweezer. Transverse intensity profiles of (b)
the HG4,0 mode with waist wHG = 20 µm and (c) the LG4,0 mode with waist wLG = 8.6 µm. The profile of the tweezer waist along y
is indicated by the white dashed lines.
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(a) (b) (c)

FIG. 7. (a) an (b) Transverse cooperativity reduction vs mode index and temperature for (a) HGn,0 modes with waist wHG = 20 µm
and (b) LGp ,0 modes with waist wLG = 8.6 µm. (c) Axial cooperativity reduction due to thermal motion along the cavity standing
wave.

the cavity axis, which is common to all standing-wave
cavities. For HG modes, the transverse coordinate system
(x, y) is shifted to the location of the mode maximum prior
to thermal averaging, ensuring that the atomic distribu-
tion is centered at the relevant position, as illustrated in
Fig. 6(b).

The transverse cooperativity reduction for HGn,0 and
LGp ,0 modes is shown as a function of temperature and
mode index in Figs. 7(a) and 7(b), respectively. Over the
temperature range considered, the HG modes exhibit neg-
ligible temperature dependence (<1%), whereas higher-
order LG modes display a more pronounced reduction.
This behavior reflects two key differences between the HG
and LG modes. First, the larger mode waist for HG modes
(wHG = 20 µm) compared to that of the LG modes (wLG =
8.6 µm) reduces the effect of thermal averaging. Second,
the transverse structure scales differently with mode order:
for HGn,0 modes, the peak lobe size decreases along only
one transverse direction, whereas for LGp ,0 modes the
central feature contracts radially, reducing the relevant
length scale along both transverse directions. Together,
these effects make higher-order LG modes more sensitive
to finite atomic temperature. The axial cooperativity reduc-
tion factor, shown in Fig. 7(c), is identical for both HG and
LG modes, as it depends only on thermal motion along the
cavity standing wave. Both transverse and axial reduction
factors are included when calculating the cooperativities
and rates in Secs. III and IV

APPENDIX B: CAVITY-ENHANCED
FLUORESCENCE READOUT

We model cavity-enhanced fluorescence readout of a
single atom by driving the effective cycling transition
|1〉 → |e+〉 discussed in Sec. III using an external probe
beam. The system is described by the Hamiltonian

H = �ca†a +�aσ
†σ + g

(
a†σ + aσ †) +�p

(
σ + σ †) ,

(B1)

where a is the cavity annihilation operator, σ = |1〉 〈e+|
is the lowering operator of the atom, �c and �a are the
cavity and atomic detunings relative to the probe, g is
the atom–cavity coupling strength, and �p is the Rabi
frequency of the external probe.

Dissipation is included via the collapse operators

C1 =
√
�σ , C2 = √

κea, C3 = √
κia, (B2)

which represent free-space spontaneous emission, cavity
output coupling, and intrinsic cavity loss, respectively.

In the regime where cavity-induced driving of the
atomic transition is negligible,

√
nag � �p , (B3)

where na = 〈a†a〉 is the intracavity photon number, the
excited-state population is dominated by the classical
probe and is well approximated by the free-space steady-
state value

ρ(th)e+e+ = Ropt

2Ropt + �
, Ropt = �2

p

(�/2)2 +�2
a

. (B4)

The photon flux emitted into the cavity output mode is then

Rcav = κe〈a†a〉 ≈ κe

κ
η � ρe+e+ , (B5)

where η = 4g2/(κ�) is the single-atom cooperativity and
κ = κe + κi.

However, this steady-state expression does not account
for finite pulse duration and cavity bandwidth effects. To
capture the full dynamics, we therefore solve the Lindblad
master equation numerically. The readout drive is applied
as a smoothed square pulse, and the total number of pho-
tons emitted into the cavity output is obtained from the
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FIG. 8. Numerical simulation of fluorescence scattering into
the cavity mode. Excited-state population (blue) and photon flux
at the cavity output (orange) as a function of time, showing the
readout pulse dynamics used to calculate the detected photon
number.

integrated flux

Ncav =
∫

dt κe〈a†a〉(t). (B6)

The parameters used in the simulations are

(g, κe, κi,�,�p ,�c,�a)/(2π)

= (0.79, 0.1, 0.01, 3.9, 22, 0, 120) MHz, (B7)

where � accounts for equal mixing of the states |e〉 and
|f 〉 (associated with the 5P3/2 and 4D5/2 manifolds) in
the dressed state |e+〉, such that � = (�e + �f )/2. The
atom–cavity coupling g is determined from the average
cooperativity in the readout configuration, η̄ = 5.8, and κi
corresponds to mirror losses of approximately 10 ppm.

The simulated excited-state population agrees with the
free-space prediction in Eq. (B4), yielding ρe+e+ = 3.1%,
confirming that the scattering dynamics are dominated by
the probe rather than by cavity-induced excitation. The
intracavity photon number remains below na < 4.4, sat-
isfying the weak-cavity-driving condition. The dynamical
simulation yields 13.2 photons emitted into the cavity
output during the ∼ 10 µs readout window, as shown in
Fig. 8. This enables state discrimination with an infidelity
at the 10−4 level using a simple photon-count threshold
and assuming a low dark-count rate. Adaptive readout pro-
tocols, in which the measurement is terminated once a
detection threshold is reached [38], can further reduce the
required readout time and minimize heating due to excess
photon scattering.

APPENDIX C: PHOTON GENERATION USING
VSTIRAP

We simulate vSTIRAP photon generation in an
atom–cavity system using a Lindblad master equation. The
atomic basis consists of the four states {|g1〉 , |g2〉 , |e〉 , |f 〉}
that describe the ideal process. The atom is initialized in
|g1〉 and undergoes vSTIRAP to |g2〉 via a dressed excited
state

|e+〉 = 1√
2
(|e〉 + |f 〉) , (C1)

formed by resonant dressing of |e〉 and |f 〉 with a strong
classical drive of Rabi frequency �c. The cavity couples
the |g2〉 ↔ |e〉 transition, while a time-dependent classi-
cal control field drives |g1〉 ↔ |e〉. For simplicity, we do
not explicitly distinguish decay into two ground states
via orthogonally polarized cavity modes, as shown in
Fig. 4, since here we focus solely on the photon-generation
probability and error channels that are independent of
polarization mismatch between cavity modes.

To capture loss and error processes outside the ideal
manifold, we include three auxiliary states {|gaux〉 , |eaux〉 ,∣∣e′

aux

〉}. The state |gaux〉 represents decay from |e〉 to ground
states that do not result in cavity photon emission, while
|eaux〉 represents decay from |f 〉 to excited states that can-
not emit into the cavity. The state

∣∣e′
aux

〉
corresponds to

decay from |f 〉 to excited states
∣∣F ′ = 1, mF = ±1

〉
that can

emit a cavity photon but project the atom into an incorrect
final ground state |F = 1, mF = 0〉.

Because the protocol is heralded, population loss into
|gaux〉 and |eaux〉 reduces the success probability only,
whereas population transferred through

∣∣e′
aux

〉
can reduce

the fidelity of the heralded Bell state. This latter error can
be mitigated by a measurement that discriminates between
magnetic sublevels within the F = 1 manifold.

In a rotating frame, the Hamiltonian is

H(t) = H0 +�p(t) (|e〉 〈g1| + |g1〉 〈e|) , (C2)

where the vSTIRAP control field is taken to be a linear
ramp �p(t) = At. The static Hamiltonian is

H0 = −�1 |e〉 〈e| − (�1 +�2) |f 〉 〈f | +�g2 |g2〉 〈g2|
+ δc a†a +�c (|e〉 〈f | + |f 〉 〈e|)
+ g

(
a |e〉 〈g2| + a† |g2〉 〈e|) , (C3)

where a is the cavity annihilation operator, �1,2 are the
detunings of the |g1〉 ↔ |e〉 and |e〉 ↔ |f 〉 drives,�g2 is the
|g2〉-|g1〉 splitting in this frame, δc is the cavity detuning,
and g is the atom–cavity coupling.
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Cavity loss is included via the collapse operators

Cκe = √
κea, Cκi = √

κia, (C4)

which represent output coupling and internal cavity losses,
respectively. Spontaneous emission from the excited states
|e〉 and |f 〉 is modeled by the collapse operators

Ce→g1 = √
�ebg1 |g1〉 〈e| ,

Ce→g2 = √
�ebg2 |g2〉 〈e| ,

Ce→gaux = √
�ebgaux |gaux〉 〈e| ,

Cf →e = √
�f be |e〉 〈f | ,

Cf →eaux = √
�f beaux |eaux〉 〈f | ,

Cf →e′
aex =

√
�f be′

aex

∣∣e′
aux

〉 〈f | ,

(C5)

where �e and �f are the total spontaneous emission rates
from |e〉 and |f 〉, respectively, and the coefficients bj
encode the corresponding branching ratios.

The probability to generate a photon at the cavity output
during a single attempt of duration T is

P =
∫ T

0
κe 〈a†a〉(t) dt. (C6)

To account for inhomogeneous atom–cavity coupling in
a multiplexed array, as considered in Sec. IV, we repeat
the calculation for atoms indexed by i with couplings gi =
g0 [1 + (zi/zR)

2]−1/2f (i)temp, where zi is the axial position of
atom i relative to the cavity waist, zR is the cavity Rayleigh
range, and f (i)temp accounts for thermal averaging at that site
(see Appendix A).

APPENDIX D: CONTROL BEAM
CONSIDERATIONS

1. Heating from dipole force fluctuations

To implement cavity-mode multiplexing we locally shift
the optical transition frequency of each atom using a con-
trol beam that couples the excited state |e〉 to an auxiliary
state |f 〉 with Rabi frequency �c(r) and detuning �c. We
focus on the case of on-resonant control light (�c = 0),
which produces dressed eigenstates

|e±〉 = |e〉 ± |f 〉√
2

, δ±(r) = ∓�c(r), (D1)

so that the ground-to-dressed-state optical resonance is
shifted by −�c(r) relative to the bare transition. Dur-
ing readout, the atom experiences stochastic switching
between dressed |1〉 and |e+〉 potentials, which leads
to momentum-space diffusion and therefore heating. We

derive this heating rate for the case of an atom in qubit
state |1〉 coupled to the dressed excited state |e+〉.

We work in the dressed-atom picture spanned by
{|e+, n〉 , |1, n + 1〉} for fixed photon number and fol-
low a similar derivation as in Ref. [105]. Diagonalizing
the atom–probe Hamiltonian in this manifold yields two
probe-dressed eigenstates, which we label |a〉 and |b〉:

|a; n, r〉 = cos θ(r) |e+, n〉
+ sin θ(r) |1, n + 1〉 ,

|b; n, r〉 = − sin θ(r) |e+, n〉
+ cos θ(r) |1, n + 1〉 ,

(D2)

where the mixing angle θ(r) is defined by

sin 2θ(r) = 2�(r)
Q(r)

, cos 2θ(r) = −�(r)
Q(r)

, (D3)

with Q(r) ≡
√

4�(r)2 +�(r)2 defined as the general-
ized Rabi frequency, �(r) = �p −�c(r) as the position-
dependent detuning, and �(r) as the position-dependent
probe Rabi frequency. The dressed energies are

Ea(r) = +�

2
Q(r), Eb(r) = −�

2
Q(r), (D4)

so the corresponding dipole forces are

Fa,b(r) ≡ −∇Ea,b(r). (D5)

With the approximation that the detuning gradient is set by
the control beam,

∇�(r) � −∇�c(r), (D6)

and the generalized Rabi frequency satisfies

∇Q(r) = 4�(r)∇�(r)+�(r)∇�(r)
Q(r)

≈ �(r)∇�(r)
Q(r)

,

(D7)

for |�(r)∇�(r)| � |�c(r)∇�c(r)|.
Spontaneous emission induces stochastic jumps

between the probe-dressed states. We denote the transition
rates by rab(r) (for |a〉 → |b〉) and rba(r) (for |b〉 → |a〉).
The rates for these transitions are

rab(r) = �e+ cos4 θ(r),

rba(r) = �e+ sin4 θ(r),

rpop(r) ≡ rab(r)+ rba(r),

(D8)

where �e+ is the effective transition linewidth.
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At long times the dressed-state dynamics reach a steady
state with populations

�st
a (r) = rba(r)

rpop(r)
, �st

b (r) = rab(r)
rpop(r)

. (D9)

The instantaneous force experienced by the atom is F(t) ∈
{Fa(r), Fb(r)}. Since Eb(r) = −Ea(r), Eq. (D5) implies

Fb(r) = −Fa(r) ≡ F(r) = �

2
∇Q(r). (D10)

The mean dipole force is therefore

fdip(r) ≡ 〈F(t)〉 = [
�st

b (r)−�st
a (r)

]
F(r). (D11)

To find the heating rate, we require the momentum diffu-
sion coefficient given by

D ≡
∫ ∞

0
dτ 〈δF(t) · δF(t + τ)〉 , δF(t) ≡ F(t)− fdip.

(D12)

The force autocorrelation can be written as

〈F(t) · F(t + τ)〉 =
∑

i,j ∈{a,b}
�st

i �(j , τ | i, 0)Fi · Fj ,

(D13)

where the conditional transition probabilities �(j , τ |
i, 0) i, j ∈ {a, b} for the two-state Markov process are

�(a, τ | a, 0) = �st
a +�st

b e−rpopτ ,

�(b, τ | a, 0) = �st
b −�st

b e−rpopτ ,

�(b, τ | b, 0) = �st
b +�st

a e−rpopτ ,

�(a, τ | b, 0) = �st
a −�st

a e−rpopτ .

(D14)

Equation (D13) simplifies using Fb = −Fa = F to

〈F(t) · F(t + τ)〉 − f2
dip = 4�st

a�
st
b F(r)2e−rpop(r)τ . (D15)

Using Eq. (D12) gives

D = 4�st
a�

st
b

rpop
F2. (D16)

Substituting Eqs. (D8) and (D10) into Eq. (D16) yields

D = �2

�e+

sin4 θ cos4 θ
[
sin4 θ + cos4 θ

]3 |∇Q|2 , (D17)

where �e+ is the linewidth of the dressed excited state |e+〉.
In the detuning-gradient limit of Eq. (D7), this becomes

D � �2

�e+

sin4 θ cos4 θ
(
sin4 θ + cos4 θ

)3

(
�(r)
Q(r)

)2

|∇�(r)|2 , (D18)

and using Eq. (D3), one may write the result explicitly as

D � �2

�e+

�(r)4�(r)2
[
2�(r)2 +�(r)2

]3 |∇�(r)|2 . (D19)

When the detuning gradient is dominated by the control
beam, Eq. (D6) gives

D � �2

�e+

�(r)4�(r)2
[
2�(r)2 +�(r)2

]3 |∇�c(r)|2 . (D20)

This can be expressed in terms of the population of the
bare dressed excited state |e+〉 in the limit�(r) � �(r) as
ρe+e+ ≈ �(r)2/�(r)2, so that

D � �2

�e+
ρ2

e+e+(r) |∇�c(r)|2 . (D21)

Finally, to connect momentum diffusion to a heating
rate, we average over the atomic motion in a harmonic trap.
For a Gaussian control beam centered on the trap,

�c(r⊥) = �c,0 e
− |r⊥−r0|2

w2
c , r2

⊥ = x2 + y2, (D22)

where r0 is a pointing offset between the trap and the
control beam. The gradient satisfies

∇�c(r⊥) = −2 (r⊥ − r0)

w2
c

�c(r⊥) ≈ −2(r⊥ − r0)

w2
c

�c,0,

(D23)

where the final approximation holds for r⊥ � wc. For an
atom with total transverse energy E in an isotropic har-
monic trap of frequency ωx, equipartition gives 〈|r⊥ −
r0|2〉 = 〈r2

⊥〉 + r2
0 = E/(mω2

x)+ r2
0 and therefore

〈|∇�c(r⊥)|2
〉 � 4�2

c,0

w4
c

( 〈E〉
mω2

x
+ r2

0

)
. (D24)

Inserting Eq. (D24) into Eq. (D21) gives

D = 4�2

mω2
x �e+

ρ2
e+e+

�2
c,0

w4
c

× (〈E〉 + mω2
x r2

0). (D25)

Finally we have
〈

dE
dt

〉
= D

m
= 1
τ
(〈E〉 + mω2

x r2
0),

τ ≡
(

4�2

m2ω2
x �e+

ρ2
e+e+

�2
c,0

w4
c

)−1

.

(D26)

For the maximally shifted atom (and therefore most
extreme heating), parameters of ωx/(2π) = 100 kHz,

020334-15



ZIV AQUA et al. PRX QUANTUM 7, 020334 (2026)

wc = 2 µm, �e+ ≈ (�+ 2π × 1.9 MHz)/2,ρe+e+ = 0.031,
r0 = 0 nm, and �c = 2000� lead to an energy e-folding
time of 13.2 µs, slower than our readout pulse time of 5 µs.
Importantly, since the scatter rate ∝ ρe+e+ and the heating
rate is ∝ ρ2

e+e+ , it is possible to decrease the heating rate
for a fixed collected photon number by extending smaller
values of ρe+e+ at the cost of slower readout speeds.

A pointing error between the trapping and control beams
of 50 nm would lead to a ∼ 0.1% intensity shift error
and a heating rate of ∼1 μK/ μs for a zero-temperature
atom, both of which are tolerable in our proposed scheme.
Such precision is readily achievable in trapped ion sys-
tem, where position measurements of � 10 nm have been
achieved [106–108]. Additionally, effects from finite ion
temperature are likely to be negligible due to large trapping
frequencies, so that dipole force fluctuations are purely
dominated by misalignment. Similar pointing alignment
precisions should be extensible to neutral-atom arrays as
well using techniques such as position-dependent phase
shifts [109] or directly utilizing the control beam shift as a
means to obtain precise alignment. By measuring the light
shift on the atom due to the control beam, alignment for
a well-localized atom should be feasible to order ∼ �e+
or ∼ 30 nm for the maximally shifted atom. Supergaussian
beams provide an additional route that would reduce the
sensitivity to atomic temperature and pointing misalign-
ment [110]. Alternatively, fiber-array architectures that
codeliver trapping and addressing light through a common
waveguide have recently been shown to provide robust
common-mode suppression of pointing noise [92].

2. Ground state light shifts

Although the 1529 nm control beam is near-resonant
with the |e〉 ↔ |f 〉 transition, it is far detuned from the
qubit ground manifold 5S1/2. We calculate the light shift
that arises through off-resonant coupling dominated by
the D lines. In the below calculations, we do not include
small corrections from other transitions such as 5S1/2 →
6P3/2. In the far-detuned limit, the scalar light shift can be
written as

Ugs(r) � πc2�

2ω3
0

(
2
�D2

+ 1
�D1

)
I(r), (D27)

where �D1,D2 = ωc − ωD1,D2 are the detunings of the con-
trol light and I(r) is the control-beam intensity. The asso-
ciated off-resonant scattering rate from the ground state
is

�sc(r) � πc2�2

2�ω3
0

(
2
�2

D2
+ 1
�2

D1

)
I(r). (D28)

For the maximally shifted atom we take �c = 2000�
and w0 = 2 µm. Using 〈5P3/2‖d‖4D5/2〉 ≈ 10.90 ea0 [109]

and the stretched-state σ+ coupling yields a required opti-
cal power of P � 1.5 mW. At the beam center this corre-
sponds to a scalar ground-state shift magnitude |Ugs|/h �
0.4 MHz and a scattering rate �sc � 0.1 s−1, which implies
a negligible scattering probability of ∼ 10−6 during a
readout pulse.

Finally, the differential light shift between the F = 1 and
F = 2 hyperfine manifolds is strongly suppressed because
the ground hyperfine splitting is small compared to the
detuning. Evaluating the difference in Ugs for detunings
offset by the hyperfine splitting gives |�Uhf|/h � 10 Hz
for the above parameters, which would not significantly
impact coherence in the qubit manifold.
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D. Lukin, and V. Vuletić, Fault-tolerant optical intercon-
nects for neutral-atom arrays, Phys. Rev. Res. 7, 013313
(2025).

[34] E. M. Purcell, Proceedings of the American Physical
Society: Spontaneous emission probabilities at radio fre-
quencies, Phys. Rev. 69, 674 (1946).

[35] J. Bochmann, M. Mücke, C. Guhl, S. Ritter, G. Rempe,
and D. L. Moehring, Lossless state detection of single
neutral atoms, Phys. Rev. Lett. 104, 203601 (2010).

[36] R. Gehr, J. Volz, G. Dubois, T. Steinmetz, Y. Colombe, B.
L. Lev, R. Long, J. Estève, and J. Reichel, Cavity-based
single atom preparation and high-fidelity hyperfine state
readout, Phys. Rev. Lett. 104, 203602 (2010).

[37] 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).

[38] B. Hu, J. Sinclair, E. Bytyqi, M. Chong, A. Rudelis, J.
Ramette, Z. Vendeiro, and V. Vuletić, Site-selective cav-
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