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QUANTUM PROCESSING

Error-detected quantum operations with neutral
atoms mediated by an optical cavity

Brandon Grinkemeyer't, Elmer Guardado-Sanchez't, lvana Dimitrova't, Danilo Shchepanovich’,
G. Eirini Mandopoulou’, Johannes Borregaard?, Vladan Vuleti¢?3, Mikhail D. Lukin'*

Neutral-atom quantum processors are a promising platform for large-scale quantum computing.
Integrating them with optical cavities enables fast nondestructive qubit readout and access to
fast remote entanglement generation for quantum networking. In this work, we introduce a
platform for coupling single atoms in optical tweezers to a Fabry-Perot fiber cavity. Leveraging
the strong atom-cavity coupling, we demonstrated fast qubit-state readout with 99.960134%
fidelity and two methods for cavity-mediated entanglement generation with integrated error
detection. First, we used cavity-carving to generate a Bell state with 91(4)% fidelity and a
32(1)% success rate (the number in parentheses is the standard deviation). Second, we performed
a cavity-mediated gate with a deterministic entanglement fidelity of 52.5(18)%, increased to
76(2)% with error detection. Our approach provides a route toward modular quantum computing

and networking.

eutral-atom arrays are a promising plat-

form for large-scale quantum information

systems, enabling quantum algorithms

with multiple logical qubits (Z) and new

approaches to quantum metrology and
clocks (2-5). These advancements have been
facilitated by the implementation of high-
fidelity two-qubit gates and the use of coher-
ent transport for nonlocal connectivity and
reconfigurable architecture (6-9). Although
quantum processors with more than 10,000
physical qubits appear within the reach (10),
further scaling may benefit from a modular
approach, in which quantum computation is
distributed across quantum processors con-
nected by fast high-fidelity quantum network
channels (11-16). Such an approach requires
integration of atom arrays with optical cavi-
ties, which provides direct coupling to photons
in an optical mode that can be easily collected
for fast high-fidelity remote entanglement dis-
tribution (17, 18). Integration of individually
controlled atoms in optical tweezers with an
optical cavity has only recently been realized
experimentally (19-22).

In this work, we demonstrated a platform
that combines individual control and transport
of atoms in optical tweezers with efficient
coupling to individual optical photons enabled
by a Fabry-Perot fiber cavity (FPFC). These
cavities offer large cooperativities (C ~ 100)
(23, 24) while also providing optical access
for optical tweezers. This approach can be di-
rectly integrated with a reconfigurable archi-
tecture in which a neutral-atom array is placed
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above the cavity and select atoms are co-
herently transported in and out of the cavity
mode (14, 19). This further enhances the cap-
abilities of a neutral-atom quantum computer,
enabling an efficient distributed processor. We
carried out several experiments to demonstrate
the capabilities of this platform. Specifically,
we demonstrated that the high cooperativity
enables a fast high-fidelity qubit-state readout,
which can be important for accelerating quan-
tum error-correction algorithms. Moreover,
we have shown that error detection can be na-
turally integrated within this approach to en-
able robust entanglement generation. Unlike
previous demonstrations of cavity-mediated
entanglement that relied on photon detection,
our protocol heralds success based on the atom-
ic state, which increases the success rate of
entanglement generation, improving the ef-
ficiency of a quantum networking scheme that
relies on probabilistic Bell measurements (25).
This method can be used for fast and more
complex quantum network operations such
as entanglement swapping, purification, and
fusion, which can enable the development of
an efficient distributed quantum computer
(26-28).

Atom-cavity platform

We coupled individually controlled rubidium-
87 atoms trapped in optical tweezers to a FPFC.
These microcavities exhibit low scattering loss
and small radii of curvature, which allow for
a small mode volume and high cooperativity
(23). Our FPFC design features mirror diam-
eters of 125 um and a cavity length of 100 um,
providing ample optical access for single atoms
in optical tweezers [(29), section 1]. We loaded
atoms into optical tweezers from a magneto-
optical trap (MOT) formed directly above the
FPFC. The atoms were then transported ~60 um
into the cavity mode and deposited into an
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optical lattice formed by an 850-nm cavity
mode (Fig. 1A). The atoms were positioned in
the 850-nm mode to maximize their overlap
with the 780-nm mode, as described in (29),
section 2.2. The FPFC was stabilized by using
an 810-nm laser referenced to an external
ultralow expansion (ULE) cavity, ensuring that
the 780-nm cavity mode remained locked to
the |58, /5 )«>|5P5 5 ) D2 transition of rubidium-
87. Additionally, the cavity resonance can be
dynamically tuned across the entire hyperfine
structure during an experimental sequence,
(Fig. 1B) [(29), section 2.4]. The atom-cavity
system was characterized by probing the trans-
mission spectrum of the cavity through the
single-mode input port by using circularly po-
larized (c*) light. By pumping the atoms to the
stretched state |[F = 2, my = 2) with the cavity
resonant to the F = 2 « F' = 3' transition, we
realized an effective two-level system. The
excitation spectrum of a single atom show-
cased a strong resolvable vacuum-Rabi split-
ting, showing the hybridization of the atomic
and photonic excitations (Fig. 1C). Fitting
the transmission spectrum to an analytical
model [(29), section 4.1], we extracted an
atom-photon coupling strength of g = 2n x
100.0(8) MHz and cavity linewidth (full width
at half maximum) of ¥ = 2rx x 65(1) MHz
(where the numbers in parentheses are the
standard deviation). This results in a single-
atom cooperativity of C = % = 101(2), where
I' = 21 x 6 MHz is the natural linewidth of the
excited state.

When probed on resonance, the difference
in transmission between an atom coupled and
no atom coupled to the cavity allows for fast
nondestructive readout by thresholding trans-
mitted photon counts (24, 30-32). Through this
measurement, atom presence could be detected
with a fidelity of 99.98877,% in 10 us and of
99.9501%3% in 2.5 us, limited by the finite
atom lifetime [(29), section 3.2.1]. Additionally,
this readout is nearly lossless, with a measured
loss of 0.034727%. In all of our experiments,
we postselected on atomic presence at the end
of the experimental sequence [(29), section 2].
Furthermore, this measurement can differenti-
ate atoms in the qubit manifold, which we
encoded in the magnetic-field insensitive
states: |0) = |F = 1,mp = 0) and|1) = |F = 2,
my = 0). During readout, the cavity was tuned
to the 2 < 3' transition, so that the 1) state
was coupled to the cavity, whereas the |0) state
was not. Using the state-dependent coupling,
we performed fast nondestructive readout of
the qubit state with fidelity of 99.96035% in
10 us, limited by off-resonant scattering from
the 850-nm trap and state preparation. For
state readout, we collected 0.09(2) photons
from the F = 2 state and 16.600(1) photons from
the F = 1 state (Fig. 1D). Increasing the coop-
erativity of the cavity would allow for faster
readout and as a result higher readout fidelities
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Fig. 1. Experimental setup and qubit readout. (A) Atoms in optical tweezers were
loaded above a FPFC and transported into the cavity mode. The FPFC has a
single-mode input port and a multimode output port, over which we collected
transmitted light. The FPFC length was stabilized by using an 810-nm laser, and
the atoms were trapped in a 850-nm mode of the cavity. The 780-nm mode coupled
to the D2 line in rubidium. The magnetic field was aligned along the cavity axis.
(B) Atomic-level diagram of rubidium-87. Readout was performed with the cavity on

[(29), section 3]. Readout left the |0) state un-
disturbed, whereas it quickly pumped the |1)
state to the stretched |F = 2, my = 2) state. In
principle, a Raman pulse can be used after-
ward to reinitialize the atom in 1), making this
readout nondestructive to the qubit state [(29),
section 3.3].

Photon-mediated entanglement through
dark states

We realized quantum entanglement between
two atoms coupled to a cavity by use of a
photonic dark state. This state is an anti-
symmetric superposition in which one atom
is excited out of phase with the other, leading
to destructive interference in the cavity mode,
rendering it dark to the cavity. Although such
states have been studied previously (20, 33),
their potential for quantum operations remains
largely unexplored.

Specifically, we probed the system by excit-
ing both atoms from the side, rather than
through the single-mode input port, and mea-
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sured the same signal: the light transmitted
through the multimode optical fiber. We var-
ied both the cavity detuning A and the probe
detuning Ap. With a single atom coupled to
the cavity, we directly observed an avoided
crossing in the energy levels, similar to what is
shown in Fig. 1C. Moreover, the dressed states
became more atom-like close to the atomic
resonance and more cavity-like close to the
cavity resonance, resulting in stronger and
weaker coupling to the side beam drive, re-
spectively (Fig. 2A). With two atoms coupled
to the cavity, similar behavior was observed
but with an expected v/2 enhancement of the
splitting (Fig. 2B). These two features corre-
spond to the “bright states,” given by |B:) =
1(leg.0) + |ge, 0))* - |gg, 1). In contrast to the
spectrum recorded when the cavity mode
was excited through the fiber, an additional
third feature appeared at the atomic reso-
nance that we attribute to a photonic dark state,
|Do) = \/%Z(|eg, 0) — |ge, 0)) (Fig. 2C), where |g)
and |e) are the atomic ground and excited states
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resonance with the 2 «» 3' transition, whereas for entanglement generation the
cavity was tuned to the 1 «» 1' transition. (C) Resonant transmission spectra of a bare
cavity (gray), one atom (blue), and two atoms (red) coupled to the cavity. The lines
are a simultaneous fit, yielding parameters g = 2r x 100.0(8) MHz and k = 2r x
65(1) MHz, resulting in a cooperativity of C = 101(2). (D) Histograms showing photon
counts collected in 10 us with an atom in the F = 1 state (gray) and an atom in
the F = 2 state (blue), yielding a qubit-state readout fidelity of 99.960f§i%.

of each atom, respectively, and the number
indicates the number of photons in the cavity.
Because of the lack of a photonic component,
this state can only be driven by exciting the
atom and not the cavity. Specifically, for a
global drive, a relative phase of & between the
drive on the two atoms is required. Because
of thermal motion of the atoms, the relative
phase between the two atoms and the drive
beam changed from shot to shot, and we con-
sistently observed the dark state as a bright
feature. Furthermore, a strong drive allows for
excitation of the cavity through the dark state.
In the rest of our experiments, we individu-
ally drove single atoms, which maintained a
coupling to both dark and bright states, while
being insensitive to the relative phase between
the atoms [(29), section 4].

To use this dark state to implement cavity-
mediated entanglement between the two
atoms, when the cavity is resonant with the
bare atomic transition the difference be-
tween the single- and two-atom spectra can
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Fig. 2. Photonic dark state spectroscopy. (A and B) Side drive spectroscopy of (A) one and (B)
two atoms coupled to the cavity as a function of cavity and probe laser detuning (Ac and Ap,
respectively). With two atoms coupled to the cavity, the spectrum reveals a feature on resonance
with the atomic transition, corresponding to a photonic dark state. (C) Energy level diagram of
the first excitation manifold for one and two atoms coupled to a single cavity mode, which
correspond to the states probed in the spectra plotted against the cavity detuning, Ac [(29),
section 4.1]. (D) Probe spectroscopy at Ac = A, for one (blue circles) and two (red circles) atoms
coupled to the cavity while probed with a side beam. Lines are simultaneous fits to a numerical

model [(29), section 4.2].

be interpreted as a conditional resonance. The
system can only be excited with a resonant beam
if both atoms are coupled to the cavity (Fig. 2D).
By encoding the |0) and |1) qubit states so that
one was coupled to the cavity and the other was
uncoupled, the conditional resonance became
state dependent, enabling two-qubit quantum
operations. However, the fidelity of these op-
erations was limited by errors arising from
photon leakage out of the cavity and scattering
into free space. We could improve this fidelity
by engineering these leakage and scattering
events to leave the atom in a specific state, |err),
outside the qubit manifold. Through sequences
of readout, n-pulses, and local optical pump-
ing, we could measure the qubit states |0) and
1), as well as |err) [(29), section 3.3]. By post-
selecting on cases in which no error occurred,
the fidelity will ultimately be limited by the
presence of undetectable errors (34, 35).
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For entanglement experiments, we used the
excited state |¢) = |F’ = 1, my = 0), which has
branching ratios that result in decay predom-
inantly to the |err) = |F = 1, mp = +1) states,
whereas selection rules forbid decay to the |0)
state (Fig. 3A). We performed a local drive on
one of the atoms, which we call atom A, re-
sonant with the 2 « 1’ transition. This drive
couples [1), to |e),. We shifted the cavity
resonance to the 1 < 1’ transition so that it
coupled |err), < |e), and |0)y < |e'), Where
le'y = |F' =1, Mp = +1) state. As aresult, the
two-qubit state |1), [1); = [11) acts as a single
atom coupled to the cavity and experiences a
suppressed excitation. By contrast, the |10)
state behaves as two atoms coupled to the cavity
and experiences a resonant coupling to the
photonic dark state, [Do) = 1/v/2(|err)|e’)g —
le)4|0)5) [(29), section 6]. This establishes a
qubit state-dependent resonance, which is ne-
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cessary to perform quantum operations be-
tween the two qubits.

Our first protocol relies on the state-dependent
decay of the two-qubit states. This decay
mechanism enables us to selectively remove,
or “carve out,” specific parts of the wave func-
tion, leaving behind the desired quantum state.
Under a weak drive, we observed that the [11)
and [10) states both decay into the |err), state
with different rates. The resonant coupling
to the dark state makes the [10) state rapidly
decay, whereas the |11) experiences a sup-
pressed decay (Fig. 3B). This allowed us to
“carve out” the [10) state from the wave func-
tion (19, 35, 36). To prepare an entangled state
with this mechanism, we first prepared an
equal superposition of all two-qubit states,
followed by the application of a drive pulse
that carves out the [10) component. A global
n-pulse flips the two-qubit state, and a second
carving pulse once again carves out the [10)
component. This sequence prepares a statis-
tical mixture of error states and a Bell state:
p = |®7)(D| + |err),(err|. By postselecting
on the atoms not being in the error state, we
are left with the maximally entangled state,
|®7) = %QOO) — [11)). In principle, the mini-
mal application of our scheme would be the
spin-echo sequence described above: § — 1t —
n — t — 7. In practice, we found that the spin-
echo scheme was limited owing to a coherent
linear phase accumulation in the [11) state during
the carving pulses that we attribute to laser
phase noise [(29), section 6]. To cancel this
linear phase, we implemented a Carr-Purcell
decoupling sequence of the form § — 7 —n —
T—m—5— 5. We show in Fig. 3C the mea-
sured correlations in the ZZ, XX, and YY
basis, resulting in a Bell state fidelity of 7 =
91(4)% and a success probability of 32(1)%.

The theoretical limit on fidelity is set by un-
detectable errors—when a scattering event
leaves the atoms in the qubit manifold instead
of in the error state. The dominant source of
undetectable errors arose from scattering from
the dark state, which could decay through atom
A or through atom B with equal probability.
Decay through atom B left atom A in the state
lerr) , so that this decay was fully detectable.
Decay through atom A resulted in 17% un-
detectable errors for a single atom given by
Clebsch-Gordon coefficients and owing to our
current readout sequence, which cannot dis-
tinguish the F = 2 Zeeman sublevels. This led
to total-dark-state scattering errors being
91.5% detectable. With this, we found a max-
imum theoretical fidelity of ~96.3% for our
carving protocol. As predicted by our model,
the entanglement fidelity increased expo-
nentially but was still limited by unwanted
scattering (Fig. 3D), which we attribute to
level-mixing of the excited states from our
traps and to imperfect polarization. Increasing
the cooperativity would enhance the success
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Fig. 3. Bell state preparation with cavity carving. (A) For entanglement generation, the cavity is tuned to the
1+ 1" transition, and a single side drive on the 2 < 1" transition is applied to atom A only. (B) (Top) Quantum circuit
for preparing two-qubit states and measuring the |err), population. (Bottom) Decay rates into the error states
after preparing each of the four two-qubit states. The resonant coupling to the dark state | Do) results in much faster
decay of |10) compared with the off-resonant coupling in |11). |00) and |01) do not couple to the driving beam.
(C) (Top) Quantum circuit of a Carr-Purcell cavity-carving scheme, which prepares a |®~) Bell state. (Bottom)
Measured correlations in the ZZ (blue), XX (red), and YY (green) bases verify that |®~) is prepared with a Bell
state fidelity of 7 = 91(4)% and a success probability of 32(1)%. Direction of the histograms indicate the expected
sign of parity for |®~) in each bases. (D) Bell state fidelity (blue circles) and success probability (red circles)

as a function of carving pulse length <. Stars indicate the data presented in (C). Lines are a fit to a semiclassical
numerical model, and the gray line is the expected Bell state fidelity without state-preparation and measurement
errors [(29), section 7.1]. The dotted line indicates the fidelity limit for verifiable entanglement.

Fig. 4. Deterministic quantum gate with error detection. A B
(A) Conditional blockade mechanism. A resonant

2r Rabi oscillation can be realized only between the |10)
state and the dark state |Dy), causing a phase of = on
state |10), whereas the excitation from the [11) state is
blockaded. Unwanted atomic scattering results in mainly
detectable |err), states. (B) Quantum gate flow chart

showing the two possible outcomes: “Success” is a v — F I i S
conditional phase on atom B, and “Failure” is a detectable |11/ ‘10> ailure uccess
scattering event. (C) Quantum circuit of the gate. c Gate

Following the gate, we applied a local Z; pulse on atom B
and a global microwave X4 pulse to generate the |®*)
Bell state. (D) Measured correlations in the ZZ (blue),
XX (red), and YY (green) bases verify that |@") is
prepared. Dark shades indicate that without error D
detection, we measured a deterministic Bell state

fidelity of F = 52.5(1.8)%. Light shades indicate that
error detection improves the fidelity to 7' = 76(2)%
with a success probability of 69(1)%. Direction of
histograms indicate the expected sign of parity for |@*)
in each base.

Probability

101) |10) |11)

100)
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rate of entanglement generation and enable
faster entanglement preparation [(29), sec-
tion 7.1].

Quantum operations with integrated
error detection

The qubit state-dependent resonance can also
be used to perform a quantum gate between
two atoms. By increasing the strength of the
laser, we could drive a coherent optical Rabi
oscillation between the |10) state and the pho-
tonic dark state | Dy ), whereas the |11) state was
blockaded from excitation, and both the |00)
and |01) states were unaffected by the drive. By
performing a full 2r rotation, the [10) would
acquire a relative © phase compared with the
other three two-qubit states, realizing a con-
trolled phase gate (Fig. 4A). This scheme is
limited by scattering; however, most of these
events resulted in detectable error states,
lerr) ,, allowing us to increase the fidelity of the
measurement through postselection (Fig. 4B).

To characterize the performance of the gate,
we prepared an entangled state using the quan-
tum circuit shown in Fig. 4C. For a perfect
gate, this circuit would prepare the Bell state
o) = (|OO) + [11)). Similar to the carving
case, we determmed the Bell state fidelity by
measuring correlations along all three bases
(Fig. 4D). Without any error detection or post-
selection, the measured Bell state fidelity was
F = 52.5(1.8)% [(29), section 5]. By applying
error detection and postselection, we improved
the Bell state fidelity to F' = 76(2) %, with a
success probability of 69(1)%. This measure-
ment aligns with the theoretical maximum
corrected fidelity of 78% for our cooperativity.
The limitation in fidelity is primarily due to
the use of atom A as both a qubit and an
ancilla to herald the success of the gate. This
results in correction creating an imbalance of
population between states in which atom A
isin|0), as opposed to [1),. Additionally, the
states used in the current scheme do not have
fully detectable errors and suffer from scatter-
ing and a light shift from the F = 3 states,
resulting in a further reduction in fidelity. These
limitations can be addressed in future imple-
mentations by including an additional ancil-
lary atom and by more careful selection of
atomic states (29, 34, 35). Such an ancilla
could be individually addressed and read out,
allowing for the detection of gate errors with-
out affecting the data qubits.

Outlook

Our experiments demonstrated a versatile
platform that offers future opportunities by
combining neutral-atom arrays with a high-
finesse optical cavity. The demonstrated en-
tanglement schemes offer improvements over
many existing quantum networking protocols.
For example, the probabilistic gate performed
by using photon detection, as in (25), can be
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replaced with cavity carving that includes error
detection of the atomic state, potentially in-
creasing the rate of quantum information
transmission by at least an order of magni-
tude. Another extension would be to increase
the number of atoms in the cavity, introducing
an auxiliary atom to serve as an ancilla for the
gate, enhancing gate fidelity (34). Moreover,
incorporating more qubits would allow for
the execution of multiqubit gates (37). Higher-
fidelity cavity-mediated gates could unlock
new possibilities in quantum networking by
using many entangled matter qubits, poten-
tially generating many-photon graph states for
error-corrected quantum networking protocols
(26, 38). Further improvements can be achieved
by fabricating higher-quality mirrors to in-
crease cooperativity (39, 40). Combining our
platform with Rydberg gate operations in atom
arrays would enable fast, high-fidelity, nonde-
structive midcircuit readout for error-correction
protocols and facilitate the entanglement of
spatially separated quantum processors for dis-
tributed quantum computing, increasing the
available number of qubits (12, 13, 15, 16). Last,
our error-biased mechanism can be extended
to more general cavity-mediated interactions,
such as long-range spin-spin Hamiltonians and
spin squeezing (41-45).
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