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In the absence of such hardware-specific techniques,
circuit-based methods, such as leakage-detection units
(LDUs) and leakage-reduction units (LRUs), may be used
to detect or reduce (without detecting) leakage errors
[25,26]. LDUs map the bit of information specifying
whether a data atom is within the qubit subspace or not
onto the 0-1 states of an ancilla qubit and do so without dis-
turbing the information in the data qubit in the case of no
leakage. These circuit-based approaches to leakage errors
have been previously demonstrated in other hardware such
as trapped ions and superconducting qubits [27–31]. While
thresholds for common codes (e.g., the toric code) drop to
zero is the presence of uncorrected leakage, finite thresh-
olds exist when LDUs or LRUs are inserted [20,21,32].

In this work, we study the application of LDUs for neu-
tral atoms and perform proof-of-principle demonstrations
of their experimental implementation, whereby we suc-
cessfully detect leakage while preserving the coherence of
the data qubit. The objectives of an LDU are twofold: (1)
detect whether or not some data atom is present and in
the computational subspace, and (2) do so in a way that
preserves the information in that data atom. In this work,
our qubit states are the “clock-state” Zeeman sublevels
in the hyperfine ground-state manifold of cesium atoms
in optical tweezers. For hyperfine ground-state qubits in
alkali atoms, there are three major pathways for the atom
to leak out of the computational space (see Fig. 1). The
first is atom loss from the trap due to background gas
collisions, heating after many gates or movement opera-
tions, and failure of recapture after the traps are turned off
during entangling operations. The second is Rydberg leak-
age, where the population is unintentionally left behind in
a Rydberg state after entangling operations, either due to

coherent over-rotations or blackbody-induced transitions
to nearby Rydberg states. The third leakage mechanism
is so-called hyperfine leakage into nonqubit Zeeman sub-
levels of the hyperfine ground manifold due to decay from
excited states. Our objective is to demonstrate the detec-
tion of leakage via these three pathways with a circuit that
preserves the coherence of the data atom.

In Sec. II, we describe the major leakage pathways
in detail and show how they can be accounted for and
detected using LDUs. This is achieved by turning Ryd-
berg leakage into atom loss via the repulsive force of
the trap for population left behind in a Rydberg state
(Rydberg antitrapping) and by using two-qubit gates that
are sensitive to the choice of Zeeman sublevel. We per-
form a proof-of-principle demonstration of the standard
LDU, showing that the state of an ancilla atom correctly
labels the presence or absence of a data atom within the
qubit subspace without disturbing the information in the
data atom. Then, in Sec. III, we discuss how this LDU
can be modified for neutral-atom platforms to provide
“free refilling” of atoms by performing a SWAP. We fur-
ther implement a teleportation-based version of the SWAP
LDU, which has only one entangling gate and free refilling
capability.

These demonstrations are made possible by a three-
outcome measurement protocol (explained below in
Sec. I A), which retains the atom in the trap after detection
and can projectively detect atom loss by direct measure-
ment, allowing us to benchmark the performance of the
LDUs [33–35]. We also explore the benefits that three-
outcome measurements confer upon LDUs. In the absence
of the three-outcome measurement capability, the circuits
presented here may still be used to mitigate leakage errors,
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although in some cases they work only as LRUs, which
reduce, but do not detect, leakage errors.
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is expected to be far outweighed by the advantages of
free refilling and cooling by replacement (for details, see
Appendix A 5).

A. Teleportation-based SWAP LDU

In the SWAP LDU, we can combine the second
entangling gate and the following measurement into a
measurement-feedback gate instead, as in a one-bit tele-
portation circuit [71,72]. This circuit has previously been
used as an LRU that reinitializes a qubit in the computa-
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context of embedding SWAP LRUs into a surface code and
that appropriate scheduling of LRUs has been shown to
still produce a fault-tolerant implementation.

To check the coherence of the quantum information after
the teleportation-based LDU, we teleport a |+y〉 and a |−x〉
state and perform a phase scan of an effectively local final
Rφ(π/2) pulse to reveal the phase of the resulting superpo-
sition state on the ancilla atom (see Fig. 4). As the physical
local rotations can only perform Rz(θ), we split the global
Rφ(π/2) into two Rφ(π/4) pulses and apply a local Rz(π)

on the original data qubit in between to effectively cancel
its participation in the Rφ gate [74,75]. Compared to the
direct data-atom measurement in the case of no LDU, the
contrast of the resulting teleported state is reduced from
96(1)% to 90(2)% for the |−x〉 state and from 98(1)% to
92(2)% for the |+y〉 state.

IV. SUMMARY AND OUTLOOK

The experiments in this work have demonstrated proof-
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