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We demonstrate how motional degrees of freedom in optical tweezers can be used as quantum in-
formation carriers. To this end, we first implement a species-agnostic cooling mechanism via conver-
sion of motional excitations into erasures – errors with a known location – reminiscent of Maxwell’s
demon thought experiment. We find that this cooling mechanism fundamentally outperforms ide-
alized traditional sideband cooling, which we experimentally demonstrate in specific scenarios. By
coherently manipulating the motional state, we perform mid-circuit readout and mid-circuit erasure
detection of an optical qubit via local shelving into motional superposition states. We finally entan-
gle the motion of two atoms in separate tweezers, and utilize this to generate hyper-entanglement
by preparing a simultaneous Bell state of motional and optical qubits. This work shows how con-
trolling motion enriches the toolbox of quantum information processing with neutral atoms, and
opens unique prospects for metrology enhanced by mid-circuit readout and a large class of quantum
operations enabled via hyper-entanglement.

The ability to store, carry, and manipulate quantum
information is essential to the success of quantum sci-
ence applications, ranging from fault-tolerant quantum
computing1,2 to entanglement-enhanced metrology3, or
quantum communication4 and cryptography5. Over the
last few years, tremendous efforts have been pursued in
a wide array of quantum platforms to develop efficient
quantum information carriers6–10. In particular, for neu-
tral atom based platforms, quantum information has so
far been encoded in electronic or nuclear states11–14, the
manipulation of which is often limited by atomic ther-
mal motion15–18.

1 2 3

However, this very same motion can be in principle
used to encode and store quantum information. The
motion of atoms trapped in nearly-harmonic potentials,
such as optical tweezers, is quantized19,20, and acts es-
sentially as a bosonic degree of freedom, similarly to aux-
iliary bosonic states in ion traps21,22 and superconduct-
ing circuits23,24. Recent experiments exploiting this re-
source have demonstrated squeezing of motional states19

and creation of a quantum register of fermion pairs20.
Unlike electronic or nuclear states, motional states do
not interact directly with electromagnetic fields and are
thus robust to environmental effects25. Further, their
bosonic nature may be used to implement quantum er-
ror correction schemes with bosonic degrees of freedom
such as Gottesman-Kitaev-Preskill (GKP) codes26,27, or
as a resource for studying lattice gauge theories28,29.
Motional states can be independent from electronic

or nuclear states, and information could be in principle
manipulated in each of the four degrees of freedom inde-
pendently: one degree of freedom for internal states, and
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three for motional states corresponding to the three trap
axes. Therefore, multiple bits of quantum information
could be independently encoded into a single atom, and
atoms could be entangled through two or more degrees of
freedom, a feature called hyper-entanglement30–32. Such
a capability would open the door to various applications
such as hyper-parallel quantum computation30, entan-
glement purification31,33, or superdense coding34,35. Fur-
ther, hyper-entanglement could be used to implement
two-copy interference protocols36 using a single system,
where one copy is encoded in motional states, and the
other one in the electronic degree of freedom. However,
to realize these advantages first requires efficient cool-
ing to prepare the atoms in their motional ground state
with high fidelity.
Here we demonstrate a new species-agnostic technique

to efficiently prepare motional ground state atoms, and
use this resource to show the potential of motional states
to enable key tasks in quantum information processing
(Fig. 1A). Our new cooling mechanism is reminiscent of
the Maxwell’s demon thought experiment, and relies on
(i) conversion of motional excitations into detectable, lo-
calized errors37, also called erasures38,39, and (ii) their
active correction. Using such a technique, we obtain a
motional ground state occupation of 0.984+4

−5, increased

to 0.995+3
−4 if post-selection is used rather than active

correction. Such erasure conversion techniques have only
been recently implemented in optical tweezers to im-
prove quantum simulation and computation tasks, and
only on nuclear or optical transitions14,40. Importantly,
we find this new cooling scheme systematically outper-
forms traditional sideband cooling, which we demon-
strate experimentally in the case of shallow tweezers by
comparing our results to simulations of an idealized side-
band cooling process.
Building from this efficient preparation of arrays of

motional ground state atoms, we demonstrate key tasks
in quantum information processing. We first demon-
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Fig. 1 | Scheme for erasure cooling, coherent
manipulation, and entanglement of motional states.
A, Sketch describing how motional degrees of freedom in
optical tweezers can be used as quantum information
carriers. We first initialize the atoms in their motional
ground state using a new cooling mechanism based on
motional state error-correction. With such a low-entropy
state at hand, we subsequently demonstrate (i) the use of a
coherent superposition of motional states to perform
mid-circuit readout of an optical qubit, and (ii)
motion-entanglement as well as hyper-entanglement:
simultaneous spin-entanglement and motion-entanglement.
B, Relevant pseudo-spin levels, and detection transition
used in this work. C, Protocol to detect the atom’s
motional state. We first convert motional excitation errors
into erasure errors, i.e., errors with a known location38,39.
We accomplish this by selectively transferring
motion-excited atoms to the electronic ground state, 1S0

(red), whilst motional ground state atoms are shelved in
3P0 (blue). We then selectively detect atoms in 1S0, which
does not perturb atoms in 3P0.

strate coherent transduction of electronic superposition
states into the two lowest energy motional states along
a single tweezer axis, with a one-way fidelity of 0.993+3

−3,
post-selected on erasure detection. We then combine this
with local addressing via selective trap depth control42

in order to perform mid-circuit readout of a tweezer
array25,43–46. To our knowledge, this is the first such
demonstration on an optical transition; furthermore, it
relies only on local tweezer depth control, and does
not require multiple species25, nuclear states45,46, or
a cavity43. Importantly, as part of this study, we also
demonstrate mid-circuit erasure detection14, utilizing
metastable motional state superpositions which have a
coherence time much longer than our mid-circuit detec-
tion time.
We then extend these key tasks beyond the single-

particle regime by entangling the motion of two atoms
in separate tweezers through Rydberg interactions12,47,
while leaving their electronic degrees of freedom separa-
ble. Finally, we show the first demonstration of hyper-

entanglement30,31 in matter-based qubits by creating a
Bell state both in the motional and electronic degrees of
freedom simultaneously. While these results utilize only
the two lowest energy states of a single motional tweezer
axis, our techniques are generalizable to control over the
entire motional manifold of the three motional axes.

Erasure correction cooling
To start, we describe our cooling scheme, which we term
erasure correction cooling (ECC). The basic principle re-
lies on detecting atoms in motion-excited states, while
shelving motion-ground state atoms such that they are
not disturbed by measurement. From there, motional ex-
citations can either be removed, or selectively re-cooled.
The results presented here concern the tightly-confined,
radial direction of the optical tweezers; we also imple-
mented ECC along the weakly-confining, axial direction,
for which we find similar results41.
Our experiment41,47 is based on trapping individual

strontium atoms in arrays of optical tweezers41,48,49

(Fig. 1A,B). Atoms are initialized in their ground elec-
tronic state 1S0 and initially cooled with Sisyphus cool-
ing (a conventional form of laser cooling) to an initial
motional ground state population of P ′

0 = 0.77+1
−1. To

perform ECC, we convert remaining motional excita-
tions into erasure errors38,39 (Fig. 1C) by working in
the sideband resolved regime on the transition between
1S0 and the metastable excited state 3P0. The trapping
wavelength is 813 nm to achieve a magic trapping con-
dition for 1S0 and 3P0.
We note that in all of the following, we will consider

a single motional degree of freedom, which is defined
along the 1S0 ↔ 3P0 laser beam propagation axis. We
use numerical notation for motional states (e.g. |0⟩ for
the motional ground state), and pseudo-spin notation for
electronic states (e.g. |↓⟩ is 1S0 and |↑⟩ is 3P0); for the
latter we will use the terms spin, electronic state, and
optical qubit interchangeably. We further denote their
tensor product as e.g. |0⟩ ⊗ |↑⟩ = |0, ↑⟩.
Erasure correction cooling then proceeds with the fol-

lowing steps (Fig. 2A,B): first we drive all atoms into
the excited electronic state using the motion-preserving
carrier transition, |n, ↓⟩ → |n, ↑⟩, where n is an arbi-
trary motional level. Second, we perform a spin-motion
coupling sideband transition, |n, ↑⟩ ↔ |n− 1, ↓⟩, ideally
leaving only motional ground state atoms in the excited
electronic state. We then perform fluorescence imaging
of the ground electronic state, while leaving atoms in
|0, ↑⟩ unperturbed40. This means that we directly image
the location of motion-excited atoms, for which we can
then perform error correction.
This correction can be done in two ways (Fig. 2C),

either: (1) Reset, where we reapply Sisyphus cooling
with site-selectivity41, or (2) Replacement, by discard-
ing hot atoms and replacing them with cold atoms us-
ing atom rearrangement50,51. At the end of the correc-
tion, we transfer any remaining atom in |↓⟩ to |↑⟩ us-
ing optical pumping47 to avoid any vacancy defects in
the array. To assess the efficacy of ECC, we use a 39-
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Fig. 2 | Improving motional ground state preparation with erasure correction cooling. A,B, After cooling the
atoms with Sisyphus cooling, we apply spin-motion conversion, which leaves atoms in a different pseudo-spin state depending
on whether they do or do not have motional excitations, as shown explicitly for the initial states |2, ↓⟩ and |0, ↓⟩ in B. We
then detect atoms with motional excitations by imaging the pseudo-spin state |↓⟩, without perturbing atoms in the motional
ground state, which reside in |↑⟩. C, We correct tweezers containing atoms with motional excitations in two different ways: (i)
by reapplying Sisyphus cooling selectively on such atoms (reset), or (ii) by replacing such atoms using rearrangement
(replacement). D, Probability, P0, for an atom to be in the motional ground state, |0⟩, measured via sideband spectroscopy.
We show the results without erasure correction cooling, performing erasure correction with reset, and erasure correction with
replacement. E, Post-correction motion-ground state probability, P0, as a function of intentionally varied motion-ground state
probability after Sisyphus cooling, P ′

0. We show the results for both replacement (blue markers) and reset (red markers). The
replacement method is largely insensitive to the Sisyphus cooling efficiency. The green dashed line is a guide to the eye which
represents unity gain. F, P0 as a function of the trap frequency ω. Our experimental erasure cooling results (blue markers)
using the replacement method are in good agreement with an ab initio error model including known imperfections (blue
dashed line). We compare against two variants of sideband cooling, one using the 3P1 state of strontium (green line), and one
which is an idealization representing the ultimate limit of sideband cooling for given trap and Rabi frequencies, and
Lamb-Dicke factor41. Our experimental erasure cooling outperforms both sideband cooling variants in the regime of low trap
frequency, and an error-free simulation of erasure cooling is superior to sideband cooling for all frequencies. Error bars
represent the standard error of the mean.

tweezer array, and measure P0 via sideband spectroscopy
on the |↓⟩ → |↑⟩ transition (Fig. 2D). Starting from
P ′
0 = 0.77+1

−1 after Sisyphus cooling, we obtain a final

motional ground state population P0 = 0.93+1
−1 with one

round of reset, and P0 = 0.984+4
−5 with replacement. The

maximum P0 after reset is limited here by only doing
one round of cooling, with a theoretical maximum of
P0 = P ′

0 + (1 − P ′
0)P

′
0 ≈ 0.95. In Fig. 2E we show the

efficacy of ECC as a function of P ′
0 obtained after Sisy-

phus cooling (allowing up to 3 rounds of reset cooling
for the lowest P ′

0 values); in general we find that ECC
with replacement is especially insensitive to this initial
cooling temperature. If we post-select on erasure detec-
tion, rather than applying active correction, we achieve
P0 = 0.995+3

−4.
Having demonstrated the efficacy of ECC for our par-

ticular experimental realization, we now show that it
outperforms even idealized, noise-free, conventional laser
cooling in certain realistic parameter regimes (Fig. 2F).
We first perform a noise-free simulation41 of ECC (pur-
ple line), and compare it against two possible realiza-
tions of ideal sideband cooling. The first is against cool-
ing on the commonly used 1S0 → 3P1 intercombination
line48,49 (green line), while the second is against ide-
alized sideband cooling performed with infinitely small

linewidth (red line), but including an effective sponta-
neous decay in order to remove entropy from the sys-
tem41,52.
We observe that across all trap frequencies, the ideal-

ized ECC always outperforms idealized sideband cool-
ing, but particularly so in the limit of low trap depth,
where the sideband-resolved condition (ω ≫ Γ) breaks
down. In this limit, sideband cooling efficiency be-
comes limited by (i) the finite Rabi frequency (here
2π × 2.5 kHz) used to cool the atoms, and (ii) photon
recoil. Conversely, ECC is (i) less sensitive to errors com-
ing from the finite Rabi frequency because they can be
partially erased41, and (ii) not limited by photon recoil
since cooling does not rely on spontaneous emission from
a cooling state. Instead, ECC is primarily limited by
tweezer-induced heating during error correction, as seen
in both experimental (blue points) and ab initio error
model results (dashed line) accounting for known noise
sources41. Importantly, for ω/(2π) ≲ 24 kHz, the experi-
mental ECC implementation outperforms sideband cool-
ing on 1S0 → 3P1, and outperforms even the idealized
sideband cooling for ω/(2π) ≲ 12 kHz.
We stress that this regime of relatively low trap fre-

quency is particularly relevant for the tweezers’ weakly
confining, axial direction. Furthermore, whilst a high
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trap frequency enables large sideband-cooling efficiency,
it also limits the achievable number of physical qubits
for a fixed laser power. Our results demonstrate that
the same cooling can be achieved practically at a much
lower trap depth, potentially opening the door to greatly
expanding the size of tweezer arrays.
Our scheme for erasure correction cooling (i) presents

a practical advantage in cooling efficiency for our setup,
and (ii) can outperform sideband cooling in general,
which we demonstrated experimentally in the regime of
low trap frequency.

Preparing motional superposition states
Now that we have demonstrated our ability to obtain
motional ground state atoms with high fidelity thanks
to erasure correction cooling, we detail how we make use
of this low-entropy atom array for quantum informa-
tion purposes. Assuming perfectly harmonic trapping,
the manifold of motional states for a single principal
axis acts as a bosonic degree of freedom with an infinite
ladder of states. For the remainder of the paper, we will
focus on the case of controlling only a single motional
degree of freedom, and in particular focus on the low-
est two levels, which we refer to as the motional qubit.
The isolation of these two motional states is achieved
due to driving sideband transitions which only couple
the motional ground state to the first excited state, and
therefore higher energy levels are not populated. Exten-
sions of our scheme and results are readily generalized
to control over all three axes, and to control over higher
energy states in the motional manifold, which may en-
able various new applications27 not explored directly in
this work. We will use a trap frequency (equivalently,
motional qubit energy spacing) of ω/(2π) ≃ 35.5 kHz.
We first show the preparation of a coherent superposi-

tion state of the motional qubit via transduction from an
optical qubit (Fig. 3A). Essentially, the preparation and
readout of this state is a form of Ramsey interrogation,
with the addition of spin-motion coupling inserted into
the Ramsey dark time. We first perform ECC to isolate
atoms in |0, ↑⟩. We then form a spin-superposition state
by performing a π/2 pulse on the carrier, and trans-
duct this superposition onto the motional qubit by per-
forming spin-motion coupling via sideband driving. This
yields the state |+, 0⟩ = 1√

2
(|0⟩+|1⟩)⊗|↑⟩. We then leave

this state unperturbed for a duration τ during which it
will evolve coherently, and then read its state by revers-
ing the sideband and carrier driving.
We plot the resultant signal, given as the probabil-

ity P↓ for the atom be in |↓⟩ after the entire sequence
(Fig. 3B). We observe Ramsey oscillations at a frequency
of 35.3+0.3

−0.3 kHz, consistent with the programmed trap
frequency, as is expected for the motional qubit.
Importantly, after the transduction, a coherent mo-

tional qubit state is sensitive to dephasing largely only
from noise on the trapping laser power (which controls
the relative qubit energy spacing). This is in contrast
to optical qubits, which may dephase due to noise on
the addressing laser frequency, often limiting the co-

herence time for optical qubits based on ultranarrow
transitions53. We demonstrate this insensitivity by fix-
ing τ = 100µs, and then vary the laser phase between
each preparation or readout pulse (Fig. 3C). We observe
that P↓ is apparently insensitive to laser phase variation
between the two sideband pulses (green points), while
the atom is in a motional superposition state. By con-
trast, significant sensitivity is observed with respect to
phase variation between the carrier and sideband pulses
(red and blue points and lines), as during that time the
atom is in a sensitive optical superposition state. In prac-
tice, however, the time between the carrier and sideband
pulses is short enough to avoid significant dephasing.
Thus, our results show that motional levels can be used

to store information in a subspace that is insensitive to
phase noise15 on the laser which drives the optical qubit
transition. Other extrinsic noise sources, such as envi-
ronmental magnetic and electric field noise should be-
have similarly, assuming they minimally affect the trap
frequency. This overall insensitivity makes the demon-
strated motional qubit a promising storage subspace for
quantum information, which we discuss in the following.

Mid-circuit readout with motional state shelving
Having demonstrated our capability to prepare motion-
superposition states, we now show that this can be
used to perform mid-circuit readout25,43–46 (Fig. 3D),
which is a necessary step in error correcting codes54,
and which enables various near term applications such
as measurement-based generation of long-range entan-
gled states55,56 and enhanced metrology57.
To do so, we first divide the atom array into two en-

sembles A and B. We apply a global carrier π/2 pulse
on both ensembles to prepare the |0,+⟩ state. We then
selectively lower the trap depths in B, while holding A
constant42. This induces a reduction in trap frequency
for atoms in B, and thus changes the motional qubit
energy spacing. We can then selectively apply sideband
driving only to the ensemble B, hence transferring only
atoms in B into the |+, ↑⟩ state42, leaving A largely un-
perturbed41.
We then apply a global, fast detection of atoms in

the electronic ground state40, which projects the spin
state of atoms in A, while preserving the coherence of
atoms in B. We finally unshelve atoms in B, and read
out their coherence (Fig. 3E). The shelving and unshelv-
ing procedure is designed to apply a motional echo com-
posed of four sideband pulses in order to eliminate shot-
to-shot fluctuations of the trap depth41. We obtain a
bare contrast of 0.79+1

−1 after performing these four side-
band pulses, which corresponds to a state preparation
and measurement (SPAM) corrected41 one-way, optical-
to-motion transduction fidelity of 0.943+3

−3. This fidelity
can be further improved thanks to erasure conversion of
atoms in B. If the transduction fails, then atoms in B are
detected during the fast image, which we then excise to
obtain an overall contrast of 0.972+10

−10 which corresponds

to a one-way transduction fidelity41 of 0.993+3
−3. We note

that as the fast image has negligible impact on the coher-
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function of the phase difference between the pulses in A. The atom is sensitive to the laser phase while in a pseudo-spin
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site-selective sideband drive. We detect atoms in |↓⟩ to project the unshelved atoms into |↓⟩ or |↑⟩. The shelved atoms are not
affected by the detection, hence the coherence is preserved within the motional states. E, Obtained pseudo-spin coherence for
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−3, further

increased to 0.993+3
−3 with erasure detection and excision41. F, Motional coherence in an echo sequence41 as a function of

shelving time. We obtain a typical 1/e coherence time of ∼ 100ms, which is long compared to our fast detection time of 24µs.
Error bars represent the standard error of the mean.

ence of motional states in B, this protocol demonstrates
mid-circuit erasure detection which has only been re-
cently demonstrated with ytterbium atoms in neutral
atom systems14.
We measure the coherence time of the motional states

for atoms in B (Fig. 3F) using a motion-echo sequence41,
and obtain a typical 1/e time of ∼100ms, which is long
compared to our imaging time of 24µs using our fast
detection scheme40. This coherence time is thought to
be limited by tweezer-induced Rayleigh scattering41 and
tweezer intensity fluctuations; we expect these results
should be improvable by using better stabilization tech-
niques, although we leave such a study to future work.
These high transduction fidelities, combined with the

relatively long motional state coherence time as com-
pared to coherent manipulation and detection duration,
make this new shelving method an appealing alternative
to other recently demonstrated schemes for mid-circuit
detection in tweezer-based platforms25,43–46. As opposed
to other schemes, our method does not require any spe-
cific electronic or nuclear structure, besides the pres-
ence of a sideband resolved transition, and is applicable
for alkaline-earth as well as both molecular and alkali
species41. Further, so far the demonstrated schemes for
mid-circuit readout require an auxiliary laser to address
specific atoms in the array. In our case, the single-site ad-
dressability only requires single tweezer depth control42,
which is a built-in feature of most tweezer platforms.

Motional Bell pairs and hyper-entanglement
Building upon the single qubit control showcased in the
previous section, we now turn to generate entanglement
between motional states of atoms in separate tweez-
ers. We first demonstrate the preparation of motion-
entangled Bell pairs, i.e. two atoms whose center-of-mass
motion is entangled while their spin state is separable.
Second, we demonstrate the simultaneous entanglement
of multiple degrees of freedom per particle, known as
hyper-entanglement30,31. Here, these multiple degrees of
freedom are the electronic state of the atoms and their
motion along a single axis.
We entangle the center-of-mass motion of two atoms

by combining spin-motion conversion and spin-spin in-
teractions mediated via excitation to high-lying Ry-
dberg states (Fig. 4A). Starting with two atoms in
|0,↑⟩, we first apply a spin π/2 pulse in order to pre-
pare each in |0,+⟩, for which we denote the two-
atom state as |00,++⟩. We then apply a controlled-
Z gate through Rydberg interactions12,14,16,41,58. A
final π/4 pulse rotates the state into the spin-
entangled Bell state |00,Φ+⟩ = 1√

2
|00⟩ ⊗ (|↓↓⟩+ |↑↑⟩).

We then perform spin-motion transduction, obtaining
a state which is spin-separable, but motion-entangled,
|Φ+, ↑↑⟩ = 1√

2
(|00⟩+ |11⟩)⊗ |↑↑⟩.

We characterize the resulting state by performing a
parity measurement on the motional degree of freedom
(Fig. 4B). This consists of evolution under the trapping
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−0.5 kHz is consistent with twice the trap frequency

2ω/(2π) ≃ 71 kHz, as expected for |Φ+, ↑↑⟩. C, Motion parity amplitude as a function of time. We observe a Gaussian decay
of fidelity with a typical 1/e decay time of 96+5

−5 ms. D, Sketch of the protocol used to generate hyper-entanglement of both

spin and motion. We prepare the motion-entangled state |Ψ+, ↑↑⟩, and apply a second entangling operation on the spin degree
of freedom, producing the hyper-Bell state |Ψ+,Φ+⟩. In order to read out this hyper-entanglement, we project the spin
component onto |Ψ+, ↑↑⟩, then convert the motional entanglement into spin entanglement. E, Spin parity oscillation after
hyper-entangling the atoms measured by applying a readout π/2-pulse and varying its phase. F, Parity oscillation after the
spin projection, without (red) and with (green) spin-motion transduction. The parity oscillation collapses without
spin-motion transduction, as the projection disentangles the spin part. However, the motion entanglement remains intact,
which allows us to recover spin entanglement after performing the transduction.

potential for a variable amount of time, which induces
a phase difference between different motional states, fol-
lowed by spin-motion transduction for readout. We ob-
serve an oscillation frequency of ω/(2π) ≃ 71.0+0.5

−0.5 kHz,
consistent with the expectation of twice the trap fre-
quency (green markers).
We also generate the odd parity Bell state12

|Ψ+, ↑↑⟩ = 1√
2
(|01⟩+ |10⟩)⊗ |↑↑⟩ by altering the spin-

π/4 rotation to yield the spin entangled state
|00,Ψ+⟩ = 1√

2
|00⟩ ⊗ (|↓↑⟩+ |↑↓⟩), followed by trans-

duction to the motional state. In this case, we do not
observe a parity oscillation, since the energy gap be-
tween |01⟩ and |10⟩ is given only by the small difference
in trap frequency between the two traps41.
Combining the contrast of the parity oscillation with

the measured populations in the states |00⟩ and |11⟩,
we obtain a motional Bell state fidelity for the state
|Φ+, ↑↑⟩ of Fmotion

Bell = 0.75+1
−1 (uncorrected for SPAM

errors). Currently, this value is limited by the bare Bell
state generation fidelity in the electronic manifold41 and
the combined transduction fidelity for both atoms.
Importantly, the lifetime of motionally-entangled

states is relatively long. We quantify this by measur-
ing the amplitude of the parity oscillation signal as a
function of hold time (Fig. 4C). We embed this measure-

ment in a motion-echo sequence, as in the single atom
case41, to remove the effects of shot-to-shot trap vari-
ation. We observe a Gaussian decay, with a 1/e decay
time of 96+5

−5 ms. This coherence time is similar to the
one obtained for the single-atom motional superposition
case, and we expect this also to improve through better
trap intensity stabilization.
These results demonstrate Bell pair generation of mo-

tional states in separate traps spaced by distances much
larger than the spatial extent of the atomic wavefunc-
tion; in our particular implementation, traps are sepa-
rated by ≈ 3.3 µm, while the ground state wavefunc-
tion spread along the array axis is only ≈60 nm. To our
knowledge, this is the first demonstration of motional
Bell pair generation for neutral atoms in general, fol-
lowing earlier work with ions59.
Using this versatile control we can go one step be-

yond pure motional entanglement, and demonstrate
hyper-entanglement of motion and electronic state. In
a hyper-entangled state, more than a single degree
of freedom is in an entangled state, yielding a larger
Hilbert space with various applications such as entan-
glement purification31,33, hyper-parallel quantum com-
putation30, or superdense coding 34,35. To date, such
hyper-entangled states have only been realized utilizing
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multiple degrees of freedom in the state of a photon31.
To accomplish this task, we prepare the motion-

entangled state |Ψ+, ↑↑⟩, and then apply a second en-
tangling operation on the electronic degree of freedom.
As opposed to hyperfine or nuclear qubits, the Rydberg
drive couples nearly identically to both levels of the mo-
tional qubit, up to a detuning δ ≃ 2π × 35 kHz that is
much smaller than the Rabi frequency Ω ≃ 2π×3.5MHz
applied. The gate thus acts on the electronic degree of
freedom, leaving the motional state largely unchanged,
generating the hyper-Bell state |Ψ+,Φ+⟩.
To show that entanglement coexists on the two degrees

of freedom, we first measure the spin parity and pop-
ulation (Fig. 4E). We obtain an entanglement fidelity

F spin
Bell = 0.855+7

−7. To show the simultaneous motional

entanglement, we perform our fast imaging procedure40

to project the |Ψ+,Φ+⟩ state onto |Ψ+, ↑↑⟩ or |Ψ+, ↓↓⟩
with equal probability. Atoms in |↓⟩ have a low proba-
bility of surviving the fast imaging40, so in the following
we only consider pairs projected into |Ψ+, ↑↑⟩.
We first verify that no spin entanglement remains

by measuring a null spin parity (Fig. 4F, red mark-
ers). We then apply spin-motion transduction, and again
recover a parity oscillation signal (green markers), in-
dicating that the motion-entanglement was preserved.
We obtain Fmotion

Bell = 0.76+1
−1. Even with the compli-

cations of the hyper-entanglement sequence, this value
is comparable to the one obtained using the sequence
described in Fig. 4A, indicating that Rydberg entan-
glement and spin projection do not appreciably affect
motion-entanglement.

Conclusion and outlook
In this work, we have demonstrated how controlling
motion in tweezers can be used to perform quantum
information processing tasks. Such control is enabled
by a novel cooling mechanism based on the detection
and correction of motional excitations. This technique
can be applied to any tweezer platform, including those
trapping alkali or molecular species41, and should also
be applicable to ion-based platforms37, as well as neu-
tral atoms trapped in optical lattices. We find that this
new mechanism systematically outperforms even ideal-
ized sideband cooling, which we experimentally demon-
strated in realistic scenarios.
We then showed the coherent manipulation of mo-

tional states, and how these can be used to perform
mid-circuit readout of an optical qubit without utilizing
ancillary nuclear states. Importantly, this optical qubit
is used by the currently most precise optical atomic
clocks53,60–62, the performance of which could be en-
hanced via multi-ensemble metrology42,57,63 using mid-

circuit measurement.
Finally, we demonstrated motional entanglement of

two tweezer-trapped atoms while leaving their electronic
degrees of freedom separable, which we then extended to
simultaneous hyper-entanglement of both motion and
electronic states. To our knowledge, this is the first such
demonstration of hyper-entanglement in any matter-
based platform. Our scheme is naturally extensible to
control over all three motional axes, allowing up to
four Bell states worth of entanglement (one electronic,
three motional) to be stored in a single pair of atoms.
Given the long-lived nature of the motional entangle-
ment, one could perform quantum computation tasks
in the spin degree of freedom, and quantum memory
tasks on the motional degree of freedom, and for exam-
ple perform hyper-parallel quantum computation30,31,
entanglement purification31,33, superdense coding34,35,
or measure non-trivial quantities such as Rényi entropy
or fidelity overlaps via two-copy interference protocols36.
This work paves the way for realizing quantum infor-

mation processing tasks utilizing these motional states.
A natural extension of our work is to use the full
bosonic degree of freedom to implement quantum er-
ror correction schemes26,27, or to study lattice gauge
theories28,29. Furthermore, the mid-circuit readout and
motion entanglement described here could be combined
to perform ancilla-based detection and quantum error
correction codes1,2,64. Finally, the controlled entangle-
ment of the motion of atoms separated at mesoscopic
distances could lead to entanglement-enhanced tests of
short-length gravitational effects65.
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Motion-spin conversion

Sisyphus cooling

Erasure detection
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empty empty

Reset ReplacementB

A

C

Fig. S1 | Details on the erasure cooling mechanism.
A, After cooling the atoms using Sisyphus cooling, we
transfer the atoms in |↓⟩ to the |↑⟩ state using a carrier
pulse, which conserves the motional state of the atoms. We
then apply a blue sideband pulse, which performs the
|n, ↑⟩ → |n− 1, ↓⟩ transition, where n is the atom’s
motional level. We then selectively image atoms in |↓⟩. B,
In the reset case, the erasure detection image is a slow and
non-destructive image. After the image, we cool the atoms
again. Atoms in |0, ↑⟩ are shelved from the Sisyphus cooling
mechanism. We then selectively transfer18 the atoms which
were imaged in |↓⟩ to |↑⟩. C, For the replacement method,
the erasure detection image is a combination of a slow, high
survival image, and a fast, low survival image. We then
repeat a sideband pulse and a fast image in order to
improve the erasure cooling efficiency. We then fill the
emptied tweezers with auxiliary atoms which were
measured to be in the |0, ↑⟩ state.

MATERIAL AND METHODS

Details on erasure cooling

Here we detail the erasure correction cooling (ECC)
mechanism. We start with the erasure detection of mo-
tional excitations, then describe the two methods em-
ployed to perform error correction.
The erasure detection is described in Fig. S1A. After

cooling the atoms with Sisyphus cooling using the 3P1

level, we transfer the atoms in |↓⟩ to the |↑⟩ state using
a carrier pulse, which conserves the motional state of
the atoms. We then apply a blue sideband pulse which
performs the |n, ↑⟩ → |n − 1, ↓⟩ transition, where n is
the atom’s motional level. Atoms in |0, ↑⟩ are not trans-
ferred back to |↓⟩. We then selectively image atoms in
|↓⟩, which allows us to spatially resolve the position of
motional excitations in the array. We then correct for

http://dx.doi.org/10.1038/s41586-022-05442-1
http://dx.doi.org/10.1038/s41586-022-05442-1
http://dx.doi.org/10.1038/s41586-022-05442-1
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Fig. S2 | Erasure correction cooling in the axial
direction. Probability P0 for an atom to be in the |0⟩ state
measured via sideband spectroscopy, in the axial direction
of the tweezers. We show the results without erasure
correction cooling, performing erasure conversion with
post-selection (not correction), and with correction using
the replacement method.

these errors using two methods: re-using the same atoms
by selectively cooling them again (reset) or replacing
them with auxiliary atoms in the |0, ↑⟩ state (replace-
ment).
We first detail the reset method (see Fig. S1B). In this

case, the erasure detection is a slow, high survival image
with a duration of 45ms66. After the image, we cool
the atoms in |↓⟩ again through Sisyphus cooling, while
atoms in |0, ↑⟩ are shelved from this cooling. We then use
movement-induced phase shifts to selectively transfer18

to |↑⟩ the atoms which were previously imaged in |↓⟩.
This process can be repeated several times in order to
improve the erasure cooling efficiency.
The erasure detection image in the case of the replace-

ment method (see Fig. S1C) is a combination of a high
survival, slow image66 with a duration of 30ms and a
fast, low survival40 image with a duration of 24µs. We
perform this combination in order to maximize the imag-
ing fidelity while minimizing the misidentification of Ra-
man scattering events from the |↑⟩ state to the |↓⟩ state.
We then perform another blue sideband pulse and a fast
image in order to minimize the effect of tweezer-induced
heating during the erasure detection, which improves the
eventual erasure cooling efficiency. Due to the fast im-
age, the tweezers holding atoms in |↓⟩ are empty. We fill
them with auxiliary atoms which were measured to be
in the |0, ↑⟩ state.
We ramp down the tweezers depth to ∼ 40µK, which

corresponds to one-tenth of their nominal depth in or-
der to reduce the effect of tweezer-induced heating such
as Rayleigh scattering. In particular, we also observe
that rearrangement-induced heating strongly depends
on tweezers depth, and is minimized for tweezers depth
in the range ∼ 20− 40µK. This rearrangement-induced
heating is identified to be coming from (i) the finite prob-
ability that an atom is heated during transportation,
and (ii) tweezers depth oscillations during atom move-
ment due to intermodulation of the varying frequencies
in the acousto-optic deflector used to generate the tweez-
ers50, although we leave a quantitative analysis of these
effects to future work.

Alkali:

Im
ag

in
g

Raman sideband 
driving

Molecule:

Im
aging

Raman sideband 
driving

BA

Fig. S3 | Erasure correction cooling in other
platforms. A, Good candidates in molecules, using the
example of calcium-fluoride. B, Good candidates in alkalis,
using the example of rubidium.

Erasure cooling in the axial direction

The erasure cooling results presented in the main text
concern one of the tightly-confining radial direction. We
here show that the method also applies to the axial di-
rection, enabling this new cooling mechanism to be used
to perform 3D cooling in principle. The overall method is
the same as described earlier, and the only difference lies
in the direction of the sideband driving beam with re-
spect to the tweezer axis. We use a beam that propagates
in the same direction as the tweezer, allowing us to drive
sideband transitions on the axial direction of the tweez-
ers, for which the trapping frequency is 2π × 10.7 kHz.
The results are shown in Fig S2. We start with a mo-
tional ground state population P ′

0 = 0.40+2
−2 after Sisy-

phus cooling, which is lower than the radial direction due
to the lower trapping frequency. Applying erasure cor-
rection cooling, we obtain P0 = 0.982+9

−18 after erasure

detection and post-selection, and P0 = 0.925+13
−25 with

active correction using the replacement method. These
results are also better than what can be achieved using
sideband cooling on the 3P1 transition for this trapping
frequency (see Fig. 3E), showing a practical advantage in
using erasure correction cooling over sideband cooling.

Erasure correction cooling on other platforms

We here show that ECC is, in principle, applicable
to any tweezer platform, and detail which states can
be used for the |↓⟩ and |↑⟩ when implementing ECC.
Our present work uses strontium, and a generalization
to other alkaline-earth(-like) atoms is trivial, so we focus
on platforms using molecules and alkalis (Fig. S3).
As discussed in the main text, the two key ingredients

to implement ECC are (i) driving sideband transitions
between |↓⟩ and |↑⟩, and (ii) the ability to selectively de-
tect |↓⟩ while |↑⟩ is shelved. These ingredients are present
in both molecules and alkalis.
For molecules (Fig. S3A), good candidates are two dif-

ferent rotational states, such as |↓⟩ = X2Σ+, N = 1 and
|↑⟩ = X2Σ+, N = 3 in calcium fluoride. Sideband tran-
sitions can be achieved through Raman processes, and
selective imaging of |↓⟩ is achieved through driving the
closed-transition to A2Π1/2, for which |↑⟩ is shelved.
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For alkalis (Fig. S3B), good candidates are two differ-
ent hyperfine states, such as |↓⟩ = |5S1/2, F = 2,mF =
2⟩ and |↑⟩ = |5S1/2, F = 1,mF = 1⟩ in rubidium 87.
Sideband transitions can be achieved through a Raman
process, and selective imaging of |↓⟩ is achieved through
driving the closed-transition to |5P3/2, F = 3,mF = 3⟩,
for which |↑⟩ is shelved.
In principle ECC is also applicable to ion-based plat-

forms, for which post-selection on detected erasures has
been recently reported37. Furthermore, ECC should also
work for neutral atoms and molecules trapped in optical
lattices by using the reset method combined with local
addressing in order to perform the local rotations67.

Cooling simulations

Here we provide details on the cooling simulations re-
sults presented in Fig. 2E. We first describe sideband
cooling on the 3P1 level of strontium, then the idealized
sideband cooling, and finally both idealized and noisy
erasure cooling using replacement.
In all cases, we simulate the following one-dimensional

Hamiltonian

H = ℏω(a†a+
1

2
)−ℏ∆|↑⟩⟨↑ |+1

2
ℏΩ(eiη(a+a†)|↑⟩⟨↓ |+h.c.),

(S1)
where a† (a) is the creation (annihilation) operator act-
ing on the motional levels, ω is the trapping frequency,
∆ is the detuning, η is the Lamb-Dicke factor and Ω is
the Rabi frequency. We set ∆ = −ω, and use a basis of
ten motional states.

Ideal sideband cooling on 3P1

We perform a simulation of sideband cooling on the
|3P1,mJ = 0⟩ state. Here we assume ideal conditions,
namely: (i) we assume no laser noise, (ii) we set a
Rabi frequency 500 times smaller than the cooling state
linewidth, and (iii) we consider cooling only in a sin-
gle direction, but take into account the dipole radiation
pattern in 3D (more details below).
We solve the Master equation in which we take into

account spontaneous emission from the |↑⟩ state and its
associated momentum kick which follows a dipole pat-
tern distribution:

iℏ∂tρ = (HΓρ− ρH†
Γ) + iℏΓ

∫
dθD(θ)cθρc

†
θ.

We define HΓ = H − i
2ℏΓ|↑⟩⟨↑|, and

cθ = e−i|k| cos(θ)|↓⟩⟨↑|. Here, ρ is the density ma-
trix of the spin and motional states, Γ = 2π × 7.4 kHz
is the linewidth of 3P1, D(θ) = 3 sin2(θ)/(8π) is the
dipole radiation pattern for the transition of interest, θ
the angle of emission with respect to the quantization
axis. The dipole emission pattern takes this simple form

thanks to considering cooling on the |3P1,mJ = 0⟩
state.
We use as an initial condition a thermal distribution

of motional states with mean vibrational level n̄ = 1.
We set Ω = Γ/500, and perform the simulation for 1000
Rabi cycles. This ensures that we reach the system’s
steady state, and that the effect of the finite Ω on the
final motional state populations is negligible.
We note that in this work, we do not perform a sim-

ulation of cooling in the three directions of space, even
though we take into account the dipole emission pat-
tern in 3D. We assume that there is no thermalization
between the different axes; if such cross-axis thermaliza-
tion did exist it would lead to a higher temperature than
we find here.

Idealized sideband cooling

We consider sideband cooling on an idealized cooling
transition, which is defined as having an infinitely nar-
row linewidth (Γ = 0), but still having the ability to
decay to the spin ground state. We set Ω = 2π×2.5 kHz
and assume that the difference in energy between the
spin states is given by a wavelength of 698 nm, which
would correspond to cooling on the 3P0 state of stron-
tium. We initialize the system in a thermal distribution
with n̄ = 1, and perform the following simulation. We
evolve the system’s state for a duration corresponding to
a sideband π pulse. We then project the state onto |↓⟩ in
order to mimic spontaneous decay. During this event, a
momentum kick is provided to the atom following the ra-
diation dipole pattern described earlier. We repeat this
process 100 times, which ensures that we reach the sys-
tem’s steady state.

Idealized erasure correction cooling using replacement

The idealized erasure correction cooling simulations
are similar to the idealized sideband cooling. We set
Ω = 2π × 2.5 kHz and initialize the system in a ther-
mal distribution with n̄ = 1. We then perform the fol-
lowing simulation. Starting in |↑⟩, we evolve the system’s
state for a duration corresponding to a sideband π pulse.
In order to simulate a perfect erasure detection and re-
placement, we get rid of the population in |↓⟩, and re-
normalize the population of the various motional levels
in |↑⟩. We repeat this process 100 times, which ensures
that we reach the system’s steady state.

Noisy simulation of erasure correction cooling using
replacement

We finally describe the simulation of erasure correction
cooling using replacement including relevant imperfec-
tions. We solve the Master equation described earlier
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Fig. S4 | Limits of sideband cooling and erasure
correction cooling A, The limit in sideband cooling
efficiency is due to the off-resonant coupling to motional
levels which are not the ground state (n > 0), either (i) in
the opposite pseudo-spin state as the initial one |n, ↑⟩, or
(ii) in the same spin state |n, ↓⟩ via an off-resonant
two-photon process. B, In the case of erasure correction
cooling, off-resonant coupling to the opposite spin state
|n, ↓⟩ is detected and hence does not contribute to the finite
efficiency. The limit is the off-resonant two-photon
transition to |n, ↑⟩. C, Simulated efficiency of ideal ECC
1− PEC

0 (red line), and difference between sideband cooling
and ECC efficiencies PEC

0 − P SC
0 (green line), as a function

of trap frequency ω. We fit the data using f(ω) = A(1/ω)B ,
with A and B as free parameters (dashed lines). The
obtained exponents are B = 1.9+1

−1 for 1− PEC
0 and

B = 2.9+1
−1 for PEC

0 − P SC
0 , which is consistent with our

expectations.

in which we take into account the finite lifetime of the
3P0 state, and the tweezer-induced heating rate, which
we implement by adding a jump operator acting on the
motional states; the tweezer-induced heating is indepen-
dently measured as an increase in mean vibrational num-
ber by 3.0(4) s−1. We initialize the system in a thermal
distribution with P ′

0 = 0.77, and simulate the sequence
described in Fig. S1. We assume a perfect imaging fi-
delity in the erasure detection but take into account the
tweezer-induced heating during the imaging and replace-
ment times.

Fundamental limits of sideband cooling and erasure
correction cooling

In the main text, we experimentally show that erasure
correction cooling (ECC) using the replacement method
leads to higher P0 than a simulation of idealized side-
band cooling (SC), for a specific range of parameters.
Here we explain why, on a fundamental level, this new

cooling mechanism leads to a larger P0 than SC for any
trapping frequency. We further determine the scaling of
the ECC efficiency in the sideband resolved and Lamb-
Dicke regimes, as a function of the trap frequency.

Fundamental limits

We start by describing the fundamental limits of side-
band cooling. We assume that the atoms are initialized
in |0, ↓⟩, and that we drive a red sideband transition in
order to cool the atoms. In this situation, sideband cool-
ing has a finite probability to actually heat the atoms
via off-resonant couplings to any motional state |n, ↑⟩.
Note that in the deep Lamb-Dicke regime, spontaneous
emission does not lead to a change in motional state,
and thus off-resonant coupling to |0, ↓⟩ does not impact
the finite cooling efficiency.
These off-resonant couplings affect the system in two

qualitatively different ways (Fig. S4A): (i) the off-
resonant coupling flips the initial pseudo-spin state to
reach |n, ↑⟩ with probability Pflip, and (ii) an off-resonant
two-photon process which transfers the atoms in |n, ↓⟩
and n > 0, with probability Psame. The values of Pflip

and Psame depend on the Rabi frequency, Lamb-Dicke
factor, and trap frequency, and are detailed below. The
eventual fundamental limit in SC is therefore the sum
of these two contributions:

P SC
0 = 1− Pflip − Psame,

where P SC
0 is the fundamental limit of the |0⟩ population

with sideband cooling.
We now turn to the case of ECC, and consider off-

resonant coupling out of the initial state |0, ↑⟩ (see
Fig. S4B). For ECC, off-resonant coupling to opposite
spin states |n, ↓⟩ does not impact the ECC cooling effi-
ciency: any atom transferred to |↓⟩ is detected and re-
placed, which can be effectively seen as Pflip = 0. The
fundamental limit is thus given only by the pseudo-spin
conserving, off-resonant two-photon transition |0, ↑⟩ →
|n, ↑⟩, which cannot be converted into an erasure in our
scheme. We therefore get:

PEC
0 = 1− Psame,

where PEC
0 is the fundamental limit in |0⟩ population

with erasure correction cooling.
We note that the value of Psame is the same in both

cooling methods, as the action employed to cool the
atoms – a red sideband pulse – is exactly the same for
both methods. We therefore obtain that

PEC
0 − P SC

0 = Pflip,

meaning that PEC
0 is an upper bound for P SC

0 .
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Scaling of Pflip and Psame with ω

We further comment on the scaling of Pflip and Psame

with the trap frequency ω, in the sideband resolved
(Ω ≪ ω) and Lamb-Dicke (η(2n̄ + 1) ≪ 1) regimes.
For simplicity, we will assume in the following that the
atoms are initialized in the |↓⟩ state and that we drive
a red sideband transition to the |↑⟩ state. Note that the
results obtained below are also true if the atoms are ini-
tialized in |↑⟩.
Under these assumptions, Pflip to lowest order arises

from off-resonant coupling via the |0,↓⟩ → |1,↑⟩ transi-
tion, with strength ηΩ and detuning proportional to ω.
We therefore obtain

Pflip ∝ (ηΩ)2

ω2
∝ Ω2

ω3
,

where we used η ∝ 1/
√
ω.

Psame to lowest order arises from off-resonant cou-
pling via the |0,↓⟩ → |0,↑⟩ transition, with strength
(1 − η2)Ω ≃ Ω and detuning proportional to ω. Once
this off-resonant transition happens, the on-resonance
red sideband transition |0,↑⟩ → |1,↓⟩ transfers the atoms
back to the same spin state, but in a higher motional
level. We therefore obtain

Psame ∝
Ω2

ω2
.

We can therefore extract the scaling of idealized side-
band cooling and erasure correction cooling in the side-
band resolved and deep Lamb-Dicke regimes. In partic-
ular, we obtain

1− PEC
0 ∝ Ω2

ω2
,

and

PEC
0 − P SC

0 ∝ Ω2

ω3
.

We verify these scalings using our numerical simula-
tions results of idealized SC and ECC (Fig. S4C), which
are also presented in Fig. 2F. We consider the ECC defi-
ciency 1−PEC

0 (green solid line) as well as the difference
between SC and ECC efficiencies PEC

0 − P SC
0 (red solid

line). In both cases, we fit our results with the function
f(ω) = A(1/ω)B (dashed lines), where A and B are free
parameters. The obtained exponents are B = 1.9+1

−1 for

1 − PEC
0 , and B = 2.9+1

−1 for PEC
0 − P SC

0 . These results
are consistent with the formulas derived above.

Motional coherence and motional-echo sequence

Here we describe the motional-echo sequence we use
for the results presented in Fig. 3E. The sequence is
similar to the one presented in Fig. 3A, and is fur-
ther detailed in Fig. S5. In the absence of such an echo
sequence, we find relatively short motional coherence
times of up to ∼5ms, limited by both trap frequency
inhomogeneities within the array, and shot-to-shot fluc-
tuations in trap frequency.
The scheme proceeds as follows: (1) we prepare the

motion-superposition state |+,↑⟩ as described in the
main text. (2) The state is then allowed to evolve for a
duration τ . (3) We then convert the state back into the
electronic manifold, and apply a carrier π-pulse, which
exchanges the populations in |↑⟩ and |↓⟩. (4) The state is
then transduced back into the motional manifold, mean-
ing that effectively we have exchanged the populations
in |0⟩ and |1⟩. (5) The state then evolves for time τ , real-
izing effectively a standard spin-echo sequence. Erasure-
excision is performed on this sequence by performing
a fast image just before steps (2) and (5), and post-
selecting on detected atoms.
The motional-echo sequence used to obtain the results

of Fig. 3E consists of four sideband pulses. In order to
derive the one-way transduction fidelity FOW = 0.993+3

−3

quoted in the main text from the bare measured con-
trast of Ftot = 0.972+10

−10, we assume that each sideband
pulse is independent from the previous ones, meaning
Ftot = F 4

OW. This assumption is reasonable as we per-
form erasure detection between sideband pulses, which
both suppresses any potential coherent superposition be-
tween |0,↓⟩ and |1,↑⟩, and also ejects any atom left in |↓⟩.
Finally, we note that the fundamental limit to the mo-

tional coherence time would stem from Rayleigh scat-
tering. This scattering rate was calculated68 for the
fermionic 87Sr to be about 10−4 s−1 at a trap depth of a
single recoil energy U = Er; for comparison we typically
operate at a trap depth of U ≈ 250Er (≈ 1300Er during
imaging).

Two qubit Rydberg gate

The controlled-Z (CZ) gate is realized by a global ex-
citation in the Rydberg blockade regime with a time-
optimal pulse14,58,69,70. We use a single-photon excita-
tion to a Rydberg state (5s61s 3S1) of two atoms spaced
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Fig. S6 | Two qubit Rydberg-mediated gate. A,
Quantum circuit for preparation of a Bell-state in the
electronic degree of freedom. B, The CZ gate is realized
through single-photon excitation to a Rydberg state (5s61s
3S1) of two atoms spaced by 3.25 µm with a phase
modulated field. C, Two-atom state population at the end
of the circuit. We observe SPAM uncorrected 0.97+2

−2

population in the Bell-state Φ+. D, Parity oscillations
induced by final π/2 pulse with variable phase. We observe
a contrast of 0.89+1

−1 with no SPAM correction.

by 3.25 µm with a phase modulated field (Fig. S6). A
500G magnetic field perpendicular to the |↓⟩ → |↑⟩ laser
beam propagation axis is applied throughout the se-
quence, enabling high Rabi frequency on this transition.
This high magnetic field results in a reduction of the Ry-
dberg interaction strength as compared to low field con-
ditions71, and we leave an investigation of this effect to
future work. We measure a C6 coefficient of 52 GHz·µm6

and use a maximal Rabi frequency of 2π × 3.6MHz.
The Bell states are produced as follows. Starting with

both atoms in |↓⟩, we apply a first π/2 pulse on the
|↓⟩ → |↑⟩ transition to prepare the superposition state
|+⟩. We then apply the CZ gate, and subsequently per-
form a π/4 pulse to obtain a Bell state. The choice
of Bell state (either |Ψ+⟩ or |Φ+⟩) is made by chang-
ing the phase of the last π/4 pulse. For |Φ+⟩, we mea-
sure SPAM uncorrected populations P↑↑+P↓↓ = 0.97+2

−2;
and induce parity oscillations with a final π/2 analyzing
pulse where we measure a contrast of 0.89+1

−1, yielding

a SPAM-uncorrected optical Bell state16 generation fi-
delity of 0.93+2

−2.
We note that following further optimization, per-

formed after the data for this manuscript was taken, we
observe a SPAM-corrected controlled-Z fidelity > 0.99
in a randomized benchmarking sequence14,58 (to be in-
cluded in a different manuscript).
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odd-parity Bell state with relative trap depth
variation A, Sketch of the performed experiment to
induce the parity oscillation on |Φ+, ↑↑⟩. B, Parity
oscillations following the experiment described in A for
|Φ+, ↑↑⟩ (also shown in Fig. 4B), and for |Ψ+, ↑↑⟩, for which
we do not observe significant oscillations. C, Sketch of the
performed experiment to induce parity oscillations on
|Ψ+, ↑↑⟩. After preparing the motion-entangled Bell state
|Ψ+, ↑↑⟩, we ramp down the power of a single tweezer for a
fixed duration of 640µs. D, Motion parity as a function of
the relative trap depth difference between the two tweezers.

Parity oscillations for the motional Bell states

Here we show our results concerning parity oscil-
lations of the odd-parity and even-parity motion-
Bell states |Ψ+, ↑↑⟩ = (|01⟩+ |10⟩)/

√
2⊗ |↑↑⟩ and

|Φ+, ↑↑⟩ = (|00⟩+ |11⟩)/
√
2⊗ |↑↑⟩. After preparing

these states, we perform the experimental sequence
described in Fig. S7A, which consists of holding atoms
in the motion Bell state for a variable amount of time,
and then reading out the parity signal. We show the
results of this experiment in Fig. S7B, for both |Φ+, ↑↑⟩
(blue circles) and |Ψ+, ↑↑⟩ (green circles). We observe
a significant difference in their behavior: for |Φ+, ↑↑⟩,
we obtain a parity oscillation (also shown in Fig. 4B),
whereas for |Ψ+, ↑↑⟩, we do not observe significant
parity oscillations.
This behavior is expected: as both tweezers have ap-

proximately the same power and same trap frequency ω,
the energy spacing ℏω of the motional level is the same
for both tweezers.
In order to prove that we undoubtedly prepare

|Ψ+, ↑↑⟩, we induce parity oscillations by varying the
power of a single tweezer in the pair. The experimen-
tal sequence is described in Fig. S7C. After preparing
the motion-entangled Bell state |Ψ+, ↑↑⟩, we ramp down
the power of a single tweezers for a fixed duration of
twait = 640µs. During this time, the state evolves as
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(|01⟩+ eiδωtwait |10⟩)/
√
2⊗ |↑↑⟩, where δω is the trap fre-

quency difference between the two tweezers.
After this step, we ramp up the tweezer power to its

original value, and read-out the state’s parity. We re-
peat this for various trap depth, and show our results as
a function of δω/ω (Fig. S7B). We obtain a parity oscil-
lation, indicating that we indeed prepared the |Ψ+, ↑↑⟩
state.
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