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Quantum links between physically separated modules are important for scaling many quantum comput-
ing technologies. The key metrics are the generation rate and fidelity of remote Bell pairs. In this work,
we propose an experimental protocol for generating remote entanglement between neutral ytterbium atom
qubits using an optical cavity. By loading a large number of atoms into a single cavity, and controlling
their coupling using only local light shifts, we amortize the cost of transporting and initializing atoms
over many entanglement attempts, maximizing the entanglement generation rate. A twisted ring cavity
geometry suppresses many sources of error, allowing high-fidelity entanglement generation. We estimate
a spin-photon entanglement rate of 5 x 103 s~!, and a Bell pair rate approaching 10° s~!, with an average
fidelity near 0.999. Furthermore, we show that the photon detection times provide a significant amount of
soft information about the location of errors, which may be used to improve the logical qubit performance.
This approach provides a practical path to scalable modular quantum computing using neutral ytterbium

atoms.
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I. INTRODUCTION

The development of a large-scale, fault-tolerant quan-
tum computer capable of solving classically intractable
problems is expected to require millions of qubits [1,2].
In many physical computing architectures, it is challeng-
ing to imagine scaling a single device to this number of
qubits, because of varied constraints including cryogenic
cooling power, wiring density, or laser power. These chal-
lenges can be circumvented with a modular approach,
using remote connections to link together a number of
small units into a single quantum processor [3—6]. Mod-
ularity may also simplify the construction, maintenance,
and calibration of large-scale systems.

The basic building block of a modular computer is
a Bell pair between physical qubits in two modules,
which can be used as a resource to teleport quantum
states or gates between the modules [7—10]. However,
it is an outstanding challenge to develop an interface
between modules with sufficient bandwidth and fidelity
to enable scalable, fault-tolerant computation. In super-
conducting qubits, proof-of-concept demonstrations have
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shown cryogenic microwave links between remote qubits
[11], and entanglement between microwave and opti-
cal photons [12,13]. Remote entanglement of atomic
qubits such as neutral atoms, trapped ions, and solid-
state defects using photons has been implemented with
several approaches, using free-space and cavity-enhanced
light-matter interfaces [8,14-23]. However, the highest
reported remote entanglement rate between neutral atom
or trapped ion qubits is only 182 s~!, with a fidelity of
0.94 120].

Quantum processors based on neutral atom arrays have
developed rapidly in recent years, scaling to hundreds of
qubits [24,25], entanglement fidelities over 0.99 [26,27],
and programmable processors [28,29] including logical
qubits [30]. Several previous works have considered mod-
ular interfaces for neutral atom arrays using optical cavities
[31-33], which can be conveniently integrated with the rest
of the processor by transporting atoms in moving optical
tweezers [28,31,32,34,35].

In this work, we propose an approach to realize fast,
high-fidelity remote qubit entanglement between neutral
atom quantum processors. We consider '7'Yb atoms as
qubits, which have been used to demonstrate high-fidelity
entangling gates [36], nondestructive [37] and midcircuit
[38,39] readout, and have a pathway to hardware-efficient
fault-tolerant error correction [40,41]. By using an opti-
cal tweezer array to place N > 100 atoms inside a single
optical cavity (a twisted ring resonator), and controlling
their interaction with the cavity using only local light
shifts, we predict a remote Bell pair generation rate of
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1.0 x 10° s~! with a fidelity of approximately 0.999 for
physically reasonable parameters. The entanglement is dis-
tributed between modules using 1389-nm photons in a
single-mode optical fiber, allowing links over several kilo-
meters without degradation. We conclude with a brief
discussion of how the remote Bell pairs can be used to
implement fault-tolerant operations between modules.

This rate is orders of magnitude higher than previously
demonstrated [16,18,20,22] or proposed [32,33] remote
entanglement approaches for atomic qubits. This approach
will enable the development of large-scale quantum pro-
cessors using neutral atom arrays.

II. OVERVIEW

An overview of the proposed approach is shown in
Fig. 1. We envision an array of computation modules each
housed in a separate vacuum system containing an optical
cavity used to generate spin-photon entanglement. Photons
are emitted on the 1389-nm transition from 3D; to 3P,
(I' =27 x 418 kHz) [43], with a polarization entangled
with the qubit states in >P,. After the photons leave the
optical cavity, they are coupled into optical fibers, and sent
to a central router and detector array [4]. The router inter-
feres photons coming from selected pairs of modules on
an array of beam splitters. The coincident detection of two
photons on the same beam splitter heralds the generation
of a Bell state, with a success probability of 50%.

The optical cavity within each module is a nonplanar
(twisted) ring cavity [Fig. 1(b)] [44], which allows small
beam waists with robust alignment [45—47], spatially uni-
form atom-cavity coupling (i.e., without a standing wave),
and nondegenerate modes of opposite circular polarization
[48] that are used to couple to two Zeeman-split transi-
tions simultaneously to generate spin-polarization entan-
glement. This doubles the entanglement generation rate
compared to time-bin entanglement when coupling to a
single transition.

The operation of the modular interface with a tweezer
array is shown in Figs. 1(c)-1(e). An array of N atoms
is initialized in a loading zone, then transported into the
cavity. Once inside, the entire array is initialized in a
superposition state within the 'Sy ground state | ) &N =
[(|0g) + |1¢))/~/2]®. The first atom in the array is excited
to a superposition state in the 6s5d43D; manifold, |v,) =
(10¢) + |1.))/+/2, which decays to the qubit state in the > P,
manifold, by emitting a 1389-nm photon into the cavity
with o~ or ot polarization. This results in the spin-photon
entangled state |yp) = (|0,07) + |1,0%))/+/2. By per-
forming the excitation synchronously in two modules, the
emitted photons will arrive simultaneously at the detec-
tors, and an entangled state of two qubits Wﬂ = (|01) £

110))/+/2 is heralded when two photons of opposite polar-
ization are detected [49].

The process is repeated sequentially for each atom in
the array, with a delay of .,y ~ 1 ws to ensure that the
photon wavepackets do not overlap. After exciting all of
the atoms once, the procedure can be repeated m ~ 5-10
times to boost the entanglement fraction, by reinitializing
the atoms that were not successfully entangled in previ-
ous rounds [Fig. 1(e)]. After a sufficient number of Bell
pairs are generated, the array is moved out of the cav-
ity and replaced by a fresh array to continue generating
more Bell pairs. By amortizing the relatively high tempo-
ral cost of moving (¢yove & 100 s [28]) and initialization
(timit & 68 Ws) over many repetitions of the entanglement
sequence, the average spin-photon entanglement attempt
rate approaches the maximum allowed by the cavity, 1/fey.
Saturating this rate requires N 2 (fmove + finit) /fent & 100.
Locally addressed light shifts of the 3D, state prevent
reabsorption of photons by atoms already in 3P,.

The subset of qubits that were successfully entangled
can be used to perform remote operations between logical
qubits |¢z) in two modules, for example by using tele-
ported gates to implement lattice surgery or transversal
entangling gates [50].

ITII. ENTANGLEMENT RATE

An example cavity design is shown in Fig. 1(b), con-
sisting of four mirrors in a twisted ring. The large
spacing between the mirrors and the atoms eliminates
unwanted atom-surface interactions and provides ample
optical access for optical tweezers, imaging, and gate
beams. The twisted geometry breaks the degeneracy of
modes with opposite helicity [48], resulting in a control-
lable splitting between copropagating modes with o™ and
o~ polarization. The twist angle of approximately 11° is
chosen to tune the forward-propagating modes into reso-
nance with the transitions from |0) and |1) to 3D; simulta-
neously, in a bias field of 100 G (wy — w— = 140 MHz).
The mirror radius of curvature and arm lengths are chosen
to provide a circular mode with a 1/e? waist wy = 10 um
at the position of the atoms. This results in a peak atom-
cavity coupling strength of gnax = 27 x 520 kHz for both
transitions, and provides space for an array of N = 204
atoms with g > 0.9gn.x [Fig. 2(a)]. The round-trip length
is L = 6.96 cm, corresponding to a free spectral range of
4.3 GHz, and the cavity decay rate « is chosen by selecting
the reflectivity of the outcoupler mirror (the other mirrors
have R = 1). Additional details about the cavity design can
be found in Appendix B.

The procedure for generating the spin-photon entan-
gled state Wsp) is as follows. After preparing the array in
[¥0)®Y, we use a two-photon excitation pulse with Rabi
frequency Q=Q.0, /2A L to excite a single atom to
[.). The atom decays by emission into the cavity and free-
space modes, and the cavity output is shown in Fig. 2(b).
To avoid residual population in the cavity causing an error
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FIG. 1. (a) Schematic of a modular neutral atom quantum computer with multiple computation modules and a central entanglement

router. (b) Each module houses a centimeter-scale twisted ring cavity, shown here with vacuum windows and a high-NA microscope
objective with standard dimensions for scale [42]. (c) The entanglement process consists of loading and transporting arrays of atoms
into the cavity, entangling them sequentially with a remote module, and moving them into a computation zone. There, they can be used
to connect remote logical qubits |1 ) using teleported gate operations. (d) Energy diagram of relevant atomic levels in 7' Yb. The qubit
state used for computation is in the > Py manifold. The atoms are excited from the 'Sy ground states to the 3D; states with a two-photon
excitation using 3P, as an intermediate state. The Rabi frequencies of the excitation lasers are Q2,4 and 2,4, with detuning to the
intermediate state of A.. The 3D, to 3P transitions are coupled to the cavity with an atom-cavity coupling strength of g. Local light
shifts are applied to selected atoms, using $2. (7)) coupling 3D; to a higher excited state. (e) Temporal sequence of remote entanglement
generation: by amortizing the cost of moving and initializing atoms over many entanglement attempts, the overall attempt rate is very

close to 1/fepnt.

on the next entanglement attempt, one would have to wait
for a time ¢ > 5/ I'. However, the exponential tail can be
suppressed by tuning the atom out of resonance with the
cavity suddenly at + = m /g, when the cavity population
vanishes, using a strong light shift A on the 3D; state with
A /g > 100. This traps the residual excitation in the atom,
where it decays into free-space modes, and allows the next
atom to be excited to >D; immediately, doubling the emis-
sion rate to fey = 2.65/ ", while decreasing the emission
probability per attempt by only 1%. The light shift is kept
on for the remainder of the sequence, to prevent atoms
in 3Py from absorbing cavity photons from subsequent
entanglement attempts. After attempting to entangle all N
atoms, the atoms that were not entangled can be repumped
back to |0g>, and the entire procedure repeated for another
round.

Figure 2(c) shows the probability of emission into the
cavity as a function of «, reaching a maximum of n = 0.50
when « /27 = 1.04 MHz (corresponding to a cavity finesse
of F = 2070). This does not achieve the maximum pos-
sible efficiency 1y = C/(1 + C), where C = 4g*/(kT") ~
2.5 is the cooperativity, because the cavity becomes spec-
trally narrower than the emitted photon when « is small
[33]. Adiabatic preparation of a shaped photon pulse can
saturate 7o [51] by increasing ., but we have found that

this does not increase the remote entanglement rate and
adds significant additional experimental complexity.

Each entanglement attempt heralds a successful Bell
pair with probability Py, = (1/2)n? = 0.125. Using the
sequence in Fig. 1(e), the average Bell pair rate when using
m rounds is

_ Y i) NiPoy
tmove 1+ M Linit + Z:n=1 Nitent ’

(D

Ryp

where N; = N;_;(1 — Pg¢) is the number of entangle-
ment attempts in round i (Ny = N), and fep = 1.09 s
is the average time per entanglement attempt across the
N = 204 site array. After one round (m = 1) the rate is
7.8 x 10* s7!, increasing to 1.0 x 10° s~! for m = 520
rounds. This is 82% of the maximum rate allowed by
the cavity, Psu/fent = 1.25 x 10° s7!, indicating the effec-
tiveness multiplexing the cavity across N atoms. Photon
loss in the propagation and detection path will reduce the
entanglement generation rate. With state-of-the-art mode
matching [52] and photon detection efficiency [53], we
project a realistic Bell pair generation rate of 8.8 x 10* s~!
between two modules. We also note that large switch
networks have been demonstrated with average loss of
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FIG. 2. Entanglement rate. (a) Schematic of an atom array
inside the cavity. The red contour indicates the 1/¢? intensity of
the cavity field, while the black lines show g = 0.99g,x and g =
0.9gmax- The dots depict an atom array with a spacing of 2.5 pum,
which allows N = 204 sites to fit inside the 0.9g,.x contour. (b)
Output intensity from the cavity after exciting an atom to 3D
(blue dashed line). A light shift A applied at t ~ /g = 2.65/T
suppresses the late time decay (orange line, A /g = 100), allow-
ing the next atom to be excited immediately. (c) Probability of
emission into the cavity, 7, as a function of the cavity decay rate,
k (blue). The orange curve shows the maximum possible value,
no = C/(C + 1). The optimum « is indicated by the vertical line,
where n = 0.50. (d) Bell pair generation rate Ry, and the percent-
age of atoms entangled, as a function of the number of rounds,
m. (¢) Timing diagram for the entanglement sequence in a small
array, showing the local light shifts (blue bars), global excitation
pulses (red), and cavity output field. Note that at each point in
time, a light shift is applied to all atoms except for the one being
entangled.

1.33 dB [54], which further reduces the Bell pair gener-
ation rate to 4.9 x 10* s~! between any two modules in
the network.

The same light shift control can also be used to address
the excitation and repumping operations, as described in
Appendix A. A timing diagram of part of one round is
shown in Fig. 2(e).

IV. ENTANGLEMENT FIDELITY

Next, we consider errors affecting the fidelity of the
remote Bell pairs. Previous experimental studies of her-
alded entanglement based on coincidence detection have

identified errors arising from qubit decoherence, the
fidelity of single-qubit rotations, polarization mixing, and
imperfect mode overlap at the detectors [18,20].

The latter effects are strongly suppressed by the cavity.
The mode structure of the cavity ensures that the pho-
tons are emitted into a single, well-defined mode with
orthogonal polarizations, which can be preserved through
the entanglement router by using fiber optic or integrated
photonic beam splitters with extremely low loss at this
wavelength [55].

Furthermore, the excellent coherence and high-fidelity
single-qubit operations on the nuclear spin qubit in '7'Yb
largely mitigates the first two effects. Coherence times
without dynamical decoupling (i.e., 75) of several seconds
have been demonstrated for the pure nuclear spin qubit
in 1S, and 3Py, because of the low sensitivity to mag-
netic field noise and the absence of differential light shifts
[36,38,56,57]. The 3Py state lifetime is 3 s in typical opti-
cal tweezers [36], resulting in a decay probability to 1Sy of
7 x 1077 per toy or 2 x 107* over m = 5 sequence repeti-
tions with N = 204 atoms. We also note that 3P, decays
can be converted into erasure errors, which can be effi-
ciently corrected [36,40]. Unlike 3Py and 3Sy, the *D; state
is sensitive to magnetic fields. However, it is only pop-
ulated for approximately 1 ws during the entanglement
generation, compatible with phase accumulation errors less
than 1076 using conventional field stabilization at the part-
per-million level [58]. Single-qubit gates for both 'Sy and
3Py qubits have been demonstrated with fidelities beyond
0.999 [36,38,56,57].

Now, we turn to some sources of error that are
intrinsic to our implementation. The magnitude of these
error sources is estimated from numerical simulations
(Appendix C) unless otherwise stated. The first is a slight
distinguishability of the photons from two atoms result-
ing from variations in the atom-cavity coupling strength.
Given two atoms in two cavities with a fractional dif-
ference in coupling strength &,/g, the resulting distin-
guishability causes an error €, = 0.394 x (Bg/g)z, such
that 8, /g < 0.05 is required to reach €, < 1073 [Fig. 3(a)].
Maintaining an rms variation in g below this level for all
possible qubit pairs requires matching the cavity waists
within 5%, and placing the atoms within 0.4wy ~ 4 pm
of the cavity axis [compatible with the layout in Fig. 2(a)].
Static inhomogeneity in g can also be mitigated by mis-
aligning the atoms in one cavity, or choosing matched pairs
of atoms to entangle. However, unknown variation in g
can arise from thermal motion of the atoms or alignment
drifts between the tweezer array and the cavity. Ther-
mal motion at 10 pK corresponds to §,/g ~ 3 x 1073,
while maintaining 8,/g < 0.05 requires alignment stabil-
ity to within (Ax, Ay, Az) < (0.87,2.2,3.8) wm, com-
patible with demonstrated tweezer alignment stability to
nanophotonic structures [35] and standing-wave lattices
[59]. Variation in « has a similar effect as variation in g: a
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FIG. 3. (a) Error resulting from an unequal atom cavity cou-

pling strength, €,. The dashed line shows a representative value,
8,/g = 0.031, derived from the rms variation across the array
shown in Fig. 2(a). (b) Doppler shift error, €7, from finite atomic
temperature. The dashed line shows a typical temperature for
Yb atoms after Doppler cooling. (c¢) Error from re-excitation
of the atom following a decay during the excitation pulse, €,.
(d) Error from detector dark counts, €4.. (¢) Error probability
from the residual cavity photon population after each entangle-
ment attempt, €,, as a function of the light shift detuning A /g.
The light line shows the case that g is known exactly, while the
dark line includes an uncertainty in g of §,/g = 3 x 1073, corre-
sponding to thermal atomic motion at 7 = 10 wK. (f) The error
probability €, from scattering or Stark shifts from cavity photons
in subsequent rounds, as a function of the light shift detuning
A /g. Purple lines show the error after m = 1, 5, 10 rounds (from
light to dark).

10% mismatch in k between two cavities results in an error
of 1.6 x 1074,

Distinguishability errors can also arise from Doppler
shifts, given the running-wave mode in the cavity. The
error probability €7 is proportional to (k.vms/g)?, Where
k. = 27 /A is the cavity wave vector, and vy = +/kgl/m
is the mean atomic velocity along the cavity axis (with
kg, T, and m denoting Boltzmann’s constant, the atomic

temperature, and the mass of the atom, respectively).
From numerical simulations, we find that €7 = 7.3 x
107 wK=! x T [Fig. 3(b)]. A typical temperature for Yb
atoms after Doppler cooling is 5—10 pK [36,42,57], cor-
responding to k.vyms = 27 x 16 kHz, yielding e < 1074,
We note that this error could be further suppressed using
ground-state cooling, which is readily achievable in Yb
[57,60].

Next, we consider decay back to 'Sy during the excita-
tion pulse, which collapses the initial spin superposition,
but can still result in photon emission into the cavity if
the atom is re-excited. The D, state decays to 3P; with
a branching ratio of 0.34, and 3P, decays to 'S, at a rate
I's = 27 x 182 kHz. Therefore, the probability to decay
to 'Sy during an excitation pulse of duration #, < I', '3
is p3 ~ 0.342T;T". The probability of the atom being
re-excited and causing an error is €; & p3/8. From numer-
ical simulations, we find that €; = 6.8 x 1078 ns™2 x
£, which yields €, =2.8 x 1075 for t, =20 ns. In
Appendix A, we discuss errors from unwanted excitation
to *Dy, mr = £1/2 levels and off-resonant scattering from
3P,, which can both be suppressed below this level.

Then, we consider false heralding events from detec-
tor dark counts [Fig. 3(d)]. The probability of a false
coincidence from detecting a signal and background pho-
ton simultaneously is p; = 2nRycten, Where Ry is the
dark count rate on a single detector. Therefore, the prob-
ability of an error caused by the dark count is €¢; =
Pr /Psuc = HeniRac/n ~ 8 x 107° s x Rye. Commercially
available superconducting nanowire single-photon detec-
tors have a dark count rate Rq. = 10 s™!, corresponding
to an error probability of €4 = 8 x 107>, Suppression
to millihertz rates has been demonstrated using cold fil-
tering [61] or integrating the detector to a single-mode
waveguide [62].

Finally, we consider errors from the presence of multi-
ple atoms inside the cavity. These errors take two forms:
residual photons in the cavity at the end of one entan-
glement attempt leaking into the next window, and atoms
already in P, absorbing a photon if they are not suf-
ficiently light shifted away from the cavity resonance
[Fig. 3(f)]. If the atom-cavity coupling is known exactly,
the residual photon errors are suppressed by the light shift
as €. o« (A/g)~2 , provided that the light shift is turned
on instantaneously at the time when the cavity population
is zero [Fig. 3(e)]. However, unknown variation in g and
the finite rise time of the modulator used to generate the
light shift makes this precise timing impossible. Using the
uncertainty 8,/g = 3 x 107 from thermal atomic motion
at 10 pK, and assuming a 10-ns rise time for the light shift
pulse, we find a floor of €, < 10> with a light shift of
A/g > 100.

Atoms already in 3P, after a successful entanglement
attempt can experience scattering or Stark shifts from
photons in the cavity during subsequent entanglement
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attempts. Both errors are suppressed with the light shift
as (A/g)~2, and we find from numerical simulations that
the error probability after one additional entanglement
attempt is €/’ =3.5 x (A/g)™>. However, because the
error is incurred on the atom that was already entan-
gled, the average generated Bell pair will experience N, =
O(@mN) subsequent entanglement attempts before being
transported out of the cavity, amplifying its effect. For
N =204 and m = 5, we numerically find that N, &~ 250.
Achieving an average error €, = N,e{" < 1073 requires
A/g > 2 x 10%. We note that €, grows sublinearly with m,
and is therefore not very sensitive to the number of rounds,
similar to Ry, in Eq. (1).

Adding the above sources of error, we arrive at an aver-
age Bell pair fidelity of approximately 0.999, dominated
by €, and €,.

We note that only a modest amount of laser power is
required for the light-shifting beam when operating close
to resonance on the 3D; to 6s8p 3P transition. As demon-
strated in Ref. [63], working close to resonance is possible
because the >D; state is not populated on the shifted sites,
and therefore insensitive to scattering errors. With a target
error of €, the optimal detuning of the light-shifting beam is
suggested to be I'/\/€, where I is the linewidth of the tran-
sition used for applying a light shift. Aiming for an error
of € ~ 1074, the optimal detuning is around 1 GHz for the
light-shifting beam. Using a 1-GHz detuning, a laser power
of approximately 20 wW per atom is sufficient to gener-
ate a light shift on the D, state of A/g > 2 x 10°, with
negligible mechanical forces on the atoms as the wave-
length is far from resonance with any transitions from 'S,
or 3Py. Unwanted light shifts on the atom being entangled
can arise from crosstalk of the local addressing beam, and
lead to distinguishablity errors similar to Doppler shifts.
A recently demonstrated large-scale modulator achieves
—44-dB nearest-neighbor crosstalk [64], which would give
a detuning error 2.6 times the rms Doppler shift, or an
entanglement error of 5 x 1074,

A. Information about errors from photon timing

In the context of quantum error correction, the details
of the error model can significantly affect the overhead
required to reach a given logical error rate. For example,
a bias towards a single type of Pauli error [65,66] or infor-
mation about the location of errors in the form of erasures
[40,41,67,68] or soft information [69] have been shown to
reduce logical error rates by several orders of magnitude.
While many quantum operations can only be characterized
by their average fidelity, here we show that the timing of
the photon detection events provides shot-to-shot informa-
tion about the probability of different error types of each
individual Bell pair.

Specifically, we ask the question: given that two photons
are detected at times (#1, ), what is the probability that the

resulting qubit state has a Pauli or leakage error? Since the
qubit manifold in '7'Yb has only two sublevels, leakage
refers to the case that the atom is not in > P,.

First, we consider the errors caused by photon distin-
guishability from a variation in the atom-cavity coupling
strength. This results in unequal wavepacket shapes for
the two photons, which encodes which-path information
into the detection time difference. These errors are purely
Pauli-Z errors, as the correlation between the photon polar-
ization and the qubit state in the computational basis is
not affected. In Fig. 4(a), we plot the error probability as
a function of the photon detection times, €,(f, ). Using
the probability to detect photons at those times, P(z, ),
we can convert €g(#1, %) into a probability distribution for
the error rate of the generated Bell pairs, p(e,), whose
cumulative distribution function is shown in Fig. 4(d). The
function p (e,) gives the probability that a particular Bell
pair has a fidelity 1 — €,. While the mean error rate is
4 x 1074, over half of the Bell pairs have an error rate
less than 6 x 107>, This approximates an erasure error
and allows for better decoding and improved logical qubit
performance.

A similar analysis applies to errors from Doppler shifts.
The probability of error as a function of the photon detec-
tion times, €7(t1,%), is shown in Fig. 4(b). As Doppler
shifts also only affect the distinguishability of the pho-
tons, this only results in Z errors, and is suppressed when
|[Aw(t, — ;)| < 1, where Aw is the frequency difference
of the two atoms [70]. The cumulative distribution for
p(e7) is shown in Fig. 4(d).

Errors from decay during the excitation pulse, €4, can be
understood as a Z-basis measurement of the atom prior to
the spin-photon entanglement, and are also purely Z errors.
However, the photon detection timing does not reveal any-
thing about the probability of this error, so it is the same
for all Bell pairs and the cumulative distribution is a step
function [Fig. 4(d)].

Dark counts result in false heralding signals that are
uncorrelated with the atomic state, and can therefore cause
all Pauli errors and leakage. The error probability €4 (71, 72)
depends on the detection time, and is greatest at the edge
of the detection window when the probability of detecting
a real photon is low [Fig. 4(c)]. The corresponding cumu-
lative distribution functions for Z, X, and leakage errors is
shown in Figs. 4(d)—4(f).

Finally, we consider errors from the absorption of pho-
tons by atoms already in Bell pairs, €,. Because this error
happens after the Bell pair is created, it does not depend on
the photon detection times. However, Bell pairs created in
early rounds have more chances to experience an error than
Bell pairs from later rounds. Using the known probability
distribution for the number of entanglement attempts N,
that follow a successful Bell pair creation, we can gener-
ate the probability distribution p (¢,) for Z, X, and leakage
errors [Figs. 4(d)~(f)]. Because the atom is detuned far
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FIG. 4. (a)Probability of an error from unequal g, as a function
of the photon detection times (¢, ;). (b) Probability of an error
from Doppler shifts as a function of detection times. (c) Probabil-
ity of a dark count error as a function of photon detection times.
(d)y«f) Cumulative probability distribution functions for the Z,
X, and leakage error rates for all error sources considered. The
dashed lines show the mean probability of each error. For €, and
€m, the (light, medium, dark) curves show the error probability
using m = (1,5, 10) rounds of entanglement generation, and the
dashed line shows the mean error for m = 5. For all error types,
the strength of the noise corresponds to the dashed vertical lines
in Fig. 3, and ¢,, is computed based on a 3-s lifetime for 3P, [36].

from the cavity, the probabilities to excite to all mp lev-
els of 3D, are comparable, and therefore the probabilities
of X, Z, and leakage errors are also roughly comparable.
Errors from the finite 3Py lifetime, €, are purely leakage,
and follow a similar probability distribution [Fig. 4(f)].

In summary, we have shown that the fidelity of individ-
ual Bell pairs is strongly influenced by information that is
available to the experimenter: the photon detection times,
and the time step in the sequence when the Bell pair was
generated. Passing this information to the decoder when
performing logical operations may significantly reduce the
logical error rate [40,69]. We leave a detailed analysis to
future work.

V. DISCUSSION

We conclude by discussing several aspects of these
results. First, we note that the proposed approach is fully
compatible with existing neutral atom quantum proces-
sors. The cavity allows for a large separation between
the atoms and the mirror surfaces, comparable to standard
glass cell vacuum chambers [42]. It also provides large
optical access, compatible with high-numerical-aperture
objective lenses for projecting tweezer arrays and local
addressing beams, and for fluorescence imaging. More-
over, the steps involved in generating entanglement can
proceed in parallel with computations using metastable
qubits in a nearby zone, without the need to separately
control magnetic fields. The local addressing requirement
is minimal, consisting of only one switchable light shift
on each site, and is compatible with recently demonstrated
scalable modulators [64,71].

Second, we consider how physical Bell pairs can be used
to implement fault-tolerant operations between remote
logical qubits. Previous studies have considered modular
quantum computing in the regime where the modules are
small, and a single logical qubit spans multiple modules
[4,6,49,72]. While the existence of a high error threshold
of over 10% has been demonstrated for the intermodule
links [5,6], remote Bell pairs are consumed at a high rate
just to sustain the logical information against idle errors.

In the case of neutral atom quantum computing, we
envision modules with O(10*) qubits per module, based
on demonstrated arrays of hundreds of qubits [24,25] and
scaling of the underlying optical components beyond 10*
sites [64]. With foreseeable error rates below 1073 for all
physical operations [26,27,36,38], achieving logical error
rates of 10712 is possible with an overhead of 10° physical
qubits per logical qubit using a standard surface code [73].
The overhead may be reduced by at least another order
of magnitude using qubits engineered for erasure-biased
errors [40,41] or efficient block codes [74]. Therefore,
Np 2 100 logical qubits per module is realistic. In this
regime, the remote Bell pairs are not used to correct idle
errors and errors from local operations within each mod-
ule, but only for performing logical operations between
modules.

For a distance d surface code, a gate operation between
remote logical qubits can be implemented via lattice
surgery [50], consuming @’ physical Bell pairs to tele-
port controlled-NOT (CNOT) gates along the code boundary
[75]. Alternatively, the same number of Bell pairs can be
used to implement a logical transversal CNOT across two
modules, by teleporting CNOT gates between correspond-
ing physical qubits in the code. The second approach can
also be applied to [[n, k,d]] quantum low density parity
check codes [76] with a transversal CNOT®* gate to gen-
erate k entangled logical qubits between two modules by
consuming n physical Bell pairs, allowing a higher rate
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of logical Bell pair generation than the surface code. The
implementation of such codes for neutral atom qubits has
been discussed in Ref. [74]. As the fidelity of remote physi-
cal Bell pairs is similar to those that could be created within
a module, intermediate purification steps before using the
Bell pairs in logical operations may not be required [6].

Therefore, the physical interface proposed here will
enable >10° remote logical gates per second between each
pair of modules. It is an interesting question for future
work to consider how to compile high-level algorithms
into such a modular computer [1,3,4].

VI. CONCLUSION

We have presented a blueprint for a modular architecture
for a neutral atom quantum processor based on Yb atoms.
It is capable of generating remote entanglement at a rate
of 1.0 x 103 Bell pairs per second, with a fidelity compat-
ible with fault-tolerant computing. The modular interface
can be implemented with existing experimental hardware,
and operated alongside an atom array performing local
computations.
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APPENDIX A: EXPERIMENTAL SEQUENCE

A detailed description of the experimental sequence is
shown in Fig. 5. Here, we discuss each of the steps in
additional detail.

After moving atoms into the cavity, the entanglement
sequence begins with initializing the array to state [1).
This has two steps: optical pumping to |0,) on the 'S, to
! P, transition at 399 nm (requiring less than 100 ns), and a
Raman /2 rotation (170 ns [57]). We note that these steps
do not affect qubits in Py, so can be used in subsequent
rounds without affecting Bell pairs that have already been
created.

Then, the atoms are sequentially excited to 3Dy, using
the laser configuration in Fig. 1(d). It consists of three laser
beams: a o, -polarized laser driving |1,) to the *Py, mp =
+3/2 state with detuning A, a o_-polarized laser driv-
ing |0g) to the 3Py, mp = —3/2 state with detuning A_,
and a 7 -polarized laser driving the 3P, states to |0,), |1.).
Simultaneous two-photon resonance is achieved for both
transitions by controlling the frequency of the o* lasers
separately. The two-photon Rabi frequency is given by
Qy = Q140 /2A 1. The same laser configuration will

Load and move

100 ps "
> Optical pumping |' _O_ _O_ _6_ _O_ _O_ \l 399 nm
100 ns = 1
= — \
/2 pulse 'o 0 0 o o'
1ps  —— 1
[ty BB A= N\
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attempts I I 1539 nm
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____________ 1539 nm
(o " Tuaay N\
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____________ 1539 nm
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LS. ey — 1389 nm
N 2
m rounds If """""" \
| e o o :
@15, O [y Entangled | C ______
o |Og) lYe) © 3PO Move out
FIG. 5. Schematic diagram of the experimental sequence on a

five-atom array.

also drive off-resonant Rabi oscillations to the 3Dy, mp =
+1/2 states, with Rabi frequency

& —/(g P 3)2+< S )2 (Al)
- D B ’
* 33 2(AsEgpupB)

where gp = 1 is the 3P, F = 3/2 state Landé g factor,
gp = 1/3 is the *D,F = 3/2 state Landé g factor, and
W p is the Bohr magneton. To minimize off-resonance exci-
tation, the excitation pulse time 7, should be an integer
multiple of the off-resonance Rabi cycle, t, = /4 =
l-27r/$~2’i, where [ is an integer. For AL = 27 x 1 GHz
and B = 100 G, we numerically found that the minimum
pulse time approximately satisfying this condition is ¢, ~
20 ns. It cannot be exactly satisfied because §~2’+ £, but
the resulting excitation probability to mp = +1/2 is only
3 x 107°. This ¢, requires Q;+ = Q4+ ~ 27 x 225 MHz.
The large detuning suppresses scattering from *P; during
the pulse to I'; /A ~ 1074,

Instead of locally addressing the excitation lasers, which
atom is excited can be controlled using a local light shift

020363-8



HIGH-RATE AND HIGH-FIDELITY MODULAR INTERCONNECTS. ..

PRX QUANTUM 5, 020363 (2024)

on *D; during the excitation pulse to shift all but one atom
out of resonance. This introduces several new sources of
error, which we discuss only briefly because they are not
intrinsic (i.e., they can be eliminated by locally address-
ing at least one of the excitation beams). As discussed
in the main text, a value A /g = 2000 (corresponding to
A =~ 2m x 1 GHz) is needed to avoid crosstalk between
atoms in the cavity. This is sufficient to suppress unwanted
excitation: the probability of a scattering error from 3D,
during the excitation pulse on a shifted site is approxi-
mately (2 /A)? =3 x 1073, However, both this error
and the scattering error from the 3P; intermediate state
will accumulate, and are enhanced by N for the final atom
in each round. This can be suppressed by periodically
reinitializing the atoms remaining in 'S, in the middle of
each round, which adds little temporal overhead, but will
eventually heat the atoms from scattering optical pumping
photons.

Even on light-shifted sites, the excitation laser can
cause vacuum-stimulated Raman transitions resulting in
the emission of a photon into the cavity modes. This coher-
ent process occurs at a rate gQ2/A K €, resulting in an
emission probability of (g/A)? ~ 2 x 1077 per atom dur-
ing the excitation pulse. This will have the same effect as
a dark count or residual photons in the cavity from the
previous round. Even when this probability is enhanced
by the N &~ 200 'S, atoms in the array, it remains well
below the other sources of error discussed in the main
text.

At the end of the each round, the atoms that are not in
Bell pairs need to be depumped from 3P, before a new
round can start. This can be done conveniently using the
3D, state, which decays to the ground state 'S, via *Pj.
We estimate that 6 s is required to reach less than 1073
remaining population in 3Py. About 3% of the population
will decay to 3P, which is repumped using the 3P, to 35,
transition at 770 nm [36]. The 3D light shift can also be
used to control which atoms are depumped. Pumping of
unwanted atoms is suppressed by (A /T')? ~ 107%; as this
error is incurred at most m = 5—10 times, it remains at a
tolerable level.

At the end of a round, the entangled atoms are trans-
ported out of the cavity and into a computation zone
with other logical qubits. At the same time, a new array
is loaded into the cavity, so the entanglement sequence
begins again after fyove.

To estimate the magnitude of the optical power needed
to generate a light shift of A = 2000g, we use the exper-
imentally measured lifetime of the 6s8p *P; state of
140(20) ns [77], and an estimated branching ratio of 0.3 to
the 3D state. Using a detuning of 1 GHz [63], we arrive at
an estimate of 20 WW /site, assuming a 1/e? beam radius
wo = A. Several other excited states could be used for
light shifts, including the 6s7p states (730-nm transition
from 3D;) or 6s5f 3F, (528 nm). The latter state has a

stronger matrix element to 3D; (26-ns lifetime [77], esti-
mated branching ratio of 90% to 3D)), which could reduce
the needed power to approximately 1.5 W per site.

APPENDIX B: CAVITY PARAMETERS

The twisted, running-wave cavity in this work accom-
plishes two objectives. First, the running-wave nature
reduces fast gradients in the atom-cavity coupling strength,
enabling higher-fidelity spin-photon entanglement. Sec-
ond, twisting the cavity gives rise to circularly polarized
eigenmodes and lifts the degeneracy between the copropa-
gating modes with o+ and o~ polarization, by an amount
that can be controlled by the twist angle. This allows max-
imum strength coupling to both ot and o~ transitions
simultaneously, allowing spin-polarization entanglement
to be generated in the time it takes to emit one photon.

The design of the cavity is based on several principles.
First, we constrain the atom-mirror distance to be larger
than 1 cm to avoid deleterious effects on the Rydberg states
of atoms near the mirror surfaces. This distance is com-
parable to the atom-window separation in many current
experiments [42]. We also want a small mode waist, to
realize a large atom-cavity coupling strength, and a twist
angle that enables a splitting of 100—150 MHz between o™
and 0~ modes in the same propagation direction, which
is compatible with bias magnetic fields in the range of
60-100 G.

One example of a cavity satisfying these conditions is
shown in Fig. 1(b). It is made of four mirrors: two con-
vex mirrors with radius of curvature R = 1.27 cm, and
two concave mirrors with R = —1.27 cm. The geometry is
derived from a planar ring cavity with equal short and long
arm lengths, and an opening angle of 11°, with an addi-
tional 11° twist out of the plane. The mirror diameter is 3
mm to satisfy geometric constraints. The mode is circular
at the position of the atoms with a waist of wy = 10.0 um.
The round-trip length is L = 6.96 cm, corresponding to a
free spectral range of 4.3 GHz and a splitting between the
copropagating circularly polarized modes of 133 MHz. We
note that planar ring cavities with a similar value of wy /A
have recently been demonstrated with F ~ 51 000 [47].

1. Twisted cavity

The cavity has four resonance modes in the funda-
mental transverse mode (TEMyy) for each longitudinal
mode number, corresponding to two polarizations (o™ and
07), and clockwise (CW) and counterclockwise (CCW)
propagation directions. For a nonzero twist angle 6, the
polarization of light rotates in each round trip, which man-
ifests as a phase shift with opposite sign for o, splitting
their resonance frequencies. However, the CW o* mode is
degenerate with the CCW o ¥ mode, as required by time-
reversal symmetry. Therefore, if we align the atomic o™
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and o~ transition frequencies with the two cavity frequen-
cies, both transitions will decay via emission of photons
in the same direction. Here, the time-reversal symmetry
is broken by the magnetic field. If the direction of B is
reversed, the emission direction will also reverse.

If the mirror coatings are birefringent, the eigenmodes
are no longer perfectly circularly polarized. This effect can
be minimized through the use of appropriately designed
coatings, and very high levels of circular polarization have
been demonstrated [78]. If the polarization is elliptical,
some photon emission will go into modes propagating in
the opposite direction. As these photons leave the cavity
through a different port, this only affects the entanglement
rate, but not the fidelity.

2. Atom-cavity coupling strength

In a Fabry-Perot cavity, the cooperativity for a two-level
atom at the maximum of the electric field is given by
Cp, = 24F /(mk*w}) [79], where F is the cavity finesse
F =mc/(Lk), k =27 /A, wy is the cavity waist, and L is
the mirror separation. In a running-wave cavity, the coop-
erativity is lower by a factor of 4, because of the absence of
constructive interference between the forward and return
beams [47]. Therefore, we have C = 6F/(mwk*w}), but
now with F = 2mc¢/(Lk), where L is the cavity round trip
length. In a multilevel atom, this is further reduced by the
branching ratio Ry, from the target excited state to the
target ground state. We derive the atom-cavity coupling
strength g using the relation C = 4g?/(kT"), where I is the
atomic transition decay rate (total decay rate, not corrected

for Ry,;). This yields
. 3CRbrF
&= KRwiL -

APPENDIX C: FIDELITY SIMULATIONS

(BD

To estimate the achievable entanglement rate and the
contribution of various imperfections to the resulting state
fidelity, we perform simulations of the atom-cavity sys-
tem using the Lindblad master equation. We consider the
simplified level diagram in Fig. 6(a), described by the
Hamiltonian

H = A(10)(0e] + [1e)(1e)

+£(106)(0la—+10) (Ocla’ +]1e)(1as+1)(1cla})

Q)
+ 5 (00 (Og] +10g)(0e] + [} (1| + [} (Lel)-

(CDH
Here, A is a detuning of the atomic transitions with respect

to the cavity resonance (i.e., from Doppler shifts, or from
a deliberate light shift), and €2 () is the Rabi frequency of

FIG. 6. Fidelity simulation. (a) Simplified level diagram used
in the fidelity simulation. (b) Schematic of the photon measure-
ment apparatus.

the two-photon excitation pulse (the intermediate state is
not included explicitly).
We include the jump operators

c1 = v/T(1 = Rop)ltrap) (0.,
c2 = /T (1 = Ryp)ltrap) (1|,
¢3 = v/T Ry 0) (0,

¢4 = TRy [1)(Lel,

cs = Vka_,

Ce = \/Ea+,

c7 = /T3/2|0,) (trap],

cs = v/T3/2|1,) trap,

where |trap) is a simplified representation of the 3P, man-
ifold, and has equal probability of decaying into either
ground state, |0g) or |1,). We take the cavity output field
to be aoy+ = +/kax, following the input-output formalism
[80].

1. Bell pair fidelity

The successful generation of Bell pairs is heralded by
coincident two-photon detection in the measurement appa-
ratus shown in Fig. 6(b). The output modes are related to
the input modes using the beam-splitter relation [81]:

die\ ([ cos& —e?sing) (by

er ) \e?sing cos& ct )’
A coincidence between d and e_ or e, and d_ heralds the
Bell state | ~) = (]10) — |01))/+/2, while a coincidence
between d, and d_ or e, and e_ heralds |1//+). Imperfec-
tions in the experiment give rise to a faulty atomic state,
with an error probability that depends on the detection

time of the photons. We determine this from simulation
by evaluating the expectation values of the stabilizers of

(C2)
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the Bell state as a function of the photon detection times,
using the quantum regression theorem [80] as implemented
in QuTIP [82]. We first consider Bell state | ), evaluat-
ing the following two-time correlation functions involving
photon detection and the Pauli operators X;, Z; acting on
the qubit subspace {|0), |1)} on the i th qubit:

P(ti, 1) = (d}(t)e (n)e_(t)d. (1)),
XX (t1,12) = (d} ()l (X1 ()Xo (e ()d (1)),
ZZ(t, 1) = (d\ (t)e ()21 (1) Za(t)e—(12)d (1)),
Lt ) = (d (t)e! () Z2 () Z3 (t)e—()d. (1)),

Here, P(t, 1) is the probability density for a coincidence
event to occur at times (¢, ), XX and ZZ are the expecta-
tion values of the same probability multiplied by the X X,
and Z,Z, stabilizers, and L is the detection probability mul-
tiplied by the population in the qubit subspace. The ideal
value of the X;X; stabilizer is —1, which allows us to
define a probability of remaining in the qubit subspace and
having a Z error on the Bell state, conditioned on detecting
a photon at (#1,%):

L(t, 1)
P(tl 5 tZ)

1 1 XX (t,0)
2

p:(h, ) = 5 Pty } (C3)

We can analogously define the probability of an X error
in the qubit subspace, p,, and the probability of a leakage
errofr, py, as

1 ZZ(t,t) [L(t, 1)
pe(,1) = 5[1 " P P(tl,tz)]’ (©4)
L(t, 1)
, =1-—7=]. C5
pi(t1, ) [ P(tl,tz)} (Cs5)

Finally, the total probability of each type of error is
determined by the weighted average:

1
P = ./\_/ //pZ(t1,fz)P(tlatZ)dtldtz (Co)

with N = [[ P(t,,1,)dtdt,. An analogous definition fol-
lows for P,, P, and the total error probability is the sum
of all three types of errors. The plots in Fig. 3 show
P. + P, + P;, while Egs. (C3)HC5) are used to generate
the plots in Figs. 4(a)—(c).

Analogous expressions can be defined for the |1//+> Bell
state with the opposite coincidence pattern in modes d.,
d_. However, they are the same up to the expected sign of
the XX, stabilizer in Eq. (C3), so we do not consider this
case separately.
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