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We demonstrate a neutral atom networking node that combines high photon collection efficiency with
high atom-photon entanglement fidelity in a compact, fiber-integrated platform. A parabolic mirror is used
both to form the trap and to collect fluorescence from a single rubidium atom, intrinsically mode-matching
o polarized emitted photons to the fiber and rendering the system largely insensitive to small imperfections
or drifts. The core optics consist of millimeter-scale components that are pre-aligned, rigidly bonded on a
monolithic in-vacuum assembly, and interfaced entirely via optical fibers. With this design, we measure an
overall photon collection and detection efficiency of 5%, from which we infer an overall collection
efficiency of 9% after the single-mode fiber coupling. We generate atom-photon entangled states with a
raw Bell-state fidelity of 0.93 and an inferred fidelity of 0.98 after correcting for atom readout errors. The
same node design has been realized in two independent setups with comparable performance and is
compatible with adding high-NA objective lenses to create and control atomic arrays at each node. Our
results establish a robust, cavity-free neutral atom interface that operates near the limit set by the collection
optics numerical aperture and provides a practical building block for scalable quantum network nodes and

repeaters.
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L. INTRODUCTION

Quantum information processing has progressed from
proof-of-principle few-qubit demonstrations to program-
mable devices with hundreds or more physical qubits.
However, scaling a single monolithic processor to the
sizes required for fault-tolerant quantum computing or
large-scale simulation poses severe architectural and engi-
neering challenges. A complementary route is to adopt a
modular architecture in which multiple smaller quantum
processors and sensors are interconnected via photonic
links. In such a setting, a quantum network [1-3] provides
not only a path to larger effective processor sizes, but also
enables new capabilities such as blind and distributed
quantum computation [4-7], entangled sensor and clock

“Contact author: asafari@wisc.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to the
author(s) and the published article's title, journal citation, and
DOI.

2691-3399/26/7(3)/033008(18)

033008-1

networks [8—14], and device-independent quantum com-
munication protocols [15-18].

A fundamental resource in a quantum network is atom-
photon entanglement which enables remote entanglement
of matter qubits, for example through interference of the
photons and Bell-state measurements [19-22]. Remote
entanglement has been realized on several platforms,
including trapped ions [23-25], color centers [26], quan-
tum dots [27], and neutral atoms [28,29]. The generation
rate and fidelity of remote entanglement links are largely
determined by the light-matter interface at each node and
by the coherence properties of the stationary qubits.

Neutral atoms in optical traps have recently emerged as
a leading candidate for large-scale quantum processors;
arrays containing thousands of qubits have been demon-
strated [30-32]. At the same time, there is rapid progress
on neutral atom networking architectures that integrate
atomic registers with efficient photon-collection optics or
optical cavities, dual-species implementations for separate
data and communication qubits, and telecom-band inter-
faces [33—-37]. Despite these advances, realizing high-rate
and high-fidelity remote entanglement between neutral
atom nodes remains an outstanding challenge. A primary

Published by the American Physical Society
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limitation is the efficiency with which single photons can
be collected and coupled into single-mode fibers. In free
space, high-NA microscope objectives can intercept a
sizable fraction of the dipole emission pattern, but the
overall efficiency after mode-matching into a single-mode
fiber is typically at the one percent level per emitted
photon, even for very large NA. This limitation has
motivated cavity-enhanced architectures and multiplexed
protocols, which can in principle boost the rate, but add
considerable experimental complexity and, in the case of
nanophotonic structures, are difficult to reconcile with
high-fidelity Rydberg operations [38].

Here we demonstrate an efficient neutral-atom quantum
networking node based on a parabolic mirror that achieves
both high single-photon collection efficiency and high
atom-photon entanglement fidelity without the use of a
cavity. Mirror-based approaches have previously been
studied for efficient fluorescence collection from trapped
ions [39—43] and from neutral atoms with spherical mirrors
[44], though not with coupling into a single-mode fiber for
quantum networking. Our approach is based on a novel
design that uses a parabolic mirror for both trapping single
atoms and collecting the scattered photons. This geometry,
inspired by [45], uses the same single-mode fiber and the
same optical path for delivering the trapping light and
collecting the scattered photons. As a result, the collected
field is naturally well matched to the single-mode fiber
input, up to differences arising from the atomic emission
pattern and optical aberrations.

In addition, we built the core of the optomechanical
assembly from millimeter-scale optics that are pre-aligned
and rigidly bonded on a monolithic platform inside the
vacuum chamber, with all optics interfaced to fibers that
are accessible outside the vacuum. We show that the over-
all photon collection and detection efficiency after the
single-mode fiber reach 5%, significantly exceeding typ-
ical values obtained with large external high-NA objec-
tives and approaching the theoretical limit set by the
mirror’s numerical aperture. Using this node, we generate
atom-photon entangled states with a raw Bell-state fidelity
of 0.93 +£0.05, and an inferred fidelity of =0.98 after
correcting for independently characterized atom state
measurement errors. This compact, fiber-integrated archi-
tecture provides a robust and near-optimal light-matter
interface for neutral atoms and constitutes a key step
toward scalable, plug-and-play quantum network nodes
and repeaters based on neutral atom processors.

II. SINGLE ATOM TRAPPING

For single-atom trapping as well as photon collection we
use a parabolic mirror, as shown in Fig. 1(a). The single-
mode (SM), non-polarization-maintaining fiber carries the
trap light at 852 nm, which is collimated by the achromatic
lens and focused by the parabolic mirror with numerical
aperture NA = 0.61. We used a tapered fiber as a point

detector to characterize the focal point and measured
waists (1/e? intensity radius) of w,(,) ~0.77(0.66) pm,
which are close to the diffraction limit and can trap a single
atom. An advantage of the parabolic mirror design is that it
is highly achromatic; we measured an axial chromatic shift
of less than 200 nm between the focal points of 852 and
780 nm light. The scattered light from the trapped atom is
collected by the same optics and coupled back to the same
single-mode fiber. The time-reversal symmetry in this
design provides excellent stability and insensitivity to
slight misalignment in the optics and guarantees good
coupling efficiency of the scattered photons into the SM
fiber [45]. See Appendix E for further details of the
alignment and characterization process of the optical
setup. Details of the fabrication and alignment of the
apparatus are provided in Appendixes B—H.

To enhance optical stability, we built the core of the
setup from millimeter-scale optics, pre-aligned and glued
on a Macor platform [Fig. 1(b)]. The on-chip optics
include the parabolic mirror module, four of the magneto-
optical trapping (MOT) beams, plus two sets of beams
made from gradient-index (GRIN) lenses for optical
pumping and excitation of the single atom. All of these
optics, interfaced with optical fibers, were built in a
tabletop clean-room environment and aligned to overlap
with the focal point of the parabolic mirror.

The dipole trap light should preferably have linear
polarization in order to achieve a good polarization gra-
dient cooling (PGC) with the trapped atom [46]. However,
the SM fiber does not maintain polarization if the fiber is
moved or the environmental temperature changes. To
control the polarization of the dipole trap light, we used
a half-waveplate (HWP) and quarter waveplate (QWP)
before coupling into the fiber [Fig. 1(a)]. The parabolic
mirror has an on-axis hole in the middle with a diameter
of 0.5 mm to pass a small portion of the trap light for
polarization measurement. The hole covers a small portion
of the solid angle and does not reduce the effective NA of
the parabolic mirror significantly. A polarizer with trans-
mission along the vertical axis is placed on the back of the
parabolic mirror after which the light couples into a multi-
mode fiber. To achieve a linearly polarized dipole trap
at the atom, we maximize the power measured at the
output of the multi-mode fiber by rotating the waveplates.
Although maximizing transmission is not a very sensitive
method for polarization alignment, it is sufficient to
achieve an atom temperature below 20 pK (Appendix I).

The in-vacuum assembly includes eight optical fibers to
carry light in and out of the chamber. The fibers leave the
vacuum assembly through teflon plugs in swageloks [47].
To form a MOT, two external beams are aligned outside of
the chamber to pass through the focus of the parabolic
mirror and overlap with the on-chip MOT beams at an
angle of 35° with respect to the normal to the Macor plate.
All MOT beams have a waist of 0.5 mm. Overlapping the
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FIG. 1. Optical setup and experimental sequence. (a) Setup used for single-atom and single-photon characterization as well as atom-

photon entanglement verification. For the ¢ measurement, the beamsplitter is a 50: 50 non-polarizing beamsplitter. For atom-photon
entanglement we replaced the beamsplitter with a polarizing beamsplitter (PBS). (b) Image of the in-vacuum components which
include all the optics required at the core of the experiment, except two external MOT beams. (c¢) Experimental sequence for atom-
photon entanglement generation and verification. (d) The atom is initially prepared in |f = 1,m, = 0) by optical pumping, then
excited to |f = 0,m; = 0) by a Gaussian pulse. Emitted photons with . polarization are collected and coupled to the SM fiber.
(e) Histogram of the single-photon detection time. The fit is a convolution of a Gaussian with FWHM of 18.7 ns with an exponential
with a decay time of 26.4 ns in agreement with the lifetime of the excited state.

cold atomic cloud with the focus of the parabolic mirror
results in single-atom trapping which increases the count
level on the single-photon counting modules (SPCMs).
See Fig. 1(a) for the setup. Hence, the apparatus does not
require a camera; we measure the single-atom signals with
the SPCMs only.

To load a single atom, we start with a trap power of a
couple of mW, resulting in a trap depth of ~1.5 mK. After
detecting an atom with the SPCMs, the trap is lowered
adiabatically to ~500 pK and remains at this level for most
of the experimental sequence [Fig. 1(c)]. Raman scattering
of the trap light at 852 nm in the SM fiber results in 780 nm
photons propagating backwards toward the SPCMs, which
increases the background level by about 2 kcounts/s on
each SPCM after passing through band-pass filters with
FWHM of 2 nm centered at 780 nm. We use an exposure
time of 20 ms for each atom readout, during which we
detect about 100 photons from each SPCM. The contri-
bution from the background during the readout is about
40 counts on each SPCM. The detuning and power of the
cooling light are adjusted such that the readout also
provides PGC cooling on the atom.

III. SINGLE PHOTON GENERATION AND
CHARACTERIZATION

To generate single photons, we follow the scheme first
used in Ref. [48]. The atom is initially pumped into
|f = 1,my =0) with z-polarized 795 nm light using
one of the on-chip GRIN tubes. The optical pumping
light is resonant with the |55, f = 1) = |5py 0. f' = 1)
transition. A repump laser resonant with the |5s,,, f =
2) = |5p3)2. f' = 2) transition, combined with the two
off-chip MOT beams, avoids population trapping in the
f = 2 manifold. We achieve an optical pumping fidelity of
0.987(12) with a 20 ps pumping time, which can be seen
from the Rabi oscillation of the clock transition in Fig. 2(c)
driven by an on-resonance microwave pulse.

The initially prepared atom in [f =1,m;=0) is
excited to [f'=0,m} =0) with a z-polarized pulse
[Fig. 1(d)] delivered through the opposite GRIN tube.
The excitation pulse has a Gaussian-like temporal shape
with FWHM comparable to the lifetime of the excited state
(26 ns). The excited atom has three possible decay
channels to the f = 1 manifold with equal probabilities,
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FIG. 2.

(a) After detection of a photon, a microwave 7z pulse of length 5.3 ps transfers the population: |1) — |1’). The new qubit basis

(I4),11")) has a long coherence time at the magic bias field of ~3.23 G. (b) A two-photon microwave-rf pulse is used to rotate the
atomic basis on the Bloch sphere for entanglement verification. (c) Rabi oscillation of the clock transition at rate 118 kHz, indicating
optical pumping fidelity larger than 0.987(12), after correcting for errors in atom measurement. (d) Rabi oscillation for the || ) <> [1)
transition driven with a two-photon microwave-rf pulse. The single-photon detuning from |f = 2, m, = 0) is =250 kHz which results
in Rabi oscillation at 2.87 kHz. The z/2 pulse length is 87 ps. (¢) Ramsey data on the clock transition |f = Lmy= 0) —
|f = 2,m; = 0) showing a coherence time of 75 = 3.32(9) ms. (f) Ramsey results for the transition [1) — |1’) with a coherence time
of T5 = 0.11(1) ms obtained from the fit. (g) Ramsey fringes of the two-photon transition, indicating 75 = 3.2 ms at B =3.23 G.

emitting a photon at 780 nm with three possible polar-
izations: o,,0_, and 7. The m-polarized light does not
couple into the SM fiber due to destructive interference
[33]. Therefore, the chance of collecting a photon from
each excitation attempt is at most 2/3. The trap light is
turned off for 250 ns for excitation and photon collection.
The photons are detected within a 200 ns window and
time-stamped using ARTIQ [49]. Figure 1(e) shows the
photon decay-time histogram. The fitted curve is a con-
volution of the Gaussian excitation pulse with an expo-
nential function with a decay time of 26.4 £ 0.3 ns,
matching the known lifetime of the excited state.

The excited atom decays to the initial state
|f = 1,m; = 0) with probability of 1/3. Thus, to increase
the success probability of generating a ¢, photon, we
repeat the excitation attempt five times, with 20 ps delay,
after which we apply recooling and optical pumping. We
repeat this excitation cycle until the atom is lost from
the trap. We check for atom loss after every 30 excitation
cycles. On average, we can repeat the excitation cycle
~600 times (which corresponds to 5 x 600 excitation
attempts) before losing the atom. The overall single-
photon generation, collection, and detection efficiency is
measured to be 5% per excitation cycle. We note that the
five excitation attempts effectively increase the probability
of emitting a o photon in each excitation cycle from 2/3
to almost unity.

We measured the transmission of the optical setup
after the single-mode fiber [see Fig. 1(a)] and found a
total loss of 14.3%, including the waveplates, polarizing

beamsplitter, and band-pass filters. With a nominal quan-
tum efficiency of 0.65 for our SPCMs, and using the
measured 14.3% loss, the photon collection and coupling
efficiency at the output of the SM fiber is estimated to be
~9%. This is reasonably close to the 12% expected
theoretically for circularly polarized emission collected
with a parabolic mirror of NA = 0.61 and coupled into a
single-mode fiber [33]. Thus, this design shows a signifi-
cant improvement over previously reported non-cavity
neutral-atom experiments (see Table I). In addition to
the data reported in Table I we measured an atom-photon
entanglement rate of 12 s~! averaged over many exper-
imental cycles including the operations in Fig. 1(c) such as
atom reloading and cooling, without entanglement verifi-
cation. We have not indicated corresponding entanglement
rates for the other demonstrations in Table I since it
was not possible to make direct comparisons given non-
uniform reporting of experimental procedures.

The purity of the single photons is characterized by
g'»)(0) given by

P12

@(0) =
g“(0) PP,

ey

where P; is the probability of a detection event from
detector i, and P, is the probability of a joint detection
event. These are measured by a standard Hanbury Brown
and Twiss experiment [53], with the setup shown in
Fig. 1(a) with a 50:50 beamsplitter. We measured g® (0) =
0.006 £+ 0.006 < 1 indicating high single-photon purity.
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TABLE L

Demonstrations of neutral atom-photon entanglement. Success probability is the probability of detecting a photon for each

attempted excitation of the atom. Reported fidelities are measured results without correction for separately characterized error sources.
Corresponding results for ion-photon entanglement are given in Appendix J, Table III.

Year-group Description Photon encoding Matter qubit Success probability Fidelity
2006-Weinfurter [48] Lens, NA = 0.38, Polarization 87Rb 0.0005 0.87 £0.01
NA.; = 0.29
2007-Rempe [50] Cavity, C = 1.28 Polarization 8Rb 0.013 0.86 £ 0.004
2020-Weinfurter [51] Lens, NA = 0.5 Polarization 87Rb 0.0075 0.897 £ 0.007*
2022-Weinfurter [17] Lens, NA = 0.5 Polarization 87Rb Trap 1(2)™: 0.00598(0.00144) 0.952(0.941) + 0.007
2024-Rempe [52] Cavity, C = 1.66 Polarization 87Rb 0.33 0.866 + 0.005
2025-Covey [36] Lens, NA = 0.63" Time bin 171y 0.003 0.90 £0.014
2026 (this work) Parabolic mirror, Polarization 8’Rb 0.029¢ 0.93 £0.05

NA =0.61

*J. Covey, private communication.

"Success probability for Trap 2 is lower due to 50% loss from 700 m fiber.

“The success probability from each excitation cycle (consisting of five back-to-back excitation attempts) is 5%, as reported in the
main text. However, for fair comparison with the experiments from the Weinfurter group, which uses the same excitation scheme, here
we report the probability of detecting a photon from the first excitation attempt only.

This fidelity is for 5 m fiber length without quantum frequency conversion.

IV. ATOM-PHOTON ENTANGLEMENT

The emitted photons are entangled with a single atom in
the form [48]

|ll/+> — |‘L7G+> + ‘T,O’_>

, 2
7 2)
where [1)=|f=1.my;=1) and [|)=]|f=1,
my = —1). This atomic qubit basis is susceptible to

magnetic-field fluctuations and is expected to have a
coherence time similar to the (|1), |1')) qubit, for which
we measured a coherence time of 775 = 100-150 ps (see
Appendix A). To increase the lifetime of the entangled
state, we map |1) to [1) =|f=2,m;=1) using a
microwave pulse of length 5.3 ps [Fig. 2(a)]. This pulse
is applied with a 5 ps delay after registering a photon at
one of the SPCMs. The 5 ps delay is due to the limitation
of real-time decision branching of ARTIQ and can be
improved with modified gateware [23].

The new atomic basis (]|), |1')) is an excellent qubit as
it has a long coherence time at a bias field of B =3.23 G
[54]. At this field, the two hyperfine states experience the
same first-order Zeeman shift. As shown in Fig. 2(g), we
measured 7% = 3.2 ms for this qubit, without any attempts
to control or cancel environmental field fluctuations. This
coherence time is expected to be primarily limited by
motional decoherence. A long coherence time of 75 > 1 s
has been demonstrated for this qubit at lower temperatures
in a Bose-Einstein condensate [55].

Given the joint atom-photon density matrix p, the
fidelity of the atom-photon state with respect to the Bell
state |y™) is

_ PYHAH TPV
N 2

F +Re(pym, v)- 3)

All elements of the density matrix p can be obtained
from full quantum state tomography of the atom-photon
state. Alternatively, one can obtain a lower bound to the
entanglement fidelity using only the diagonal elements of
the density matrix in the z- and x-bases, represented by p
and p, respectively [56]:

1
Fiow = 3 (pruyn +Piviv — 2/Prvav PIaLE @

+ Py yn P vy = Prvay = Pian)-

The correlation populations P(1',H) = pyy 4y and
P(|,V) = p,v. v are measured as the correlation between
the polarization of the emitted photons and the populations
of the atoms in the (|{),[1’)) basis. This constitutes the
z-basis measurement. The atomic state-selective detection
is performed by blowing away atoms in the ground-state
f =2 manifold with one of the external MOT beams
resonant to the f =2 — f' = 3 cycling transition. Thus, a
subsequent fluorescence readout determines the state of
the atom.

Polarization measurement on the photon is performed
using the waveplates and a PBS, as shown in Fig. 1(a),
which projects the polarization onto the H/V basis.
Figure 3(a) plots the joint probability P(atom,v) as a
function of the HWP angle $ in the z-basis, where the atom
state €{/, 1}, and the photon state v € {H, V}. The SM
fiber applies an unknown unitary operation on the polari-
zation of the photons. We do not measure or compensate
for the effect of the SM fiber. Instead, we find a QWP
angle « that maximizes the amplitude of the parity
oscillations in Fig. 3.
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To measure the remaining density matrix elements
required for Eq. (4), we use the waveplates to measure
the polarization of the photons in the x-basis. Similar to the
z-basis measurements, we scan the waveplate angles to
maximize the parity oscillations.

The atomic basis is rotated to the x-basis using a
two-photon microwave-rf z/2 pulse resonant with the
|1) = |} ) transition. The single-photon transition detun-
ing is —250 kHz, below the [f =2,m, = 0) state. We
measure a two-photon Rabi frequency of 2.87 kHz
[Fig. 2(d)], which results in a (z/2)-pulse time of
87 ps. After the z/2 rotation, the atomic state is measured
by blowing away the f = 2 manifold as described earlier.
The correlations between photon polarization and atom
state in the x-basis are shown in Figs. 3(c) and 3(d), which
yield an entanglement fidelity F' > F),,, = 0.93 +0.05.

V. SOURCES OF ERRORS

The possible sources of error in the atom-photon
entanglement fidelity and their estimated contributions
are shown in Table II. The main error comes from state-
selective atom measurement, which consists of a micro-
wave 7 pulse for 1) — |1') mapping, a blow-away pulse
for atoms in the f = 2 manifold, and fluorescence readout
of the atom remaining in the trap. The blow-away and
fluorescence readout are performed with fidelities of 0.992
and 0.996, respectively. The fidelity of the microwave
mapping pulse is lower at 0.96(7) which results in the
overall state-selective atom measurement fidelity of
0.95(7). After correcting for this measurement error, the
central value of the inferred fidelity shifts to approximately
0.98. However, the uncertainty of the readout correction is
substantial, so this corrected value should be regarded
only as an estimate. See Appendix A for more details.

TABLE II. Main sources of atom-photon entanglement infi-
delity with their corresponding estimated contributions.
Source of error Contribution
Atomic state measurement 0.05 £ 0.07
Atom basis rotation (5+5)x1073
Atom dephasing <5x1073
Photon detection noise <3x 1073
Waveplate rotation error <3x1073
Excitation polarization <5x 1073
Imperfect optical pumping Negligible

The microwave mapping pulse suffers from a larger error
(and larger uncertainty in the error) mainly due to the drift
of the microwave resonance frequencies which is caused
by polarization drifts of the dipole trap light in the SM
fiber. Since this error affects all measurements, in both
z- and x-basis, it contributes directly to atom-photon
entanglement infidelity.

The coherence time of the initial atomic qubit is
relatively short (approximately 110 ps) before mapping
to the new basis (|} ),[1)). Therefore, the atomic qubit
starts dephasing quickly from the photon detection time
until we map the atom to the new basis. The microwave
mapping pulse is 5.3 ps long and is applied with a 5 ps
delay after photon detection, limited by the ARTIQ gate-
ware architecture. Therefore, the atomic qubit dephases for
approximately 7.7 us on average. However, the z-basis
measurements are not affected by this dephasing. Hence,
we estimate that the limited coherence time of the initial
atomic qubit lowers the atom-photon entanglement fidelity
by < 5 x 1073 through the x-basis measurements.

To first order, the frequency of the two-photon transition
|}) <> |1') is insensitive to magnetic noise and trap
polarization. Therefore, we estimate that the atomic qubit
rotation to the x-basis contributes only ~5 x 1073 to the
infidelity. Other sources of error, such as false photon
detections, errors in the waveplate angles, and misalign-
ment between the polarization of the excitation pulse and
the quantization axis, also contribute to atom-photon
infidelity, as shown in Table II. These effects are discussed
in more detail in Appendix A.

VI. SUMMARY AND OUTLOOK

We have realized a cavity-free neutral atom quantum
networking node based on a parabolic mirror that simul-
taneously serves as a high-NA trapping and collection
optic. The node combines high single-photon collection
efficiency with high atom-photon entanglement fidelity
in a compact, fiber-integrated, and mechanically robust
architecture built from millimeter-scale in-vacuum optics
on a monolithic platform. Although we have implemented
two independent nodes with comparable performance in
atom loading and single-photon generation, all quantitative
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results reported in this manuscript are obtained from a
single node. See Appendix F for representative data from
the second node.

The relatively large success probability for single-
photon generation directly supports high-quality atom-
photon entanglement, suppressing the impact of detector
dark counts and background scattering and enabling rapid
optimization and stabilization of experimental parameters.
Although cavity-based systems can achieve higher success
probabilities, our results show that a cavity-free architec-
ture can nevertheless reach a regime of efficient photon
generation and high entanglement fidelity while retaining a
simpler and scalable light-matter interface. Together with
the millisecond-scale coherence time of the memory qubit,
these features are well matched to the requirements for
efficient meter-scale links and provide a realistic starting
point for demonstrations of remote entanglement between
two such nodes. More generally, the parabolic mirror
geometry can be engineered with numerical apertures
exceeding unity and can even encompass the emitter, as
has been demonstrated with trapped ions [39]. Extending
our architecture to such extreme-NA configurations could
further increase the photon collection efficiency while
retaining the mechanical robustness of the monolithic
design, although such implementations would require
additional engineering for optical access. At the same
time, for the o-polarized photons considered here, large
collection angles lead to a spatially varying polarization
structure of the collected field, which fundamentally limits
the achievable coupling into a single-mode fiber [40].

Finally, the in-vacuum assembly is explicitly designed
to be compatible with additional high-NA objective lenses
for generating and imaging atomic arrays at each node. In
the envisioned architecture, one site of the array will be
dedicated to coupling to photons and establishing inter-
node links, while local Rydberg gates and atom-transport
operations distribute this entanglement among multiple
qubits within the array. This would enable remote entan-
gled registers shared between different nodes and, when
combined with telecom interfaces and multiplexed proto-
cols, provide a route toward scalable neutral atom quantum
repeaters and distributed quantum information processing
based on cavity-free, parabolic-mirror nodes.
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APPENDIX A: DETAILS OF THE
ERROR ANALYSIS

During the atom loading process, we monitor the photon
counts on the SPCMs constantly with 20 ms exposure time
to look for an atom signal which shows up as a clear
increase in the photon counts. Upon measuring photon
counts above a threshold, we turn off the MOT beams and
the magnetic field for 50 ms to dissipate the MOT while the
single atom is kept in the dipole trap. Then, we perform the
first fluorescence readout to ensure the trapping of a single
atom. With this method, we achieve an atom loading
probability of more that 95%, i.e. the first readout indicates
a single atom in more than 95% of the shots. To measure
the fidelity of the atom fluorescence readout we performed
two experiments. First, we measured the background
signal without loading any atoms in the trap (blue histo-
gram in Fig. 4). Then, in the second experiment, we loaded
single atoms and performed a second readout if the first
readout indicated an atom in the trap (red histogram in
Fig. 4). Ideally, we expect to see the atom in the second
readout in all of the measurements. However, in 0.4% of
the trials, the signal was lower than the threshold (see the
red data points underneath the blue histogram in Fig. 4).
These data indicate a fluorescence readout fidelity of
0.996. The atom loss between the two readouts is mainly
caused by background pressure which limits the trap
lifetime to a couple of seconds.

[ Background (no atom)
0.05 1 Atom signal
= ----- Threshold = 120
2 0.04t
[9)
o
2> 003f
.l—g
8 002}
o
“ o001}
0.00

80 100 120 140 160 180 _ 200
SPCM counts in 20 ms

FIG. 4. Single-atom fluorescence readout composed of two
experiments. The SPCMs counts are obtained by adding the
number of counts from the two SPCMs with 20 ms exposure
time. In 0.4% of the trials the atom signal lies below the threshold
as can be seen from the few red evens underneath the blue
histogram. These events are from atom loss during the readout
sequences.
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To measure the fidelity of the blow-away pulse, we
performed four experiments in which we pumped the
atoms into f = 1, and f = 2 manifolds, then measured the
retention with a fluorescence readout with and without
applying a blow-away pulse. From these experiments, we
measured a blow-away fidelity of minimum 0.988(4).
Combining the blow-away fidelity with the fluorescence
readout fidelity, we arrive at hyperfine-selective readout
fidelity of 0.988(3).

The main source of error in our state-selective atom
readout comes from the microwave mapping pulse to
transfer |1) to |1’). Since the dipole trap light is delivered
to the atom through the SM fiber, it does not have a good
linear polarization at the atom. By adjusting the 852 nm
waveplates before the SM fiber, and maximizing the
transmission through the polarizer and the multi-mode
fiber at the back of the parabolic mirror, we optimize the
trap polarization to be linear. However, this method is
not very accurate and we expect a couple of degrees of
ellipticity which can fluctuate by environment temperature
and mechanical vibrations. The circular component of the
trap light can shift the energy levels of the atomic ground
state through the finite vector polarizability of the atoms
and act as a fictitious magnetic field [57]. Hence, fluc-
tuation in the polarization of the trap light results in
fluctuation of the microwave transition frequencies, espe-
cially between |1) and [1') as they are both magnetically
sensitive. To mitigate this problem, we lower the trap
power adiabatically for the microwave transitions to about
100 pK. See the experiment sequence in Fig. 1(c) of the
main text. In addition, we covered the SM fiber with a
thick plastic jacket to protect it from the air flow in the
laboratory. By tracking the microwave transition frequency
of|f =1,m;=0) — |f =2, m; = 1) transition over sev-
eral hours, we observed that drift in the transition fre-
quency is often less than 1 kHz which is significantly
smaller than the width of the transition, on the order of a
few tens of kHz.

We measured the fidelity of the microwave mapping
pulse by first optically pumping atoms into |f =1,
m; = 0) and mapping them to [f=2,m;=1) by a
microwave z pulse. We then measured atom retention
after a blow-away pulse for both on-resonance and far off-
resonance microwave pulses. Correcting the results for the
errors in optical pumping, blow-away, and atom readout,
we estimate the fidelity of this microwave mapping
pulse to be 0.98(7). In microwave mapping from
|f = 1.my = 1) to |[f =2,m, = 1), however, both states
are magnetically sensitive. Therefore, we assume that
the infidelity of this mapping is twice the infidelity of the
|f =1,my =0) > |f =2,m; = 1) mapping. Hence, the
fidelity of the overall state-selective atom measurement,
which consists of microwave mapping from |f =1,
my=1) to |f =2,my = 1), blow-away pulse, and fluo-
rescence readout, is estimated to be 0.95(7).

Error in microwave mapping pulses can also affect the
basis rotation on the Bloch sphere to x-basis which is
performed by a two-photon microwave-rf pulse. However,
the resonant frequency for |1) — [1') transition is insen-
sitive, to the first order, to magnetic noises as well as to the
trap polarization errors. We measured the performance of
the two-photon transition by optically pumping atoms in
|f = 1,m; = 0) state and transferring them to [1”) using a
microwave x pulse before transferring them to || ) with the
two-photon pulse. Then, we performed hyperfine-selective
readout and measured that the population transfer from
|1') to ||) can be performed with 0.96(3) fidelity. We
assume that the population transfer infidelity in the 7 pulse
is due to the pulse area error and is twice the corresponding
error for the z/2 pulse. This error affects the measure-
ments in x-basis only. By propagating this error in the area
of the /2 pulse to the atom-photon entanglement fidelity
calculation, we arrive at (5= 0.5) x 107> for the contri-
bution of imperfect atom basis rotation.

Detection of the photon projects the atom into a
superposition in (|}),|1)) qubit basis which are both
magnetically sensitive. Therefore, the atomic qubit starts
dephasing rapidly until it is mapped to the magic qubit
basis (]{),]1’)). We time-stamp the photon arrival time
and apply the microwave mapping pulse with exactly a
5 ps delay (within =1 ns precision of the electronics) after
the photon arrival time. The 5 ps delay time is required
in ARTIQ to time-stamp the photon and trigger the
mapping pulse, but this delay can be improved using a
customized gateware [23]. The mapping pulse is 5.3 ps
long. Therefore, we assume that the atomic qubit dephases
for about 7.7 ps on-average. In the experiment, we do not
drive the transition ||) — |1). Hence, we measured
the coherence time of |}) — |1) transition using a
Ramsey sequence, which is expected to have a similar
coherence time. Figure 2(f) of the main text shows the
result of the Ramsey experiment with a fit function
o« e~ (/T2)’ cos (ot + ¢) and T; = 0.11(1) ms. Therefore,
after 7.7 ps, the atomic coherence reduces by <1%. Since
the dephasing affects the x-basis measurements only, it
adds an error <5 x 1073 to the atom-photon entanglement
fidelity.

If the excitation pulse is too short (broad in spectrum) it
can off resonantly couple to higher excited states and lower
the entanglement fidelity. The next excited state is | /' = 1)
which is only 72 MHz away from |f" = 0). However, the
transition |f =1,m; = 0) — [f" = 1,m’, = 0) is forbid-
den. The second possible excited state (|f' =2)) is
229 MHz away. Considering the 18 ns width of our
excitation pulse, the probability of off-resonant excitation
to |f' = 2) level is negligibly small.

The excitation and atom-photon entanglement scheme
are insensitive to small errors in the optical pumping
fidelity. This is because the excitation pulse does not
couple well to |f =1, my = +1) states. However, if the
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polarization of the excitation pulse is not well aligned to
the quantization axis, the atom can off-resonantly excite to
|f/ = 1) manifold either from the initial state |f =1,
my=0) to |[f' =1,m} = £1) or from |f = 1,m, = £1)
states which can be occupied after the first excitation
pulse. In this scenario we expect to detect multiple photons
within the 5 excitation attempts. However, only in 0.5% of
the excitation cycles, more than one photon is experimen-
tally detected within the 5 excitation attempts. Thus, we
can safely assume that the error in the polarization of the
excitation pulse does not contribute more than 0.5% to
atom-photon entanglement infidelity.

The basis rotation and projective measurements on the
photons are performed with a pair of QWP and HWP.
The QWP transforms elliptical polarization at the output of
the SM fiber to linear polarization. Since the SM fiber
applies an unknown unitary operation on the polarization,
the QWP angle for the rotated basis is not necessarily at
45° from the z-basis angle. Indeed, the QWP angles for the
z- and x-basis measurements, reported in Fig. 3 of the main
text, are 60° and 25°, respectively. The visibility of the
parity oscillations can reduce if the QWP is not at the
optimum angle. Considering the worst case scenario when
the polarization at the SM fiber output is circular, deviation
of Aa from the optimum angle reduces the visibility of the
parity oscillations by cos(2Aa). We expect an error of
Aa =~ 2° in the QWP angle which can result in reduction of
visibility by ~0.0024, in the worst case scenario. Similar
error is expected for the HWP angle, in both z- and x-basis.
Propagating these errors to the fidelity calculation, we
conclude that errors in waveplates angle can contribute up
to 0.003 in entanglement infidelity.

Finally, we consider the error due to false counts on the
SPCMs. Experimentally, we measured 50 dark counts
per second per SPCM. Since the overall single-photon
collection and detection efficiency of our setup is 5%, we
need to repeat the excitation cycle 100/5 times to detect a
single photon. Considering the gate time of 200 ns and 5
excitation attempts, we expect about 0.3% of the total
photon counts to be false. False photon detections trigger
atom measurements and affect all the results. However, we
may still find the atomic state in correlation with the
photon noise counts accidentally. Therefore, the effect of
false counts on entanglement fidelity is estimated to be less
than 0.003.

APPENDIX B: VACUUM SYSTEM DESIGN

The vacuum system consists of the pancake chamber,
two ion pumps, a rubidium ampoule, eight fiber feed-
throughs, and a valve for connecting a turbo pump
(See Fig. 5).

The pancake chamber is custom designed to securely
mount the optical chip. We refer to it as the “pancake
chamber” due to its low-profile, disk-like geometry [See
Fig. 6(a) for a close-up view of the pancake chamber.].

'(b) Turbo pump

connection {/©
(d) lon pump 1

Y O\
< e

P
O &0

Feedthroughs

FIG.5. Design of the full vacuum system (a) Pancake chamber
with the optical chip mounted inside. (b) and (c) Valve for turbo
pump connection. (d) and (e) Ion pumps for pumping of both
upper and lower chamber. (f) Rb ampoule sitting inside the
bellows. (g) Eight fiber feedthroughs.

The chip is mounted using two groove grabbers and
oriented to minimize mechanical stress on the SM fiber
that delivers the dipole-trap beam. The chamber has fused
silica viewports on both sides to provide external optical
access, each anti-reflection coated over 400-1100 nm. The
top viewport has a larger window (3.8” diameter), while
the bottom viewport has a smaller window (1.4” diameter).
The viewport thickness (7.36 mm) was chosen to com-
pensate for optical aberrations when used with existing
custom high-NA objective lenses (JenOptik), enabling
future integration of an optical tweezer array.

A total of eight optical fibers are routed from the
pancake chamber—the upper part of the vacuum assembly
down through the chamber to the fiber feedthroughs at the
bottom, where they exit the vacuum system [Fig. 5(g)]. At
the feedthroughs, the vacuum is sealed by passing each
fiber through a Teflon plug inside a Swagelok fitting,
which is carefully tightened so that the fiber stays un-
damaged. During and after bakeout, the fittings had to be
re-tightened to achieve a good vacuum pressure to com-
pensate for thermal expansion and contraction of the
Teflon plugs as the temperature changed.

To protect the science region from potential leaks near
the fiber feedthroughs, the upper and lower part of the
vacuum system are separated by a differential pumping
region with each part equipped with its own ion pump [See
Figs. 5(d) and 5(e)]. In this region, a copper pinch-off
tube—7 cm in length with an inner diameter 6.35 mm—
was used in place of a standard conflat copper gasket. The
middle section of the tube was pinched down to a slit of
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3, polarizer

Polarizer
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FIG. 6. Pancake chamber and on-chip modules (a) Top view of the pancake chamber showing the optical modules mounted on the
Macor chip. (b) Parabolic mirror. (c) MOT beam module. (d) GRIN module for optical pumping and excitation. (e) Eight fiber
feedthroughs. (f) Coil assembly designed to mount around the pancake chamber.

approximately 1 mm wide, reducing the conductivity
between two regions to 0.44 L/s, which is well below
the upper ion pump’s pumping speed of 10 L/s. The
conductivity between the science region and the lower
chamber is intrinsically lower due to the right angle
geometry between the science chamber and differential
pumping path. As a result, we achieve excellent vacuum
levels in both regions, Py, = 4 X 10710 Torr, Pioyer =
2 x 107 Torr, with the upper region closer to the science
region maintaining the lower pressure.

APPENDIX C: ON-CHIP ARCHITECTURE

We present a compact and plug-and-play node design in
which most of the optics are pre-aligned in vacuum on a
chip with fiber interfaces. The in-vacuum optics are
mounted on a custom chip composed of a Macor substrate,
which was chosen for its low thermal expansion, mecha-
nical strength, and machinability. The Macor chip is
fabricated with precision-milled slots to accommodate
different optical modules, including four out of six
MOT modules for laser cooling, a dipole trap module for
both atom trapping and photon collection, two GRIN lens
modules for optical pumping and excitation, and a multi-
mode (MM) fiber module for checking the polarization of
the incident dipole trap beam. All modules are secured on

the chip using a low-outgassing, UHV-compatible epoxy.
This modular pre-aligned design reduces post-alignment
overhead, requiring only two external MOT beams outside
the chamber to operate the device.

The chip incorporates several types of optical modules,
each individually assembled and aligned to perform a
specific function (See Fig. 6). All modules share a
common structure, consisting of a polyimide-coated fiber
inserted through a fiber ferrule and a collimating lens, but
differ in size and include additional optical elements
tailored to their respective roles. The optical components
are mounted inside glass or Macor tubes that include
venting holes to prevent air from becoming trapped inside
during vacuum bakeout.

1. MOT beam module

The MOT beam module delivers the cooling and
repump beams required to form a MOT [See Fig. 6(c)].
Each module includes a PM fiber inserted through a fiber
ferrule, a collimating lens (f = 5 mm), a polarizer aligned
to the slow-axis of the fiber, and a quarter waveplate to
generate the required circular polarization. Four MOT
beam modules are integrated on the chip, and together with
two external MOT beams, they form a standard six-beam
MOT configuration used for cooling and repump.
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2. GRIN modules

The GRIN modules are used for optical pumping and
excitation of the atom [See Fig. 6(d)]. Each module
incorporates a PM fiber inserted through a fiber ferrule,
a GRIN lens for collimation (effective focal length of
4 mm) and a polarizer aligned to the quantization axis.

3. Parabolic mirror module

The parabolic mirror module consists of an SM fiber
inserted through a fiber ferrule, a collimating lens
(f = 54 mm), and a high-NA (0.61) parabolic mirror with
a diameter of 9 mm and a working distance of 5.26 mm,
defined here as the axial distance from the center of the
mirror to the focal point. The parabolic mirror is made of
aluminum with silver coating [See Fig. 6(b)]. This module
delivers the dipole trap beam and simultaneously collects
photons emitted by the atom along the same optical axis.
We use an SM fiber rather than a PM fiber to avoid
introducing significant birefringence onto the collected
photons, which would otherwise destroy the atomic-
photon entanglement. As a result, however, the polariza-
tion of the dipole trap light is not maintained through the
SM fiber.

4. Multi-mode fiber module

The multi-mode fiber module enables polarization
monitoring of the dipole trap beam. It consists of a
multi-mode fiber inserted through a fiber ferrule, a
collimating lens (f = 5 mm), and a polarizer. The module
is positioned behind the parabolic mirror to collect a small
amount of dipole trap light that passes through the mirror’s
0.5 mm on-axis through-hole and the polarizer. Because
multi-mode fibers efficiently gather this transmitted light,
independent of mode quality, this module provides a signal
for checking and aligning the dipole trap beam polariza-
tion, compensating for the lack of polarization preserva-
tion in the SM fiber used in the parabolic mirror module.
However, we use this signal to align the polarization of the
dipole trap light only when the environmental temperature
changes significantly.

5. Beam module to fiber interface

To facilitate pre-alignment and on-chip assembly, the
fibers attached to each optical module are initially con-
nectorized. After alignment on the chip, the connectors
are removed and the fibers are cut to the appropriate
length to pass through the vacuum system—from the
chip down to the fiber feedthroughs [Fig. 6(e)]. After
exiting the feedthrough, each fiber is fusion-spliced
(Fujikura FSM-100P) to either a SM or a PM fiber,
depending on the optical requirements of the correspond-
ing module.

6. Prebake of beam modules

Although the epoxy is UV-curable, UV exposure alone
does not fully harden it, so a thermal bake is required
to complete the cure and ensure long-term mechanical
stability before on-chip assembly. Once all modules were
assembled, they were baked in air at 120°C using a small
oven made from heat tapes, with the temperature ramp
limited to 0.5°C/min to avoid mechanical stress and
preserve the alignment.

APPENDIX D: PARABOLIC MIRROR
CHARACTERIZATION AND ALIGNMENT

One challenge in using the parabolic mirror is character-
izing its focal spot as it cannot be measured by standard
techniques without obstruction of the impinging light.
To address this challenge, we used an near-field optical
microscopy (SNOM) uncoated tapered fiber as a point
detector to probe the focal spot. Since the bare fiber has a
diameter of ~125 pm, it does not block or disturb the
impinging light significantly [Fig. 7(a)] and provides a
precision of ~100 nm.

Figure 7(b) shows the emission pattern of the tapered
fiber when we send 780 nm light through the other end of
the fiber. Defects on the tapered fiber are visible when the
image is taken with longer exposure time. This indicates
that light can also couple into these imperfections when
the fiber is used as a point detector. However, coupling
into such defects is strongly suppressed and negligible,
except when the focal spot is exactly aligned with a
defect spot.

Because the focal spot of the parabolic mirror was
expected to be less than one micron, sub-micron preci-
sion was required for accurate characterization. Thus, we
mounted the tapered fiber tip on a 6-axis piezo stage and
ran two-dimensional raster scans near the focal region. The
output of the fiber was attached to an avalanche photo-
detector (Thorlabs APD430A) for sensitive measurement
of the collected light. The setup is shown in Fig. 7(a).

We measured the beam waist at the focus of the para-
bolic mirror to be w, = 0.77 pm and wy, = 0.66 pm, as
shown in Fig. 7(c). A full reconstruction of the three-
dimensional intensity profile of the focused beam was also
obtained from a series of transverse scans, as shown in
Fig. 7(d). The beam profile appears to be highly aberrated,
especially along the x-axis and at planes farther away from
the focus. However, this effect is an artifact arising from
weak coupling of light into defects on the stem of the fiber
tip, visible in Fig. 7(b). This was confirmed by rotating
the mirror tube by 90° with respect to the fiber tip and
repeating the scan. Subsequently, the aberration reap-
peared in the same position relative to the fiber tip,
confirming that it originates from the fiber itself rather
than from the focal intensity distribution.
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FIG. 7. Parabolic mirror characterization using a tapered fiber
mounted on a 6-axis stage (Thorlabs Nanomax) (a) Schematic of
the setup. (b) Emission pattern of the tapered fiber with coupled
780 nm light (right: longer exposure to reveal light leaking from
fiber defects) (c) 2D raster scan at the parabolic mirror focus.
(d) 2D raster scans taken at multiple axial positions around the
focus. The features appearing around the focal point are artifact
of the defects on the tapered fiber as seen in part (b).

Precise alignment of the parabolic mirror is essential for
achieving diffraction-limited focusing and high collection
efficiency. However, the mirror’s alignment is highly
sensitive to small angular errors. According to our
Zemax simulations, an axial tilt as small as 0.05° intro-
duces a noticeable aberration.

To address this challenge, we employed an intermediate
Macor tube that serves as a mechanical interface between
the Macor chip base and the small parabolic mirror (The
tube is shown in Fig. 6(a) at the center of the chip). The
parabolic mirror has a total length of 12 mm, with 10 mm
seated inside the Macor tube, ensuring a mechanical
stability. The mechanical tolerance between the mirror
and the tube was set to less than 40 pm, limited by the
different thermal expansion rate between the parabolic
mirror (made of aluminum) and Macor.

The Macor tube assembly also houses the achromatic
lens and the single-mode fiber, which are positioned in the
tube before installing the parabolic mirror. The single-
mode fiber is first inserted into a glass ferrule, which is
then mounted in an adapter (made of Macor) sitting at the
end of the tube. The fiber is anti-reflection coated covering
both 780 and 852 nm. An achromatic doublet is installed
inside the tube from the opposite side and positioned in
front of the fiber to collimate the outgoing beam before it
reaches the parabolic mirror.

APPENDIX E: ON-CHIP ALIGNMENT

Precise alignment of all optical modules was critical, as
the performance of the chip architecture relies on their
spatial overlap at the trap position. Once the modules were
assembled individually, they were aligned one by one on
the Macor chip, which had precision-milled slots serving
as mechanical guides and greatly simplifying the align-
ment process. These slots provided a mechanical tolerance
of approximately 25 pm, meaning that the MOT and GRIN
beams were already close to their correct positions once
seated properly. The parabolic mirror module, however,
required additional care due to its high numerical aperture
and correspondingly tighter alignment tolerances.

We began by aligning the MOT beam modules. Each
pair of opposing MOT beams was adjusted to maximize
cross-fiber coupling, achieving up to ~30% coupling
efficiency. Once the MOT beams were aligned, the para-
bolic mirror module was positioned such that its focal
point coincided with the MOT beam overlap. To verify this
overlap, we used an acetone-washed transparency sheet
~80 pm thickness as a scattering screen, placed at the
focus of the parabolic mirror. The scattered lights from
different beams on this screen are monitored by a CMOS
camera. For more details, see Ref. [58]. The transparency
sheet, mounted on a three-axis translation stage, was
inserted from the bottom of the Macor chip with its plane
facing the GRIN tubes; in this configuration, it did not
obstruct the light incident onto the parabolic mirror.

After aligning the parabolic mirror module, the GRIN
tubes were adjusted so that their beams also overlapped
with the mirror’s focal point. In addition, the polarization
of each GRIN beam was aligned to the quantization axis,
which lies in the plane of the Macor chip. Once each
module was precisely aligned, we applied a UV-curable,
UHV-compatible epoxy and set it with UV light.

After the full alignment procedure was completed, the
entire chip was covered and baked in air at 100°C for a few
hour, after which we checked the alignment and did not
observe any drift after baking. These checks confirmed
that the modules and their alignments survived the pre-
bake process without drift.
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APPENDIX F: NODE 2 BASED
ON PARABOLIC MIRROR

We built a duplicate of the parabolic-mirror-based node,
which we refer to as Node 2 (See Fig. 8). The overall
design, including the vacuum system and optical modules,
is the same as that of Node 1. There are minor differences
arising from mechanical tolerances and alignment quality,
but these are not expected to significantly affect its perfor-
mance. The focal spot of the parabolic mirror was charac-
terized using the same method described in Appendix D.
We measured w, = 0.75 pm and w, = 0.7 pm, which are
comparable to the values obtained for Node 1.

Consistent with the nearly identical design, we observe
comparable performance in Node 2. We measured
g?(0) = 0.006 + 0.0043 < 1, confirming strong single-
photon characteristic. The histogram of the single-photon
detection times from this measurement is shown in Fig. 9.

The experimental sequence is very similar to that of
Node 1, with a few key differences. First, optical pumping
was performed for 100 ps. In addition, atom loss was
checked every 30 excitation cycles, and on average we
were able to repeat the cycle 256 times before losing

FIG. 8.

Top view of the pancake chamber of Node 2. Several
minor differences from Node 1 are visible. The chip is mounted
to the groove grabber using only screws and spacers of a specific
height, without any additional components. In addition, a small
crack on the left side of the parabolic-mirror tube provides a
clearer side view toward the center of the chip.
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FIG. 9. Histogram of the single-photon detection time from
Node 2. The fit is a convolution of a Gaussian with FWHM of
16.3 ns with an exponential with a decay time of 27.26 ns which
agrees to within a few percent with the known lifetime of the
excited state.

the atom. In this measurement, we used four excitation
attempts per cycle. Under these conditions, the single-
photon generation rate was 3.65/s, including atom loading
time. The overall single-photon generation, collection,
and detection efficiency was measured to be 3.67% per
excitation cycle.

These values have not yet been optimized. However,
since Node 2 is an essentially identical duplicate of
Node 1, and given the results obtained so far, we expect
similar performance to be achievable in Node 2.
Measurements to verify atom-photon entanglement in
Node 2 are currently in progress.

APPENDIX G: MOT SWITCHYARD AND
POWER STABILIZATION

1. Initial beam balancing of MOT beam modules

Stable MOT formation and efficient PGC require
well-balanced beam powers, especially between counter-
propagating beam pairs. In our pre-aligned chip architec-
ture, however, the optical powers delivered to the atoms
cannot be directly measured. We therefore used atom
fluorescence as a proxy for the beam powers and balanced
the on-chip beams in situ.

A CMOS camera equipped with a 780 nm filter was
used to image the MOT region. With cooling and repump
light applied, each on-chip beam was turned on individu-
ally and its power was adjusted by tuning the rf drive to the
corresponding fiber AOM until the fluorescence reached a
predefined set point. This procedure was repeated for all
four on-chip beams to equalize their effective powers at the
trap. After the beams were balanced, we measured the
corresponding cross-coupled power at the beam sampler
and used these values as reference set points for active
power stabilization during operation [Fig. 10(e)].
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2. MOT beam power stabilization

MOT cooling and repump light are first combined and
coupled into a PM fiber, then distributed into six channels
using fiber splitters: four for the on-chip MOT modules
and two for the external MOT beams [Fig. 10(e)]. In each
channel, a fiber-AOM provides independent power control
and fast switching via the applied rf power. Each fiber-
AOM is operated at a slightly different rf frequency (by
10 kHz) to avoid slowly drifting standing wave and
interference between opposite MOT beams.

After the fiber-AOMs, the light enters a short free-space
section containing wave plates for polarization cleanup
and a beam sampler. The sampler transmits the forward-
going beam, which is coupled into fiber and delivered to
the corresponding on-chip module. A small fraction of the
light is cross-coupled into the opposing module and returns
through the opposing fiber channel. This returning light is
picked off by the beam sampler and detected on a photo-
diode. We use this signal as an in-line power monitor for
each channel and actively stabilize the power via feedback
to the fiber-AOM rf drive. This power-stabilization routine
is applied sequentially to each beam module at the start of
the experiment.

3. Dipole-trap power stabilization

Stable dipole-trap operation requires maintaining con-
stant laser power. To monitor the power of the trap light
delivered to the vacuum chamber, we use an avalanche
photodiode (APD) with an 852 nm band-pass filter, placed
outside of the chamber, to collect the scattered light from
the chip components. The APD position is adjusted to
maximize the collected scattered signal. This APD signal
is then used for active stabilization of the trap power.

APPENDIX H: ELECTRONIC CONTROL
SYSTEM

We use ARTIQ 7 (Advanced Real-Time Infrastructure
for Quantum physics) as the experimental control system
[49]. The control hardware is based on a Kasli-SoC FPGA
and includes a Zotino DAC card, three Urukul DDS cards,
two DIO cards, and three Sampler ADC cards. Microwave
drive signals at 6.5 GHz are generated using a Valon
5015 synthesizer. A 10 MHz %’Rb frequency standard
(FE-5680A) serves as the common reference clock for the
entire experimental system [See Fig. 10(h)].

The two-photon transition |]) <> |1') is driven by
simultaneous application of a microwave tone at
~6.832 GHz and an rf tone at 2.5 MHz. The tf field is
generated by a loop antenna consisting of four turns of
wire with a diameter of 7 cm, placed directly on top of the
vacuum chamber as close as possible to the atom. The
antenna is not impedance matched to the output of the rf
amplifier (Mini-Circuits LZY-22+), so only a small frac-
tion of the available rf power is converted into rf radiation.

APPENDIX I: ATOM TEMPERATURE
MEASUREMENT

The temperature of the trapped atoms is calculated
based on the coherence time of the clock transition from
the Ramsey data shown in Fig. 2(e). We calculated the
Ramsey coherence as a function of both atomic temper-
ature and magnetic-field noise. The results are shown
as a two-dimensional color map in Fig. 11. Following
Ref. [63], the calculation is based on thermal averaging of
the differential light shift experienced by the atom in the
trap, together with the residual sensitivity of the clock
transition to magnetic-field fluctuations [64]. For each
temperature, the atomic motion is treated within the
thermal distribution of the trapping potential, which gives
a distribution of light shifts and therefore a corresponding
inhomogeneous dephasing of the Ramsey signal. Mag-
netic field noise is included as an additional Gaussian

5 10 15 20 25 30
T (pK)

FIG. 11. Calculated Ramsey coherence time as a function of
atom temperature and magnetic-field noise at a bias field of By =
3.23 G and a trap wavelength of 852 nm. We assume Gaussian
magnetic-field noise with standard deviation of ¢. Contours are
labeled with the coherence time in ms. (a) Calculated coherence
of the [1,1) — |2, 1) transition which is primarily sensitive to
magnetic noise. The observed coherence time of 75 = 0.11 ms
indicates ¢ = 1.45 mG. (b) Calculated coherence of the |1,0) —
|2,0) clock transition. The observed coherence time of
T3 = 3.32 ms indicates a temperature of 7 = 20 pK.
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TABLE III

Representative demonstrations of ion-photon entanglement. The success probability is defined as the probability of

detecting a photon per attempted ion excitation and the rate is the ion-photon entanglement generation and detection rate. Reported
fidelities are measured results without correction for separately characterized error sources.

Year Description Photon encoding Matter qubit Success probability ~ Rate (s™!) Fidelity
2004 [56] Monroe Lens, NA = 0.23 Polarization Hicg+ 1.6 x 1074 0.3 0.87
2012 [59] Blatt Cavity, C = 1.75 Polarization 40Ca* 5.7 x 1072 40.5 0.974 4+ 0.002
2018 [60] Eschner Lens, NA = 0.4 Polarization 40Cat 476 x 1074 27.6° 0.933 £ 0.003°
2020 [23] Lucas Lens, NA = 0.6 Polarization 88G+ 2.08 x 10-2¢ 4000(5700) 0.979(0.977)
2021 [61] Kohl Cavity, C = 0.056 Polarization Mypt 25%x 1073 62 0.901 £0.017
2024 [25] Monroe Lens, NA = 0.8 Polarization 1385+ 2.31(2.21) x 1072 7692(7359)°  0.981(0.968)
2025 [62] Monroe Lens, NA = 0.6(0.8) Time bin 1389+ 4.75(9.5) x 103" 71(142) 0.985%

Calculated from reported entanglement generation and detection rate of 27.6/s with 58 kHz sequence repetition rate.
"The paper reports 236 generated and 27.6 projected and detected entanglement events/s with repetition rate of 58 kHz.

Wlth background subtraction, the paper reports 0.955 £ 0.003.

dCalculated from ion-ion entanglement success probability of 2.18 x 1074,

eCalculated from reported attempt rate of 333 kHz.
fCalculated from reported values in Method section of [62].

€We list the square root of the ion-ion entanglement fidelity reported in [62].

broadening of the transition frequency. The coherence of
the mapping transition [see Fig. 2(f)] primarily depends on
the magnetic field which implies noise of ¢ = 1.45 mG.
Since the clock qubit at our bias field is only weakly
sensitive to magnetic-field fluctuations, the calculated
coherence time depends predominantly on the atomic
temperature over the relevant parameter range. By com-
paring the measured value 77, = 3.32 ms to the calculated
map, we infer an atomic temperature of approxi-
mately 20 pK.

APPENDIX J: ION-PHOTON ENTANGLEMENT

Although the focus of this work is atom-photon entan-
glement with neutral atoms, we include in Table III a
summary of representative ion-photon entanglement
experiments for comparison and reference. The substan-
tially higher rates and fidelities achieved with trapped ions
should be viewed in the context of important platform-
dependent differences as well as experimental and funda-
mental constraints.

[1] H.J. Kimble, The quantum internet, Nature (London) 453,
1023 (2008).

[2] A.Reiserer and G. Rempe, Cavity-based quantum networks
with single atoms and optical photons, Rev. Mod. Phys. 87,
1379 (2015).

[3] S. Wehner, D. Elkouss, and R. Hanson, Quantum internet:
A vision for the road ahead, Science 362, eaam9288 (2018).

[4] P. Drmota, D. P. Nadlinger, D. Main, B. C. Nichol, E. M.
Ainley, D. Leichtle, A. Mantri, E. Kashefi, R. Srinivas, G.
Araneda, C.J. Ballance, and D. M. Lucas, Verifiable blind
quantum computing with trapped ions and single photons,
Phys. Rev. Lett. 132, 150604 (2024).

[5] B. Polacchi, D. Leichtle, L. Limongi, G. Carvacho, G.
Milani, No Spagnolo, M. Kaplan, F. Sciarrino, and E.
Kashefi, Multi-client distributed blind quantum computa-
tion with the qline architecture, Nat. Commun. 14, 7743
(2023).

[6] F. Afzal et al., Distributed quantum computing in silicon,
arXiv:2406.01704.

[71 D. Main, P. Drmota, D.P. Nadlinger, E. M. Ainley, A
Agrawal, B. C. Nichol, R. Srinivas, G. Araneda, and D. M.
Lucas, Distributed quantum computing across an optical
network link, Nature (London) 638, 383 (2025).

[8] P. Komar, E.M. Kessler, M. Bishof, L. Jiang, A.S.
Segrensen, J. Ye, and M. D. Lukin, A quantum network of
clocks, Nat. Phys. 10, 582 (2014).

[9] P. Kémar, T. Topcu, E. M. Kessler, A. Derevianko, V.
Vuletié, J. Ye, and M. D. Lukin, Quantum network of atom
clocks: A possible implementation with neutral atoms,
Phys. Rev. Lett. 117, 060506 (2016).

[10] K. Beloy et al., Frequency ratio measurements at 18-digit
accuracy using an optical clock network, Nature (London)
591, 564 (2021).

[11] B.K. Malia, Y. Wu, Jan Martinez-Rincén, and M. A.
Kasevich, Distributed quantum sensing with mode-
entangled spin-squeezed atomic states, Nature (London)
612, 661 (2022).

[12] B.C. Nichol, R. Srinivas, D. P. Nadlinger, P. Drmota, D.
Main, G. Araneda, C.J. Ballance, and D. M. Lucas, An
elementary quantum network of entangled optical atomic
clocks, Nature (London) 609, 689 (2022).

[13] D. Gottesman, T. Jennewein, and S. Croke, Longer baseline
telescopes using quantum repeaters, Phys. Rev. Lett. 109,
070503 (2012).

[14] M. M. Marchese and P. Kok, Large baseline optical
imaging assisted by single photons and linear quantum
optics, Phys. Rev. Lett. 130, 160801 (2023).

[15] W.-Z. Liu, Y.-Z. Zhang, Y.-Z. Zhen, M.-H. Li, Y. Liu, J.
Fan, F. Xu, Q. Zhang, and J.-W. Pan, Toward a photonic
demonstration of device-independent quantum key distri-
bution, Phys. Rev. Lett. 129, 050502 (2022).

033008-16


https://doi.org/10.1038/nature07127
https://doi.org/10.1038/nature07127
https://doi.org/10.1103/RevModPhys.87.1379
https://doi.org/10.1103/RevModPhys.87.1379
https://doi.org/10.1126/science.aam9288
https://doi.org/10.1103/PhysRevLett.132.150604
https://doi.org/10.1038/s41467-023-43617-0
https://doi.org/10.1038/s41467-023-43617-0
https://arXiv.org/abs/2406.01704
https://doi.org/10.1038/s41586-024-08404-x
https://doi.org/10.1038/nphys3000
https://doi.org/10.1103/PhysRevLett.117.060506
https://doi.org/10.1038/s41586-021-03253-4
https://doi.org/10.1038/s41586-021-03253-4
https://doi.org/10.1038/s41586-022-05363-z
https://doi.org/10.1038/s41586-022-05363-z
https://doi.org/10.1038/s41586-022-05088-z
https://doi.org/10.1103/PhysRevLett.109.070503
https://doi.org/10.1103/PhysRevLett.109.070503
https://doi.org/10.1103/PhysRevLett.130.160801
https://doi.org/10.1103/PhysRevLett.129.050502

EFFICIENT AND COMPACT QUANTUM NETWORK...

PRX QUANTUM 7, 033008 (2026)

[16] D.P. Nadlinger, P. Drmota, B. C. Nichol, G. Araneda, D.
Main, R. Srinivas, D. M. Lucas, C.J. Ballance, K. Ivanov,
E.Y.-Z. Tan, P. Sekatski, R.L. Urbanke, R. Renner, N.
Sangouard, and J.-D. Bancal, Experimental quantum key
distribution certified by Bell’s theorem, Nature (London)
607, 682 (2022).

[17] W. Zhang, T. van Leent, K. Redeker, R. Garthoff, Ré
Schwonnek, F. Fertig, S. Eppelt, W. Rosenfeld, V. Scarani,
C.C..-W. Lim, and H. Weinfurter, A device-independent
quantum key distribution system for distant users, Nature
(London) 607, 687 (2022).

[18] V.D.;ctor Zapatero, T. van Leent, R. Arnon-Friedman,
W.-Z. Liu, Q. Zhang, H. Weinfurter, and M. Curty,
Advances in device-independent quantum key distribution,
npj Quantum Inf. 9, 10 (2023).

[19] C. Simon and W.T.M. Irvine, Robust long-distance en-
tanglement and a loophole-free bell test with ions and
photons, Phys. Rev. Lett. 91, 110405 (2003).

[20] L.-M. Duan and H.J. Kimble, Efficient engineering of
multiatom entanglement through single-photon detections,
Phys. Rev. Lett. 90, 253601 (2003).

[21] D.E. Browne, M.B. Plenio, and S.F. Huelga, Robust
creation of entanglement between ions in spatially separate
cavities, Phys. Rev. Lett. 91, 067901 (2003).

[22] X.-L. Feng, Z.-M. Zhang, X.-D. Li, S.-Q. Gong, and Z.-Z.
Xu, Entangling distant atoms by interference of polarized
photons, Phys. Rev. Lett. 90, 217902 (2003).

[23] L.J. Stephenson, D. P. Nadlinger, B. C. Nichol, S. An, P.
Drmota, T.G. Ballance, K. Thirumalai, J.F. Goodwin,
D.M. Lucas, and C.J. Ballance, High-rate, high-fidelity
entanglement of qubits across an elementary quantum
network, Phys. Rev. Lett. 124, 110501 (2020).

[24] V. Krutyanskiy, M. Galli, V. Krcmarsky, S. Baier, D. A.
Fioretto, Y. Pu, A. Mazloom, P. Sekatski, M. Canteri, M.
Teller, J. Schupp, J. Bate, M. Meraner, N. Sangouard, B. P.
Lanyon, and T. E. Northup, Entanglement of trapped-ion
qubits separated by 230 meters, Phys. Rev. Lett. 130,
050803 (2023).

[25] J. O’Reilly, G. Toh, I. Goetting, S. Saha, M. Shalaev, A. L.
Carter, A. Risinger, A. Kalakuntla, T. Li, A. Verma, and C.
Monroe, Fast photon-mediated entanglement of continu-
ously cooled trapped ions for quantum networking, Phys.
Rev. Lett. 133, 090802 (2024).

[26] M. Pompili, S. L. N. Hermans, S. Baier, H. K. C. Beukers,
P. C. Humphreys, R. N. Schouten, R. F. L. Vermeulen, M. J.
Tiggelman, L. dos Santos Martins, B. Dirkse, S. Wehner,
and R. Hanson, Realization of a multinode quantum
network of remote solid-state qubits, Science 372, 259
(2021).

[27] R. Stockill, M.J. Stanley, L. Huthmacher, E. Clarke, M.
Hugues, A.J. Miller, C. Matthiesen, C. Le Gall, and M.
Atatiire, Phase-tuned entangled state generation between
distant spin qubits, Phys. Rev. Lett. 119, 010503 (2017).

[28] S. Welte, P. Thomas, L. Hartung, S. Daiss, S. Langenfeld,
O. Morin, G. Rempe, and E. Distante, A nondestructive
Bell-state measurement on two distant atomic qubits, Nat.
Photonics 15, 504 (2021).

[29] T. van Leent, M. Bock, F. Fertig, R. Garthoff, S. Eppelt, Y.
Zhou, P. Malik, M. Seubert, T. Bauer, W. Rosenfeld, W.
Zhang, C. Becher, and H. Weinfurter, Entangling single

atoms over 33 km telecom fibre, Nature (London) 607, 69
(2022).

[30] M. A. Norcia et al., Iterative assembly of '"'Yb atom arrays
with cavity-enhanced optical lattices, PRX Quantum 5,
030316 (2024).

[31] F. Gyger, M. Ammenwerth, R. Tao, H. Timme, S. Snigirev,
1. Bloch, and J. Zeiher, Continuous operation of large-scale
atom arrays in optical lattices, Phys. Rev. Res. 6, 033104
(2024).

[32] H.J. Manetsch, G. Nomura, E. Bataille, K. H. Leung, X. Lv,
and M. Endres, A tweezer array with 6100 highly coherent
atomic qubits, Nature (London) 647, 60 (2025).

[33] C.B. Young, A. Safari, P. Huft, J. Zhang, E. Oh, R.
Chinnarasu, and M. Saffman, An architecture for quantum
networking of neutral atom processors, Appl. Phys. B 128,
151 (2022).

[34] B. Hu, J. Sinclair, E. Bytyqi, M. Chong, A. Rudelis, J.
Ramette, Z. Vendeiro, and V. Vuletic, Site-selective cavity
readout and classical error correction of a 5-bit atomic
register, Phys. Rev. Lett. 134, 120801 (2025).

[35] M. Seubert, L. Hartung, S. Welte, G. Rempe, and E.
Distante, Tweezer-assisted subwavelength positioning of
atomic arrays in an optical cavity, PRX Quantum 6, 010322
(2025).

[36] L. Li, X. Hu, Z. Jia, W. Huie, W. K. C. Sun, Y. Dong, N.
Hiri-O-Tuppa, and J. P. Covey, Parallelized telecom quan-
tum networking with an ytterbium-171 atom array, Nat.
Phys. 21, 1826 (2025).

[37] J.P. Covey, H. Weinfurter, and H. Bernien, Quantum
networks with neutral atom processing nodes, npj Quantum
Inf. 9, 90 (2023).

[38] P.L. Ocola, I. Dimitrova, B. Grinkemeyer, E. Guardado-
Sanchez, T. Pordevi¢, P. Samutpraphoot, V. Vuleti¢, and
M. D. Lukin, Control and entanglement of individual
Rydberg atoms near a nanoscale device, Phys. Rev. Lett.
132, 113601 (2024).

[39] R. Maiwald, A. Golla, M. Fischer, M. Bader, S. Heugel,
B. E.;t Chalopin, M. Sondermann, and G. Leuchs, Collect-
ing more than half the fluorescence photons from a single
ion, Phys. Rev. A 86, 043431 (2012).

[40] L. Luo, D. Hayes, T. Manning, D. Matsukevich, S.
Olmschenk, J. Sterk, and C. Monroe, Protocols and
techniques for a scalable atom photon quantum network,
Fortschr. Phys. 57, 1133 (2009).

[41] N. Lindlein, R. Maiwald, H. Konermann, M. Sondermann,
U. Peschel, and G. Leuchs, A new 4z geometry optimized
for focusing on an atom with a dipole-like radiation
pattern, Laser Phys. 17, 927 (2007).

[42] G. Shu, N. Kurz, M. R. Dietrich, and B. B. Blinov, Efficient
fluorescence collection from trapped ions with an inte-
grated spherical mirror, Phys. Rev. A 81, 042321 (2010).

[43] T. Kim, P. Maunz, and J. Kim, Efficient collection of single
photons emitted from a trapped ion into a single-mode fiber
for scalable quantum-information processing, Phys. Rev. A
84, 063423 (2011).

[44] A. Roy, A.B.S. Jing, and M. D. Barrett, The trapping and
detection of single atoms using a spherical mirror, New J.
Phys. 14, 093007 (2012).

[45] S. Garcia, D. Maxein, L. Hohmann, J. Reichel, and
R. Long, Fiber-pigtailed optical tweezer for single-atom

033008-17


https://doi.org/10.1038/s41586-022-04941-5
https://doi.org/10.1038/s41586-022-04941-5
https://doi.org/10.1038/s41586-022-04891-y
https://doi.org/10.1038/s41586-022-04891-y
https://doi.org/10.1038/s41534-023-00684-x
https://doi.org/10.1103/PhysRevLett.91.110405
https://doi.org/10.1103/PhysRevLett.90.253601
https://doi.org/10.1103/PhysRevLett.91.067901
https://doi.org/10.1103/PhysRevLett.90.217902
https://doi.org/10.1103/PhysRevLett.124.110501
https://doi.org/10.1103/PhysRevLett.130.050803
https://doi.org/10.1103/PhysRevLett.130.050803
https://doi.org/10.1103/PhysRevLett.133.090802
https://doi.org/10.1103/PhysRevLett.133.090802
https://doi.org/10.1126/science.abg1919
https://doi.org/10.1126/science.abg1919
https://doi.org/10.1103/PhysRevLett.119.010503
https://doi.org/10.1038/s41566-021-00802-1
https://doi.org/10.1038/s41566-021-00802-1
https://doi.org/10.1038/s41586-022-04764-4
https://doi.org/10.1038/s41586-022-04764-4
https://doi.org/10.1103/PRXQuantum.5.030316
https://doi.org/10.1103/PRXQuantum.5.030316
https://doi.org/10.1103/PhysRevResearch.6.033104
https://doi.org/10.1103/PhysRevResearch.6.033104
https://doi.org/10.1038/s41586-025-09641-4
https://doi.org/10.1007/s00340-022-07865-0
https://doi.org/10.1007/s00340-022-07865-0
https://doi.org/10.1103/PhysRevLett.134.120801
https://doi.org/10.1103/PRXQuantum.6.010322
https://doi.org/10.1103/PRXQuantum.6.010322
https://doi.org/10.1038/s41567-025-03022-4
https://doi.org/10.1038/s41567-025-03022-4
https://doi.org/10.1038/s41534-023-00759-9
https://doi.org/10.1038/s41534-023-00759-9
https://doi.org/10.1103/PhysRevLett.132.113601
https://doi.org/10.1103/PhysRevLett.132.113601
https://doi.org/10.1103/PhysRevA.86.043431
https://doi.org/10.1002/prop.200900093
https://doi.org/10.1134/S1054660X07070055
https://doi.org/10.1103/PhysRevA.81.042321
https://doi.org/10.1103/PhysRevA.84.063423
https://doi.org/10.1103/PhysRevA.84.063423
https://doi.org/10.1088/1367-2630/14/9/093007
https://doi.org/10.1088/1367-2630/14/9/093007

SAFARI, OH, HUFT, CHASE, ZHANG, and SAFFMAN

PRX QUANTUM 7, 033008 (2026)

trapping and single-photon generation, Appl. Phys. Lett.
103, 114103 (2013).

[46] Y.-S. Chin, M. Steiner, and C. Kurtsiefer, Polarization
gradient cooling of single atoms in optical dipole traps,
Phys. Rev. A 96, 033406 (2017).

[47] E.R.1. Abraham and E. A. Cornell, Teflon feedthrough for
coupling optical fibers into ultrahigh vacuum systems,
Appl. Opt. 37, 1762 (1998).

[48] J. Volz, M. Weber, D. Schlenk, W. Rosenfeld, J. Vrana, K.
Saucke, C. Kurtsiefer, and H. Weinfurter, Observation of
entanglement of a single photon with a trapped atom, Phys.
Rev. Lett. 96, 030404 (2006).

[49] S. Bourdeauducq et al., ARTIQ 1.0, 10.5281/zenodo.51303
(2016).

[50] T. Wilk, S.C. Webster, A. Kuhn, and G. Rempe, Single-
atom single-photon quantum interface, Science 317, 488
(2007).

[51] T. van Leent, M. Bock, R. Garthoff, K. Redeker, W. Zhang,
T. Bauer, W. Rosenfeld, C. Becher, and H. Weinfurter,
Long-distance distribution of atom-photon entanglement at
telecom wavelength, Phys. Rev. Lett. 124, 010510 (2020).

[52] L. Hartung, M. Seubert, S. Welte, E. Distante, and G.
Rempe, A quantum-network register assembled with opti-
cal tweezers in an optical cavity, Science 385, 179 (2024).

[53] R. H. Brown and R. Q. Twiss, Correlation between photons
in two coherent beams of light, Nature (London) 177, 27
(1956).

[54] D. M. Harber, H. J. Lewandowski, J. M. McGuirk, and E. A.
Cornell, Effect of cold collisions on spin coherence and
resonance shifts in a magnetically trapped ultracold gas,
Phys. Rev. A 66, 053616 (2002).

[55] P. Treutlein, P. Hommelhoff, T. Steinmetz, T. W. Hinsch,
and J. Reichel, Coherence in microchip traps, Phys. Rev.
Lett. 92, 203005 (2004).

[56] B.B. Blinov, D. L. Moehring, L.-M. Duan, and C. Monroe,
Observation of entanglement between a single trapped
atom and a single photon, Nature (London) 428, 153
(2004).

[57] J. D. Thompson, T. G. Tiecke, A. S. Zibrov, V. Vuleti¢, and
M. D. Lukin, Coherence and Raman sideband cooling of a
single atom in an optical tweezer, Phys. Rev. Lett. 110,
133001 (2013).

[58] P. Huft, Building blocks of an integrated neutral atom
quantum network, PhD thesis, University of Wisconsin-
Madison, 2025.

[59] A. Stute, B. Casabone, P. Schindler, T. Monz, P.O.
Schmidt, B. Brandstitter, T.E. Northup, and R. Blatt,
Tunable ion-photon entanglement in an optical cavity,
Nature (London) 485, 482 (2012).

[60] M. Bock, P. Eich, S. Kucera, M. Kreis, A. Lenhard, C.
Becher, and J. Eschner, High-fidelity entanglement between
a trapped ion and a telecom photon via quantum frequency
conversion, Nat. Commun. 9, 1998 (2018).

[61] P. Kobel, M. Breyer, and M. Kohl, Deterministic spin-
photon entanglement from a trapped ion in a fiber Fabry
Perot cavity, npj Quantum Inf. 7, 6 (2021).

[62] S. Saha, M. Shalaev, J. O’Reilly, I. Goetting, G. Toh, A.
Kalakuntla, Y. Yu, and C. Monroe, High-fidelity remote
entanglement of trapped atoms mediated by time-bin
photons, Nat. Commun. 16, 2533 (2025).

[63] S. Kuhr, W. Alt, D. Schrader, I. Dotsenko, Y.
Miroshnychenko, A. Rauschenbeutel, and D. Meschede,
Analysis of dephasing mechanisms in a standing-wave
dipole trap, Phys. Rev. A 72, 023406 (2005).

[64] M. Saffman, X.L. Zhang, A.T. Gill, L. Isenhower, and
T. G. Walker, Rydberg state mediated quantum gates and
entanglement of pairs of neutral atoms, J. Phys. Conf. Ser.
264, 012023 (2011).

033008-18


https://doi.org/10.1063/1.4821160
https://doi.org/10.1063/1.4821160
https://doi.org/10.1103/PhysRevA.96.033406
https://doi.org/10.1364/AO.37.001762
https://doi.org/10.1103/PhysRevLett.96.030404
https://doi.org/10.1103/PhysRevLett.96.030404
https://doi.org/10.5281/zenodo.51303
https://doi.org/10.5281/zenodo.51303
https://doi.org/10.1126/science.1143835
https://doi.org/10.1126/science.1143835
https://doi.org/10.1103/PhysRevLett.124.010510
https://doi.org/10.1126/science.ado6471
https://doi.org/10.1038/177027a0
https://doi.org/10.1038/177027a0
https://doi.org/10.1103/PhysRevA.66.053616
https://doi.org/10.1103/PhysRevLett.92.203005
https://doi.org/10.1103/PhysRevLett.92.203005
https://doi.org/10.1038/nature02377
https://doi.org/10.1038/nature02377
https://doi.org/10.1103/PhysRevLett.110.133001
https://doi.org/10.1103/PhysRevLett.110.133001
https://doi.org/10.1038/nature11120
https://doi.org/10.1038/s41467-018-04341-2
https://doi.org/10.1038/s41534-020-00338-2
https://doi.org/10.1038/s41467-025-57557-4
https://doi.org/10.1103/PhysRevA.72.023406
https://doi.org/10.1088/1742-6596/264/1/012023
https://doi.org/10.1088/1742-6596/264/1/012023

	Efficient and Compact Quantum Network Node Based on a Parabolic Mirror on an Optical Chip
	I. INTRODUCTION
	II. SINGLE ATOM TRAPPING
	III. SINGLE PHOTON GENERATION AND CHARACTERIZATION
	IV. ATOM-PHOTON ENTANGLEMENT
	V. SOURCES OF ERRORS
	VI. SUMMARY AND OUTLOOK
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: DETAILS OF THE ERROR ANALYSIS
	APPENDIX B: VACUUM SYSTEM DESIGN
	APPENDIX C: ON-CHIP ARCHITECTURE
	1. MOT beam module
	2. GRIN modules
	3. Parabolic mirror module
	4. Multi-mode fiber module
	5. Beam module to fiber interface
	6. Prebake of beam modules

	APPENDIX D: PARABOLIC MIRROR CHARACTERIZATION AND ALIGNMENT
	APPENDIX E: ON-CHIP ALIGNMENT
	APPENDIX F: NODE 2 BASED ON PARABOLIC MIRROR
	APPENDIX G: MOT SWITCHYARD AND POWER STABILIZATION
	1. Initial beam balancing of MOT beam modules
	2. MOT beam power stabilization
	3. Dipole-trap power stabilization

	APPENDIX H: ELECTRONIC CONTROL SYSTEM
	APPENDIX I: ATOM TEMPERATURE MEASUREMENT
	APPENDIX J: ION-PHOTON ENTANGLEMENT
	References


