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We report on an elementary quantum network of two atomic ions separated by 230 m. The ions are
trapped in different buildings and connected with 520(2) m of optical fiber. At each network node, the
electronic state of an ion is entangled with the polarization state of a single cavity photon; subsequent to
interference of the photons at a beam splitter, photon detection heralds entanglement between the two ions.
Fidelities of up to ð88.0þ 2.2 − 4.7Þ% are achieved with respect to a maximally entangled Bell state, with
a success probability of 4 × 10−5. We analyze the routes to improve these metrics, paving the way for long-
distance networks of entangled quantum processors.
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The realization of quantum networks [1,2] that link cities
and countries would open up powerful new applications in
information security [3], distributed computing [4,5],
precision sensing [6,7], and timekeeping [8]. These appli-
cations require distributed quantum network nodes that,
first, can be entangled via the exchange of photons over
long distances and, second, can store and process quantum
information encoded in registers of qubits. A handful of
experiments have demonstrated remote entanglement of 2
quantum-logic-capable qubits, including ions in linear Paul
traps [9,10], optically trapped neutral atoms [11,12], color
centers in diamond [13], quantum dots [14,15], and super-
conducting qubits [16]; furthermore, three-node entangle-
ment of color centers was recently achieved [17]. These
elementary networks have been extended to entangle
quantum systems in separate buildings: two diamond color
centers 1.3 km apart [18] and two neutral atoms 400 m
apart [19,20].
Quantum network nodes based on trapped ions [21]

promise high-fidelity quantum-gate operations on registers
of tens of qubits [22,23], coherence times exceeding one
hour [24], efficient interfacing with telecom-wavelength
photons [25,26], and precision sensing and metrology [27–
29]. Building on the first demonstration of remote-ion
entanglement [9], significant improvements in both rate and
fidelity [10,30] have recently enabled device-independent
quantum key distribution [31] and enhanced time-
keeping [32], and a multispecies node has been demon-
strated [33]. Remote entanglement of trapped ions more
than a few meters apart has not previously been reported.

In this Letter, we report on the entanglement of two
trapped ions separated by 230 m. The two ions are in
separate buildings, connected via 520(2) m of optical fiber,
and controlled by independent lasers and electronics. Their
entanglement is heralded by the coincident detection of two
infrared photons that travel through the fiber. In contrast to
implementations based on spontaneous emission [9,10,12–
15,17,19,20,30,33], our photon generation method is based
on a cavity-mediated Raman process providing tunable
entangled states [34] and high efficiency [35], which are
advantageous for establishing long-distance entangle-
ment [36]. Remote ion-ion entanglement is characterized
by quantum state tomography and analyzed for a range of
time windows for coincident detection. A detailed model is
developed that captures the observed trade-off between the
fidelity of remote entanglement and the heralding effi-
ciency and shows how significant improvements can be
made in the future.
Each node in our quantum network [Figs. 1(a) and 1(b)]

consists of a single 40Caþ atom confined in a linear Paul trap
and coupled to a 20 mm cavity for photon collection at
854 nm. A photon is generated at each node via a bichro-
matic cavity-mediated Raman transition [Fig. 1(c)] [34].
Here, a Raman laser pulse applied to the ion ideally
generates the maximally entangled ion-photon state jψki ¼
1=

ffiffiffi
2

p ðjDVi þ eiθk jD0HiÞ, where jDi and jD0i are
the respective Zeeman states j32D5=2; mj ¼ −5=2i and
j32D5=2; mj ¼ −3=2i, jVi and jHi are the vertical and
horizontal polarization components of a photon emitted
into the cavity vacuum mode, and θk is a phase set at node
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k ∈ fA;Bg. The photon exits the cavity and is coupled into
a single-mode optical fiber. Two photons, one from each
node, arrive at a photonic Bell-state measurement (PBSM)
setup, where their spatial modes are overlapped on a
balanced beam splitter [37–39]. Coincident detection of
orthogonally polarized photons ideally heralds the max-
imally entangled ion-ion states

jΨ�i ¼ 1=
ffiffiffi
2

p
ðjDAD0

Bi � eiϕjD0
ADBiÞ; ð1Þ

with phase ϕ ¼ θA − θB, where subscripts indicate the ion
node. The state jΨþi is obtained if the two coincident
detection events occur in the same output mode of the beam
splitter, while jΨ−i is obtained if coincident detection
occurs in opposite output modes.
Which-path information for the two photons can be

erased in the PBSM, which requires both temporal and
spectral indistinguishability of the photon wave packets.
Each node has control software and hardware that executes
a finite-length and node-specific remote entanglement
sequence: a list of operations to perform. Each control
system is referenced to its own 10 MHz global positioning
system clock source. Temporal synchronization of the two
sequences to within a 30 ns jitter is achieved via a
handshake between the control systems at the start of each
sequence. The handshake signal is sent over a dedicated
optical fiber in a fiber bundle connecting the two labs,
which also contains the fiber for single-photon distribution.

Offsets in the arrival times of temporal photon wave
packets at the PBSM, e.g., due to optical path differences,
are compensated for by introducing sequence delays.
Spectral indistinguishability of the photons requires

matching the resonant frequencies of the remote cavities.
This is achieved via periodic calibration at 20 min intervals:
854 nm laser light that is resonant with the cavity at Node A
is sent to Node B over a third fiber in the bundle, and the
length of the Node B cavity is adjusted until it is resonant
with this light. Also at 20 min intervals, the polariza-
tion rotation of the fiber that carries single photons is
characterized and corrected for (see the Supplemental
Material [40]).
The remote entanglement sequences at each node con-

tain a loop in which up to 20 attempts are made to establish
ion-ion entanglement. Each attempt contains 0.3 ms of state
initialization, via Doppler cooling and optical pumping,
followed by a Raman laser pulse of 50 μs to generate a
photon. In the case of coincident detection of orthogonally
polarized photons within a 50 μs window that encompasses
the single-photon wave packets, the sequence exits the
loop, and the ion qubits are measured. Ion-qubit measure-
ment consists of laser-driven single-qubit rotations to set
the measurement basis, followed by state detection via
electron shelving for 1.5 ms, at which point the sequence is
concluded.
The remote ion-ion state is characterized via quantum

state tomography, for which the sequence is repeated for all
nine combinations of the Pauli measurement bases for 2 ion
qubits [52]. Tomographic reconstruction, via the maximum
likelihood technique, yields the density matrices ρ�ðTÞ,
where ρþ and ρ− are reconstructed for the coincidences
corresponding to ideally jΨþi and jΨ−i, respectively, and T
is the maximum time difference for which entanglement is
heralded between coincident photons. A fidelity F�ðTÞ≡
hΨ�jρ�ðTÞjΨ�i > 0.5 proves entanglement of the remote
ions. Uncertainties for F�ðTÞ and for all quantities derived
from the density matrices are obtained via Monte Carlo
resampling (see the Supplemental Material [40]). Data were
acquired over seven hours, including interspersed calibra-
tions. For each basis measurement setting, 17 min of data
were acquired on average. In total, 13 656 928 attempts
were made to generate remote entanglement, resulting in
4470 coincidence events within the interval ½t ¼ 5.5 μs; t ¼
23 μs� [Fig. 2(a)], corresponding to a 0.033% probability of
two-photon coincidence per attempt, which we define as
the success probability. Here t ¼ 0 indicates the start of the
50 μs detection window, and the narrower interval has been
chosen to improve signal to noise. The remote entangle-
ment rate during the data acquisition time is thus 0.49 s−1.
The fidelities of the reconstructed states are Fþð17.5 μsÞ¼
ð58.7þ1.7−2.1Þ% and F−ð17.5μsÞ¼ð58.0þ2.0−2.9Þ%,
where T ¼ 17.5 μs corresponds to all possible coinciden-
ces within the 17.5 μs window.

(a) (c)

(b)

FIG. 1. The two-node quantum network. (a) Satellite image
(Google Earth, image: Landsat/Copernicus). Nodes A and B are
located in separate buildings, connected via a 520(2) m optical-
fiber link and have a 230 m line of sight separation. (b) Nodes
consist of an ion, a linear Paul trap (four yellow electrodes), and a
cavity comprised of two mirrors. The PBSM setup contains a
beam splitter (BS), polarizing beam splitters (PBSs), and photon
detectors. (c) Energy-level diagram for 40Caþ. When an ion is in
state jSi and no photons are in the cavity, a laser pulse contain-
ing two tones generates the ion-photon entangled state
1=

ffiffiffi
2

p ðjDVi þ eiθjD0HiÞ, where jVi and jHi are the polarization
components of a cavity photon and θ is a phase [34]. The
frequency difference Δ2 − Δ1 is equal to the one between
jD0i ¼ 32D5=2, mj ¼ −3=2 and jDi ¼ 32D5=2, mj ¼ −5=2.
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When we take a subset of the data corresponding to
coincidences separated by smaller values of T, entangled
ion-ion states are generated with higher fidelity, at the cost
of a lower success probability [Fig. 2(b)]. The density
matrices shown in Fig. 2(c) correspond to T ¼ 1 μs, for
which we recorded 555 coincidence events, that is, a

remote entanglement rate of 3.5 min−1. The fidelities of
the reconstructed states are Fþð1 μsÞ¼ð88.0þ2.2−4.7Þ%
and F−ð1 μsÞ ¼ ð83.3þ 3.3 − 6.4Þ%. We optimize F�
over the phase ϕ in Eq. (1) because we did not deter-
mine θA and θB independently; this optimization yields
ϕ ¼ 82.2°. We then fix this value of ϕ for all subsequent
data points. In Fig. 2(d), we plot the measured fidelities for
values of T between 0.75 μs and 17.5 μs.
A decrease in fidelity as T increases is to be expected:

For example, spontaneous emission during the Raman
process provides information on which ion generated
which cavity photon [53–55], that is, scattering introduces
which-path information. To predict our experimentally
determined fidelities, we have developed an empirical
model for the ion-ion density matrix heralded by two-
photon detection. The model contains photon distinguish-
ability [56] along with two other sources of infidelity:
detector background counts and imperfect ion-photon
entanglement. The values of F�ðTÞ calculated using this
density-matrix model are plotted in Fig. 2(d) along with the
measured values. We will first explain the contributions of
photon distinguishability to this model and will afterward
discuss the other sources of infidelity (see the Supplemental
Material [40]).
To account for photon distinguishability, we employ a

2-qubit dephasing channel, which reduces the off diagonal
elements of the ideal density matrices jΨ�ihΨ�j (see the
Supplemental Material [40]). The probability for dephasing
in the channel is parametrized by the Hong-Ou-Mandel
(HOM) interference visibility, which provides direct infor-
mation about photon indistinguishability [58]. For unit
visibility, no dephasing occurs, while for a visibility of
zero, all off diagonal matrix elements are zero.
The HOM visibility is extracted from the photon

coincidence data by sorting all events in which photons
are detected at opposite ports of the balanced beam splitter
into two sets: coincidences with identical polarization and
with orthogonal polarization. Photons with identical polari-
zation will exit the balanced beam splitter at the same
output port if they are otherwise indistinguishable, gene-
rating a HOM dip in coincidence counts at the two output
ports [59]. Orthogonally polarized photons are distinguish-
able and thus exhibit no HOM effect; their cross-correlation
function allows us to normalize the HOM dip and thereby
to calculate the interference visibility. In Fig. 3(a), the
number of coincidence events is plotted for both sets of data
as a function of the time difference τ between photon
detection events, for a time bin δ ¼ 0.5 μs. The HOM dip at
τ ¼ 0 can be clearly observed. The interference visibility is
then obtained from the data of Fig. 3(a) via the following
procedure: First, the number of expected coincidences
between photons and detector background counts is sub-
tracted from the number of measured coincidences for each
time bin. Next, the datasets are corrected for the detector
efficiencies, which have been independently measured

FIG. 2. Entanglement between ion qubits. (a) Single-photon
wave packets measured at each node in a separate calibration
experiment. Shown are histograms of photon counts per 1 μs time
bin for ion-entangled photons from Node A only (orange) and
Node B only (green). The gray region indicates when the Raman
laser pulse is on. The dashed black lines indicate the window
within which coincidence events are evaluated during entangle-
ment experiments. (b) Success probability for a coincidence event
heralding either jψþi or jψ−i to occur as a function of T.
(c) Experimentally reconstructed density matrices ρþðTÞ and
ρ−ðTÞ, for T ¼ 1 μs. Bar heights indicate amplitudes of matrix
entries; colors indicate phases. Amplitudes of the entries for
jΨ�ihΨ�j are outlined for comparison. (d) Fidelity F� as a
function of T. Markers indicate measured values; error bars
correspond to 1 standard deviation. Solid lines show an empirical
model discussed in the main text, with shaded regions indicating
uncertainties. Dashed lines show a partial model omitting photon
distinguishability.

PHYSICAL REVIEW LETTERS 130, 050803 (2023)

050803-3



(see the Supplemental Material [40]). We define Nk;kδ and
N⊥;kδ as the corrected numbers of coincidences for the time
bin centered at τ ¼ kδ for k ∈ Z, where the symbols k and
⊥ indicate identical and orthogonal photon polarization,
respectively. Finally, the interference visibility is calculated
as a function of the coincidence window T:

VðTÞ ¼ 1 −
P

ð−Tþδ=2Þ≤kδ≤ðT−δ=2ÞNk;kδ
P

ð−Tþδ=2Þ≤kδ≤ðT−δ=2ÞN⊥;kδ
. ð2Þ

In Fig. 3(b), VðTÞ is plotted for coincidence windows up to
17.5 μs, as in Fig. 2(d), and for 0.5 μs time bins. The
maximum visibility corresponds to 101(6)% for
T ¼ 0.25 μs; this value is above 100% because the back-
ground-corrected value for Nk;kδ is negative, while con-
sistent with zero within 1 standard deviation.
Our empirical model also includes detector background

counts and imperfect ion-photon entanglement. For back-
ground counts, we use a white-noise channel based on the
independently measured count rates of the four detectors.

For ion-photon entanglement, we assume that imperfec-
tions translate as a 2-qubit depolarizing channel on the ion-
ion state (see the Supplemental Material [40]). Ion-photon
entanglement was characterized in a calibration measure-
ment at each node via quantum state tomography imme-
diately prior to ion-ion entanglement, and fidelities of
ð92.9þ 0.4 − 0.5Þ% and ð95.5þ 0.6 − 0.9Þ% with respect
to a maximally entangled state were obtained at Nodes A
and B, respectively.
The empirical model is used to calculate the theoretical

fidelities of Fig. 2(d): The solid lines are calculated from
the full model, taking into account all three sources of
infidelity, while the dashed lines are calculated when
photon distinguishability is excluded from the model.
Different values are predicted for Fþ and F− due to the
use of superconducting nanowire detectors at two of the
four beam splitter outputs, which have lower dark-count
rates than the single-photon-counting modules at the other
two outputs. Based on the agreement between measured
and modeled fidelities in Fig. 2(d), we conclude that the
model captures the relevant properties of our setup and that
the observed decline in fidelity as a function of T is due to
the corresponding decline in visibility.
For insight into how, in the future, visibility could be

maintained for larger coincidence windows—thereby
increasing the probability to establish remote entanglement
with a given fidelity—we have developed a master-equa-
tion model based on that of Ref. [55]. This model considers
three independently estimated noise processes that result in
non-transform-limited (and therefore distinguishable) pho-
tons at each node: frequency jitter of the Node A cavity by
60–100 kHz, Raman-laser phase noise, and spontaneous
emission. We refer to the first two of these processes as
technical noise. All parameter values used in the model
are statistically consistent with independent estimates
and determined via comparison of the model to measured
single-photon wave packets (see the Supplemental Material
[40]). The predicted visibility is plotted in Fig. 3(b): Green
lines indicate the full model, including upper and lower
estimates of the frequency jitter. It can be seen that the
model is consistent with the visibility data.
We now look to the master-equation model to understand

the impact of future improvements. Setting the technical
noise contributions of cavity jitter and laser phase noise to
zero, as shown in orange in Fig. 3(b), improves the model
visibility. In addition, selecting only those ion-photon
entanglement events for which no spontaneous emission
occurs, corresponding to transform-limited or “pure” pho-
tons, leads to the most significant improvement in the
model visibility (blue line). The remaining visibility
imperfections are due to mismatch between the temporal
wave packets of the transform-limited photons produced at
each node (see the Supplemental Material [40]).
With regard to the technical noise contributions, we

expect to suppress both cavity jitter and laser phase noise to
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FIG. 3. (a) Number of coincidences recorded for orthogonal
(blue) and parallel (red) polarization projections of photons from
Nodes A andB, for the same dataset as in Fig. 2, where the axes are
scaled by the ratio of detector efficiencies. Data are plotted as a
function of the time difference τ between photon detection events,
binned in 0.5 μs intervals. Error bars indicate Poissonian statistics.
(b) Diamonds show the two-photon interference visibility calcu-
lated from the coincidence data after correction for background
counts and detector efficiencies, using Eq. (2). The shaded region
indicates the propagation of Poissonian uncertainties. Lines show
a master-equation model discussed in the main text.
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negligible levels by improving the lock electronics and the
passive cavity used as a laser reference at Node A.
Meanwhile, temporal wave packet mismatch can be
addressed through amplitude shaping of the Raman laser
pulse [60]. It is spontaneous emission that poses the most
significant challenge. Using our existing setup, multi-ion
superradiant states can be harnessed to boost the fraction of
photons generated without prior spontaneous decay [53]; in
future ion-cavity nodes, further gains can be obtained
through judicious choice of the mirror properties and cavity
geometry [35]. All these steps will increase the probability
to generate transform-limited photons in each entanglement
attempt. Additional steps can be taken to increase the
attempt rate, namely, in the short term, implementing more
efficient cooling and state detection protocols, and in the
long term, coupling ions to fiber-based cavities with
stronger coherent coupling and faster decay rates [61]. It
is notable that the success probabilities shown in Fig. 2(b)
are comparable to those achieved over a few meters in
Ref. [10], and that in future long-distance networks limited
by photon travel time, it will be success probabilities that
determine entanglement rates [36].
In conclusion, we have verified entanglement over the

longest trapped-ion network to date, with fidelities up to
ð88.0þ 2.2 − 4.7Þ% with respect to a maximally entangled
state. A trade-off between fidelity and coincidence-window
length was explained with the help of two models: an
empirical model for the two-ion density matrix and a
master-equation model to predict the interference visibility.
Based on these models, we anticipate that we will be able to
obtain significantly higher rates across this cavity-mediated
network while maintaining high fidelities. Furthermore,
efficient, low-noise and entanglement-preserving telecom
wavelength conversion of the 854 nm photons used in the
present Letter has been achieved [25,26], opening the
possibility to extend the quantum channel to hundreds of
kilometers. While the experiments presented here relied on
just one ion at each node, a particular strength of the
trapped-ion platform is the capability for quantum-
information processing with dozens of addressed qubits
in a single trap [22,23] and fidelities sufficient for fault-
tolerant gate operations and error correction [62,63]. This
capability provides a route to robust logical qubit encodings
at network nodes [64], separate communication and infor-
mation processing functionalities within each node [5,21],
and quantum repeaters requiring Bell state measurements
and either purification or error correction [65].

The data available in Ref. [66] includes raw tomographic
data, calibration data, experimental parameters and
sequences.
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