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A quantum repeater node is presented based on trapped ions that act as single-photon emitters, quantum
memories, and an elementary quantum processor. The node’s ability to establish entanglement across two
25-km-long optical fibers independently, then to swap that entanglement efficiently to extend it over both
fibers, is demonstrated. The resultant entanglement is established between telecom-wavelength photons at
either end of the 50 km channel. Finally, the system improvements to allow for repeater-node chains to
establish stored entanglement over 800 km at hertz rates are calculated, revealing a near-term path to
distributed networks of entangled sensors, atomic clocks, and quantum processors.
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Envisioned quantum networks consist of distributed
matter-based nodes, for quantum information processing
and storage, that are interconnected with quantum channels
for photons to establish internode entanglement [1,2]. Such
networks would enable a range of new applications [2] and
are desirable over distances that span a single lab up to
those required for a global quantum internet. The bottle-
neck for implementing quantum networks over long dis-
tances—the exponentially increasing probabilities of losing
photons or having their information scrambled with the
channel length—could be overcome by building quantum
repeaters [3—10]. With quantum repeaters, the distance
between entangled end nodes in quantum network dem-
onstrations [11-24] could be scaled up far beyond the
attenuation length of the best photonic waveguides: optical
fibers for telecom wavelengths.

Following the original scheme [3], quantum repeater
nodes (Fig. 1) for fiber-based networks require a combination
of capabilities including (1) interfaces between stationary
qubit registers and telecom photons and (2) quantum memo-
ries with storage times longer than the remote entanglement
generation time. Significant progress has been made toward
developing these capabilities using ensemble-based memo-
ries [5], including with telecom interfaces [25-27]. Memory-
enhanced communication has been achieved over short
distances with individual [28] and ensembles [29,30]
of atoms, and with solid-state vacancy centers [31,32].
However, there are significant advantages if repeater
nodes have a third capability: (3) deterministic quantum
information processing [33]. Without telecom-wavelength
interfaces, capabilities (1)—(3) were combined in systems
of vacancy centers a few meters apart and used for entangle-
ment distillation [34], teleportation [35], and entanglement
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of three nodes [15]. Open challenges are to combine all the
above capabilities in a single system and use them to
demonstrate repeater-assisted entanglement distribution over
tens of kilometers: internode distances over which repeaters
could offer significant advantages for entangling matter, over
repeaterless schemes. Because of the extended photon travel
times and lower success probabilities, achieving repeater-
assisted entanglement distribution over tens of kilometers
places far stronger demands on system performance than
over a few meters.

In this Letter, a repeater node based on trapped ions is
first presented that combines capabilities (1)—(3), as envi-
sioned in Ref. [33], and used to demonstrate repeater-
assisted entanglement distribution over a 50 km channel.

L2 L2
e e i 8o @ ]
( )@ A Photonic channel E Photonic channel @

Node Repeater node Node B
o Success to the left @ o
& ‘—’]I. Success to the right
) . o
Bell measurement
FIG. 1. Quantum repeater concept. (a) A repeater node attempts

to establish entanglement links (green lines) between its qubits
(black spheres) and a qubit in each neighboring node separately,
via the transmission of photons through channels on the order of
the attenuation length (L/2). Whichever link succeeds first (left
hand is shown) is stored in memory until the remaining link
succeeds. The maximum link attempt rate is inversely propor-
tional to the photon travel time [L/(2¢)]. (b) A Bell state
measurement in the repeater node establishes entanglement
between the neighboring nodes.
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Specifically, photonic entanglement is established at the
ends of two 25-km-long fiber channels with the repeater
node in the middle. Next, the dominant cause of entangle-
ment infidelity is identified and then the repeater node is
shown to achieve a higher rate than when operated in a
direct transmission configuration. Finally, in the future, the
repeater node could be duplicated and concatenated to form
repeater chains; the performance enhancements required
for such chains to establish heralded, stored entanglement
between ions 800 km apart are calculated.

Our trapped-ion quantum repeater node is presented in
Fig. 2. The repeater node is based on two *)Ca* ions in a
linear Paul trap and at the position of the waist of a near-
concentric 20-mm-long Fabry-Perot optical cavity that
achieves efficient photon collection [36,37] at 854 nm.
Ions, 5.8 pm apart, are deterministically positioned at
neighboring antinodes of a vacuum cavity mode [38].
Single photons are generated via a bichromatic cavity-
mediated Raman transition [36,49], driven via a 393 nm
Raman laser beam with a 1.2 pm waist at the ions. A Raman
laser pulse on an ion in the state |S) (Fig. 2) ideally generates
the maximally entangled state (|D, H) +|D’,V))/+/2, where
the first ket vector element describes the ion and the second
describes two orthogonal polarizations of a photon emitted
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FIG. 2. Trapped-ion quantum repeater node. (a) Experimental
schematic of an elementary network segment containing one
repeater node. Photonic nodes A and B are each sent a telecom-
converted [50,51] 1550 nm photon, entangled with a different ion,
via 25-km-long fiber spools. lon-qubit readout is done via imaging
ion fluorescence at 397 nm on a camera. lon-qubit quantum logic
(Q. logic) gates are done via a 729 nm laser that couples equally to
the ions. AOD, acousto-optic deflector; HWP, half-wave plate;
QWP, quarter-wave plate. Level scheme: [S) = |45 /5,y —_1/2)
IS) = [4°S1/2m—+1/2) |P) = [4°P3/2.m,—-3/2)> |D) =
32Ds/2.m,==5/2)> D) = |3°Ds j3,——3/2)- (b) Envisioned concat-

enation of the network segment in (a) into a repeater chain. Photon
detection heralds remote ion entanglement [52].

into the cavity. After the photon has exited the cavity, the laser
focus is moved to the cotrapped ion, allowing sequential
generation of an ion-entangled photon from each ion. Each
photon is converted to 1550 nm (telecom C band), via the
system of Refs. [50,51]. Next, a fiber-coupled optical switch
sends photons from ion A to photonic node A and photons
from ion B to photonic node B [Fig. 2(a)], each via separate
25-km-long single-mode fiber spools.

The repeater protocol has four parts [38]: initialization,
loop 1, loop 2, and DBSM (deterministic Bell state
measurement), which are now summarized. Initialization
prepares both ions in the state |S) and the ground state of
the axial center-of-mass mode. Next, loop 1 begins, in
which up to 29 attempts are made to distribute ion-
entangled photons to both photonic nodes. Each loop-1
attempt includes two Raman pulses, one on each ion,
followed by a 250 ps wait time: sufficient for a photon to
travel over a 25 km fiber and, to simulate the remote nodes
being 25 km away, for the “photon detected” signal to
return. In the case of no detection events during all attempts
in loop 1, the protocol is restarted. In the case of a photon
detection event at both nodes during an attempt, loop 1 is
aborted, a 729 nm laser pulse maps |D’) to |S) for both ions,
and the DBSM is performed, as described below. In cases
where either node A or B detects a photon during a loop-1
attempt, loop 1 is aborted, 729 nm laser pulses are applied
to both ions, mapping |D)/|D’) states to |S)/|S’) states,
respectively, and loop 2 begins. Those pulses transfer the
qubit, encoded in the ion that generated the detected
photon, into the |S)/|S’) spin-qubit states, which serve
as a quantum memory. In contrast to the |D)/|D’) states,
the spin-qubit states have no natural spontaneous decay
rate, and suffer negligible differential ac Stark shifts
imparted by single photons in the cavity or by laser light
periodically injected into the cavity for length stabilization.

In loop 2, up to 190 attempts are made to distribute a
photon, entangled with the ion not storing a qubit in
memory, to the remaining remote node. Periodic spin
echoes are executed to extend the memory coherence time:
each flipping the |S)/|S’) population using a sequence of
729 nm laser pulses. In cases where an attempt in loop 2
yields a photon detection event at the targeted remote node,
both ion qubits are transferred into the states |S) and |D)
and the DBSM is performed, otherwise the protocol is
restarted.

Finally, the DBSM is performed in two steps [38]. First a
laser-driven two-qubit Mglmer-Sorensen quantum logic
gate [53-55] is applied. Second, the logical state of each
ion qubit is measured via fluorescence state detection
captured by a digital camera. Observing one of the four
logical states of the ion qubits heralds the projection of the
polarization of the remote telecom photons into one of four
ideally orthogonal maximally entangled states. Those
photonic states are characterized via quantum state tomog-
raphy, done by repeating the protocol for a range of
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polarization analysis settings at the photonic nodes. A
fidelity over 0.5 between reconstructed and a maximally
entangled states proves that the former is entangled [56].

The repeater protocol was executed 44 720 times over
33 min, during which 2229883 attempts were made to
establish photonic entanglement between nodes A and B,
and 2053 successes occurred (2049 during loop 2). The
success probability is therefore P, = 9.2(2) x 107*.
Successes correspond to asynchronous detection of a
photon at each remote node, where each photon is detected
within a 40-ps-wide time window containing the single-
photon wave packets [Fig. 3(a)]. The value of P, can be

compared with the expected probability P{™* to establish
node A-B entanglement without exploiting the ion memo-

ries. We calculate Pi"™° = P, x Py, = 7.2(2) x 1075,
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FIG. 3. Repeater protocol results. (a) Left axes: probability
distribution (P,) for single-photon detection per 1 ps time bin.
Lighter and darker colored bars: loop 1 and loop 2 data,
respectively. Time origins: Raman laser pulse onset. Dashed
black lines: windows where DBSM is performed. Right axes:
cumulative photon detection probability for loop 1 (lighter line)
and loop 2 (darker line). (b) Photon detection probability (green
bars) and counts (yellow bars) in attempt k of loop 2. Black line
(right axis): cumulative photon detection (count) probability,
totaling P, = 0.346(4). (c) Colored bars show measured real
parts of the density matrix of the two single-photon polarization
qubits shared by nodes A and B, when ion B stored a qubit in
memory. Fidelities with targeted Bell states (wire mesh) are
(i) 72 %, (ii) 6717 %, (iii) 6975 %, (iv) 0.83%. Absolute values
of imaginary parts do not exceed 0.09. Inset camera images:
corresponding two-ion measurement (DBSM) outcome.

where P, =3.06(5)x 107 and Py, =2.36(4) x 1073 are
the measured probabilities for single-photon detection dur-
ing a loop-1 attempt at nodes A and B, respectively. The
memories thus enhance the success probability by a factor
a=P,/Pi"8 =128. In principle, by performing enough
loop-2 attempts, one can approach unit probability for the
second photon detection (P, = 1) yielding the maximum
memory enhancement factor for our experiment of o™ =

(Pai+Pg,)/(2P"8) =375, However, decoherence of
the ion memories limits the number of loop-2 attempts
before stored entanglement is lost. In the presented experi-
ment, 190 attempts resulted in P, = 0.346(4), limiting « to
be a = a™* x P, [Fig. 3(b)].

Figure 3(c) presents the reconstructed two-photon den-
sity matrices in the cases when ion B stored a qubit in
memory. Each matrix has been rotated, from the one
directly reconstructed, by the same two single-qubit rota-
tions. Those local rotations, found by numerical search to
maximize the average fidelities with Bell states, do not
change the entanglement content of the four states, nor their
inner product, and bring the measured states into the
familiar Bell state form. The Bell state fidelities of the
measured states are [727], 677,698 8376]%.

Consequently, a different set of local rotations is
used to rotate the states into the Bell form when ion
A stored a qubit in memory, yielding fidelities of
[6374,6717,59"],77"7]% with the corresponding Bell
states. Using the data underlying all eight states, a numeri-
cal calculation is performed to simulate the process known
as feed forward, in which the photon states are further
locally rotated such that the repeater always delivers a
single Bell state to the remote nodes: A fidelity of 723 % is
obtained [38].

To identify origins of protocol infidelity, the ion-photon
states stored in memory are characterized in a separate
experiment. Here, a modified repeater protocol is per-
formed: up to 30 loop 1 attempts are made to detect a
photon from ion A only. In successful cases, ion-qubit A is
stored in memory while a fixed number of loop 2 attempts k
are made to generate a photon from ion B. Finally, state
tomography of the joint state of ion-qubit A and the
detected photonic qubit “a” [ps,(k)] is performed. That
experiment is performed without fiber spools and telecom
conversion for improved efficiencies, but wait times are
retained allowing for twice 25 km of photon travel. Figure 4
shows how the fidelity of the measured p,, (k) states, with
respect to the maximally entangled state nearest to p4,(0),
evolves. The initial fidelity of 0.96(2) drops to 0.64(2) after
195 attempts, corresponding to a memory storage time of
t = 64 ms. The dynamics are modeled with a single-qubit
map that realizes ion-qubit memory dephasing with a
Gaussian temporal profile parametrized by a decoherence
time 7 [38]. Applying the map to the initial state p4,(0)
yields modeled time-evolved states p,,(7,7), which have
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FIG. 4. Quantum memory performance. Red diamonds: fidel-
ity between the ion-photon state stored in ion A after k
photon generation attempts on neighboring ion B, py4,(k),
and the maximally entangled state closest to p4,(0). Red line:
fit of the fidelity of the modeled ion-photon state (see text)
stored in ion A, p4,(t), to the data, yielding an ion-qubit
decoherence time of 7= 62(3) ms. Black dashed line: Bell
state fidelity of the modeled photon-photon state established in
attempt k, using perfect DBSM and feed forward (see text).
Time axis: average attempt duration. Error bars represent one
standard deviation of uncertainty due to Poissonian photon
counting statistics.

fidelities F[p4, (7, 7)] with respect to the nearest maximally
entangled state to p,,(0). A fit of the model to the data
yields 7 = 62 £ 3 ms (solid red line, Fig. 4). The model
is now extended to predict the two-photon states recon-
structed in the full repeater protocol [38]. Here, for the ion-
photon states stored in memory, the states j 4, (f,7 =62 ms)
are used for both ions. For the ion-photon states not stored
in memory, the state p4(0) is used for both ions. All other
parts of the repeater protocol, and feed forward, are
modeled without imperfection. The predicted two-photon
Bell state fidelities, established between the remote nodes
at step k of loop 2, are plotted as a dashed black line in
Fig. 4. Finally, the modeled two-photon states at each
attempt (k) are added up as a mixture, weighted by the
probability with which they occurred in the repeater
experiment [Fig. 3(b)], yielding a predicted photonic
Bell state fidelity for the repeater protocol of 0.813(7).
Considering the experimentally obtained value of 72(2)%,
we conclude that our model captures the dominant sources
of infidelity in the repeater protocol: decoherence of the
ion memories.

The results of an independent experimental investigation
into the origins of the ion-memory decoherence [38] are
now summarized. Raman laser pulses on the neighboring
ion during the repeater protocol decrease the ion-memory
coherence time from 7 = 108(1) to 59(1) ms. A significant
contribution to this decrease is made by imperfections in
the spin echoes caused by the initial and increasing
temperature of ion string. The heating is caused by the
ion in the Raman laser focus absorbing and spontaneously
emitting 393 nm photons. No significant direct interactions
between an ion’s memory qubit and Raman laser pulses on
the neighboring ion were found.

In our last experiment, performance in repeater configu-
ration is compared with that in a direct transmission
configuration. For direct transmission, the fiber spools
are joined into a 50 km channel. Furthermore, only the
initialization and loop 1 of the repeater protocol are
executed, both ion-entangled photons are directed to node
B, and the detection of any one photon counts as a success.
The wait time after photon generation is set to 500 ps to
allow for twice the 50 km travel time. In both configura-
tions, attempt rates are predominantly limited by the photon
travel and signal return times, and polarization analysis is
removed to improve overall efficiency. Having previously
observed maximal ion-photon entanglement over 50 km
with a fidelity of 0.86 £ 0.03 in direct configuration with a
single ion [50], we focus here on measuring the success
rates. The results are absolute success rates of 5.9 and
3.8 Hz for the repeater and direct transmission configura-
tions, respectively. After excluding slight differences in
initialization and dead times [38], we obtain success rates
of 9.2 and 6.7 Hz, where the repeater is still faster. Analytic
expressions for the performance requirements for a repeater
node to beat itself in direct transmission are summarized
in Ref. [38].

We now present parameter combinations for future
enhanced versions of our repeater nodes that would enable
a significant advance in the state of the art for entanglement
distribution between remote matter [16]. We consider the
repeater node chains [Fig. 2(b)] and model of Ref. [33] to
calculate the average time (7, to establish heralded
entanglement between one ion in each end node. The
key model parameter is P?ink = (0.21: the combined telecom
photon generation and detection probability for each node
excluding channel (fiber) losses. For a two-node chain with
a 50 km telecom fiber between them, one obtains
Tt =0.07s. For a 17 node chain across 800 km of
telecom fiber, one obtains T, = 0.7 s. Despite the channel
loss probability increasing by 13 orders of magnitude (50 to
800 km), and commensurate rate reduction for direct
transmission schemes, the repeater-assisted entanglement
distribution rate is predicted to drop by only a factor of 10.

We introduce a simple model for the established Bell
state fidelity across the 800 km chain [38]. The model does
not consider memory decoherence, which is valid under the
condition that the memory coherence time in each node is
much longer than the average entanglement distribution
time between the end nodes, that is 7 > 0.7 s. The model
parameters are F,, the ion-photon Bell state fidelity; F’ L‘i},‘;p,

the DBSM fidelity; and F' E&‘;gm, a nondeterministic pho-
tonic Bell state measurement fidelity. When all three
fidelities are 0.99, the model predicts a Bell state fidelity
of 0.61, which is over the 0.5 threshold.

The required enhanced ion-node parameters are ambi-
tious but feasible. The current repeater node achieves
[P, =0.018(1), 7 =62(3) ms, Fy =0.96(2), Fis‘\’,?;p =
0.95(2), FRio™ = 0.69(2)], where the last value is taken
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from the two-photon interference contrast at telecom wave-
lengths measured in Ref. [57]. The required improvements
in Fyand F' ;?;‘;p are minor, while those in Pﬁnk may already
be possible by combining the single ion-photon collection
efficiencies of Ref. [36] and the telecom conversion
efficiency of Ref. [58]. Memory times of tens of seconds
in the repeater node should be possible by combining
decoherence-free subspaces [59,60] with sympathetic cool-
ing [61,62] or directly using other isotopes [63]. Achieving
the required F' E&,ﬁg’", while maintaining P{, = 0.21, may
be achieved by combing the methods of Refs. [36,64] with
a smaller mode-volume cavity and careful attention to
minimize birefringence [65].

A long-distance quantum repeater node based on trapped
ions with an optical cavity was demonstrated, as envisioned
in Ref. [33]. Two remote trapped ions have previously been
entangled over a few meters [11,14,22,23] and, using the
ion-cavity system of this work, over 230 m [24]. The results
in this work, in combination with those in Refs. [24,57],
demonstrate all key capabilities of a long-distance quantum
repeater platform in a single system. In the future, more
qubits could be directly integrated into the node [33]
allowing for quantum error correction and multimoding [6].

Datasets available [66].
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