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We integrate a long-lived memory qubit into a mixed-species trapped-ion quantum network node. Ion-
photon entanglement first generated with a network qubit in 8Sr* is transferred to “*Ca™ with 0.977(7)
fidelity, and mapped to a robust memory qubit. We then entangle the network qubit with a second photon,
without affecting the memory qubit. We perform quantum state tomography to show that the fidelity of ion-
photon entanglement decays ~70 times slower on the memory qubit. Dynamical decoupling further
extends the storage duration; we measure an ion-photon entanglement fidelity of 0.81(4) after 10 s.
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Quantum networks have the potential to revolutionize
the way we distribute and process information [1]. They
have applications in cryptography [2,3], quantum comput-
ing [4,5], and metrology [6], and can provide insights into
the nature of entanglement [7,8]. Photonic interfaces are
essential for such networks, enabling two remote stationary
qubits to exchange quantum information using entangle-
ment swapping [9]. Elementary quantum networks have
been realized with diamond nitrogen-vacancy centers
[8,10], photons [11,12], neutral atoms [13—15], solid-state
systems [16] and trapped ions [7,17-24].

Trapped ions provide qubits with exceptionally long
coherence times, which can be initialized, manipulated,
entangled, and read out with high fidelity [25-30].
Moreover, trapped ions readily interact with optical fields,
providing a natural interface between their electronic
state—the stationary quantum memory—and photons—
the “flying” quantum information carrier [31]. Pairs of
trapped-ion network nodes comprising 1 qubit of a single
species have been connected by a photonic link and used to
perform Bell tests [7], state teleportation [18], random
number generation [19], quantum key distribution [21], and
frequency comparisons [22]. Trapped ion systems have also
demonstrated state-of-the-art 1- and 2-qubit gate fideli-
ties, but integrating these within a quantum network node
remains a challenge since an ion species suitable for
quantum communication does not necessarily also provide
a good memory qubit with sufficient isolation from net-
work activity. Atomic species such as '3Ba* or '7'Yb™
have been proposed to circumvent this issue [26,32];
however, the development of the required experimental
techniques is still ongoing. Nevertheless, it is possible for
each role to be fulfilled by a different species [33]. In
addition, using multiple atomic species has advantages for
minimizing crosstalk during midcircuit measurements and
cooling [34].
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In this Letter, we demonstrate a trapped-ion quantum
network node in which entanglement between a network
qubit and a photon is created and coherently transferred
onto a memory qubit for storage, while the network qubit is
entangled with a second photon. Because of its simple level
structure, ®8Sr* is ideally suited for our ion-photon entan-
glement (IPE) scheme [20], whereas the hyperfine structure
of #¥Ca* provides a long-lived memory qubit [35]. While
both IPE and local mixed-species entangling gates have
been demonstrated independently [33], this is the first
experiment in which these capabilities are combined.
Furthermore, we show that the memory qubit in *3Ca™ is
robust to environmental noise as well as to concurrent
addressing of 38Sr* for the generation of IPE. Finally,
sympathetic cooling of the ion pair using %3Sr* between
rounds of entanglement generation enables continued
operation even in the presence of heating.

For this experiment, we load a 3Sr*-**Ca* crystal with
controlled order into a surface-electrode Paul trap at room
temperature [36]. Each experimental sequence begins with
cooling (see the Supplemental Material [37]), reducing the
temperature of the axial out-of-phase (OOP) and in-phase
(IP) motion to i, = 0.3 and 13, = 3, respectively. The cool-
ing sequence was empirically optimized for the high heating
rates observed, namely ﬁoop ~360 s~ at Doop/ (27) =
3.354 MHz and ﬁip ~ 2700 s~! at wip/ (27) = 1.705 MHz.
To produce single photons, 33Sr* is excited to the
|Pyj2,my = +1/2) state by a ~10 ps laser pulse. This
short-lived excited state decays with probability 0.95 into
the S, /, manifold via emission of a photon at 422 nm whose
polarization is entangled with the spin state of the ion. The
photon emission is imaged by an NA = 0.6 objective onto a
single-mode optical fiber [Fig. 1(a)], which acts as a spatial
mode filter, maximizing the entangled fraction by sup-
pressing polarization mixing. The ion-photon state can then
be described by the maximally entangled Bell state
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FIG. 1. (a) Overview of the apparatus. We show the laser beam
geometry; within the plane of the trap surface, the magnetic field
B is oriented 45° to the trap axis z. Perpendicular to this plane, the
NA = 0.6 lens collects single photons from a #Sr* ion (violet
circle). Single photons are coupled into a single-mode fiber that is
connected to a Bell state analyzer. Here, only one network node is
connected; the same device can herald remote entanglement with
a second, identical node [20]. The state of 38Sr™ can be mapped
onto a cotrapped “*Ca™ ion (orange circle). (b) Level structure of
8Sr (violet) and ’*Ca* (orange), not to scale. The memory qubit
comprises the m; = 0 states in the ¥Ca*t §, /> manifold. Raman
lasers (blue arrows, 402 nm) are used to drive mixed-species
entangling gates and transitions between “*Ca™ hyperfine ground
states. A o' -polarized laser pulse excites the S/, < Py,
transition in 33Sr* to generate a single photon whose polarization
(see o and & decay channels) is entangled with the state of the ion.
A narrow-linewidth laser (red arrow, 674 nm) is used to
manipulate the 38Sr™ qubit via the quadrupole transition.

W) = —=
HRV

where |H) and |V) are orthogonal linear polarization states
of the photon, and || ) and | 1) denote the network qubit
states in the Zeeman ground state manifold of ®Sr*
[Fig. 1(b)]. To analyze the polarization state of the photon,

(Wn) ® [H) +1x) @ V),

we employ polarizing beam splitters and avalanche photo-
diodes, which are part of the same photonic Bell state
analyzer used to herald remote entanglement between two
network nodes [20]. The pulsed excitation sequence is
repeated in a loop at an attempt rate of 1 MHz until a
photon is detected. The polarization measurement basis is
set at the beginning of a sequence using motorized wave
plates. Qubit manipulation of ¥Sr* is performed on the
674 nm quadrupole transition, which is also used for
electron shelving readout.

The second ion species, 43Cat, is chosen for its excellent
coherence properties and the high level of control achieved
in previous experiments [27,38—40]. Furthermore, the mass
ratio between “*Ca* and ®3Sr* is reasonably favorable for
sympathetic cooling [41], and the electronic level structure
facilitates mixed-species gates [42]. For state preparation,
polarized 397 nm light optically pumps population into
|41)- A pair of copropagating Raman laser beams at Az =
402 nm is used to manipulate states within the ground state
manifold. For readout, population is shelved using a pulse
sequence of 393 nm and 850 nm light [43]. At a magnetic
field of 0.5 mT, the frequency of the memory qubit
transition depends weakly on the magnetic field magnitude,
with a sensitivity of 122 kHzmT~'. Compared with the
sensitivity of the 38Sr™ Zeeman qubit of 28 MHzmT™!, the
memory qubit is significantly more resilient to magnetic
field noise. In addition, the magnetic field at the position of
the ions is actively stabilized using feedback and feed-
forward currents to the 10 nT level, calibrated over the
50 Hz line cycle using Sr+* as a magnetic field probe [44].

To swap information from 33Sr* to “*Ca*, we perform
mixed-species 6, @ 6, geometric phase gates using the
state-dependent light shift force generated by a single pair
of ~20 mW Raman laser beams at 402 nm. Only one pair is
required to drive both species thanks to their compatible
electronic level structure [42] [Fig. 1(b)]. The main advan-
tage of this scheme over Cirac-Zoller and Mglmer-Sgrensen
gates, which have previously been explored in this context
[33,45], is its robustness to qubit frequency shifts. The
Raman beams are aligned to address the OOP axial motion
of the two-ion crystal [42]. For maximum gate efficiency on
this mode, the ion spacing is set to a half-integer multiple of
the effective wavelength Ax/v/2. As the memory qubit in
#3Ca* does not experience a light shift, this interaction is
performed on the logic qubit L instead. First-order Walsh
modulation compensates for the light shift imbalance
between the two species. With the available laser power,
a detuning of §/(2z) =34 kHz from the OOP mode
achieves a gate duration of ~60 ps while minimizing off-
resonant excitation of the I[P mode [37]. Charging of the trap
due to the Raman laser beams is automatically compensated
every ~5 min using the method described in Ref. [46].

The state of the network qubit in 38Srt is coherently
swapped onto the logic qubit using an ISWAP gate, which is
implemented by two 6, ® &, interactions and single-qubit

090803-2



PHYSICAL REVIEW LETTERS 130, 090803 (2023)

(b) Re (x***)
I 0.25
Y
XI
XY
Y1 0
YY
ZI
7Y
—-0.25
0 1Z XYYX Z1 2Z 11 1Z XY YX ZI ZZ
(c)
0.5
I —
X —
0
Y —
Z —
T T 1 —0.5
I X Y Z I X Y %
FIG. 2. (a) The 1swAP circuit used to map the network qubit

state from 38Sr* to the logic qubit in ¥*Ca™. (b) The Choi matrix
reconstructed from process tomography of the I1Swap gate
before error detection indicates a process fidelity of 0.913(3).
(c) Initializing the logic qubit in |} ) and rejecting errors flagged
by the measurement on the network qubit; the fidelity of this
conditional process is 0.977(7).

rotations [circuit shown in Fig. 2(a)]. We use the ISWAP, as
opposed to a full SWAP, since the initial state of *3Ca™ is
known to be prepared in || ). The ideal ISWAP performs the
mapping |¢y) @ [{1) = [In) ® |¢r). where [¢) is the
arbitrary state to be swapped to the logic qubit, leaving the
network qubit in the || y) state. Experimental imperfections
leading to deviations from the target subspace |{x){{n| ®
I, are detected via a midcircuit measurement on the
network qubit [47]. We characterize the ISWAP operation
independently using process tomography [48,49] to recon-
struct the Choi process matrix y**P and calculate the process
fidelity F, = Tr(y'!y**?) with respect to the ideal process
2, yielding F, = 0.913(3) [Fig. 2(b)]. Considering only
the mapping from the subspace 1y ® |{1)(/1| where the
logic qubit is prepared in || ) to the subspace |{n){{n| ®
1, where the network qubit is measured in ||y ), the process
fidelity is 0.977(7) with respect to the ideal process |¢py) ®
L) = [In) ® |¢r) [Fig. 2(0)].

The ISWAP operation enables the transfer of IPE from the
network qubit in 8Sr* to the memory qubit in “*Ca™, so that
IPE can be created a second time using 38Sr*. To probe the
memory properties of the integrated system of entangled

photons and ions, we perform tomography on both ion-
photon states in parallel after a variable storage duration.
For this, we initialize || ) ® || ) and execute the attempt
loop until a single photon is detected [point / in Fig. 3(a)].
Subsequently, we swap the network qubit state to the logic
qubit, and further to the memory qubit M for storage [37]. If
the 130 ps midcircuit measurement on the network qubit
indicates a success [point /] in Fig. 3(a)], the attempt loop
is executed until a second photon is detected [point //] in
Fig. 3(a)]. After a variable delay Az, both the memory and
the network qubit are measured. Note that no dynamical
decoupling is used throughout this sequence. Figure 3(c)
shows the fidelity of ion-photon states to the closest
maximally entangled state [50] for different storage dura-
tions. The raw 83Sr*-photon fidelity is 0.97(2), but dephas-
ing of the network qubit limits the coherence time of this
state to 2 ms. Swapping the ion state into the memory qubit
extends the coherence time by a factor ~70 with an initial
fidelity of 0.93(2). The additional infidelity is due to the
high heating rates limiting the ISWAP operation [37], and
imperfections in the L — M transfer pulse sequence [37].
The fidelity shown in Fig. 3(c) decays due to magnetic field
noise and laser leakage; heating during the storage duration
causes single-qubit rotation errors in 33Sr+, whereas the use
of a copropagating Raman beam geometry eliminates this
effect in +3Ca™.

In a second experiment, we demonstrate that these
limitations can be overcome. We employ Knill dynamical
decoupling [25,51] with 40 spin flips to suppress the effect
of magnetic field noise [Fig. 3(b)]. To minimize the effect
of laser leakage, we transport the ions 100 pm away from
the laser interaction zone. Furthermore, sympathetic
Doppler cooling on #8Sr* avoids ion loss due to heating.
We achieve an IPE fidelity of 0.81(4) after 10 s [squares and
inset in Fig. 3(c)]. The ratio of decoherence rate to the
node-to-node entanglement rate in a quantum network
strongly impacts the resource scaling for fault-tolerant
error correction [52]. Here, this ratio is estimated to be
0.0006 and 0.08 with and without dynamical decoupling,
respectively, assuming the entanglement rate of 182 s™!
previously observed in our setup [20].

Crucially, there is negligible memory error associated
with generating a second ion-photon pair, as the lasers used
during the attempt loop are far off resonant (> THz) from
transitions in “’Ca®. To demonstrate this, we perform
Ramsey experiments on the memory qubit while the loop
is ongoing in the background for up to 10° excitation
attempts [Fig. 4(a) and Fig. 4(b)], enough to herald > 1500
entangled ion-photon states. The light shift per excitation
attempt is 8.8(6) prad, and can easily be corrected in real-
time by adjusting the phase reference. From the same data,
we do not observe any statistically significant reduction in
contrast [Fig. 4(b)]. A secondary consequence of the loop is
excess heating due to photon recoil. We measure excess
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set of bases B @ J are used to tomographically reconstruct the density matrices of the ion-photon states. If the midcircuit measurement
detects errors in the ISWAP gate, the sequence is immediately restarted. (a) A second photon is generated after transferring the state
entangled with the first photon to the memory qubit. (b) After transferring IPE from the network qubit to the memory qubit, 38Sr* is used
to sympathetically cool “*Ca*. Dynamical decoupling and ion transport are used to extend the memory coherence time during the storage
period. (c) The fidelities of the ion-photon states with respect to the closest maximally entangled state [37] are calculated from the
density matrix obtained from maximum likelihood estimation [37] and averaged over all four photon detectors. Error bars span the
95% confidence interval obtained from nonparametric bootstrapping [37]. Dashed curves show Gaussian decay models to guide the eye.
Square symbols indicate the fidelity with dynamical decoupling, ion transport, and sympathetic cooling using 3Sr* during the storage
time. At 10s, only the populations and the parity (see inset for the signal correlated with one photon detector with varying memory qubit

rotation angle ¢) were measured to infer the fidelity.
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FIG. 4. The effect of excitation attempts on (a) the phase and
(b) coherence of the memory qubit, and on (c) the temperature of
the OOP mode, is probed by executing the attempt loop for a
variable fraction of a fixed total duration. Each attempt takes 1 ps.
The sensitivity to attempts, extracted from linear least-squares
fits, is shown alongside the data. Error intervals span one standard
deviation. (a)-(b) Ramsey experiments with 100 ms total dura-
tion. Filled single-prediction bands guide the eye to (a) phase and
(b) contrast of the Ramsey fringe. (c) Sideband-ratio thermometry
with 1 ms total duration. The 95% confidence band is shown in
blue. (d) Histogram of excitation attempts until detection of a
photon, indicating a success probability of 0.013.

heating of 9.3(9) x 10~ phonons per attempt [Fig. 4(c)],
which is insignificant in the context of this experiment
[Fig. 4(d)].

In summary, we have demonstrated the coherent transfer
of IPE from a network qubit in ®Sr* to a memory qubit in
43Ca* within a quantum network node. We note that the
measurements reveal the presence of entanglement even
though the photon was destroyed before the transfer took
place [53]. We extend the storage duration of this entan-
glement by ~4 orders of magnitude, while ensuring that
subsequent IPE can be performed without crosstalk affect-
ing the memory qubit; we achieve a storage duration
exceeding 10 s. Extending the storage duration beyond
the time taken to generate IPE is essential for applications
that require multiple communication photons. We have
shown that we can generate further IPE on the network
qubit while maintaining coherence on a memory qubit
3.3 pm away—this enables applications such as entangle-
ment distillation [54-56] and blind quantum computing
[57]. Mixed-species transfer in a network node also enables
applications that require remote entanglement of long-lived
memories, including quantum networks of atomic clocks
[6,22]. For long-distance networks, communication laten-
cies due to time-of-flight and classical signaling would
limit the rate at which nodes with a single network qubit
can generate entanglement. However, if the state of this
network qubit is stored in an available memory qubit
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immediately after emission of the photon, entanglement
attempts could be made without dead time in between [24].
A constant attempt rate could be reached independent of
distance, limited only by the local swapping procedure. In
that scheme, the memory qubits would be stored until the
corresponding herald signals arrive to indicate which had
been entangled successfully. In our system, link losses,
rather than memory coherence, would set the limit on the
maximum possible node separation. To increase the photon
collection efficiency, cavities can be used [23,58]. To
reduce the fiber losses, quantum frequency conversion to
infrared wavelengths has been proven feasible [59-61].
Combined with these improvements, our system, which
integrates a high-fidelity photonic interface with mixed-
species quantum logic, a robust memory and ion transport
capabilities, paves the way for more powerful trapped-ion
quantum networks.
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