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Temporally multiplexed ion-photon quantum interface via fast ion-chain transport

Bingran You,1, 2 Qiming Wu,1, 2, ∗ David Miron,1, 2 Wenjun Ke,1
Inder Monga,2 Erhan Saglamyurek,1, 2 and Hartmut Haeffner1, 2, †

1Department of Physics, University of California, Berkeley, CA 94270, USA
2Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

(Dated: October 19, 2026)

High-rate remote entanglement between photon and matter-based qubits is essential for dis-
tributed quantum information processing. A key technique to increase the modest entangling rates
of existing long-distance quantum networking approaches is multiplexing. Here, we demonstrate
a temporally multiplexed ion-photon interface via rapid transport of a chain of nine calcium ions
across 74 µm within 86 µs. The non-classical nature of the multiplexed photons is verified by mea-
suring the second-order correlation function with an average value of g(2)(0) = 0.060(13), indicating
negligible crosstalk between the multiplexed modes. In addition, we characterize the motional
degree-of-freedom of the ion crystal after transport and find that it is coherently excited to as much
as n̄α ≈ 110 for the center-of-mass mode. Our proof-of-principle implementation paves the way
for large-scale quantum networking with trapped ions, but highlights some challenges that must be
overcome.

Remote entanglement across distant quantum nodes [1,
2] may be used for long-distance quantum key dis-
tribution [3, 4], modular quantum computer architec-
tures [5, 6], as well as quantum enhanced metrology and
sensing [7–9]. Light-matter quantum interfaces are a fun-
damental building block for such applications, and allow
for distributed entanglement between stationary matter
qubits by using "flying" photons.

For practical purposes, these quantum interfaces need
to be capable of establishing remote entanglement at
high rates across a large-scale network of quantum nodes.
However, in widely adopted probabilistic schemes based
on heralded photon detection [10–12], it is infeasible to
distribute entanglement at useful rates over a few kilo-
meters, as the attempt rate is limited by the round-trip
travel-time of photons in a single mode. For example, for
a communication distance of 10 km, photon-travel time
will be around 100 µs, meaning that the attempt can-
not be higher than 10 kHz. In this scenario, even with
use of a state-of-the-art photon-matter interface that can
yield close to unity photon extraction efficiency [13], the
matter-photon entanglement rate beyond tens of kilome-
ters would be limited to sub 10 s−1 with total loss around
15 dB after considering the collective probability of gener-
ating and detecting telecom photons at each node, along
with the optical fiber loss [14, 15].

A key solution to this challenge is multiplexing: to
combine multiple signals into a single channel and there-
fore increase the attempt rate [16, 17]. Multiplexing has
become a mature technology for ensemble-based quan-
tum interfaces, both in atomic gases and rare-earth ion
doped solid-state systems [18–21]. However, large-scale
local quantum information processing is technically chal-
lenging in these platforms [22].

In contrast, single emitters, including trapped ions and
neutral atoms, offer excellent local quantum information
processing capability beside their natural interface with

light at convenient wavelengths for quantum frequency
conversion (QFC) [23, 24], and the possibility of long-
lived storage of entanglement [25, 26]. On the other hand,
implementing a multiplexed light-matter interface with
these systems is technically challenging. Towards over-
coming this problem, a few multiplexing schemes have
already been proposed for ion and atom-based quan-
tum processors [27–31]. The only reported experimental
work, we are aware of, is the demonstration of multiplex-
ing using a static three-ion chain [15]. In view of the re-
cent advances of the quantum CCD architecture [32–34],
a complementary approach to multiplexing is the process
of ion-transport through a specific spatial location with
maximized photon coupling efficiency.

In this work, we demonstrate a temporal multiplexing
scheme based on the transport of an ion-chain for improv-
ing the rate of ion-photon entanglement over long dis-
tances. In our experiments, we generate on-demand sin-
gle photons by shuttling a nine-ion chain across the focus
of a single-ion addressing beam. This scheme is expected
to lead to a nearly nine-fold increase in attempt rate of
the entanglement generation for quantum repeater nodes
separated by >100 km. We verify the single-photon na-
ture of the photon trains by measuring a second-order
time correlation of g(2)(0) = 0.060(13) without back-
ground subtraction. Furthermore, we address the prob-
lem of motional excitation during the transport, which
is detrimental to local entangling operations [35] and in
the case of using a cavity for stimulating the photons
would lead to uncertainly in the coupling strength. [36].
Using a shuttling function designed to mitigate motional
excitation, we find coherent excitation of n̄α ∼ 50 on
the center-of-mass (COM) mode during one round of ion
chain transport. These results show that the proposed
multiplexing scheme can be scaled up to higher rates pro-
vided that more optimal transport methods are applied.

The schematics of the experimental procedures is illus-
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FIG. 1. Schematics of multiplexed ion-photon interface. (a) A
nine-ion chain is confined in an RF Paul trap. Controlling DC
endcap voltages allows for ion transport. A beam of 397 nm
and 866 nm light illuminating all ions is used for Doppler
cooling. An objective collects the 397 nm single photons and
guides them to a 50/50 beamsplitter, followed by a photomul-
tiplier tube on each exit port for photon detection. An 866 nm
beam is focused down to ≈ 6.0 µs waist to address individual
ions. (b), (c) Excitation scheme and pulse sequence for the
397 nm single-photon generation. First, a global 397 nm beam
prepares the ions to the 32D3/2 state. Then, the 866 nm ad-
dressing beam (resonance with 32D3/2 ↔ 42P1/2) is strobo-
scopically switched on during the transport to extract photons
from the target ions.

trated in Fig. 1(a). Our experiment is conducted using an
RF Paul trap, composed of four RF blades for generating
radial pseudopotential and two DC endcap electrodes for

(a)

(b)

FIG. 2. Temporal profile of single-photon generation. (a) The
black (red) line is the programmed (measured) voltage ramp
on endcap 1 during the forward transport, showing negligible
latency effect. The voltage on endcap 2 is an inverse function
of endcap 1 with an offset of +2.51 V. Not shown is the ramp
shuttling the ions back to the original position. (b) Detection
time of the photons (bin with 250 ns) color coded with the
associated temporal mode.

providing an axial harmonic confinement. We typically
trap a string of nine 40Ca+ ions in a linear configura-
tion with the COM mode frequency of ωx,z/(2π) = ×
{1.15, 0.179} MHz and Lamb-Dicke (LD) parameters of
the axial modes, ranging between 0.09 and 0.23 on the
42S1/2 ↔ 32D5/2 transition. Two global laser beams at
397 nm and 866 nm (not shown in the figure) evenly il-
luminate the entire ion chain for Doppler cooling and
optical pumping, and a tightly focused addressing beam
at 866 nm allows for resonant excitation to extract the
397 nm single photons from individual ions. The gener-
ated single photons are collected by an objective with
a numerical aperture of NA = 0.3 (collection efficiency
Pc ≈ 2.5%) and directed to a 50/50 beam splitter (BS).
At the exit port of BS, photons are detected by two pho-
tomultiplier tube (PMT)-based single-photon detectors
(SPD), and their arrival times are recorded with a time-
tagger for subsequent analysis.

We generate on-demand single-photons based on a
background-free scheme, as illustrated in Fig. 1(b) [37].
In this process, we first Doppler cool (detuning ∆ =
−Γ/2) the ion chain for 200 µs, with the first 100 µs
assisted by another beam −500 MHz detuned from the
42S1/2 ↔ 42P1/2 transition (not shown) to mitigate col-
lision induced ion chain melting in the Paul trap [38].
Then we begin the photon generation sequences with
optical pumping to the 32D3/2 state for 3 µs, followed
by transport of the chain to position each ion in the
tight focus of the 866 nm addressing beam resonant with
32D3/2 ↔ 42P1/2 transition to generate 397 nm single
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photons (see Fig. 1(c)).
In the ion-chain transport process, the endcap volt-

ages are controlled by an arbitrary waveform generator
(AWG) amplified by a custom-made, low-noise amplifier
circuit with a gain of ten through low-pass filters and
a vacuum feedthrough. The low-pass filters have cutoff
frequencies of 1.9 MHz to allow fast transport of the ion
chain close to the speed of the COM mode frequency. The
programmed and the measured waveform show a negligi-
ble latency effect from the filters (Fig. 2(a)). The forward
shuttling function has eight steps, during each of which a
different ion is placed in the focus of the addressing beam

(a)

(b)

(c)

Shuttling nine-ion chain

Fifth ion in a static nine-ion chain

Static single ion

FIG. 3. Two-photon correlation measurements. (a) g(2)

measurement when shuttling a nine-ion chain, g(2)(0) =
0.060(13). The horizontal axis represents the delay between
individual photons corresponding to the time between each
voltage step. The shuttling function in Fig. 2 is repeated
twice before the next cooling cycle (see Fig. 1). (b) g(2) mea-
surement when addressing the fifth ion in a static nine-ion
chain shows g(2)(0) = 0.062(17). There are 25 attempts after
each cooling cycle. The horizontal axis represents the delay
time between attempts on the same ion. (c) g(2) measure-
ment of a single ion with the addressing beam using the same
pulse sequence as (b). The measured g(2)(0) = 0.010(6). The
horizontal axis is the same as (b).

for 1.7 µs with the beam turned on simultaneously. After
completing this sequence, we move the entire ion chain
back to the original position in 35 µs using the same func-
tion form in one step. The voltage ramping function on
the two endcaps V1,2(t) is in the form of a sigmoid-like
polynomial function such that the first and second order
derivative at the beginning and the end of the transport
vanish [39].
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(1)
where ∆V is the voltage difference between the beginning
and the end of a step, t is the time after the end of the pre-
vious step, and T = 9.1 µs is the total time of each trans-
port. The details of voltage optimization and numerical
simulation of motional heating can be found in [40]. We
reconstruct the temporal profile of 397 nm photons dur-
ing transport using the recorded arrival times of photons
on the PMTs. Fig 2(b) shows the emission from individ-
ual ions (modes). Data is accumulated for 40 min, dur-
ing which around 1.56 × 106 attempts were made to the
whole string, corresponding to attempt rate 39.0 kHz, an
average photon extraction efficiency of 0.21 % and single
photons count rate of around 71 cps.

Next, we perform a two-photon correlation experiment
to test the non-classical characteristics of our multiplexed
photon source [41]. The probability of two-photon corre-
lation when detecting a correlation event on two detectors
at different times is given by

ρc(τ) = ρ1(τ)ρ2(τ + δT ), (2)

where ρ1(τ) and ρ2(τ + δT ) are the probability of de-
tecting a photon at t = τ and τ + δT on detector 1 and
2. Fig. 3(a) shows the normalized correlation counts as
a function of the delay mode window. We choose a co-
incidence window of 300 ns in each mode and measure
8 coincident counts at zero delay in 4.8 hours, corre-
sponding to g(2)(0) = 0.060(13). The residual correla-
tion can be explained by excitation of neighboring ions,
i.e., crosstalk of the addressing beam, which is separately
characterized to be 0.99 % using fluorescence of the nine-
ion chain on the camera, corresponding to expected av-
erage g

(2)
exp(0) = 0.049(8) (see Supplemental [40]). To fur-

ther verify this hypothesis, we repeat the measurement
with a single ion (Fig. 3(c)) and compare it to addressing
only the fifth ion in a static nine-ion chain (Fig. 3(b)).
The two experiments yield g(2)(0) = 0.010(6) and g(2)(0)
= 0.062(17) with 6.0 and 4.8 hours of data accumulation,
respectively. While the single ion g2 is limited by the de-
tector dark counts and ambient light, the measurement of
the static 9-ion chain g2 is limited by the crosstalk of the
addressing beam. The results indicate the major source
of residual correlation is addressing crosstalk [40]. This
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(c)(b)(a)

FIG. 4. |↓⟩ ↔ |↑⟩ carrier excitation of nine-ion chain before and after shuttling. The horizontal axis is the global 729 nm beam
probe time, and the vertical axis is the average ion excitation on the |↑⟩ state. Error bars denote one standard deviation of the
quantum projection noise. (a) Rabi oscillations of the sideband-cooled ions (red dots). The red line is a numerical simulation
of thermal distribution with n̄th = 4.0 ± 3.0. (b) Rabi oscillation after the transport at half speed of the transport function in
Fig. 2(a). The blue line is a numerical simulation with with n̄th = 4, n̄α = 50 ± 5. (c) Rabi oscillation after the transport at
full speed. The green line is a numerical simulation with with n̄th = 4, n̄α = 110 ± 5.

can be mitigated by coupling the single photons into a
single-mode fiber or improving the optical quality of the
excitation beam.

After characterizing the single-photon nature of the
transport-multiplexing scheme, we characterize the mo-
tion of the ions introduced by shuttling. This is impor-
tant as the quality of subsequent quantum operations
on the ions or ion-photon entanglement will depend on
the ions’ motional states. We further explore the sys-
tem performance by measuring the motional heating from
the ion transport. To do this, we first perform side-
band cooling for all axial modes sequentially using the
method similar to that in [42] and prepare the ion in
the state |↓⟩ = |42S1/2, mJ = −1/2⟩. We compare the
|↓⟩ ↔ |↑⟩ = |32D5/2, mJ = −1/2⟩ carrier transition be-
fore and after transport with a global 729 nm beam along
the axial direction to determine how the transport affects
the ion-motion (Fig. 4). The carrier Rabi flopping is mo-
tional state sensitive, and the Hamiltonian has the form
of [43, 44]

Hi,M = (ℏ/2)Ω(i)σ(i)
x

M∏
m=1

exp
[
iηi,m

[
am + a†

m

)]
, (3)

where Ω(i) is the Rabi frequency of the ith ion, am and a†
m

are the creation and annihilation operators on the mth
mode, and ηi,m is the LD parameter of the ith ion and the
mth mode. Considering the computational difficulty of
including all motional modes in the simulation, we only
consider the COM mode which we expect to be excited
most because the electric fields, both from the transport
and surface noise, are correlated over the whole ion string
(see Supplemental [40]). Therefore, the average carrier

Rabi flopping can be simplified to

Pe(t) = 1
2N

[
1 −

∞∑
n=0

N∑
i=0

Pn cos
(

Ω(i)
n t

)]
, (4)

where Pn is the occupation on the nth number state and
encodes a convolution between a thermal and a coher-
ent phonon distribution [45]. Ω(i)

n is the Rabi frequency
of the ith ion on the nth number state [46]. To ver-
ify the effectiveness of our approximation, we probe the
sideband-cooled motional spectrum of the nine-ion chain
before the tranport and verify that only the COM mode
is not cooled to near the ground state [40], for which
we find a cooling limit of n̄th = 4.0 ± 3.0. We also
measure the electric-field noise induced heating and find
a heating rate of 20 quanta / ms.(Fig. 4(a)), indicating
that the remaining thermal population is likely limited
by the COM mode heating which scales as ion number
N [47]. Fig. 4(b) shows the carrier Rabi flopping after
ion transport twice as slow as in Fig. 2(a). From numer-
ical simulations (blue line), we find that the data can be
explained well by a coherent state n̄α = |α|2 ≈ 50 on
the COM mode after the transport. Similarly, we per-
form the full-speed tranport and the carrier Rabi flop-
ping matches with COM coherent state with n̄α ≈ 110
(Fig. 4(c)). As shown in the Rabi flopping plots, there
is mismatch between the experimental data and numeri-
cal simulation at full speed, which could be due to ther-
mal and coherent occupation of other modes and will
require additional investigation. For example, one can
use an individual 729 nm addressing beam to probe the
blue sideband transition of different modes [48]. The op-
timal fast transport of a long ion chain remains an open
question and is beyond the scope of this work. However,
we note that further optimization can be done by energy
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self-neutral shuttling [32, 45], implementing closed-loop
optimization of the shuttling function [49], etc.

To summarize, we have presented a multiplexed ion-
photon interface by transporting a nine-ion chain with
synchronized excitation in sub-hundred µs. The speed
is restricted by the motional frequency and can be in-
creased by an order of magnitude, for instance, using a
3D-printed ion trap [50] with radial frequency beyond
10 MHz. The 397 nm photon can be converted to the
telecommunication band via a two-step QFC [24]. Once
integrated with state preparation on 32D3/2 Zeeman sub-
level and photon collection with a single mode fiber, we
expect a faster photon extraction rate [51] and negligible
ion crosstalk while achieving high fidelity ion-photon en-
tanglement [52, 53]. Our system can also be combined
with a miniature cavity [36] for much higher photon ex-
traction efficiency without sacrificing the photon genera-
tion rate, while the ion’s positional spread caused by co-
herent excitation can be mitigated by aligning the cavity
along the radial direction or further optimization of the
shuttling function. These results stimulate the research
of fast shuttling of a chain of tens of ions as a unit cell of
logical qubit with heralded entanglement [29] and high-
rates entanglement of quantum processors across large
distances.
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