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Large-scale quantum entanglement endows quantum technologies with significant quantum advan-
tages over their classical counterparts. Nevertheless, this power is rarely unleashed due to our practical
inefficiency in generating multiphoton entanglement. Here, we implement an active entangled-state
time-multiplexing method, which can generate 2n-photon entangled states with an exponential efficiency-
enhancement factor of Bn−1. We experimentally achieve a multiplexing power of B = 6.43 in preparing
four-photon Greenberger-Horne-Zeilinger states with fidelities above 0.806(5), which is mainly limited
by technical loss in multiplexing. Even with current multiplexing power, our method can readily boost the
efficiency of preparing 12-photon entangled sources by a factor of 6.435 ≈ 104. Our work demonstrates
that entangled-state time multiplexing promises a path toward efficiently preparing and harnessing mul-
tiphoton quantum entanglement for unprecedented large-scale quantum computation and high-precision
quantum metrology.
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Introduction—Quantum entanglement powers quantum
information processing tasks with better security, effi-
ciency, and precision [1–4]. The key to harnessing these
quantum advantages lies in our capacity to generate large-
scale quantum entanglement. In particular, spontaneous
parametric down-conversion (SPDC) is one of the most
widely used methods to prepare multiphoton entangled
states [5–7] and find applications from foundational stud-
ies of quantum nonlocality [8–11] to quantum information
tasks of quantum communication [12,13], quantum com-
putation [14,15], and quantum metrology [16–19]. In the
SPDC process, a pair of photons are generated with prob-
ability p in each pumping pulse with pumping rate Rp
(period of τ ). To generate 2n-photon states, n indepen-
dent photon pairs need to coincide, which succeeds with
an exponentially decreasing probability pn and at a gen-
eration rate C0 = Rppn. To date, the state-of-art photonic
system is a 12-photon entangled source with a brightness
of 1 count/h [20].

A time-multiplexing method is proposed to solve the
probabilistic problem of the SPDC source [21–23]. The
key idea is to extract and use the temporal informa-
tion about the pulse with which the photon pair is gen-
erated. It is only very recently that the single-photon
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time-multiplexing method (STM), which aims to prepare
on-demand single-photon sources, has achieved experi-
mental advances [24–26]. However, the long-sought-after
entangled-state time multiplexing (ETM) is much more
challenging and has barely been explored [22,27], mainly
because entanglement is fragile and easily destroyed when
using STM techniques [24–26].

By using polarization-independent optical switches to
preserve entanglement in multiplexing, we propose and
implement an ETM method that can significantly boost the
generation efficiency of large-scale entanglement. More-
over, our ETM method can be conveniently adapted from
the conventional multiphoton-SPDC scheme in Fig. 1(a)
just by adding dynamic delay lines for all signal photons
immediately before the multiphoton-interference stage, as
illustrated in Fig. 1(b). Technical imperfections, such as
the finite multiplexing rate, the practical loss, and the dead
time of the dynamic delay lines, can significantly under-
mine the efficiency enhancement of ideal ETM. We change
the multiplexing process from Figs. 1(c) and 1(d) to mod-
ify the ideal ETM as a practical ETM, which is similar
to relative time multiplexing [28]. This is more robust
against practical imperfections than ideal ETM and saves
one dynamic delay line for the last photon in Fig. 1(b).
We then implement this practical ETM to generate four-
photon Greenberger-Horne-Zeilinger (GHZ) states with
fidelities above 0.806 and experimentally achieve a time-
multiplexing power of 6.43, which is mainly limited by
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FIG. 1. A conventional and an entangled-state time-multiplexing scheme for generating multiphoton polarization-entangled states.
(a) The conventional scheme, which first generates n independent EPR-entangled photon pairs and then uses multiphoton interference
between the n signal photons to entangle the 2n photons. (b) The entangled-state time-multiplexing scheme, which has an extra module
of dynamic delay lines to each signal photon before multiphoton interference. For practical ETM, the last dynamic delay line (dashed
box) for signal photon ns can be saved. (c) The time-multiplexing process for ideal ETM, which shifts all the n signal photons to
the same position regardless of their generation positions every N pulses (N = 5 in the figure). (d) The time-multiplexing process
of practical ETM for N = 5 and n = 2. It is only when idler photon 1i is detected that the first signal photon 1s is shifted to the
generation pulse of the signal photon 2s if within the range of N pulses, instead of a fixed position or a fixed multiplexing time. EPR,
Einstein-Podolsky-Rosen entangled pair; EOM, electro-optic modulator; SPA, single-photon analyzer; SPD, single-photon detector;
PBS, polarizing beam splitter.

the loss in the dynamic delay line. Our experiments are
implemented on a free-space photonic platform with a
delay-line transmittance of 0.867, which is more desir-
able for implementation on the more compact and stable
integrated photonic system when the loss problem can be
solved (transmittance 0.1 in Ref. [29]).

Entangled-state time multiplexing for multiphoton
polarization-entangled states—The entangled-state time-
multiplexing method, which aims to prepare 2n-photon
entangled states efficiently, is shown in Fig. 1(b). Com-
pared with the conventional method [7,20] shown in
Fig. 1(a), it inserts an extra module of dynamic delay
lines between the two modules of generating n independent
EPR pairs and entangling them via multiphoton interfer-
ence among the n signal photons. The inserted dynamic
delay lines can actively shift the n signal photons (1b,2b,
· · · , nb) to a fixed position (usually the last pulse) in a

train of N pulses [N = 5 in Fig. 1(c)] by imposing on the
signal photons a dynamic delay (N − m)τ , which is the
distance between the last pulse N and the actual genera-
tion pulse m. The actual generation pulse m is obtained by
measuring the temporal information of its twin idler pho-
tons. After the delay line, the n signal photons can arrive at
the multiphoton-interference module simultaneously even
if generated at different pulses, yielding an exponentially
boosted coincidence possibility N npn. With an ideal mul-
tiplexing rate Rp/N , the generation rate is increased from
the conventional C0 = Rppn to N n−1C0, i.e., by a factor
of N n−1. In this ideal scenario, the multiplexing power is
determined by the number of the pulses N that we can mul-
tiplex. However, the enhancement factor of ETM can be
seriously undermined in practice by the low multiplexing
rate, the inevitable loss, and the dead time of the dynamical
delay lines. Given a multiplexing rate Rm, a transmission
efficiency η for delay τ , and a dead time Td = 1/Rm − Nτ
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in one multiplexing cycle 1/Rm, the enhancement factor
is reduced to (Rm/Rp)Bn, where B = η(1 − ηN )/(1 − η) ≤
N ≤ Rp/Rm is the actual multiplexing power.

Practical ETM eases the detrimental effects of the low
multiplexing rate and the dead time by replacing the fixed
multiplexing starting points of every 1/Rm in Fig. 1(c) with
dynamic starting points when one of the first n − 1 sig-
nal photons occurs in Fig. 1(d). Practical ETM can save
the dynamic delay line for the last photon by dynamically
delaying all the first n − 1 signal photons to the last sig-
nal photon instead of a fixed position in ETM, as shown
in Fig. 1(d), which also reduces the loss effect. Thus the
generation rate of practical ETM is (1 − pRp/Rm)Bn−1C0,
with improvement factors of (1 − pRp/Rm)Bn−1 over the
conventional method and of Rp(1 − pRp/Rm)/(RmB) over
ETM with practical imperfections. As p is usually set small
(10−4 in our experiment) to avoid multiphoton noise, the
coefficient 1 − pRp/Rm is close to 1 and thus the exponen-
tial enhancement factor Bn−1 is mainly determined by B,
the multiplexing power of one dynamic delay line. In the
following experiment, we focus on demonstrating the mul-
tiplexing power B of one dynamic delay line in preparing
four-photon GHZ states.

Experimental setup—The experimental setup is shown in
Fig. 2. It comprises two polarization-entangled EPR pho-
ton pairs (gray region), a dynamic delay line (red region),
and a multiphoton-interference module (blue region). The
two EPR sources are created by a beamlike spontaneous
parametric down-conversion (SPDC) process [30]. The

pumping beam is up-converted from a pulsed Ti:sapphire
laser with a wavelength centered around 780 nm, a repe-
tition rate Rp = 76.11 MHz, and a pulse duration of about
150 fs. To suppress the multiphoton emission noise, rel-
atively low pump powers are used: 30 mW for source
1 and 14 mW for source 2. Interference filters with 2-
nm and 8-nm full width at half maximum (FWHM) are
used for idler photons (1i, 2i) and signal photons (1s, 2s)
to balance the trade-off between heralding efficiency and
photon indistinguishability. The detection efficiency of
the avalanche photodiode detector (SPCM-800-14-FC,
Excelitas Technologies) is approximately 0.6. The over-
all heralding efficiency of the entangled source is 0.22.
The idler photons 1i and 2i are measured to extract the
time information about their twin signal photons 1s and
2s. The signal photon 1s is directed to the dynamic delay
line via a 25-m single-mode fiber. After a dynamic delay,
the signal photon 1s is then sent into the multiphoton-
interference module to interfere with signal photon 2s,
which passes through another 25-m single-mode fiber.
The two 25-m single-mode fibers are used to generate a
fixed delay of 125 ns to compensate for the electronic
latency. Finally, the multiphoton-interference module
entangles the two EPR pairs to generate four-photon GHZ
states.

The dynamic delay line is the key module of ETM,
which in our experiment is realized by putting an optical
switch with Rm = 600 KHz into a cavity, the one-round
cavity length of which is set as the period τ = 13.139 ns
of the pumping pulses. The dynamic delay is realized by
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FIG. 2. The experimental setup of practical entangled-state time multiplexing. First, two polarization-entangled EPR pairs are gen-
erated and photon 1s from EPR1 is time multiplexed in the dynamic delay line. The HWPs in the delay line are all set to 45◦. Finally,
the two signal photons are directed into the multiphoton-interference module to generate four-photon entanglement. Key to compo-
nents: SHG, second-harmonic generation; SC, spatial compensation (LiNbO3); TC, temporal compensation (YVO4); HWP, half-wave
plate; QWP, quarter-wave plate; AQWP, adjustable quarter-wave plate (phase adjustment); IF, interference filter; PBS, polarizing beam
splitter; BD, beam displacer; FPGA, field-programmable gate array; EOM, electro-optic modulator.
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controlling the number of loops in the cavity using the
optical switch. The two lens with 1.0-m focus length in
the cavity are carefully positioned to make the Gaussian
spatial mode self-reproductive after one loop. The optical
switch is composed of one electro-optic modulator (EOM)
(EKSMA Optics; rise and fall time 6 ns, clear aperture
3.5 mm × 3.5 mm, repetition rate 600 kHz), with four
beam displacers (BDs) and ten half-wave plates (HWPs).
The polarization-independent feature of the optical switch
to preserve entanglement is achieved by coherent conver-
sion between the polarization degree of freedom (DOF)
and the path DOF of the photon (see Ref. [31]; see also the
Supplemental Material [32]). When detector D1 or D2 is
triggered by the photon 1i, the FPGA control system first
sends a half-wave voltage pulse to the EOM to close the
cavity immediately after photon 1s enters the cavity. The
photon will then be delayed in the cavity until the FPGA
program opens the cavity when the photon pair of source
2 is generated according to the detector signal from D3 or
D4 or the delay time reaches Nτ .

Experimental results—The experimental performance of
practical ETM is mainly characterized in terms of its mul-
tiplexing power B and its effects on the quality of the
entangled states. To show the multiplexing power, we plot
the fourfold coincidence counts of the four-photon entan-
gled source with respect to the multiplexed time slots N
for a 300-s collection time in Fig. 3(a). We successfully
multiplex up to N = 30 time slots with 1812 fourfold coin-
cident counts, which is 7.5 times larger than the 241 counts
with multiplexing slot N = 1. This multiplexing power is
fitted to be B = 6.43 with a corresponding fitted trans-
mission efficiency η = 0.867(5), which, unsurprisingly, is
smaller than the number of multiplexed time slots N = 30
because of the loss in the delay line. The loss comes not
only from the imperfect transmittance of the optical com-
ponents, including TBD = 0.985, TEOM = 0.994, THWP =
0.998, Tlens = 0.998, and Tmirror = 0.998, but also from the
non-negligible rise time (6 ns) and the uncertainties (1.5%)
in the switching EOM voltages.

We then show the effects of practical ETM on the qual-
ity of the entangled states using both the Hong-Ou-Mandel
interference (HOMI) visibility and the fidelity with the
ideal GHZ states. The experimental results for the HOMI
visibility are plotted with respect to the multiplexed time
slots N in Fig. 3(b) and the three insets show three spe-
cific cases of N = 1, 10, and 30. As N goes from 1 to
30, the experimental HOMI visibility between sources 1
and 2 gradually decreases from 0.917(15) to 0.783(8),
while, in principle, signal photons generated at differ-
ent pulses enjoy very good indistinguishable properties
[24,26,33–35]. The drop in the HOMI visibility mainly
comes from the chromatic dispersion from the beam dis-
placers and the EOM crystal. The total group-delay dis-
persion (GDD) adds up to ϕcycle ≈ 1.25 × 10−2 ps2 per
cycle in the cavity, which is relatively high compared to
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FIG. 3. The experimental results for practical entangled-state
time multiplexing. (a) The fourfold coincidence counts CN col-
lected in 300 s versus the number of multiplexed time slots N .
The red curve is fitted by the sum of the geometric sequence
CN = C0η1 − ηN /1 − η, with C0 = 276 fitted nonmultiplexed
counts and the transmittance of the cavity η = 0.867. (b) The
HOMI visibility versus the number of multiplexed time slots N .
The green curve is fitted by Eq. (4) in the Supplemental Material
[32]. The three insets show the HOM interference between SPDC
entangled sources 1 and 2 under N = 1, 10, and 30 time slots.
The fourfold coincidence counts are normalized by the fitted
maximum counts. The red curves are fitted by Gaussian distri-
bution. (c) The measured fidelities (blue dots) of the four-photon
GHZ states versus N , well above the threshold 0.5 (black line).
The measurements in all subfigures are repeated 10 times, with
the mean results plotted as dots and the standard deviation of the
mean plotted as error bars. Nor. fourfold, normalized fourfold.

the 1.0-ps photon coherence time (see the Supplemental
Material [32]).

The effects of practical ETM on the fidelity of the gen-
erated four-photon GHZ state, (|H 〉⊗4 + |V〉⊗4)/

√
2, are

illustrated in Fig. 3(c) with respect to the multiplexed time
slots N . The fidelities are measured using witness mea-
surement operators F = 1/2 − 〈WG4〉 with WG4 = I/2 −
|G4〉〈G4| = I/2 − A/2 − 1/4

∑3
k=0(−1)kMk, where A =

(|H 〉〈H |)⊗4 + (|V〉〈V|)⊗4 and Mk = [cos(kπ/4)σx +
sin(kπ/4)σy ]⊗4, (k = 0, 1, 2, 3). As N goes from 1 to 30,
the fidelity drops from 0.936(7) to 0.806(5) but is still
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much higher than the four-qubit entanglement threshold of
0.5 (black line). This fidelity drop also mainly comes from
the same GDD problem as the HOMI visibility. By nulli-
fying the GDD effect, such as by replacing the entangled
sources with narrow-bandwidth ones [36] or using disper-
sionless optical components, the effects of practical ETM
on the quality of the entangled states can be removed.

Discussion—Unlike the conventional multiphoton entan-
gled states, the idlers of the ETM states are measured at the
start of the multiplexing and thus are not suitable for tasks
that need nonlocal interactions with idlers. Thus, ETM is
fit for quantum information processing tasks where half of
the photons (idlers) do not interact with the other photons,
such as quantum metrology [37,38] or one-way quantum
computation [4,39]. For these tasks, the idlers are mea-
sured not only to extract temporal information for starting
multiplexing but also to record the quantum measurement
results (i.e., which states the idlers collapse). The recorded
measurement results for the idlers together with the later
results for the signals constitute the measurement results
for the entangled idlers and the signals for the quantum
information processing tasks.

Conclusions—In summary, we propose an entangled-state
time-multiplexing method to exponentially enhance the
generation efficiency of multiphoton entangled states by
using a polarization-independent optical switch in a cav-
ity as a dynamic delay line. We experimentally implement
practical ETM to generate four-photon GHZ states and
demonstrate a multiplexing power of B = 6.43 of the
dynamic delay line. Even with the currently demonstrated
multiplexing power, the application of our method in the
state-of-art 12-photon GHZ states in Ref. [20] would yield
an enhancement factor of 104. By further reducing the
loss in the dynamic delay line, our entangled-state time-
multiplexing method promises to open up new possibilities
for the large-scale quantum information tasks of quantum
computation, quantum metrology, and also foundational
studies of quantum physics.
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Note added.—Recently, we have become aware of
the work in Ref. [40], which also uses entangled-
state time multiplexing to generate scalable multiphoton

entangled states. The main difference lies in the
polarization-independent switching structure: we use sta-
ble interference of the beam displacers, while the work in
Ref. [40] uses Sagnac interferometers.
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