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Quantum entanglement is an indispensable resource for implementing quantum information processing.
The scale of quantum entanglement directly determines its quantum information processing capability.
Therefore, it is of great importance to generate ultra-large-scale (ULS) quantum entanglement for the
development of quantum information science and technology. Many efforts have been made to increase the
scale of quantum entanglement. Recently, time-domain multiplexing has been introduced into continuous-
variable (CV) quantum systems to greatly enlarge the scale of quantum entanglement. In this Letter, based
on a time-delayed quantum interferometer, we theoretically propose and experimentally demonstrate a
scheme for generating an ULS CV deterministic entanglement containing 2 × 20 400 optical modes. In
addition, such ULS entanglement contains 81 596 squeezed modes. Our results provide a new platform for
implementing ULS CV quantum information processing.
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Quantum entanglement [1] as an essential quantum
resource plays an important role in both fundamental
research and quantum information technology [2], espe-
cially in quantum computation [3–9], quantum communi-
cation [10–15], and quantum metrology [16–18]. Since
quantum entanglement was applied to quantum informa-
tion, more and more attention has been paid to expanding
the scale of quantum entanglement [19–24]. To generate
ultra-large-scale (ULS) quantum entanglement, it is crucial
to find an efficient way to boost the scale of quantum
entanglement. In this aspect, integrating multiple nonlinear
processes into a single device is a promising way to
efficiently enhance the scale of the continuous-variable
(CV) deterministic entanglement. For instance, multicolor
entanglement is generated by wavelength multiplexing [25],
a 60-mode dual-rail cluster state is produced by quantum
optical frequency comb [26], and a large-scale quantum
network is constructed by orbital angular momentum
optical mode [27]. In addition, the concept of time-domain
multiplexing has recently been introduced into CV quan-
tum systems to greatly enlarge the scale of quantum
entanglement [28–31]. These ULS CV entangled states
are promising for implementing ULS CV quantum infor-
mation processing.
Here, we theoretically propose and experimentally dem-

onstrate a scheme for efficiently generating an ULS CV
quantum entanglement with state structure different from
the works of other groups [28–31] based on a time-delayed
SU(1,1) quantum interferometer. An SU(1,1) quantum

interferometer [32,33] consists of two parametric amplifiers
based on either a four-wave mixing (FWM) process or a
parametric down-converter, which can beat the classical
interferometer in terms of phase sensitivity [34,35]. In our
scheme, the first FWM process of the quantum interfer-
ometer serves as the entangled source. Then we introduce a
time-delay line by an optical fiber in one of the two arms of
the quantum interferometer, which realizes the function of
time multiplexing. Finally, we exploit the secondary FWM
process of the SU(1,1) quantum interferometer to realize
the combination of the time-delayed entangled beams. As a
result, an ULS CV quantum entanglement of 2 × 20 400
modes with state structure different from the works of other
groups [28–31] is generated from such time-delayed
SU(1,1) quantum interferometer. Our results provide a
new platform for implementing ULS CV quantum infor-
mation processing.
The schematic of a time-delayed SU(1,1) quantum

interferometer for generating ULS CV quantum entangle-
ment is shown in Fig. 1(a) where two FWM processes
occur in two 12-mm-long 85Rb vapor cells whose temper-
atures are stabilized at around 116 °C. The FWM process is
based on the double-Λ energy level configuration of theD1

line of 85Rb as shown in Fig. 1(b). In the FWM process, a
high-intensity pump beam with a frequency of about
377.110 10 THz drives an off-resonant transition, and
the atom in the ground state (5S1=2; F ¼ 2) will transit
to the virtual state j2iwhich is 0.95 GHz, called one-photon
detuning (Δ), away from the excited state (5P1=2). Under
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the action of Stokes scattering, the atom will transit to the
virtual state j1i which is 4 MHz, called two-photon
detuning (δ), away from the ground state (5S1=2; F ¼ 3).
At the same time, a probe photon, whose frequency isΔ− þ
δ lower than the pump beam, is produced. Here, Δ− is the
85Rb ground-state hyperfine splitting of 3.036 GHz. Then,
the atom is pumped to the virtual state j3i. Because of the
action of anti-Stokes scattering, the atom will return to the
ground state (5S1=2; F ¼ 2). At the same time, a conjugate
photon, whose frequency is Δ− þ δ higher than the pump
beam, is produced. Therefore, a probe beam with a
frequency of Δ− þ δ redshifted and a conjugate beam with
a frequency of Δ− þ δ blueshifted from the pump beam are
simultaneously generated in the FWM process. Firstly, the
probe beam (yellow dotted line) whose power is about
0.5 μW and the conjugate beam in vacuum state (blue
dotted line) are simultaneously and symmetrically crossed
with a strong pump beam (red straight line) at the center of
the first 85Rb vapor cell. The pump beam is vertically
polarized, while the probe and conjugate beams are
horizontally polarized. We divide each beam into time
bins of time period T and define such a time bin as a time
wave packet (step 1), where T is about 140 ns and greater
than the coherence time of the FWM process [36,37].
Here, the time duration of each wave packet is equal to the
time interval of the wave packet. Such wave packets
denoted by the yellow or blue spheres are mutually
independent and separated from each other in time (see
the Supplemental Material for details [38]). Secondly, the
first FWM process of quantum interferometer determinis-
tically creates a series of entangled states separated by time
interval of T (step 2). We mark the probe (conjugate) beam
as pr (conj) and denote the interaction strength of this
process by parameter β, which is highly dependent on the
power of pump beam, one-photon detuning, and two-
photon detuning, then the interaction Hamiltonian can be
written as

Ĥ ¼ iℏ
Xk

1

βâð2Þ†pr;k â
ð2Þ†
conj;k þ H:c:; ð1Þ

where âð2Þ†pr;k and âð2Þ†conj;k represent the creation operators of
the kth wave packet of the probe and conjugate beams,
respectively, which are generated by the first FWM process,
and integer k represents the index of time wave packet,
k ∈ ½1; 20 400�. H.c. is the Hermitian conjugate. The
interaction by the first FWM process is represented by
magenta links between blue and yellow spheres in step 2.
The generated states in step 2 can be expressed as

âð2Þconj;k ¼
ffiffiffiffiffiffi
G1

p
âð1Þconj;k þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G1 − 1

p
âð1Þ†pr;k ;

âð2Þpr;k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G1 − 1

p
âð1Þ†conj;k þ

ffiffiffiffiffiffi
G1

p
âð1Þpr;k; ð2Þ

where G1 ¼ cosh2ðβτ1Þ is the gain of the first FWM

process, τ1 is the mixing interaction time. âð1Þ†pr;k (âð1Þpr;k) and

âð1Þ†conj;k (â
ð1Þ
conj;k) are the creation (annihilation) operators of the

kth wave packet of the input probe and conjugate beams
from step 1, respectively. The specific evolution process of
Eq. (2) is described in the Supplemental Material [38].
Thirdly, the yellow spheres of the probe beam are delayed for
the time duration T of about 140 ns, which we choose as the
time duration T of the wave packet, after passing through an
optical fiber delay line with a length of 30 m and an insertion
loss of about 10% (step 3). After such time delay, each
yellow sphere of entangled states is synchronized in time
with each blue sphere of successive entangled states. The
relation between time wave packets of step 3 and step 2 is
given by

âð3Þconj;k ¼ âð2Þconj;k;

âð3Þpr;k ¼ âð2Þpr;k−1: ð3Þ

After step 3, a series of entangled states staggered in time are
generated. Fourthly, by combining the staggered entangled
states on the second FWM process of quantum interferom-
eter, each blue sphere of conjugate beam and each yellow
sphere of probe beam synchronized in time will interact with
each other (step 4). Such interaction will directly lead to the
magenta interaction links of blue and yellow spheres in the

FIG. 1. Generating ULS CV quantum entanglement based on a time-delayed SU(1,1) quantum interferometer. (a) Experimental
schematic. The yellow and blue spheres represent the time wave packets of probe beam and conjugate beam with time duration T,
respectively. The whole process can be divided into four steps. The time delay caused by optical fiber is equal to T. The magenta links
represent the interaction of optical wave packets.…; k − 1; k; kþ 1;… stand for the time wave packet index. LO, local oscillator; BHD,
balanced homodyne detection; OS, oscilloscope. (b) The double-Λ energy level configuration of the D1 line of 85Rb. Δ, one-photon
detuning; δ, two-photon detuning; Δ−, the 85Rb ground-state hyperfine splitting.
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vertical direction, i.e., the link of the kth blue and yellow
spheres in step 4. Meanwhile, due to the nonlinear inter-
actions from the first and second FWM processes, each
yellow (blue) sphere contains the information of the blue
(yellow) sphere of the previous step, which makes the
diagonal magenta interaction links of wave packets in
step 4. Therefore, each wave packet of conjugate (probe)
beam will connect to three most neighboring wave packets
of probe (conjugate) beam by the magenta interaction links.
By using G2 to represent the gain of the second FWM
process, the final output states can be expressed as

âð4Þpr;k ¼
ffiffiffiffiffiffi
G2

p
âð3Þpr;k þ eiφ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2 − 1

p
âð3Þ†conj;k;

âð4Þconj;k ¼ eiφ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2 − 1

p
âð3Þ†pr;k þ

ffiffiffiffiffiffi
G2

p
âð3Þconj;k: ð4Þ

Here, φ ¼ 2φc, where φc is the phase of the pump beam of
the second 85Rb vapor cell. The input-output relation of the
whole time-delayed SU(1,1) quantum interferometer is given
in the Supplemental Material [38]. The beam propagation
efficiency after each FWM process by taking into account
the atomic absorption and the losses of optical elements (the
fiber insertion loss is counted separately) is about 90%;
therefore, it introduces propagation loss of about 10%.
For our system, the quantum properties of the generated

state can be acquired by balanced homodyne detection
(BHD) technique. The signal field can be projected onto a
specific mode which has the same frequency with the bright
local oscillator (LO). Here, the LOs are obtained by setting
up a similar setup a few millimeters above the current
corresponding beams [41] (see the Supplemental Material
for details [38]). Specifically, by BHD, we can get the
quantum fluctuations of the generated state’s amplitude
quadrature X̂ and phase quadrature Ŷ which can be
conveniently organized in the form of a covariance matrix
(CM) [42]. Then, positivity under partial transposition
criterion can be used to verify the entanglement [43,44].

We take âð4Þpr;k, â
ð4Þ
conj;k, â

ð4Þ
pr;kþ1, and âð4Þconj;kþ1 as a unit to

investigate the multipartite entanglement of these four wave
packets and there are 20 399 such wave packet units for our
experiment in total. For such a wave packet unit, it contains
two kinds of possible partial transposed operations of
1 × 3 and 2 × 2 [45], which results in seven possible
bipartitions [46] (see the Supplemental Material for details
[38]). If all the symplectic eigenvalues v of the seven
bipartitions are smaller than 1 for each wave packet unit,
then we can claim that the ULS CV quantum entanglement
containing 2 × 20 400 modes is generated in our system.
Moreover, a smaller v indicates a stronger entanglement
strength. It can be found that for each generated wave
packet unit, its smallest symplectic eigenvalues v of
the seven bipartitions depend on the internal phase φ of
the time-delayed SU(1,1) quantum interferometer (see the
Supplemental Material for details [38]). When φ ¼ nπ (n is

an integer), all seven v find their minima. Therefore, in
the experiment, we choose to lock φ at 0 by a microcontrol
unit [47]. The visibility of SU(1,1) quantum interferometer
can reach about 97%, which is critical for our experiment
because low visibility will introduce extra noise and then
deteriorate the entanglement. For two BHDs, the relative
phases between signal beams and the corresponding LOs
also need to be locked in order to measure the desired field
quadratures. Specifically, when the relative phase is locked
to 0 (π=2), we are able to measure the amplitude (phase)

quadratures X̂ð4Þ
pr;k and X̂ð4Þ

conj;k (Ŷð4Þ
pr;k and Ŷð4Þ

conj;k). The vis-
ibility of each BHD is about 98% and the photodetector of
each BHD has a quantum efficiency of about 97%. In order
to avoid the effect of laser noise of the initial seeding probe
beam on the measurement results, the data are acquired
when the initial seeding probe beam is blocked with a
vacuum locking technique (see the Supplemental Material
for details [38]). All the photocurrents from BHDs are
recorded by a digital oscilloscope (OS). The sampling rate
of the OS is set to 100 MHz in order to take enough data
points for each wave packet, and each frame of 100 ms
contains 1 × 107 data points. We divide each frame into 35
segments and each segment contains about 20 400 wave
packets which construct 20 399 wave packet units. For each
quadrature measurement of wave packets we measure 100
frames, and thus we can get 3500 segments to calculate the
variances of amplitude quadrature X̂ and phase quadrature
Ŷ of wave packets. In this way, we can get the information
of amplitude and phase quadratures of 2 × 20 400 time
wave packets.
Figure 2(a) shows the smallest symplectic eigenvalues

of 20 399 wave packet units when G1 ¼ 1.3 and G2 ¼ 1.2,
which verify the ULS CVentanglement in our system. The
abscissa numbers 1–7 represent seven possible bipartitions
of each wave packet unit and the ordinate N within the
range of [1, 20 399] represents the index of wave packet
unit. From Fig. 2(a), we can see that all these smallest
symplectic eigenvalues v are smaller than 1 for the
arbitrary value of N, which demonstrates the existence
of entanglement in each wave packet unit. Therefore, these
results demonstrate the generation of the ULS CV quan-
tum entanglement containing 2 × 20 400 wave packets in
our system. To observe the distribution of seven smallest
symplectic eigenvalues v of each wave packet unit more
clearly, we plotted the v of the first wave packet unit

(N ¼ 1) which contains âð4Þpr;1, âð4Þconj;1, âð4Þpr;2, and âð4Þconj;2

when G1 ¼ 1.3 and G2 ¼ 1.2 in Fig. 2(b). We can see that
the green bar is the highest one in Fig. 2(b), meaning that

the subsystem of (âð4Þpr;1, âð4Þconj;1) is relatively weakly

entangled to the subsystem of (âð4Þpr;2, âð4Þconj;2), compared
with other bipartitions. In addition, we find that there is
quantum entanglement between six, eight, and ten wave
packets.
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In order to further study the quantum property of the
generated ULS quantum entanglement, it is also useful to
reveal its eigenmode decomposition by diagonalizing the
CM [25,48]. Figure 3 shows the eigenmodes and their
corresponding eigenvalues of the CM of the first wave
packet unit when G1 ¼ 1.3 and G2 ¼ 1.2. For amplitude

quadrature, the first eigenmode of 0.46X̂ð4Þ
pr;1 − 0.59X̂ð4Þ

conj;1 þ
0.42X̂ð4Þ

pr;2 − 0.51X̂ð4Þ
conj;2 has a squeezing level or eigenvalue

of −3.28 dB. Meanwhile, the third eigenmode of

−0.32X̂ð4Þ
pr;1 þ 0.58X̂ð4Þ

conj;1 þ 0.38X̂ð4Þ
pr;2 − 0.64X̂ð4Þ

conj;2 has a
squeezing level of −1.35 dB. We can also see that the
phase quadrature squeezed eigenmodes are the second

eigenmode 0.35Ŷð4Þ
pr;1þ0.34Ŷð4Þ

conj;1þ0.48Ŷð4Þ
pr;2þ0.73Ŷð4Þ

conj;2

and the fourth eigenmode −0.38Ŷð4Þ
pr;1 − 0.80Ŷð4Þ

conj;1 þ
0.34Ŷð4Þ

pr;2 þ 0.33Ŷð4Þ
conj;2 with squeezing levels of −3.41

and −1.47 dB, respectively. It can be found that the other

20 398 wave packet units have similar eigenmode struc-
tures and eigenvalues. In other words, each wave packet
unit of the generated ULS quantum entanglement has four
independent squeezed modes. Therefore, in total, we have
81 596 squeezed modes for the whole ULS entangled state.
For the purpose of verifying the consistency of the
squeezing levels of the eigenmodes for these 20 399 wave
packet units, we plot the eigenvalues of these wave packet
units in Fig. 4. The detailed distributions of amplitude
(phase) quadrature eigenvalues are depicted in regions I (II)
and III (IV). There are 20 399 different colors which
represent 20 399 different values in each eigenvalue region.
The eigenvalues of regions I (III) and II (IV) are similar
in numerical value, which is consistent with theoretical
prediction.
In conclusion, we have theoretically proposed and

experimentally demonstrated a scheme for generating
ULS CV deterministic quantum entanglement consisting

FIG. 2. Witnessing the ULS CV quantum entanglement.
(a) Measured smallest symplectic eigenvalues of 20 399 wave
packet units when G1 ¼ 1.3 and G2 ¼ 1.2. Seven dfferent colors
represent the smallest symplectic eigenvalues v of the seven
bipartitions. All the eigenvalues v are less than 1, indicating that
each wave packet unit is entangled or inseparable. N represents
the wave packet unit index. (b) The corresponding results of the
first wave packet unit (N ¼ 1).

FIG. 3. Eigenmodes and the corresponding squeezing levels of
the first output wave packet unit retrieved from CM when
G1 ¼ 1.3 and G2 ¼ 1.2. Eigenmode I and eigenmode III are
amplitude quadrature squeezed while eigenmode II and eigenmode
IVare phase quadrature squeezed. The height of bars represents the

relative weight of modes âð4Þpr;1, â
ð4Þ
conj;1, â

ð4Þ
pr;2, and âð4Þconj;2 for each

eigenmode.

FIG. 4. Eigenvalues of 20 399 consecutive output wave packet
units when G1 ¼ 1.3 and G2 ¼ 1.2. The amplitude (phase)
quadrature eigenvalues of all output wave packet units are plotted
in regions I and III (II and IV). There are 20 399 different colors
in regions I–IV, respectively. The eigenvalues are measured in
decibels.
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of 2 × 20 400 time wave packet optical modes based on a
time-delayed SU(1,1) quantum interferometer. Firstly, we
demonstrate that all the consecutive wave packet units are
entangled by testing all the seven smallest symplectic
eigenvalues of 20 399 wave packet units. Then, by retriev-
ing eigenmodes from the CM, we reveal that each wave
packet unit is indeed composed of four independent
squeezed modes. Therefore, the generated ULS entangle-
ment contains 81 596 squeezed modes. Furthermore, we
verify the consistency of the eigenmode squeezing levels
for all the wave packet units. The squeezing levels of the
eigenmodes are between −3.4 and −1.35 dB. It is limited
by the original squeezing level from the entanglement
source, optical losses in the setup, and electrical noise from
balanced homodyne detector. In the future, if we want to
continue to improve the squeezing level, we should reduce
the atomic absorption in the vapor cell, the optical losses of
the setup, and the electronics noise of the balanced
homodyne detector [49]. Because of exploiting of time-
delayed SU(1,1) quantum interferometer, the generated
ULS quantum entanglement has a different state structure
compared with the works of other groups [28–31]. It should
be noted that the interaction structure represented by the
magenta link in Fig. 1 is extracted from the structure of
Eq. (S11) in the Supplemental Material [38], and this
structure does not necessarily reflect the structure of the
final entangled state. It is also different from the stick
representation of the cluster or graph states [28–31]. By
applying the phase shift on the modes of the states [30,31]
or changing the measurement basis [50], it may be possible
to transform the generated state of our scheme into a cluster
state. In the future, there are several possibilities to further
increase the scalability of our scheme, including exploiting
the cascaded FWM processes [51,52], combining with
spatial pump shaping technique [27,53], and integrating
more degrees of freedom, such as orbital angular momen-
tum and frequency. Because of the large scale and deter-
ministic generation method, our ULS CV quantum
entanglement could find applications for implementing
ULS CV quantum information processing.
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