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Quantum Entanglement Among Multiple Memories for
Continuous Variables

Zhihui Yan, Liang Wu, Xiaojun Jia,* Changde Xie, and Kunchi Peng

Quantum network is constituted by quantum channels and quantum nodes.
The interaction between non-classical optical modes and quantum nodes, as
well as quantum entanglement among multiple distant quantum nodes are
the building blocks of quantum network, which enable to achieve a plethora of
quantum information protocols, such as distributed quantum computation,
quantum state transfer across quantum nodes, and quantum clock network.
On one hand, the multipartite non-classical states of optical modes, which
can directly interact with atomic ensembles, are required for the practical
applications of quantum network. On the other hand, a crucial goal of
quantum network is to unconditionally generate and on-demand store and
retrieve multipartite entangled states in atomic ensembles. This paper
presents an up-to-date review on recent developments in these areas:
multipartite continuous-variable polarization entangled optical modes have
been created by transforming quantum state from quadrature into
polarization components; and a scalable quantum network with deterministic
entanglement among multiple quantum memories has been constructed by
transferring spatially separated entangled optical modes into
atomic ensembles.

1. Introduction

Quantum network consisting of quantum channels and quan-
tum nodes attracts more and more attentions due to its ad-
vantages of outperforming the classical approaches. Light is an
ideal carrier of quantum information because of fast transmis-
sion speed and weak interaction with the environment. Quan-
tum channels, such as optical fibers and orbiting satellites, can
transmit quantum information carried by quantum state of light
across quantum network and interconnect the quantum nodes
to construct a large scale quantum network.[1,2] Meanwhile, a
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multitude of physical systems can be
used as quantum nodes to store and
process quantum information, such as
atomic ensembles,[3–7] single atoms,[8,9]

trapped ions,[10,11] opto-mechanics,[12–15]

superconductors,[16] and crystals.[17,18]

Atomic ensembles with large optical depth
and good quantum coherence are one of
the candidates of quantum nodes. The
non-classical states, such as squeezing
and entanglement, are not only the kernel
concepts of quantum mechanics, but also
the essential resources of quantum infor-
mation technology,[19–21] such as quantum
teleportation,[22,23] quantum entangle-
ment swapping,[24–26] quantum secret
sharing,[27–29] quantum computation,[30,31]

and quantum metrology.[32] Squeezed
state can significantly reduce quantum
noise to be below quantum noise limit
(QNL),[33] and for entanglement state there
exist non-local quantum correlations be-
tween two sub-systems or among more
sub-systems.[34] According to the observ-
ables with the discrete and continuous

eigenvalues, quantum information is divided into discrete vari-
able (DV) and continuous variable (CV) approaches. The DV
quantum information takes the advantages of high fidelity, while
in the CV regime it can implement the deterministic quantum
information applications, both of which have been rapidly devel-
oped in parallel.
The interaction between non-classical optical mode and quan-

tum node is demanding for storing the flying quantum states
of light in stationary quantum nodes. Both the spin of atoms
and polarization of optical modes are described by Stokes oper-
ators of Bloch and Poincare spheres, respectively. Thus the col-
lective spins of atoms and polarizations of optical modes can
directly interact with each other, and quantum variance can be
directly transferred between the polarizations of optical modes
and spins of atomic spin waves. While the quantumDV polariza-
tion states have been widely employed in quantum information
technology,[19] the CV polarization entangled states with efficient
generation, manipulation and local oscillator free measurement
provide another avenue for implementing quantum network.[35]

The non-classical CV polarization state of light has advantages
in the applications of quantum communications and quantum
memory.[36,37] In a large scale quantum network, the phase fluc-
tuation of locking interference signal is large when the signal
and local oscillation modes go through the long-distance fiber
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or long lifetime memory medium, respectively. The local oscilla-
tor free measurement of CV polarization components can over-
come this problem. Besides, the spin squeezing of atomic en-
sembles can be generated by transferring squeezed state from
optical mode into atomic ensemble, which can be used in quan-
tum metrology. Therefore, a variety of efforts have been done to
produce non-classical CV polarization states of optical modes.
In 2002, the concept of the CV polarization squeezing has been
proposed,[38] which can interact with atomic spin wave directly
and bemeasured conveniently.[39] The CV polarization squeezing
matching optical fiber transmission window has been generated
by means of an asymmetric fiber-optic Sagnac interferometer,[40]

and the CV polarization squeezed state resonant with cesium
atomic absorption line has been produced by using a cloud of
cold cesium atoms in a high-finesse optical cavity.[41] Together
with the optical beam splitter network, the well understood opti-
cal parametric amplifiers (OPAs) have been used to generate CV
polarization squeezed state resonant with rubidium atomic ab-
sorption line, whose quantum noises of three Stokes operators
are all −4.0 dB below QNL.[42] The bipartite CV polarization en-
tanglement has been theoretically proposed and experimentally
investigated.[35,43–45] With the development of quantum network,
themultipartite CV polarization entanglement is required for the
multiple users in quantumnetwork, which can transfer quantum
state between quantum nodes in quantum network, and the di-
rect interaction between atomic spinwaves and polarization com-
ponents of optical modes. The CV tripartite polarization entan-
gled state of optical modes resonant on the rubidium absorption
line has been obtained by transforming the tripartite quadrature
GHZ-like entangled state into polarization entangled state. Ac-
cording to the inseparability criterion and the genuine criterion
extended for themultipartite CV polarization entanglement,[46,47]

both criteria are violated, which demonstrate the tripartite CV po-
larization entangled state is generated. This system can also be di-
rectly extended to generate CV polarization entangled states with
more optical modes.[48]

Quantummemory, which canwrite and store quantum state of
flying optical mode in stationary matter system and on demand
read quantum state from matter to released optical mode, is the
building block of practical applications of quantum network pro-
tocols. In a large scale quantum internet, the loss and decoher-
ence are unavoidable which limit the distance of quantum com-
munication. Quantum repeater can divide long distance entan-
glement distribution into short distance segments consisting of
entanglement preparation, purification, memory and intercon-
nect to solve the problem of the loss and decoherence in a large
scale quantum internet.[49] In quantummemory, the memory ef-
ficiency and noise influence the successful building of a quan-
tum repeater. The implementation of entangled nodes with high
generation rate and high entangled degree requires high mem-
ory efficiency. Also the correlation variance is very sensitive to the
memory noise, which will destroy the quantum entanglement. In
quantum repeater, long storage time can extend the distance of
each segment. If the performance of quantummemory is better,
the fewer segments resources of quantum repeater are required
for practical longer distance and higher entangled quantum re-
peater. Besides, atomic ensemble based quantum memory en-
ables to implement distributed quantum computation and quan-
tum enhanced atomic magnetometry.[50,51] The controlled-phase

gates can be implemented by using four quantummemory nodes
with a cluster-state, and is the essential integral of one way quan-
tum computation.[50] Spin squeezing holds the promise to realize
sub-QNL sensitivity of atomicmagnetometry.[51] Therefore, there
are varieties of progresses on quantum memories, which em-
ploy different kinds of light and atom interaction mechanisms,
such as electromagnetically induced transparency (EIT),[52–54]

quantum non-demolition (QND),[55] gradient echomemory,[56,57]

DLCZ protocols,[58,59] controlled reversible inhomogeneous
boarding (CRIB), and atomic frequency comb (AFC).[60] The
EIT memory with low excess memory noise is a well under-
stood memory device, which is suitable for non-classical state
of optical mode, as well as quantum memories for squeezed
and entangled states have been demonstrated based on EIT
interaction.[36,61,62]

To establish and store quantum entanglement in quantum
nodes and then to controllably release the stored entangled state
from quantum nodes to released optical modes in quantum
channels are required for quantum computation and quantum
communication.[63–65] By using Raman scattering[66] or quan-
tum states transferring from entangled photons into atomic
ensembles,[67–69] the entanglements between two atomic ensem-
bles have been experimentally completed. How to entangle more
quantum nodes across quantum network is the core problem of
the quantum network. In Raman scattering scheme, themultiple
pairs of hybrid entanglements between atom and photon are
interfered and measured to induce the heralded entanglement
among multiple atomic ensembles. The measurement-induced
entanglement among four atomic ensembles have been demon-
strated, which proved that a quadripartite W state of atomic
ensembles can be obtained.[70] By transferring the W state
of atomic spin waves into a photonic modes the multipartite
entanglement can be verified or distributed across quantum
networks. The entanglement of three remote quantum mem-
ories via three-photon interference have been experimentally
realized.[71] The atomic ensemble and photon entanglement is
realized by using a ring cavity to enhance the overall efficiency.
By interfering three single photons entangled with three atomic
ensembles, measuring the photons and applying feed forward,
the heralded entanglement between the three atomic ensembles
has been achieved. To entangle more quantum nodes is the
core problem of the quantum network. The successful rate of
entanglement generation mainly limits the number of entangled
nodes. And the CV quantum information with the deterministic
advantage can effectively entangle more quantum nodes by stor-
ing more entangled optical modes. Besides DV entanglement
schemes of atomic ensembles, the CV regime provides another
method of the realization of quantum information protocols.
The CV entanglement between two atomic ensembles has been
experimentally realized by using QND measurement[72] and dis-
sipation mechanism,[73] respectively. Alternatively, two atomic
ensembles can be entangled by storing two sideband modes of
entangled state.[36] In CV regime, the entangled two sideband
modes are used to create entanglement between two atomic
ensembles based on QND interaction. The number of entangled
sideband modes with different frequency shifts is restricted by
the bandwidth of optical parametric amplifier. And it is also diffi-
cult to spatially separate these entangled optical sideband modes
with small frequency intervals. These limitationsmake it difficult
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to entangle more atomic ensembles. Quantum variance can be
transferred between the spatially septated CV entangled optical
modes and atomic ensembles, which can deterministically
generated large scale quantum entanglement among quantum
nodes. In 2017, three atomic ensembles have been deterministi-
cally entangled in a GHZ-like state by transferring CV entangled
state from spatially septated optical modes to distant atomic
ensembles based on EIT mechanism.[74] First, a tripartite GHZ-
like entangled state is off-line prepared by means of three OPAs
and optical beam splitter network. Based on the EIT interaction,
these three entangled optical modes are stored in three atomic
ensembles located 2.6m apart from each other. After a given stor-
age time, the entanglement is controllably released from atomic
ensembles into three spatially separated optical modes. Quan-
tum state transferring approach from spatially separated optical
modes to atomic ensembles enables to entangle more atomic
ensembles. The better quality of multiple entangled quantum
nodes can be obtained if higher entangled optical modes and bet-
ter performance quantum memory are employed. And thus the
CV quantum system is suitable for constructing multiple-user
quantum network.
This review discusses the recent developments in quantum

network involving the non-classical optical modes and atomic
ensembles. We focus on generation of non-classical CV polariza-
tion states of optical modes, including CV polarization squeezing
and multipartite CV polarization entanglement. In addition, we
review the state-of-the-art experimental developments quantum
storage and retrieval of non-classical optical mode and entan-
glement generation in atomic ensembles. Particularly, we study
the quantum state transfer approaches for entangling multiple
atomic ensembles.

2. Production of CV Polarization Non-Classical
States of Optical Modes

Spin components of atoms are expressed in the Bloch sphere,
while polarization components of light is represented in Poincare
sphere. Both spin of atoms and polarization of optical mode are
described by Stokes operators, and they can interact with each
other directly. The measurements of the Stokes operators are
independent of local oscillator of balanced homodyne detection
(BHD).
In quantum optics, the polarization components are repre-

sented by Stokes operators (Ŝ0, Ŝ1, Ŝ2 and Ŝ3), which constitute
a Poincare sphere.[38] Stokes operator Ŝ0 means the intensity,
and Ŝ1, Ŝ2 and Ŝ3 represent the three polarizations which form
a Cartesian axes system. The Stokes parameters for pure states
can be expressed by the annihilation âH(V) and creation â+H(V) op-
erators of the horizontally (subscript H) and vertically (subscript
V) polarized modes, as

Ŝ0 = â+HâH + â+VâV, (1)

Ŝ1 = â+HâH − â+VâV,

Ŝ2 = â+HâVe
i𝜃 + â+VâHe

−i𝜃 ,

Ŝ3 = (â+HâVe
i𝜃 − â+VâHe

−i𝜃)∕i

where 𝜃 is the relative phase between the horizontal and vertical
polarization modes.

2.1. Generation of CV Polarization Squeezed State of Optical
Mode

Squeezed state is the key resource in applications of quantum
information, which can realize the precision measurement
with the sensitivity beyond the classical approach.[75,76] Laser
interferometer is a powerful precision measurement tool for
gravitational wave observation, and squeezed state has been
injected into the unused port of laser interferometer to improve
the sensitivity.[77,78] The CV polarization squeezed states of light,
which is demanding for quantum network, have been theoreti-
cally and experimentally investigated. For long distance quantum
communication, the polarization squeezed state matching the
transmission window of optical fiber has been obtained by
using asymmetric fiber Sagnac interferometer, and has been
distributed through the atmosphere channels.[37] With the devel-
opment of the interaction between non-classical light andmatter,
the non-classical states of optical modes resonant with the atomic
absorption are required, which are the base of quantum infor-
mation processing and memory. The polarization squeezing
state of light resonant with cesium atomic absorption line has
been generated in high finesse optical cavity.[41] Besides, OPA is
a well-understood quantum device to generate non-classical state
of optical mode. By coupling two quadrature squeezed modes
generated from the sub-threshold OPAs with the strong coherent
states on a polarization beam splitter, the CV polarization squeez-
ing can be obtained.[39] The CV polarization squeezing resonant
with D1 absorption line of rubidium can directly interact with
rubidium atoms and be measured only by half wave plate, quar-
ter wave plate and polarization beam splitter (PBS). Thus the
polarization squeezed state of light resonant with rubidium atom
D1 absorption has been generated based on sub-threshold OPAs
and beam splitting network.[42] The operator can be considered
as the sum of the mean value and the variance. Two quadrature
amplitude squeezed optical modes with the same power and
orthogonal polarization are coupled on a PBSwith zero phase dif-
ference. The variances of each Stokes operator are expressed as

V0 = V1 = 𝛼2(Δ2X̂H + Δ2X̂V), (2)

V2(𝜃) = cos2 𝜃𝛼2(Δ2X̂H + Δ2X̂V) + sin2 𝜃𝛼2(Δ2ŶH + Δ2ŶV),

V3(𝜃) = V2(𝜋∕2 − 𝜃)

where X̂H(V) and ŶH(V) are quadrature amplitude and phase of
horizontal (vertical) polarization modes, respectively. Therefore,
the three Stokes operators can be simultaneously squeezed by
coupling two quadrature amplitude squeezed state V0, V1, and
V2 will be less than QNL.
Figure 1 shows the schematic of generating polarization

squeezed optical mode.[42] A Ti:Sapphire laser outputs 795 nm
laser, which is used to be the fundamental wave of external cavity
enhanced second harmonic genetation (SHG), input signal opti-
cal modes of two OPAs and two strong coherent states of optical
modes. The 398 nm laser generated by external cavity enhanced
SHG is used to pump two identical OPAs for generating two
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OPA2 Detection

PBS

Laser

Figure 1. Schematic of generating polarization squeezed optical mode.
Laser system, a titanium sapphire laser pumped by green laser; SHG sys-
tem, an external cavity enhanced second harmonic generator; OPAs, opti-
cal parametric amplifiers; PBS, polarization beam splitters; detection sys-
tem, measurement of Stokes operators of optical modes.

beams of 795 nm quadrature squeezed state of optical modes.
The 398 nm laser is generated by external cavity enhanced
SHG with a four-mirror ring cavity configuration, consisting
of two flat mirrors, two spherical mirrors with 100 mm radius
of curvature, and a 1 × 2 × 10 mm3 type-0 phase-matching
PPKTP crystal. The flat mirror with transmissivity of 13.0%
at 795 nm is used as the input coupler of the SHG. The SHG
cavity is locked to be resonance with the input fundamental wave
by the Pound–Drever–Hall (PDH) technique. The maximum
output power of cavity enhanced SHG is 380 mW laser at 398
nm, when the input fundamental wave power is 1 W. While
the fundamental wave power is reduced to 627 mW, the cavity
enhanced SHG stably outputs 279 mW laser at 398 nm. Both the
two OPAs with the same four-mirror ring cavity configuration
as that of SHG cavity. The spherical mirrors with antireflection
at 398 nm and high-reflection at 795 nm are used as the input
couplers of the OPAs. The flat mirrors with transmissivity of
5.0% for 795 nm are used as the output couplers. The resulting
two quadrature squeezed optical fields are transformed into
polarization squeezing by coupling on the PBS with zero phase
difference of interference. The detection system involves a pair
of detectors with the photo electric diode, a half wave plate, a
quarter wave plate, a PBS and a power combiner/substractor.
The variances of the three Stokes operators (Ŝ0, Ŝ1, and Ŝ2) with
squeezing of 4.0 dB, and anti-squeezing of 9.0 dB at the analysis
frequency of 3.0 MHz have been experimentally measured.

2.2. Preparation of CV Polarization Entangled States of Optical
Modes

The concepts of CV polarization squeezing have been extended to
CV polarization entanglement.[38] The CV polarization entangle-
ment can be efficiently generated and manipulated, meanwhile
its measurement is independent on the local oscillator.[35] The
polarization entanglement between two optical modes matching
the optical fiber transmission window has been realized with
the asymmetric fiber-optic Sagnac interferometer. Besides the
application of polarization in quantum channel, squeezed state
resonant with atom absorption line is demanding for quantum
node. The polarization entangled state has been generated in
high finesse optical cavity enhanced cold cesium atoms.[43] The
sub-threshold OPAs and beam splitter network can produce
bipartite polarization entangled optical modes. And the bipartite
CV polarization entanglement resonant with rubidium atom ab-
sorption line has been obtained by transforming the quadrature
entangled state into polarization entanglement on beam splitter
network.[42]

Figure 2 shows the schematic of generating bipartite CV po-
larization entangled optical modes.[45] As mentioned above, the
external cavity enhanced SHG outputs 398 nm lasers. The two
identical sub-threshold OPAs pumped by 398 nm laser produce a
pair of spatially separated quadrature amplitude squeezed states
of opticalmodes, which are coupled on a 1:1 beam splitter to form
a EPR entangled state. This pair of entangled optical modes is
coupled with two strong coherent states of optical modes. With
the extended inseparability criterion of CV bipartite polarization
entanglement,[44,79,80] the CV polarization entangled state is ex-
perimentally verified. The normalized sum of correlation vari-
ances is less than 1 at the analyzing frequency between 1.8 and
6.5 MHz; and the normalized sum of correlation variances can
be 0.5 at the analyzing frequency of 3 MHz.
The multipartite polarization entangled optical modes can di-

rectly interact with the spin states of multiple atomic ensembles,
which can be conveniently used to transfer and store quantum
states across atomic ensemble based quantum network. The
multipartite polarization entanglement of optical modes res-
onant with D1 line of rubidium atoms has been generated by
transforming the three CV quadrature entangled optical modes
to polarization entanglement on a beam splitter network.[45] The

PBS1

BS

SHG

OPA1

OPA2

Laser

PBS2

Detection1

Detection2

Figure 2. Schematic of generating bipartite CV polarization entangled optical modes. Laser system, a titanium sapphire laser pumped by green laser;
SHG system, an external cavity enhanced second harmonic generator; OPAs, optical parametric amplifiers; BS, beam splitters; PBS, polarization beam
splitters; detection system, measurement of Stokes operators of optical modes.
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Figure 3. Schematic of generating tripartite CV polarization entangled optical modes. Laser system, a titanium sapphire laser pumped by green laser;
SHG system, an external cavity enhanced second harmonic generator; OPAs, optical parametric amplifiers; BS, beam splitters; PBS, polarization beam
splitters; detection system, measurement of Stokes operators of optical modes.

output state satisfies the inseparability criteria[47] and the gen-
uinemultipartite entangled criteria proposed by Teh and Reid.[46]

The multipartite inseparability criteria for quadrature entan-
glement have been extended to the multipartite inseparability
criteria for polarization entanglement, as

I1 =
Δ2(Ŝ2d2 − Ŝ2d3) + Δ2(g1Ŝ3d1 + Ŝ3d2 + Ŝ3d3)

4||𝛼2c − 𝛼2
𝛼
|| ≥ 1, (3)

I2 =
Δ2(Ŝ2d1 − Ŝ2d3) + Δ2(Ŝ3d1 + g2Ŝ3d2 + Ŝ3d3)

4||𝛼2c − 𝛼2
𝛼
|| ≥ 1,

I3 =
Δ2(Ŝ2d1 − Ŝ2d2) + Δ2(Ŝ3d1 + Ŝ3d2 + g3Ŝ3d3)

4||𝛼2c − 𝛼2
𝛼
|| ≥ 1

where Ii (i = 1,2,3) is the sum of normalized correlation vari-
ances, and gi (i = 1,2,3) is the optimal gain factor. When any
two of the above inequalities are unsatisfied, the three optical
modes will be in CV polarization GHZ-like entangled state. For
the genuine tripartite polarization entanglement, the inequality
I1+I2+I3 ≥2 must be violated.
Figure 3 demonstrates the schematic of generating tripartite

CV polarization entangled optical modes.[48] Three identical sub-
threshold OPAs pumped by 398 nm laser output three optical
modes with quadrature amplitude squeezed states, which are
coupled on a beam splitter network to form a GHZ-like quadra-
ture entangled state. These quadrature entangled optical modes
are transformed into CV polarization entangled optical modes
by coupling with three strong coherent states of lasers on three
PBSs. The correlation variances are all below the correspond-
ing QNL at the frequency between 1.3 and 6.0 MHz. At the
optimal analyzing frequency, I1 = 0.42±0.08, I2 = 0.41± 0.08,
I3 = 0.42±0.08, and I1+I2+I3 = 1.25±0.07, whichmeans both the
criteria for tripartite inseparability and genuine tripartite entan-
glement are violated. This scheme can be extended to entangle
CV polarization of more modes.
The three color quadrature entangled optical modes have been

obtained by means of cascaded optical parametric oscillators op-
erating above threshold. By coupling the resulting three color

quadrature entangled optical modes with three strong coherent
states on beam splitter network, the three color polarization en-
tangled state can be generated.[47]

3. Generation and Storage of Entanglement of
Spatially Separated Atomic Ensembles

The flying photons or optical modes are the best quantum infor-
mation carrier, and optical fiber or orbiting satellites are the natu-
ral quantum channels. The stationary atomic ensembles are used
as processor and memory of quantum information at quantum
nodes.[81] Especially, atomic ensembles have the advantage of the
collective enhancement of light and atom interaction as well as
good quantum coherent, which enable to store and process quan-
tum information.[82–86] It is crucial for the practical applications
of quantum network to entangle the multiple spatially separated
quantummemories, and at a user-controlled moment to transfer
the stored entanglement to released signal optical modes which
can be used for the conveyance of quantum information through
quantum channels.
To entangle more quantum nodes is necessary for quantum

networks. Quantum memory for entangled sidebands of optical
mode enables to entangle two quantum nodes.[48] The genera-
tion and storage of deterministic quantum entanglement among
three spatially separated atomic ensembles have been experimen-
tally demonstrated, which can also be transferred into released
signal optical modes for entanglement verification and further
applications. The off-line prepared tripartite entangled optical
modes are stored in three distant atomic ensembles, which en-
tangle the atomic spin waves via EIT interaction. Then the en-
tanglement stored in three atomic ensembles can be transferred
into a three spatially separated released signal optical modes.
The verification of entanglement among three released signal
optical modes demonstrates that the quadrature amplitudes and
phases of three atomic ensembles are in an entangled state and
these atomic ensembles have the capacity to preserve multipar-
tite entanglement. The presented scheme has good storage and
retrieval scalability of non-classical light and can be directly ex-
tended to quantum networks with more nodes.
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BHD1

BHD2 g2
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A2
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g1

Laser

Figure 4. Schematic of entangling two atomic ensembles by means of hybrid entanglement swapping. Laser system, a titanium sapphire laser pumped
by green laser; Ai, atomic ensembles, BS, beam splitters; BHD, balanced homodyne detection system, measurement of Stokes operators of optical
modes.

3.1. EIT Quantum Memory for Non-Classical Optical Mode

When quantum fields propagate in EIT media, which forms the
dark-state polarizations, and in this process the quantum state
of light can be ideally transferred to atomic spin waves and vice
versa. According to the dark state polariton theory, EITmemory is
a well-known memory approach, which can on demand transfer
quantum state between light and atomic ensembles. When con-
trol optical modes are adiabatically switched off, the transferring
relations of quadrature amplitude and phase from input optical
modes to atomic spin waves. Thus the EIT effects can be used to
generate and store the nonclassical states in atomic ensembles.
Initially, quantummemory for coherent state has been demon-

strated in rubidium atomic vapor cell.[87] The non-classical state
of light is essential resource of implementing quantum infor-
mation technology, which can improve the processing capacity
of quantum information, increase the communication security,
the sensitivity and resolution of precision measurement. Quan-
tum memory for non-classical state of light is required for the
development of quantum network. EIT technique can be applied
in preserving the non-classical state of light because of the low
excess memory noise; otherwise, quantum state will be merged
in the excess memory noise. Especially, quantum memories for
quantum states of light are demanding for implementing quan-
tum network, and quantum storages of squeezed and entangled
states have been widely investigated.[61,62]

The Hamiltonian of EIT memory is beam splitter type, and ex-
pressed as HEIT = iℏ𝜅ACâŜ

+ − iℏ𝜅ACâ
+Ŝ. When both the input

signal and control optical modes are turned on, the group veloc-
ity of input signal optical mode is significantly reduced due to
EIT effect and the input signal optical mode is compressed into
the atomic ensemble. At the moment that the whole input sig-
nal optical mode is completely entered the atomic ensemble, the
control optical mode is turned off and quantum state of signal
optical mode is transferred into that of atomic spin wave, which
are expressed as

X̂Aj =
√
𝜂MX̂Lj +

√
1 − 𝜂MX̂

vac
Aj , (4)

P̂Aj =
√
𝜂MP̂Lj +

√
1 − 𝜂MP̂

vac
Aj

where 𝜂M is the writing efficiency in quantum memory, and the
unavoidable noise is introduced to atomic spin waves due to
the limited writing efficiency. During the lifetime, the quantum
state of input signal optical mode can be preserved in atomic
ensemble. At the user controlled time, the control optical mode

is switched on again, so that the signal mode is released from
atomic ensemble and the quantum state of atomic spin wave is
transferred into that of the released signal optical mode, whose
expressions of reading process are

X̂Lj =
√

𝜂′MX̂Aj +
√
1 − 𝜂′MX̂

vac
Lj , (5)

P̂Lj =
√

𝜂′MP̂Aj +
√
1 − 𝜂′MP̂

vac
Lj

where 𝜂′M is the reading efficiency in quantum memory. The
quantum performance of quantum memory can be verified by
checking the quantum character of released signal optical mode.

3.2. Entanglement Between Two Atomic Ensemble Memories

The entanglement between two macroscopic objects has been
implemented based on the QND measurement[55] and dispas-
sion mechanism.[73] Quantum state transferring from CV entan-
gled optical modes to atomic spin waves is a distinctive approach
to entangle multiple quantum nodes which has been proved in
a deterministic version. Quantum state transferring of CV en-
tanglement from two sidebands of optical modes to two atomic
ensembles enables to entangle these two atomic ensembles.[36]

Two macroscopic atomic ensembles can be entangled by
means of hybrid entanglement swapping. The schematic of en-
tangling two atomic ensembles in such approach is shown in
Figure 4.[88] Atom and light hybrid entanglement swapping can
deterministically entangle two spatially separated atomic ensem-
bles, which involve two atomic ensembles with radio frequency
coils, an 1:1 optical beam splitter, and two BHDs. Two sets of en-
tanglements between atomic ensembles and optical modes are
generated bymeans of the spontaneous Raman scattering. These
two Stokes optical modes generated by the spontaneous Raman
scattering are interfered at the 1:1 optical beam splitter with 0
phase difference, and the interfered optical modes from the out-
put port of beam splitter aremeasured by two BHDs. The quadra-
ture amplitude can be measured if the relative phase is locked
at 0; the quadrature phase can be measured while the relative
phase is locked at 𝜋 /2. When the measured quadrature ampli-
tude and phase are fed forward to two radio frequency coils of
atomic ensembles via two classical channels, these two spatially
separated atomic ensembles are unconditionally entangled. By
applying the reading process, the anti-Stokes optical modes are
released from the atomic ensembles, which can be used to verify
the entanglement between these two atomic ensembles. Accord-
ing to the inseparability criteria,[79,80] these two atomic ensembles
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are entangled, if the sum of correlation variances of the released
signal optical modes is less than QNL.[9] By optimizing the gain
factor of feed forward, the optimal entanglement between these
two atomic ensembles can be obtained.

3.3. Establishment and Storage of Entanglement Among Multiple
Atomic Ensembles

To entangle multiple atomic ensembles is a long standing goal
of quantum network, which enables to realize the distributed
quantum computation, and distributed quantum sensing. Mea-
surement induced entanglement among four atomic memories
has been realized to form a W state, and is verified by means of
entanglement transfer from atomic spin waves to released opti-
cal modes.
Three modes of an optical GHZ-like entangled state are

off-line prepared by means of three OPAs and beam splitter net-
work. Quantum entanglement among three spatially separated
quantum nodes is experimentally generated and stored by trans-
ferring off-line prepared entanglement of optical modes into
atomic ensembles. Within storage lifetime, the tripartite GHZ-
like entanglement can be preserved in three atomic ensembles,
and then controllably converted into three released signal optical
modes which can be transmitted through quantum channels.
The tripartite GHZ-like entangled optical modes by coupling
three squeezed vacuum states are created by three OPAs on two
beam splitters and distributed to three atomic ensembles with
spatial distance of 2.6 m. By means of EIT memory, GHZ-like
entangled state is transferred from optical modes to atomic
ensembles. At user controlled time, which should be during
the memory lifetime, quantum state can be transferred from
atomic ensembles to released signal optical modes again in the
quantum reading process. The released signal optical modes
can be used to verify the quantum performance among these
three atomic ensembles. Finally, entanglement among released
optical modes is measured by three sets of BHDs. According to
the inseparability criteria for multipartite entanglement, these
three atomic ensembles are entangled, if any two of the sums
of correlation variances of the released signal optical modes
are less than QNL. The full tripartite inseparability criteria for
released signal optical modes are derived from.[89] If the tripartite
entangled optical modes are stored in three atomic ensembles,
these atomic ensembles will be entangled, as follows

IA1 =
Δ2(ŜA2 − ŜA3) + Δ2(gA1ŜA1 + ŜA2 + ŜA3)

2
≥ 1, (6)

IA2 =
Δ2(ŜA1 − ŜA3) + Δ2(ŜA1 + gA2ŜA2 + ŜA3)

2
≥ 1,

IA3 =
Δ2(ŜA1 − ŜA2) + Δ2(ŜA1 + ŜA2 + gA3ŜA3)

2
≥ 1

where gAi (i = 1, 2, 3) is the optimal gain factor for quantum
entanglement among three atomic ensembles. When any two
inequalities are not satisfied, the three atomic ensembles are
in GHZ-like entangled state. In reading process of quantum
memory, quantum states of atomic spin waves are transferred
into those of released signal optical modes. The quantum entan-

glement among three atomic ensembles is verified by checking
the quantum entanglement among three released signal optical
modes, as follows

IL1 =
Δ2(ŜL2 − ŜL3) + Δ2(gL1ŜL1 + ŜL2 + ŜL3)

2
≥ 1, (7)

IL2 =
Δ2(ŜL1 − ŜL3) + Δ2(ŜL1 + gL2ŜL2 + ŜL3)

2
≥ 1,

IL3 =
Δ2(ŜL1 − ŜL2) + Δ2(ŜL1 + ŜL2 + gL3ŜL3)

2
≥ 1

where gLi (i= 1, 2, 3)is the optimal gain factor for quantum entan-
glement among three released signal optical modes. When any
two inequalities are not satisfied, the three released signal optical
modes are in entangled state which furthermore demonstrate
there is quantum entanglement among three atomic ensembles.
Figure 5 describes the experimental schematics for genera-

tion and storage of entanglement among three spatially separated
atomic ensembles.[74] A Ti:Sapphire laser pumped by a single
frequency solid state laser outputs 795 nm laser with 3 Watts,
which is used as the fundamental wave laser of the SHG, in-
put seeded optical mode of three OPAs, and local oscillation
modes of BHD, respectively. Three OPAs and external cavity
enhanced SHG have the same bow tie ring configuration of
two flat mirrors, two concave mirrors and a 1 mm × 2 mm ×
10 mm PPKTP nonlinear crystal. The SHG outputs 398 nm laser
to pump the three OPAs, which produce three squeezed vac-
uum modes. OPA1 operates at the parametric amplification to
generate quadrature phase squeezed state, while both OPA2 and
OPA3 run at the parametric de-amplification to produce quadra-
ture amplitude squeezed state. The quadrature phase squeezed
vacuum state from OPA1 and quadrature amplitude squeezed
vacuum state from OPA2 are coupled at a 1:2 optical beam split-
ter with relative phase difference of 0, and then the output op-
tical mode from this beam splitter and the quadrature ampli-
tude squeezed vacuum state from OPA3 are coupled at a 1:1
optical beam splitter with relative phase difference of 0. Three
narrow band entangled optical beams tuned to the transition of
rubidium D1 absorption line are obtained by linearly coupling
three squeezed optical modes generated by three OPAs. The in-
put signal modes for quantum memories are obtained by chop-
ping the output optical modes from the optical beam splitter
network using three pairs of AOMs. The control optical mode
is generated by shifting the laser frequency of 6.8 GHz with
a high speed EOM and amplified by a laser amplifier. The re-
leased signal optical modes from quantum memories are mea-
sured and analyzed based on three sets of BHDs. Three rubid-
ium 87 atomic vapor cells with the anti-reflection coating at 795
nm and magnetic field shielding are used as the EIT memory
media. The control optical modes with vertical polarization and
input signal optical modes with horizontal polarization are cou-
pled at Glan–Thompson polarizers, which are injected into three
atomic ensembles. After the atomic ensembles, the control op-
tical modes are filtered by the Glan–Thompson polarizers and
a series of etalons. All the three released signal optical modes
pass theGlan-Thompson polarizers and a series of etalons, which
are measured by three sets of BHDs, respectively. Quantum
memory is completed by controlling the time sequence, and at
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Figure 5. Schematic of generating and storing the tripartite entangled atomic ensembles. Laser system, a titanium sapphire laser pumped by green laser;
SHG system, an external cavity enhanced second harmonic generator; OPAs, optical parametric amplifiers; Amplifier system, laser power amplifier; A,
atomic ensembles; BS, beam splitters; PBS, polarization beam splitters; EOM, electro-optic modulator; AOM, acousto-optic modulator; BHD, balanced
homodyne detection.

storage time of 1 µs the released signal optical modes are ob-
tained by switching on the control optical modes again. All the
OPAs and BHDs are interrupted locked by turning on the sig-
nal optical modes for most of time cycle. When the signal optical
modes are turned off, quantum memory happens. When the in-
put signal optical pulses of 500 ns are injected into atomic ensem-
bles, the control optical modes are switched off so that the signal
optical modes are stored in the atomic ensembles. After the stor-
age time of 1 µs, the control modes are switched on again so that
the signal optical modes are released from the atomic ensembles.
The excess noises in released signal modes are caused by the

fluorescence, coherent emission, and spurious fluctuations in
signal channels induced by the control optical modes.[62] Both
EIT and four-wavemixing (FWM) effects are simultaneously gen-
erated in an ensemble with a certain detuning, and the con-
trol optical modes with a far detuned mode results in the un-
desired FWM noise. Thus, the EIT memory has to be operated
with the proper detuning values of probe and control optical
modes, the power of control optical beam and the temperature
of atomic vapor, to avoid the excess noises, which will destroy
quantum correlations among atomic ensembles. The correlation
variances of input and released signal modes are measured with
the help of three sets of BHDs. The normalized correlation vari-
ances sum for different combinations of quadrature components
are IL1 = IL2 = IL3 = 0.96±0.01, when the gain factors are taken
the optimal gains tominimize the corresponding correlation vari-
ances sum. Because the mapping efficiency is limited, the corre-
lation variances of released optical modes are higher than that of
input signal modes. The sum of correlation variances for three
released signal modes is less than 1,[65] thus the entanglement
among released signal modes is verified according to criterion
inequalities and violates the criterion inequalities, which exper-
imentally proves the existence of tripartite GHZ-like entangle-
ment among three atomic ensembles.
The quality of GHZ-like entangled state among three atomic

ensembles is mainly limited by the transferring efficiency and
initial squeezed degree of squeezed vacuum. The better atom
entanglement quality can be obtained, if higher memory effi-
ciency and higher squeezed degree are employed. Transferring

efficiency can be significantly improved by making use of the op-
tical cavity enhancement technology without introducing excess
noise.[90,91] The storage lifetime can be obviously increased by
placing thermal atomic ensembles in paraffin coated cell. This
scheme provides a new avenue to construct quantum internet
and implement distributed quantum computation. The deter-
ministic entanglement among three atomic ensembles based on
EIT quantum memory with low excess memory noise has been
established and stored, and our scheme is scalable which enables
to entangle more atomic ensembles by employing more parties
entangled optical modes. This work provides an avenue toward
the practical applications of quantum network.

4. Conclusions and Outlook

In summary, we have reviewed the developments in the past few
years on quantum network involving the atomic ensembles and
non-classical light. The non-classical state of light is the build-
ing block of quantum information technology. The CV polar-
ization non-classical state of optical modes, such as a squeezed
state, an EPR entangled state, and a tripartite GHZ-like state,
can interact directly with atomic spin and have been generated
by means of OPAs and beam splitter networks. The uncondi-
tional generations of CV polarization non-classical states have
been proven. Due to its advantages in interaction between atomic
ensemble and non-classical light, the resulting CV polarization
non-classical state can play more prominent roles in practical
applications of quantum network. For instance, CV polarization
non-classical states can be stored in atomic ensembles with the
advantage of direct interaction between Stokes operators of atom
and light. The CV polarization entangled states can be used to
teleport quantum information over a long distance, and realize
the distributed quantum sensing across quantum network, be-
cause the local oscillation free measurement is suitable for long
distance tasks.
On the other hand, quantum memory with both high effi-

ciency and low excess noise is necessary for establishing and
storingmultipartite entangled state in quantum nodes. There are
still many technologies to improve the performance of quantum
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memory. Bymeans of the optical cavity enhancement technology,
the atomic spin wave to released optical photons conversion
efficiency can be improved and the excess noise in quantum
memory can be reduced.[90,91] The magnetic noise mainly limits
the memory lifetime, and can be improved by optimizing the
structure of magnetic shielding. Also the cell-wall paraffin coat-
ing can extend thememory lifetime of warm atom in the cell, and
the millisecond-scale lifetime in the paraffin coated atomic vapor
cell can be realized.[36,51] Quantum entanglement of remote
quantum nodes over long distances can advance the applications
of quantum network. At present the maximal distance between
two quantum nodes is in city scale over dozens of kilometers.
The atom and photon entanglement is efficiently produced in
optical cavity and then quantum frequency conversion is used to
shift the atomic wavelength to telecommunication wavelength
for long distance distribution. The entanglement over 50 km is
obtained via single-photon interference.[92]

High performance quantum memory holds promise for the
high fidelity quantum information processing and high preci-
sion quantum metrology. By integrating smaller quantum mod-
ules to a larger computing cluster, distributed quantum struc-
ture can be used to solve the unavoidable decoherence problem
in a large-scale quantum processor, where the quantum mem-
ory based element registers can preserve, control and read out
quantum states.[93] Besides, the ultimate measurement sensitiv-
ity is restricted by the QNL. Spin squeezing generated by storing
the squeezed optical mode provides an effective approach to over-
come this limit, and enables to improve the sensitivity of atomic
magnetometry.[51] There are still interesting topics to investigate
how these high quality quantum resources can promote practical
applications of quantum network.
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