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Deterministically entangling multiple remote quantum memories inside an optical cavity
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Quantum memory for the nonclassical state of light and entanglement among multiple remote quantum nodes
hold promise for a large-scale quantum network, however, continuous-variable (CV) memory efficiency and
entangled degree are limited due to imperfect implementation. Here we propose a scheme to deterministically
entangle multiple distant atomic ensembles based on CV cavity-enhanced quantum memory. The memory
efficiency can be improved with the help of cavity-enhanced electromagnetically induced transparency dynamics.
A high degree of entanglement among multiple atomic ensembles can be obtained by mapping the quantum state
from multiple entangled optical modes into a collection of atomic spin waves inside optical cavities. Besides
being of interest in terms of unconditional entanglement among multiple macroscopic objects, our scheme paves
the way towards the practical application of quantum networks.
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I. INTRODUCTION

Quantum entanglement is the building block of quantum
information [1,2]. With the development of quantum informa-
tion, quantum networks consisting of quantum channels and
quantum nodes have attracted extensive attention [3]. Quantum
nodes can be used to store and process quantum information.
Atomic ensembles [4–10], single atoms [11,12], trapped ions
[13–15], optomechanics [16–19], superconductors [20], solid-
state systems [21–24], and other physical systems have been
utilized as quantum nodes. The atomic ensemble in particular
is an ideal example of a quantum node, with the key advantage
of the collective enhancement of the light-atom interaction
[4–10]. The quantum network will rely on the ability to
generate, store, and distribute entanglement across quantum
nodes and thus the generation of entanglement among atomic
ensembles is a longstanding goal for the development of
quantum networks. Although significant progress has been
made in the construction of entanglement between two atomic
ensembles by many groups [25–32], producing entanglement
among more than two atomic ensembles is harder, which
is crucially important for quantum information transmission
across the quantum network [33,34] and one-way quantum
computation [35]. Recently, discrete-variable (DV) entangle-
ment stored in four atomic ensembles, which is the heralded W

state of atomic spin waves, has been obtained by means of the
Raman scattering mechanism [36]. In the continuous-variable
(CV) regime, which offers another path towards the realization
of quantum information, unconditional entanglement among
three atomic ensembles has been demonstrated by mapping a
quantum state from three entangled optical modes to atomic en-
sembles. The improvement of the degree of atom entanglement
is crucial for further application in quantum information [37].
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High-efficiency storage and release of the quantum state
of optical modes in quantum nodes, as well as the estab-
lishment of high-quality entanglement among multiple re-
mote quantum nodes, are required in high-fidelity quantum
communication [33,34] and quantum computation [35]. In
particular, in the quantum state mapping approach to the
construction of quantum-node entanglement, the entanglement
is sensitive to the squeezing of input optical modes and the
memory efficiency of quantum nodes [19,27,37]. Therefore,
it is essential to explore high-efficiency quantum memory.
The experimental realization of DV high-efficiency quantum
interface has been successfully demonstrated by harnessing
the optical cavity to enhance the interaction between light and
atomic spin waves [38–40]. However, CV quantum memory
with high efficiency for entangled optical modes still remains
challenging, which enables high-fidelity quantum information
processing and high-quality entanglement among multiple
quantum memories.

In this paper, by combining the generation technology of CV
multipartite entanglement of optical modes using optical para-
metric amplifiers (OPAs) and the idea of quantum state transfer
from entangled optical modes to atomic ensembles via cavity-
enhanced quantum memory, we propose a deterministic and
scalable generation system of Greenberger-Horne-Zeilinger-
like (GHZ-like) entanglement among multiple spatially sepa-
rated atomic ensembles. Quantum memory has the capability
of capturing, storing, and releasing a fast-flying quantum state
with a stationary matter system on demand. Electromagnet-
ically induced transparency (EIT) dynamics is one of the
well-known approaches to quantum memory for a nonclassical
state of light, because the low noise is included in the quantum
memory process [41–43]. However, the memory efficiency is
unavoidably imperfect. Thus we transfer the above-mentioned
DV cavity-enhanced quantum interface scheme to CV quantum
memory, together with the intracavity EIT technique [44,45].
The CV high-efficiency quantum memory without any extra
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noises can be realized based on cavity-enhanced light-atom
interaction. Afterward, cavity-enhanced quantum memory for
multiple off-line prepared, entangled optical modes can be
applied in establishing quantum entanglement among multiple
atomic ensembles. Within the storage lifetime the stored atom
entanglement can be transferred into multiple released optical
modes at any desired time for verifying atom entanglement and
conveying quantum information across the quantum network.
By applying the inseparability criterion for Gaussian states,
the dependences of multipartite entanglement among atomic
ensembles and released optical modes from atomic ensembles
on systematic parameters are theoretically investigated and
the exactly calculated results demonstrate that the quantum
correlation can be obviously improved with the help of
cavity-enhanced quantum memory. The optimal experimental
parameters are obtained, which can provide a direct reference
for experiment implementation. Our scheme makes it possible
to realize the CV high-efficiency quantum memory and to
produce the high-quality deterministic entanglement among
multiple quantum memory nodes.

The paper is organized as follows. The CV cavity-enhanced
quantum memory and its corresponding mathematic analysis
based on quantum Langevin equations are investigated in
Sec. II. In Sec. III we study the performance of entanglement
among multiple space-separated atomic ensembles. The mul-
tiple entangled optical modes are first prepared by means of
coupling squeezed states of optical modes on a beam-splitter
network. The CV multipartite atom entanglement is then
generated by quantum state mapping from multiple entangled
optical modes to atomic ensembles inside ring cavities. Finally,
the entanglement among multiple atomic ensembles can be
verified based on the released optical modes from atomic
ensembles. A brief summary is provided in Sec. IV.

II. CONTINUOUS-VARIABLE CAVITY-ENHANCED
QUANTUM MEMORY

In quantum optics, the optical field is represented by the
annihilation operator â and the amplitude and phase quadra-
tures X̂L and ŶL of light correspond to the real and imaginary
parts of the annihilation operator â, as X̂L = (â + â†)/

√
2 and

ŶL = (â − â†)/
√

2i, with the canonical commutation relation
[X̂L,ŶL] = i. Meanwhile, the collective atomic spin wave
is described by the Stokes operator Ŝ = ∑

i |g〉〈m| and the
amplitude and phase quadratures X̂A and ŶA of the atom are as-
sociated with the y and z components of Ŝy and Ŝz of the Stokes
operator Ŝ on the Bloch sphere, that is, X̂A = (Ŝ + Ŝ†)/

√
2 =

Ŝy/
√

〈Ŝx〉 and ŶA = (Ŝ − Ŝ†)/
√

2i = Ŝz/
√

〈Ŝx〉, which obey
the canonical commutation relation [X̂A,ŶA] = i [30,31].

The dark-state polariton theory demonstrates that the quan-
tum state can be ideally transferred between light and collective
atomic spin waves in the EIT process [46–49]. Our work
focuses on the field with a single transverse mode matched to
the memory device. For an input signal field to be stored, a com-
plete mode expansion into the longitudinal modes of the input
optical field is Â(t)in = u(t)in

0 âin
0 , where âin

0 is an optical mode
operator and u(t)in

0 is a temporal mode function of the input op-
tical field, which determines the optical pulse shape. The input
pulse shape is dynamically shaped in time to provide optimum
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FIG. 1. (a) Schematic of the CV cavity-enhanced quantum mem-
ory system. (b) Atomic energy level for quantum memory. Atoms
with a ground state |g〉, a metastable state |m〉, and an excited state
|e〉 are shown.

coupling and mapping efficiency; the temporal mode function
in our system is described by u(t)in

0 = ce(γ1+γ2+γ0)t/2sh(mt)/m,
where c = −i

√
2[(γ1 + γ2)γ0 + g2](γ1 + γ2 + γ0) and m =√

[(γ1 + γ2 − γ0)/2]2 − g2. For the output optical field
Â(t)out = ∫

u(t)out
0 â(t)outdt and the appropriate selection of

mode matched filters, the output optical mode can be obtained
with high efficiency and the output temporal mode function is
u(t)out

0 = u(T0 − t)in
0 [50].

The schematic of the cavity-enhanced quantum memory
system composed of an atomic ensemble and optical cavity
with a ring configuration is shown in Fig. 1(a). The atom with
a λ-type three-energy-level structure of a ground state |g〉, a
metastable state |m〉, and an excited state |e〉 is employed in
EIT dynamics, which is presented in Fig. 1(b). The signal field
is resonant with the transition between a ground state |g〉 and
an excited state |e〉, while the control field is at a different
wavelength resonant with the transition between a metastable
state |m〉 and an excited state |e〉. In our system, the control
field is much stronger than the signal field and thus is treated
as a classical field. When the collective atomic spin wave
Ŝ(t) interacts with the signal field â(t) via EIT dynamics, the
quantum state of the signal light and the atomic ensemble can
be converted to each other. In a rotating frame resonant with
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the input carrier frequency of the quantum signal, the effective
Hamiltonian ĤEIT of the light-atom interaction is similar to a
beam-splitter interaction, as [50,51]

ĤEIT = h̄gâ†Ŝ + h̄gŜ†â, (1)

where g is the effective light-atom interaction constant
(g = √

Naμ�/�). Here Na is the number of atoms, μ is the
light-atom coupling coefficient, � is the Rabi frequency of
the control field, and � is the detuning of the light and atom
coupling [33,51]. The three stages of the quantum memory
process are writing, storage, and reading. The time scale
of adiabatically switching on and off is about 40 ns. The
user-controlled time in our system is taken as 1 μs and the
storage lifetime in the hot atomic ensemble is about 10 μs
[37], which can be extended to the time scale of milliseconds
with a paraffin-coated cell [30]. If a cold atomic ensemble is
confined in an optical lattice, the storage lifetime can reach
a time scale of seconds [39]. Therefore, the steplike function
used as an approximation of the switching on and off process
in EIT dynamics in Eq. (1) is shown as follows: Ĥ (t) = ĤEIT,
−∞ < t < 0; Ĥ (t) = 0, 0 < t < T0; and Ĥ (t) = ĤEIT, T0 <

t < ∞. The light-atom interaction is modulated with a control
field. (i) In the writing process (−∞ < t < 0), first, both the
weak signal and strong control fields interact with an atomic
medium, so the atomic medium becomes transparent and the
group velocity for the signal field is greatly reduced. Then the
writing process occurs up to a time t = 0. As the whole signal
pulse is totally compressed in the atomic medium, the control
field is adiabatically switched off, so the dark-state polariton
is completely stopped in the atomic medium and the quantum
state of light is transferred into that of the atomic medium.
(ii) In the storage process (0 < t < T0), within the storage
lifetime, the atom can preserve the quantum state of light.
(iii) In the reading process (T0 < t < ∞), at the user-controlled
time t = T0, the reading process and the quantum state can be
transferred from the atomic ensemble to the released optical
mode by adiabatically switching on the control field again.
Therefore, at the moment of t = 0, the quantum state is
transferred from the light to the atom; at time t = T0, the
inverse quantum state transfer happens.

The performance of quantum memory can be improved
by means of enhancing the interaction between the light and
atoms via an optical cavity without introducing any extra
noise. The optical cavity with a ring configuration consists
of three flat mirrors and four lenses, as shown in Fig. 1(a).
The input signal mode Â(t)in, which is to be stored, can be
coupled into the cavity mode â through the input-output mirror
with the coupling rate to the cavity of the input and output
fields γ1 (γ1 = T/2τ , where T is the transmissivity of the
input-output mirror and τ is the round-trip time of the optical
mode inside the optical cavity) and also the input-output mirror
couples the output optical mode Â(t)out out of the cavity. The
other two cavity mirrors are highly reflective for the signal
optical mode and one of them is mounted on the piezoelectric
transducer for scanning or locking the cavity length, so the
signal field resonates with the cavity mode. The four lenses
with antireflection coating are used to enlarge the beam size
of the cavity mode â so that the interaction area between the
light and atoms can be increased and the mapping efficiency
can be improved. The intracavity loss L is unavoidable in

real experiments as a result of imperfect optical components
and the corresponding decay rate of the intracavity loss is γ2

(γ2 = L/2τ ), which introduces the vacuum noise Â(t)in
υ . The

spin wave decoherence rate is γ0, which couples the noise of
the atomic medium Ŝ(t)υ into the cavity mode â. The EIT
interaction is enhanced by the feedback of the optical cavity.
The quantum Langevin equations describing the evolution of
observable operators for the cavity mode â(t) and collective
atomic spin wave Ŝ(t) inside an optical cavity are

dâ(t)

dt
= −(γ1 + γ2)â(t) − ig(t)Ŝ(t)

+
√

2γ1Â(t)in +
√

2γ2Â(t)in
υ ,

dŜ(t)

dt
= −γ0Ŝ(t) − ig(t)â(t) +

√
2γ0Ŝ(t)υ. (2)

The quantum memory process is usually considered as a
beam-splitter interaction and the vacuum noise is added to the
input state as a result of limited memory efficiency [37,50,51].
Due to the imperfect experiment, the intracavity loss is also
considered in our theory. When the control field playing the role
of writing process is on, the input signal mode is compressed in
the atomic ensemble. At the moment of adiabatically turning
off the control optical field, the quantum state is transferred
from the input signal mode âin

0 to the collective atomic spin
wave Ŝ(0). By solving the quantum Langevin equations of
the beam-splitter model with the proper input temporal mode
function, the expression of the atomic spin wave Ŝ(0) inside
the cavity can be obtained. When the control field propagates
through the EIT medium, the Raman scattering process occurs
and generates an excess noise, because the strong control field
interacts with the atomic medium [42,52]. This excess noise
is treated as an additional term in the result, which is similar
to the treatment of noise in the cavity optomechanical system
[53]. Luckily, the excess noise can be reduced by optimizing
the memory system, so EIT-based memory is suitable for the
nonclassical state of light. In the experiment, the excess noise
is elevated by about 0.1 dB with respect to the vacuum due
to the Raman scattering of the control field [42]. The Raman
excess noises in the writing and reading processes are supposed
to be equal: VW = VR = V . Thus the stored atomic spin wave
is [50]

Ŝ(0) =
√

γ1g√
(g2 + γ0γ1 + γ0γ2)(γ0 + γ1 + γ2)

âin
0

+
√

g2(γ0+γ2)+γ0(γ1+γ2)(γ0 + γ1 + γ2)√
(g2 + γ0γ1 + γ0γ2)(γ0 + γ1 + γ2)

âr
1 + VW,

(3)

which agrees with the result of the cavity optomechanics
system [53]. Here âr

1 is loss reservoir associated with the noise
operator and VW is the excess noise in the writing process.
The corresponding writing mapping efficiency η(0)W from the
input signal mode âin

0 to the collective atomic spin wave Ŝ(0)
is given by

η(0)W = γ1g
2

(g2 + γ0γ1 + γ0γ2)(γ0 + γ1 + γ2)
. (4)
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After the writing process, the collective atomic spin wave Ŝ(0) will evolve to Ŝ(T0) at the storage duration of T0 as a result
of spin wave decoherence. By turning on the control fields again, the reading process happens and the stored quantum state in
the atomic ensemble can be transferred back to that of the released optical mode. According to the quantum Langevin equations
and the boundary condition on the input-output coupling mirror â(t)out = √

2γ1â(t) − Â(t)υ , where Â(t)υ is vacuum noise from
the coupling mirror, the expression of the released optical field Â(T0)out from the atomic ensemble at the storage duration of T0

is [50]

Â(T0)out = γ1g
2e−γ0T0 − γ1γ

2
0 e−(γ1+γ2)T0

(g2 + γ0γ1 + γ0γ2)(γ0 + γ1 + γ2)
âin

0

+
√

(γ0 + γ1 + γ2)2(g2 + γ0γ1 + γ0γ2)2 − (
γ1g2e−γ0T0 − γ1γ

2
0 e−(γ1+γ2)T0

)2

(g2 + γ0γ1 + γ0γ2)(γ0 + γ1 + γ2)
âr

2 + VR, (5)

where âr
2 is both the reservoir operator arising from the

noise and the excess noise in the reading process caused
by Raman scattering of the control field. The total mapping
efficiency η(T0)T from the input optical mode âin

0 to the
released optical mode â(T0)out, which is a product of the writing
efficiency η(T0)W and reading efficiency η(T0)R [η(T0)T =
η(T0)Wη(T0)R], is given by

η(T0)T =
(
γ1g

2e−γ0T0 − γ1γ
2
0 e−(γ1+γ2)T0

)2

(g2 + γ0γ1 + γ0γ2)2(γ0 + γ1 + γ2)2
. (6)

To explore the advantage of CV cavity-enhanced quantum
memory, Figs. 2(a) and 2(b) show that the writing mapping
efficiency η(0)W and total mapping efficiency η(T0)T depend
on the the transmissivity T of the input-output mirror and
intracavity loss L. All the other parameters are experimentally

FIG. 2. Performance of CV memory efficiency as a function of
the transmissivity T of the input-output mirror and intracavity loss
L for (a) writing mapping efficiency η(0)W and (b) total mapping
efficiency η(T0)T at a storage time of 1 μs.

reachable: The effective light-atom coupling constant g is
10 MHz, the spin wave decoherence rate γ0 caused by atomic
decoherence is 0.2 MHz, the round-trip time τ of light in the
cavity is 2.35 ns, the Raman excess noise is evaluated by
0.05 dB with respect to the vacuum, and the storage time
T0 is 1 μs. We find that the features of η(0)W and η(T0)T
can be obviously improved when the transmissivity T of
the input-output mirror is under the appropriate condition. In
addition, η(0)W and η(T0)T are also sensitive to the intracavity
loss L . When the intracavity loss L is smaller, the better
performance of cavity-enhanced quantum memory can be
realized. It can be seen that η(0)W and η(T0)T can reach the
maximum values η(0)W = 0.87 and η(T0)T = 0.51 when the
proper transmissivity of the input-output mirror T = 0.15 with
the intracavity loss L = 0.01 is taken into account.

In quantum memory, the fidelity F = Tr[(ρ̂1/2
1 ρ̂2ρ̂

1/2
1 )1/2]2

describes the overlap of input states ρ̂1 with the states ρ̂2 stored
in or released from the memory node and quantifies the level
of memory performance and accuracy. Nha and Carmichael
[54] and Scutaru [55] have demonstrated the calculations
of fidelity for the Gaussian state. The memory fidelity for
a set of predetermined Gaussian states ρ̂1 and determined
Gaussian states ρ̂2 with covariance matrices Aj and mean am-
plitudes αj (j = 1,2) is calculated as F = {2 exp[−εT (A1 +
A2)−1ε]}/(

√
� + σ − √

σ ), where � = det(A1 + A2), σ =
det(A1 − 1) det(A2 − 1), and ε = α2 − α1. The calculation
of fidelity depends on the covariance matrices of the pre-
determined Gaussian states and determined Gaussian states
[54–56]. The time-dependent operators of the atomic spin
wave and released optical mode in quantum memory, which
are shown in Eqs. (3) and (5), can be attained by solving
the quantum Langevin equations in the Heisenberg picture.
In quantum mechanics, the covariance matrix contains the
information of the quantum system and can be derived from
either time-dependent operators in the Heisenberg picture or
the time-dependent state (density operator) in the Schrödinger
picture. Based on the time-dependent operators, the covariance
matrices (j = 1,2) for the input (output) mode are given by

Aj = 4[〈�
2X̂(t)〉j 0

0 〈�2Ŷ (t)〉j ]. Since in the fidelity formula the
vacuum noise is normalized to 1, a coefficient 4 appears in
the expressions of covariance matrices [56]. Thus quantum
memory fidelities can be obtained from time-dependent oper-
ators [the above solutions (3) and (5)] by means of covariance
matrices. Figures 3(a) and 3(b) show the dependence of the
CV writing mapping fidelity F (0)W and total mapping fidelity
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FIG. 3. Dependence of CV memory fidelity on the transmissivity
T of the input-output mirror and Raman excess noise V for (a) writing
mapping fidelity F (0)W and (b) total mapping fidelity F (T0)T at a
storage time of 1 μs.

F (T0)T on the transmissivity T of the input-output mirror
and Raman excess noise V in the memory process with the
5 dB input squeezed state of light resonant with the atomic
absorption line [57]. It can be seen that the performance of
F (0)W and F (T0)T can be increased when the transmissivity
T of the input-output mirror is under the appropriate condition.
The Raman excess noise V will decrease F (0)W and F (T0)T .
The maximum values of F (0)W and F (T0)T can be obtained
as F (0)W = 0.99 and F (T0)T = 0.86, with the optimal trans-
missivity and a Raman excess noise V of 0.012. Therefore,
the optical cavity can enhance the interaction between the
light and atoms so that the writing mapping efficiency η(0)W
[fidelity F (0)W ] and total mapping efficiency η(T0)T [fidelity
F (T0)T ] can be greatly increased compared with the previous
implementation without an optical cavity [42,43].

III. UNCONDITIONAL ENTANGLEMENT AMONG
MULTIPLE SPATIALLY SEPARATED ATOMIC

ENSEMBLES

Quantum state mapping is one of the effective approaches
to establish macroscopic object entanglement and the mapping
efficiency is important for the entanglement quality [19,27,37].
In our proposal, the unconditional GHZ-like entangled state
among multiple distant atomic ensembles is generated by
mapping the multipartite entangled state from optical modes to
atomic ensembles via CV cavity-enhanced quantum memory.
For a generation system of N entangled atomic ensembles, the
nonclassical light source involves N OPAs and N − 1 beam

OPAN

1OPA

OPA2

Nоdе A1

Nоdе A2

Nоdе AN

1ˆ ) La

2ˆ (0 ) La

ˆ

( 0

(0 ) LNa 0ˆ ( ) LNa T

ˆ L2a T
ˆ

0( )
0( ) L1a T

1BS

1−NBS

FIG. 4. Generation and verification schematic of deterministic
entanglement among N spatially separated atomic ensembles.

splitters; in addition, N cavity-enhanced quantum memories
are employed as quantum nodes. The off-line prepared N

entangled optical modes are produced by coupling N squeezed
states from OPAs on N − 1 beam splitters. Quantum entan-
glement among N atomic ensembles is established by means
of efficient quantum state mapping from the resulting N

entangled optical modes to N atomic ensembles under the
writing interaction in cavity-enhanced EIT dynamics. Within
the storage lifetime, the multipartite entanglement can be
preserved in atomic ensembles. At a user-controlled time, the
entanglement can be transferred from atomic ensembles to re-
leased optical modes for entanglement verification. The gener-
ation and verification schematic of deterministic entanglement
among N spatially separated atomic ensembles is displayed
in Fig. 4, where the quantum node Ai (i = 1,2, . . . ,N) stands
for CV cavity-enhanced quantum memory. There are N OPAs
and N − 1 beam splitters involved in the system. For quantum
entanglement among three quantum nodes, three OPAs and
two beam splitters are required.

In quantum technology, the OPA is a well-understood
device for generating nonclassical optical fields. Further, a
single OPA can produce multipartite entangled optical modes
with different frequencies [58,59]; multiple spatially separated
entangled optical modes can be obtained based on linear
coupling squeezed states of light on beam splitters [60].
The down-converted optical fields âSi are generated under
the nonlinear interaction with the pump optical fields, which
are much stronger than signal fields and treated as classical
fields. The Hamiltonian Ĥsq of the squeezing interaction is of
parametric gain type,

Ĥsq = ih̄κâ
†2
Si − ih̄κ∗â2

Si, (7)

where the nonlinear coupling strength κ = βχeiθ is pro-
portional to the pump parameter β (with χ the nonlinear
susceptibility of the nonlinear medium), and is the relative
phase between the signal field and pump field. The OPA1 is
operated at the condition of parametric amplification (θ = 0)
to generate the quadrature phase squeezed state âs1, while the
remaining optical modes of the OPAj (j = 2,3, . . . ,N) are
running in the case of parametric deamplification (θ = π ) to
produce the quadrature amplitude squeezed state âsj [61,62].
According to the Heisenberg motion equations, describing the
evolution of optical fields in the nonlinear process, the N output
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optical fields of the OPAs are obtained as âS1 = chr1âin
S1 +

shr1â
in†
S1 and âSj = chr2âin

Sj − shr2â
in†
Sj , where âin

Si is the input
coherent state for the OPAi . The squeezing parameters ri

for all the OPAs are assumed to be identical for simplicity
and are proportional to the nonlinear coupling strength κ and
interaction time τ ′ between the light and nonlinear crystal,
ri = r = κτ ′. The squeezing parameter r = 0.6 is taken into
account, which corresponds to the ∼5 dB squeezed state of
light [57].

The phase-free beam-splitter operation on a pair of modes
p and q, B̂pq(θ ), is âp → âp cos θ + âq sin θ and âq →
âp sin θ − âq cos θ . By applying the beam-splitter network
N̂1,...,N = B̂N−1N (π/4)B̂N−2N−1(cos−1 1/

√
3) · · · B̂12(cos−1 1/√

N ), the N -party entangled state of optical modes âLi is
obtained via superimposing a quadrature phase squeezed state
âs1 and N − 1 quadrature amplitude squeezed states âsj , and
the output space-separated optical modes can be chopped into
optical pulses and distributed to multiple distant quantum
nodes [61,62].

The performance of quantum entanglement among the
atomic spin waves or optical modes of the N -party Gaus-
sian entangled state can be verified by the inseparability
criteria [63]

〈δ2(X̂l − X̂m)〉 +
˝
〈δ2

⎛
⎝Ŷl + Ŷm + g(N)

N∑
n
=l,m

Ŷn

⎞
⎠
˛

< 1. (8)

Here l,m,n = 1, . . . . . . ,N and g(N) is the optimal gain factor
to minimize the correlation variances on the left-hand side
of Eq. (8). The value 1 on the right-hand side of Eq. (8)
is the corresponding boundary for the inseparable state; the
vacuum noise is normalized to 1/4 in the inseparability criteria.
If N − 1 inequalities are simultaneously satisfied, N atomic
spin waves or optical modes are entangled. The smaller the
value of the combination of correlation variances on the left-
hand side of Eq. (8), the better the quality of multipartite
entanglement. The time-dependent operators of atomic spin
waves and released optical modes can be obtained from the
solutions of the quantum Langevin equations (3) and (5). By
substituting the expression of each optical mode of the N -party
entangled optical fields for âin

0 in Eqs. (3) and (5), the operators
of the atomic spin wave and released optical modes can be
derived. According to the definition of quadrature components,
the value of the combination of correlation variances on the
left-hand side of the inseparability criterion can be obtained to
check the quantum entanglement among N atomic ensembles
in the cavities and released optical modes [37,61–63].

The entanglement among optical modes can be character-
ized according to the multipartite inseparability criterion for
the Gaussian state. The combinations of correlation variances
for optical modes in the inseparability criterion are equal
[I (0)L1 = · · · = I (0)LN = I (0)L],

I (0)L = 〈δ2(X̂Ll − X̂Lm)〉

+
˝
δ2

⎛
⎝ŶLl + ŶLm + g

(N)
L

N∑
n
=l,m

ŶLn

⎞
⎠
˛

= 1

2
e−2r2 +

[
2 + (N − 2)g(N)

L

]2

4N
e−2r1

+ (N − 2)
(
g

(N)
L − 1

)2

2N
e2r2. (9)

The optimal gain factor g
(N)
L is used to minimize the value of

the combination of correlation variances on the left-hand side
of Eq. (9) for optical modes. The performance of entanglement
can be improved by choosing the proper value of the optimal
gain factor. If I (0)L < 1, the output modes from beam-splitter
network form a GHZ-like state [61–63].

The quantum correlation among N atomic ensembles is
established by mapping the quantum state from the input
entangled optical modes to the atomic ensembles inside the
ring cavities. The output optical modes âLi from the beam-
splitter network are used as input signal optical fields Â(t)in

i of
cavity-enhanced quantum memory and coupled into the cavity
modes âi through the input-output mirrors so that the quantum
state can be efficiently transferred from optical modes into
atomic ensembles. The multipartite inseparability criterion can
be applied in verifying entanglement among multiple atomic
ensembles. All the OPAs and atomic cells are supposed to be
in the same condition, so the combinations of correlation vari-
ances for atomic ensembles are identical, i.e., I (0)A1 = · · · =
I (0)AN = I (0)A. The combination of correlation variances for
N atomic ensembles in the inseparability criterion is obtained
as

I (0)A = 〈δ2(X̂Al − X̂Am)〉

+
˝
δ2

⎛
⎝ŶAl + ŶAm + g

(N)
A

N∑
n
=l,m

ŶAn

⎞
⎠
˛

= 1

2
η(0)We−2r2 +

[
2 + (N − 2)g(N)

A

]2

4N
η(0)We−2r1

+ (N − 2)
(
g

(N)
A − 1

)2

2N
η(0)We2r2 + 1 − η(0)W

+ (N − 2)(1 − η(0)W )

4
g

(N)2
A , (10)

where g
(N)
A is the optimal gain factor to optimize the value of

the combination of correlation variances on the left-hand side
of Eq. (10) for atomic spin waves. If I (0)A is less than 1, the
GHZ-like atom entanglement exists [37].

Figure 5 demonstrates the dependence of the combination
of correlation variances I (0)A for atomic ensembles on the
transmissivity T of the input-output mirror with the intracavity
loss L = 0.01, while the other parameters are kept the same as
those of above cavity-enhanced quantum memory condition.
The traces labeled with N = 3, 9, 14, and 15 represent the
combination of correlation variances for 3, 9, 14, and 15 parties,
respectively. The trace of the corresponding quantum noise
limit (QNL) is labeled. The smaller I (0)A is, the better the
atom entanglement is. We can see that I (0)A almost reaches
a minimum value of 0.49 for three atomic ensembles, when
the value of the transmissivity T of the input-output mirror is
0.15. As long as I (0)A is less than 1, the GHZ-like entangle-
ment among multiple atomic ensembles is proved. Therefore,
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FIG. 5. Dependence of the combination of correlation variances
for atomic ensembles of different numbers of parties N = 3, 9, 14,
and 15 on the transmissivity T of input-output mirror.

entanglement among N (N � 14) atomic ensembles can be
obtained.

The function of the combination of correlation variances
I (0)A for atomic ensembles on the intracavity loss L is
illustrated in Fig. 6, where the transmissivity T of the input-
output mirror is 0.15. The traces labeled with N = 3, 9, and 14
stand for the combination of correlation variances for 3, 9, and
14 parties, respectively. The intracavity loss L influences the
performance of atom entanglement. The atom entanglement
will disappear with an increase of the intracavity loss L. The
intracavity loss L can be reduced by improving the quality of
optical components. For N (N � 14) atomic ensembles, atom
entanglement exists when L < 0.01.

In order to verify the quantum entanglement among mul-
tiple atomic ensembles, the quantum state can be converted
from atomic ensembles into the released optical modes in

FIG. 6. Function of the combination of correlation variances for
atomic ensembles of different numbers of parties N = 3, 9, and 14
on the intracavity loss L.

FIG. 7. Combination of correlation variances for the released
optical modes of different numbers of parties N = 3, 6, and 7 vs
the transmissivity T of the input-output mirror at a storage time
of 1 μs.

the reading process by turning on the control optical fields
again. The performance of the combination of correlation
variances I (T0)′L [I (T0)′L = 〈δ2(X̂′

Lm − X̂′
Ln)〉 + 〈δ2(Ŷ ′

Lm +
Ŷ ′

Ln + g
′(N)
L

∑N
l 
=m,n Ŷ ′

Ll)〉] for the released optical modes from
atomic ensembles at a storage time of 1 μs with a Raman
excess noise of 0.1 dB is studied in Fig. 7, where g

′(N)
L is

the optimal gain factor for the released optical mode from
atomic ensembles. The traces labeled with N = 3, 6, and 7
are the combination of correlation variances for 3, 6, and
7 parties, respectively. The optimal experimental conditions
for the released optical modes are similar to those for atom
entanglement, as a result of the linear mapping relation in the
quantum memory process. From Fig. 7 we can see that the
combination of correlation variances I (T0)′L of the released
optical modes from atomic ensembles can reach 0.79 for
tripartite atom entanglement. As shown in Fig. 4, quantum
entanglement among N (N � 14) atomic ensembles exists,
but it cannot be verified by means of the released optical
modes. When N � 6 the released optical modes are in an
entangled state, which demonstrates that quantum nodes have
the capacity to preserve 6-party entanglement. Thus N -party
(N � 6) atom entanglement can be generated based on the
quantum mapping approach and confirmed by making use of
the released optical modes.

According to the theoretical analysis, an optimal value
of the transmissivity T of the input-output mirror of 0.15
is taken into account when the intracavity loss L is 0.01,
the squeezed degree of input optical beams is 5 dB, and
the Raman excess noise is V = 0.012. The writing mapping
efficiency (fidelity) can reach 0.87 (0.99) and the combination
of correlation variances in the inseparability criterion for three
atomic ensembles can be 0.49 under proper conditions.

IV. CONCLUSION

We have designed a deterministic and scalable entangle-
ment generation scheme of multiple spatially separated atomic
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ensembles based on CV cavity-enhanced quantum memory.
The memory efficiency is improved without introducing any
extra noise by means of cavity-enhanced interaction between
light and an atomic ensemble. The CV cavity-enhanced quan-
tum memory can be applied in high-fidelity quantum infor-
mation processing [33–35], atom entanglement distillation
[64], and the production of quantum entanglement among
multiple atomic ensembles by mapping the quantum state
from multiple entangled optical modes into atomic ensembles
inside optical cavities, which can be verified by making
use of the released optical modes from atomic ensembles.
The obtained entanglement quality among atomic ensembles
depends on the writing mapping efficiency η(0)

W
of the atomic

ensemble and the initial squeezing parameter r of OPAs.
The writing mapping efficiency η(0)

W
can be improved by

placing the quantum memory inside an optical cavity. Recently,
the squeezing degree of optical squeezed states was able to
reach 15 dB [65]. Our protocol can be directly extended
to quantum networks with other quantum nodes, such as

single atoms, trapped ions, optomechanics, superconductors,
solid-state systems, and other physical systems. Therefore, the
generation of high-quality multipartite entanglement among
multiple macroscopic objects is possible, which enables the
implementation of the potential applications in the quantum
information task, such as quantum state transfer across a
quantum network and distributed quantum computation.
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