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Quantum communication deals with absolutely secure transfer of classical

messages by means of quantum cryptography1 or faithful transfer of unknown

quantum states by means of quantum teleportation2 between distant sites. The

essential element for quantum communication is to create remote entangled pairs

of high fidelity. The main difficulty to create such a distant entangled pair is that

both photon loss and decoherence grow exponentially with distance. However,

with the help of quantum repeater, it is demonstrated that both the entangle-

ment sources and the time needed to create a single distant entangled pair of

high fidelity could scale polynomially with the communication length3,4. Here

we propose a robust quantum repeater by extending the original Duan-Lukin-

Cirac-Zoller (DLCZ) scheme based on atomic ensembles and linear optics5. Our

protocol entails the advantage of two photon interference6,7,8, which is more

robust than single photon interference used in the DLCZ scheme. In compari-

son with our previous proposal8, the entangled memory qubits are manipulated

across long distance, and local entanglement pairs are avoided. Our proposal

provides an exciting possibility for realistic long distance quantum communica-

tion.

Quantum repeater is a crucial element for long distance quantum communication. In

a seminal paper Duan et al. proposed a promising implementation of quantum repeater

with the help of atomic ensembles and linear optics. It is shown that the atomic ensembles,

∗Electronic address: zbchen@ustc.edu.cn
†Electronic address: jian-wei.pan@physi.uni-heidelberg.de

mailto:zbchen@ustc.edu.cn
mailto:jian-wei.pan@physi.uni-heidelberg.de


2

used as local memory qubits, have collectively enhanced coupling to light even without the

aid of high finess cavities5,9. To realize quantum repeater based on atomic ensembles and

linear optics, significant progress has been achieved, including nonclassical correlated photon

pairs in cold atoms10 and in hot atomic vapor cells11, controllable single-photon source from

atomic ensembles12,13,14, and entanglement of two remote cold atomic ensembles15.

Unfortunately, the single photon interference utilized in the DLCZ scheme demands long

distance phase stabilization within the photon wavelength, which is almost an impossible

task for current technology. This drawback has been overcome by our recent proposal8, where

we proposed a fault-tolerant quantum repeater based on atomic ensembles and single photon

sources. Local polarization-entangled pairs are prepared in advance and then connected to

long communication length by entanglement swapping. The two photon interference6,7 ex-

ploited in entanglement connection is 108 times more stable than single photon interference8.

It is a robust and faithful implementation of quantum repeater and will pave the way to

efficient long distance quantum communication.

In this paper, we propose an alternative quantum repeater based on atomic ensembles

and linear optics. The new scheme also exploits the advantage of two photon interference,

and thus is a robust implementation of quantum repeater. Different from our previous

proposal, the preparation of local entangled pairs are not necessary. All the entanglement

manipulation procedures, such as entanglement generation, connection and purification, are

implemented across long distance.

The basic element for an atomic ensemble based quantum repeater is a pencil shaped

atomic sample (Frensnel number F = 1) of N atoms with Λ level structure (see inset in

Fig. 1). Initially, all the atoms are optically pumped to the ground state |g〉, after which

the sample is illuminated by an off-resonant short laser pulse. A forward-scattered Stokes

photon is emitted via spontaneous Raman transition and at the same time a collective atomic

excitation is generated in the atomic ensemble. The two mode squeezed state between

forward-scattered Stokes mode and collective atomic mode reads5

ψ = |0a0s〉 +
√
χS†a†|0a0s〉 + χ

(S†a†)2

2
|0a0s〉, (1)

by neglecting higher order terms, where |0a〉 =
⊗

i |g〉i is the ground state of the atomic

ensemble and |0s〉 denotes vacuum state of Stokes photon. Here a† is the creation op-

erator of the Stokes mode and the collective atomic excitation operator is defined by
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FIG. 1: Setup for entanglement generation between sites A and B. Forward-scattered

Stokes photons, generated by an off-resonant write laser pulse with Rabi frequency Ω, detuning △,

via spontaneous Raman transition, are subject to a Bell-state measurement at the middle point.

The Stokes photons generated at the same site are assumed to have different polarization i.e.,

|H〉 and |V 〉. PBS (PBS±) reflects photons with vertical polarization |V 〉 (|−〉-polarization) and

transmits photons with horizontal-polarization |H〉 (|+〉-polarization), where |±〉 = 1√
2
(|H〉±|V 〉).

After passing through the PBS± and PBS successively, the Stokes photons are detected by single

photon detectors. A coincidence count between single photon detectors D1 and D4 (D1 and D3) or

D2 and D3 (D2 and D4) will project the four atomic ensembles into the complex entangled state

|ψ〉AB up to a local unitary transformation. The inset shows the atomic level structure, with the

ground state |g〉, metastable state |s〉, and excited state |e〉 of decay rate γ.

S† = 1√
N

∑
i |s〉i〈g|, with |s〉 the metastable atomic state. The excitation probability fulfills

χ = d0γsT ≪ 1, where d0 ≫ 1 is the optical depth and T is the pulse length of write laser.

Here γs = γ Ω2

△2 is the effective decay rate, with γ the decay rate of the excited state |e〉,
and Ω and △ denotes Rabi frequency and detuning from the excited state of the write laser,

respectively16.

The entanglement generation setup is shown in Fig. 1. Considering two distant sites

A and B, we assume each site has two atomic ensembles as memory qubits. The distance

between the two sites satisfies L0 ≤ Latt, where Latt is the channel attenuation length. The

two atomic ensembles at each node are excited simultaneously by a write laser pulse. It is

safe to assume the Stokes photons generated from the two atomic ensembles at the same

site have orthogonal polarization state, e.g., |H〉 and |V 〉. The whole light-atom system can
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be described by a product state |ψ〉t = |ψ〉uA
|ψ〉dB

|ψ〉uA
|ψ〉dB

, where |ψ〉uA
, |ψ〉dB

, |ψ〉uA
and

|ψ〉dB
are light-atom state generated via spontaneous Raman transition given by Eq. (1) and

are distinguished by subscript u, d (up and down) and A,B. The Stokes photons generated

from the two sites are directed and subject to a Bell state measurement at the middle

point. The coincidence count between two of the four detectors (Bell-state measurement)

will project the two memory qubits at the two sites into a complex entangled state. For

instance, when there is a coincidence count between D1 and D4, the memory qubits are

projected into a superposition state described by

|ψ〉AB =
S†

uA
S†

uB
+ S†

dA
S†

dB

2
+
S†2

uA
+ S†2

uB
− S†2

dA
− S†2

dB

4
|vac〉AB, (2)

by neglecting high-order terms. The first term is a maximally entangled state, while the

second term is a two excitation state in which one of the four atomic ensembles has two

excitations. The experiment is repeated until one coincidence count is registered and the

success probability is of the order O(χ2e−L0/Latt) by considering the channel attenuation.

It is obvious that this state is not a maximally entangled state across the two sites due

to the unwanted two excitation term. Fortunately, the unwanted two excitation term will

be purified automatically when further entanglement swapping are applied to extend the

communication length, as we will show below.

Entanglement swapping setup is depicted in Fig. 2. Let us consider four distant commu-

nication sites (A,B) and (C,D) and assume that we have created complex entangled states

|ψ〉AB and |ψ〉CD between sites (A,B) and (C,D), respectively. The two memory qubits at

site B and C are illuminated simultaneously by read laser pulse. We also assume that the

retrieved anti-Stokes photons at the same site have different polarization, i.e., |H〉 and |V 〉.
The retrieved anti-Stokes photons are subject to a Bell state measurement at the middle

point between B and C (see Fig. 2). In ideal case, if the retrieve efficiency is 100% and

high-efficiency single photon detectors based on atomic ensembles are used to distinguish

between one and two photons17,18, the coincidence count between two of the detectors, i.e.,

D1 and D4, will prepare the two memory qubits at site A and D into a maximally entangled

state |φ+〉AD = (S†
uA
S†

uD
+ S†

dA
S†

dD
)/
√

2|vac〉AD. It is interesting to find that the unwanted

terms with two excitation in any atomic ensemble are automatically washed out after en-

tanglement swapping. Therefore a maximally entangled pair between the memory qubits

across sites (A,D) is generated by entanglement connection and the communication length
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FIG. 2: Setup for entanglement connection between sites A and D via entanglement

swapping. Complex entangled state have been prepared in the memory qubits between sites (A,B)

and (C,D). The memory qubits at site B and C are illuminated by near resonant read laser pulse,

and the retrieved anti-Stokes photons are subject to another Bell-state measurement at the middle

point. The anti-Stokes photons at the same site are assumed to have different polarizations |H〉

and |V 〉. After passing through PBS and PBS± successively, the anti-Stokes photons are detected

by single photon detectors. Coincidence count between D1 and D4 (D1 and D3) or D2 and D3 (D2

and D4) are registered. The memory qubits will be projected into an effective maximally entangled

state ρAD up to a local unitary transformation.

has been extended to 3L0.

However, for realistic atomic ensembles the retrieve efficiency is determined by the limited

optical depth of the atomic ensemble19, and current single photon detectors is incapable of

distinguishing between one and two photons. Assume the retrieve efficiency and transmission

efficiency η, the detector efficiency η1 for one photon and η2 for two photons, through some

calculations one can find that the Bell-state measurement will project the memory qubits

into an effectively maximally entangled state

ρAD = p2ρ2 + p1ρ1 + p0ρ0, (3)
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with

p2 =
η2η2

1

16pc
,

p1 = [
η2(1 − η)η2

1

8
+
η3

16
(
η1η2

2
+ η2

1)]/pc,

p0 = [
η3

16
(1 − η)(

1

2
η1η2 + η2

1) +
η2(1 − η)η2

1

16
+
η2

8
(
1

4
η2

2 + η2
1)]/pc, (4)

where pc =
η2η2

1

16
+

η2(1−η)η2

1

8
+ η3

16
(η1η2

2
+ η2

1) + η3

16
(1− η)(1

2
η1η2 + η2

1) +
η2(1−η)η2

1

16
+ η2

8
(1

4
η2

2 + η2
1)

is the success probability. Here ρ2 = |φ+〉AD〈φ+| is a maximally entangled state, ρ1 =

|uA〉〈uA|+|dA〉〈dA|+|uD〉〈uD |+|dD〉〈dD |
4

is a maximally mixed state in which only one of the four

atomic ensembles has one excitation and ρ0 is the vacuum state that none of the atomic

ensembles are excited.

It is easy to see that the effectively maximally entangled states ρAD between sites A

and D can be purified automatically to a maximally entangled state in the entanglement

based quantum cryptography schemes. When we implement quantum cryptography via

Ekert91 protocol20 between sites A and D using the effective maximally entangled state,

only the first term ρ2 will contribute to a coincidence count between the two detectors and

be registered after classical communication. The maximally mixed state term ρ1 and vacuum

term ρ0 have no contribution to experimental results, and ρAD is equivalent to the Bell state

|φ+〉AD = (S†
uA
S†

uD
+ S†

dA
S†

dD
)/
√

2|vac〉AD.

Note that both the entanglement generation and entanglement swapping procedures take

advantage of two photon interference and are implemented across long distance L0. There

is no need to create local entangled pairs and the communication length has been extended

to 3L0 after the entanglement swapping. The effectively entangled pair can be extended

to longer distance by further entanglement swapping introduced in our previous proposal8,

where the probability p2 that the left memory qubits have an maximally entangled pair will

not decrease with communication distance during entanglement connection process.

The effectively maximally entangled memory qubits across distant sites extended via

entanglement connection may be imperfect due to decoherence. The entangled term ρ2

is no longer a maximally entangled state, but a mixed entangled state of fidelity F . For

simplicity, we assume ρ2 = F |φ+〉AD〈φ+|+ (1− F )|ψ+〉AD〈ψ+|, where |ψ+〉AD = (S†
uA
S†

dD
+

S†
dA
S†

uD
)/
√

2|vac〉AD is another maximally entangled Bell state. The mixed entangled state

ρ2 can be purified by linear-optics entanglement purification protocol21,22, after which one
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will get an effectively entangled state of fidelity F ′ = F 2

F 2+(1−F )2
. To get a remote entangled

pair, nesting entanglement purification is needed3,4. The time and resources consumed to

implement the nesting entanglement purification for the effective maximally entangled state

scales polynomially with distance as we discussed thoroughly in our previous work8.

In summary, we proposed an alternative robust quantum repeater by extending the DLCZ

protocol. The new scheme overcomes the main drawback of the DLCZ scheme by exploiting

the advantage of two photon interference. Compared with our previous proposal, the creation

of local entangled pair is avoided, and entanglement generation, connection and purification

are all implemented over long distance. Our proposal opens up an exciting possibility of

implementing quantum repeater and will shed new light on realistic long distance quantum

communication.
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