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Generation of entanglement in the atom cavity fibre
system via adiabatic passage∗
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A scheme, based on the system composed of three atoms separately trapped in three cavities coupled by optical

fibres, for entangling two distant atoms via the adiabatic passage is proposed. It is found that the multi-particle W

entangled state can also be generated. Moreover, the quantum information sharing can be implemented using this

system. These results may be helpful for the implementation of quantum network and useful in quantum cryptography.

This scheme is also convenient for operating since only the laser fields applied to the atoms need to be adjusted to

accomplish the processes.

Keywords: entanglement generation, quantum information splitting, atom–cavity–fibre system

PACC: 0367, 4250

1. Introduction

Entanglement between separated subsystems is

a crucial ingredient in many quantum information

processes, such as quantum teleportation, quantum

remote control, distributed quantum computation

and so on.[1−7] Therefore, distributing entanglement

among different subsystems is one of the rewarding

tasks in quantum information. Several schemes, some

are based on the detection of leaking photons, some

on the cavities driven by the entangled light, some on

the direct linking of the cavities for entangling distant

atoms, have been proposed[8−11] in recent years.

Here, we only concentrate on the case of entan-

gling distant atoms separately trapped in cavities cou-

pled by the optical fibre. In Ref. [11], a scheme based

on performing an adiabatic passage has been pro-

posed, which allows for the reliable transfer of quan-

tum information between two Λ-type atoms separately

trapped in two distant cavities coupled by an optical

fibre. On the other hand, it is found that the quantum

swap and controlled-phase gates can be achieved reli-

ably between two two-level atoms separately trapped

in the same system.[12] Inspired by these reports,

many quantum information processes, based on this

model, have been accomplished. In Ref. [13], the

authors have shown that the quantum state transfer

and highly reliable quantum swapping, entangling and

controlled-Z gates can be deterministically realised be-

tween two distant cavities when many atoms reso-

nantly and collectively interact with the local cavity

fields without direct interaction between the atoms. In

Ref. [14], the authors have shown that an extremely

entangled state of two distant atoms can be deter-

ministically generated by both photon emission of the

Λ-type atom and photon absorption of the V-type

atom. The schemes for entangling distant atoms via

adiabatic passage have also been proposed.[15,16] Re-

cently, the schemes based on the same system for the

generation of three-dimensional entanglement for two

separate atoms have been proposed.[17,18] All these

schemes have investigated the systems of atoms sep-

arately trapped in two optical cavities coupled by an

optical fibre.

In this paper, we consider the system of three

atoms separately trapped in three cavities coupled by

two optical fibres which can be seen in Fig. 1. Atoms

A, B and C with special level structure (see Fig. 1)

are trapped in cavities (i), (ii) and (iii), respectively.

Entanglement can be achieved between atoms A and

C and the information encoded in atom B can be split

into two parts encoded in atoms A and C via the adi-

abatic passage. This scheme is based on performing

an adiabatic passage along dark states. Therefore, all

the atoms are always in ground states, the influence

of atomic spontaneous decay on the fidelity of realis-

ing entangled states can be suppressed effectively. It

is convenient to operate since only the laser fields ap-
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plied to the atoms need to be adjusted to accomplish

the processes.

Fig. 1. Experimental setup and the atomic level configu-

ration.

Our paper is organized as follows. In Section 2,

the model is introduced. In Section 3, the genera-

tion of two-atom maximally entangled state and the

multi-particle W entangled state is investigated. In

Section 4, the quantum information sharing is inves-

tigated. The discussion and conclusions are presented

in Section 5.

2. Model

First, we introduce the atom–cavity–fibre system.

As shown in Fig. 1, one Λ-type atom A is trapped in

the single-mode cavity (i), one five-level atom B is

trapped in the double-mode cavity (ii), and another

one Λ-type atom C is trapped in the single-mode cav-

ity (iii). The three cavities are connected by two opti-

cal fibres. The involved atomic levels and transitions

are also shown in Fig. 1. In cavities (i) and (iii), the

atom transitions |g0⟩A ↔ |e1⟩A and |g0⟩C ↔ |e4⟩C
are driven by the classical fields with the Rabi fre-

quencies Ω1 and Ω4, respectively; the cavity modes

a1 and a4 drive the atom transitions |g1⟩A ↔ |e1⟩A
and |g1⟩C ↔ |e4⟩C with the coupling constants g1 and

g4 respectively. In cavity (ii), the atom transitions

|g0⟩B ↔ |e2⟩B and |g1⟩B ↔ |e3⟩B are driven by clas-

sical field with Rabi frequencies Ω2 and Ω3 respec-

tively; the cavity modes a2 and a3 respectively drive

the atom transitions |e⟩B ↔ |e2⟩B and |e⟩B ↔ |e3⟩B.
The ∆i (i = 1, 2, 3, 4) is the detuning of the ith driven

classical fields and it is the same with that of the ith

coupling quantum fields.

Under the rotating wave approximation and in

the interaction picture, the Hamiltonian of the atom–

cavity can be written as (~ = 1)

Hac
I = ∆1 |e1⟩A ⟨e1|+∆2 |e2⟩B ⟨e2|+∆3 |e3⟩B ⟨e3|

+∆4 |e4⟩C ⟨e4|
+g1(a1 |e1⟩A ⟨g1|+ a+1 |g1⟩A ⟨e1|)
+Ω1(|e1⟩A ⟨g0|+ |g0⟩A ⟨e1|)
+g2(a2 |e2⟩B ⟨e|+ a+2 |e⟩B ⟨e2|)
+Ω2(|e2⟩B ⟨g0|+ |g0⟩B ⟨e2|)
+g3(a3 |e3⟩B ⟨e|+ a+3 |e⟩B ⟨e3|)
+Ω3(|e3⟩B ⟨g1|+ |g1⟩B ⟨e3|)
+g4(a4 |e4⟩C ⟨g1|+ a+4 |g1⟩C ⟨e4|)
+Ω4(|e4⟩C ⟨g0|+ |g0⟩C ⟨e4|), (1)

where ai and a+i (i = 1, 2, 3, 4) are the annihilation

and creation operators of the ith cavity mode.

In the large detuning regime, i.e.

(Ωi/∆i, gi/∆i) ≪ 1 (i = 1, 2, 3, 4), the excited states

of the atoms are only virtually excited in the pro-

cess of atom-field interaction. Therefore, the excited

states can be adiabatically eliminated[18−20] and the

effective interaction Hamiltonian can be written as

Hac
eff = g′1(a1 |g0⟩A ⟨g1|+ a+1 |g1⟩A ⟨g0|)

+g′2(a2 |g0⟩B ⟨e|+ a+2 |e⟩B ⟨g0|)
+g′3(a3 |g1⟩B ⟨e|+ a+3 |e⟩B ⟨g1|)
+g′4(a4 |g0⟩C ⟨g1|+ a+4 |g1⟩C ⟨g0|), (2)

where g′i = giΩi/∆i (i = 1, 2, 3, 4). In the above equa-

tion, we have assumed that the stark shifts are cor-

rected by re-tuning the laser frequencies.[21−23]

On the other hand, in the short fibre limit

(2lν̄)/(2πc) ≪ 1, where l is the length of the fibre

and ν̄ is the decay rate of the cavity field into a con-

tinuum of fibre modes, the interaction Hamiltonian of

cavity–fibre can be written as[12,13,24]

Hcf
I = ν1[b1(a

+
1 + a+2 ) + b+1 (a1 + a2)]

+ν2[b2(a
+
3 + a+4 ) + b+2 (a3 + a4)]. (3)

In the interaction picture, the total Hamiltonian of

the atom–cavity–fibre system is given by

HI = Hac
eff +Hcf

I

= g′1(a1 |g0⟩A ⟨g1|+ a+1 |g1⟩A ⟨g0|)
+g′2(a2 |g0⟩B ⟨e|+ a+2 |e⟩B ⟨g0|)
+g′3(a3 |g1⟩B ⟨e|+ a+3 |e⟩B ⟨g1|)
+g′4(a4 |g0⟩C ⟨g1|+ a+4 |g1⟩C ⟨g0|)
+ν1[b1(a

+
1 + a+2 ) + b+1 (a1 + a2)]

+ν2[b2(a
+
3 + a+4 ) + b+2 (a3 + a4)]. (4)
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3. Generation of entangled states

In this section, we show that a maximally entan-

gled state of the atoms A and C can be determinis-

tically generated in an ideal situation via adiabatic

passage. Also, the scheme can be generalised to the

generation of the multi-particle W entangled state.

It is easy to verify that the following states

|D0⟩ = |g1eg1⟩ABC |0000⟩c |00⟩f , (5)

|D1⟩ = A1

(
ν1g

′
2 |g0eg1⟩ABC |0000⟩c |00⟩f

−g′1g′2 |g1eg1⟩ABC |0000⟩c |10⟩f
+ν1g

′
1 |g1g0g1⟩ABC |0000⟩c |00⟩f

)
, (6)

|D2⟩ = A2

(
ν2g

′
3 |g1eg0⟩ABC |0000⟩c |00⟩f

−g′3g′4 |g1eg1⟩ABC |0000⟩c |01⟩f
+ν2g

′
4 |g1g1g1⟩ABC |0000⟩c |00⟩f

)
(7)

are eigenstates of the Hamiltonian described by

Eq. (4) with zero eigenvalue. A1 and A2 are the nor-

malisation factors. The symbol |0000⟩c represents the

vacuum states of the cavity modes a1, a2, a3 and a4;

and |00⟩f represents the vacuum states of the optical

fibre modes b1and b2, while |10⟩f denotes the mode b1
in the one photon state and b2 in the vacuum state.

The energy gap ∆E between the dark states |D1⟩,
|D2⟩ and their closest bright state is g. The adiabatic

transferring time should be larger than 1/g.[25]

Initially, suppose g′1 ≫ g′2 and g′4 ≫ g′3. Un-

der this condition, we have |D1⟩ ∼ |g1g0g1⟩ABC

|0000⟩c |00⟩f , |D2⟩ ∼ |g1g1g1⟩ABC |0000⟩c |00⟩f . The

initial state of the system is prepared in the state of

|ψ0⟩

=
1√
2
|g1⟩A

(
|g0⟩B + |g1⟩B

)
|g1⟩C |0000⟩c |00⟩f . (8)

We slowly increase g′2, g′3 by increasing Ω2, Ω3

and decrease g′1, g′4 by decreasing Ω1, Ω4 until

g′1 ≪ g′2 and g′4 ≪ g′3 provided that the condition ν1,

ν2 ≫ g′1, g
′
2, g

′
3, g

′
4 is fulfilled all the time. The state

|g1g0g1⟩ABC |0000⟩c |00⟩f
(
|g1g1g1⟩ABC |0000⟩c |00⟩f

)
is adiabatically transferred into the state

|g0g1⟩AC |e⟩B |0000⟩c |00⟩f
(
|g1g0⟩AC |e⟩B |0000⟩c |00⟩f

)
along the dark state |D1⟩

(
|D2⟩

)
. The final state can

be given by

1√
2
(|g0g1⟩AC + |g1g0⟩AC) |e⟩B |0000⟩c |00⟩f , (9)

which is the maximally entangled state of atoms A

and C.

From Eqs. (5)–(7), it can be noted that the cav-

ity modes are unpopulated during the whole operation

process. Therefore, the loss of the cavity photon can

be ignored. Furthermore, the spontaneous emission

of the excited state can be omitted as an approxima-

tion, because the entanglement comes out from the

dark states. For simplicity, set ∆i = ∆, gi = g(i =

1, 2, 3, 4), Ω1 = Ω4 = Ω, Ω2 = Ω3 = Ω′ and ν1 = ν2.

Suppose the conditions (Ω/∆,Ω′/∆, g/∆) ≪ 1 are

fulfilled throughout the whole procedure. And as-

sume that ν ≫ g, g′, which means that the transmis-

sion time of photon through the fibre becomes much

shorter than the interaction time of atoms and cavity

modes, so the loss of fibre photon can be almost ig-

nored. When ν1 = ν2 = ν = 100g, g′1 = g′4 = g and

g′2 = g′3 = g′, the fidelity of the state can reach 0.995

for g′ = 10g. And the fidelity of the state can reach

0.99 for ν = 50g and g′ = 7g.

Furthermore, the multi-particle W state can be

deterministically generated in an ideal situation. As

shown in Fig. 1, suppose that N1 Λ-type atoms are

trapped in the single-mode cavity (i) and N2 Λ-type

atoms are trapped in the single-mode cavity (iii). The

atoms trapped in the same cavity ‘see’ the same field,

while the spatial separation between each two of them

is big enough to omit the atomic dipole–dipole inter-

action. In the short fibre limit and with the adiabatic

approximation, the total interaction Hamiltonian of

the atom–cavity–fibre system can be written as[13,16]

HI = Hcf
I +Hac

eff

+g′1

(
a1

(
N1∑
i=1

|g0⟩i ⟨g1|

)
+ a+1

(
N1∑
i=1

|g1⟩i ⟨g0|

))
+g′2(a2 |g0⟩B ⟨e|+ a+2 |e⟩B ⟨g0|)
+g′3(a3 |g1⟩B ⟨e|+ a+3 |e⟩B ⟨g1|)

+g′4

(
a4

(
N2∑
i=1

|g0⟩i ⟨g1|

)
+ a+4

(
N2∑
i=1

|g1⟩i ⟨g0|

))
+ν1[b1(a

+
1 + a+2 ) + b+1 (a1 + a2)]

+ν2[b2(a
+
3 + a+4 ) + b+2 (a3 + a4)]. (10)

Suppose

|φ0⟩A = |g1g1g1 · · ·⟩1,2···N1
,

|φ0⟩C = |g1g1g1 · · ·⟩1,2···N2
,

|φ1⟩A = |{g0, 1}{g1, (N1 − 1)}⟩1,2···N1
,

|φ1⟩C = |{g0, 1}{g1, (N2 − 1)}⟩1,2···N2
; (11)

|{g0, 1}{g1, (N1 − 1)}⟩1,2···N1
denotes the symmetric

and normalised state of N1 atoms where one of them

is in the state |g0⟩ and the rest (N1 − 1) of them are

in the state |g1⟩. Initially, the system is in the state
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|ψ0⟩ =
1√

N1 +N2

|φ0⟩A (
√
N1 |g0⟩B

+
√
N2 |g1⟩B) |φ0⟩C |0000⟩c |00⟩f . (12)

And the conditions g′1 ≫ g′2 and g′4 ≫ g′3 are fulfilled.

Under the condition that ν1, ν2 ≫ g′1, g
′
2, g

′
3, g

′
4, we

adiabatically increase g′2, g
′
3 by increasing Ω2, Ω3; and

decrease g′1, g
′
4 by decreasing Ω1, Ω4 until g

′
1 ≪ g′2 and

g′4 ≪ g′3. Finally, the initial state adiabatically evolves

into the following state:

1√
N1 +N2

(√
N1 |φ1⟩A |φ0⟩C

+
√
N2 |φ0⟩A |φ1⟩C

)
|e⟩B |0000⟩c |00⟩f . (13)

The N1 atoms in cavity (i) and the N2 atoms in cavity

(iii) are in the (N1 +N2)- qubit W state

|φ⟩AC

= |{g0, 1}{g1, (N1 +N2 − 1)}⟩1,2···(N1+N2)
. (14)

The entanglement can be generated via the adi-

abatic passage only by adjusting the laser fields. It

is convenient to operate in experiment and the dis-

tance between atoms A and C to be entangled is in-

creased, compared with the previous schemes.[14−16]

The scheme can be generalised into the case of multi-

particle state. This system can be considered as an

ingredient of the quantum network.[7]

4. Quantum information sharing

In this section, we investigate the quantum infor-

mation sharing[26−28] which is achieved by splitting

the original information based on our model. Assume

that Alice and Charlie possess respectively the atoms

A and C, and Bob possess a qubit encode in atom B,

which is in an unknown state,

|ϕ⟩B = α |g0⟩B + β |g1⟩B , (|α|
2
+ |β|2 = 1). (15)

Then the initial state of the system is

|ψ0⟩ = |g1⟩A (α |g0⟩B
+β |g1⟩B) |g1⟩C |0000⟩c |00⟩f . (16)

With the same operations in Section 3, finally the

atoms A and C are in the state

α |g0g1⟩AC + β |g1g0⟩AC , (|α|
2
+ |β|2 = 1). (17)

Neither Alice nor Charlie can recover the original

qubit only by local operations on their own atom. In

order to reconstruct the original qubit the two parti-

cles should be brought together or through measure-

ment and classical communication. For example, if

Alice and Charlie agree to let Alice possess the final

qubit, thus Charlie measures his atom with the basis

{(|g0⟩C+|g1⟩C)/
√
2, (|g0⟩C−|g1⟩C)/

√
2} and sends the

measurement outcome to Alice through the classical

communication. Then Alice performs the operation

I or σz on her qubit according to Bob’s measurement

outcome to reconstruct the original qubit. This is very

useful in maintaining information security.

With the result achieved in the last section, this

scheme can be generalised straightforwardly to the

case of splitting the quantum information into many

shares.

5. Discussion and conclusions

In conclusion, we have proposed a scheme to gen-

erate the entanglement between two remote atoms

trapped separately in two cavities coupled to the third

one by optical fibres. The scheme can be generalised

to the case of many particles. These results are helpful

for implementing the quantum network and this sys-

tem can be used to split the quantum information into

two or more shares to achieve the information sharing

which is useful in quantum cryptograph.

This scheme has the following merits. By taking

advantage of the adiabatic passage, it is insensitive to

the small fluctuation of some of the parameters.[12,29]

The effect caused by the photon loss out of the cav-

ities can be efficiently suppressed, since the cavity

modes are never excited throughout the whole pro-

cedure. The influence of atomic spontaneous decay

can be suppressed effectively because the atoms are

always in the ground states. Assuming ν1, ν2 ≫ g′1,

g′2, g
′
3, g

′
4 means that the transmission time of pho-

ton through the fibre becomes much shorter than the

interaction time of the atoms with the cavity fields.

Therefore, the loss of the fibre photon has little effect

on the evolution of the system. And this scheme is

easy to operate since only the Rabi frequencies need

to be adjusted.

Finally, we give some brief discussion of the ex-

perimental feasibility. The two Λ-type atoms and

the five-level atom can be realised by choosing the

hyperfine-split levels for the D lines of alkali-metal

atoms such as 87Rb atom.[16,18,30] The single-mode
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cavity and the double-mode cavity can be realised

in experiment.[31,32] A nearly perfect fibre-cavity cou-

pling (with an efficiency larger than 99.9%) can

be realised by fibre-taper coupling to high-Q silica

microspheres.[33] The strong coupling between the

cavity and the fibre i.e., ν1, ν2 ≫ g′1, g
′
2, g

′
3, g

′
4, such

as ν = 100g, ν = 50g, can be obtained.[33−35] Under

this condition, the fidelity of the system prepared by

using our scheme can reach 0.99. With the achieved

progress in experiment, we believe that the entangle-

ment of atoms with high fidelity and the sharing of

quantum information can be realised by our scheme.
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