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Abstract We present an experimentally feasible scheme for implementing controlled dense
coding through a genuine five-atom entangled state in cavity QED. The scheme is insensitive
to both the cavity decay and the thermal field. In the scheme that four-atom entangled states
can be exactly distinguished with detecting the atomic state, and the controlled dense coding
can be realized in a simple way.
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1 Introduction

Quantum dense coding [1] is one of the important applications of quantum entanglement
in quantum communication. Some quantum dense coding schemes have been proposed by
using GHZ state and the non-maximally two-particle entangled state [2–4]. Cavity quantum
electrodynamics (QED) is considered to be one of the ideal systems for quantum informa-
tion processing, such as quantum computing [5–8], quantum teleportation [9, 10], quantum
cryptography [11, 12] and quantum state sharing [13–15]. In cavity QED systems, many
controlled dense coding (CDC) protocols have been devised with the help of multi-atom en-
tangled states such as the GHZ state [16], the W states [17], the genuine five-atom entangled
states [18].

Recently, Brown et al. presents a genuine five-atom entangled state through an extensive
numerical optimization procedure [19]. This state exhibits genuine multi-atom entangle-
ment according to both negative partial transpose measure, as well as von Neumann entropy
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measure. This state is also genuinely entangled according to the recently proposed multiple
entropy measures, and is more than the entanglement exhibited by the prototype-GHZ states
[20], generalized W states [21] and cluster states. Even after tracing out one/two atoms from
the state, entanglement sustains in the resulting subsystem and thus, is highly ‘robust’. Also,
the state is maximally mixed, after we trace out any possible number of atoms, which is an
indication of genuine multi-atom entanglement for the five-atom state. Such a state has been
shown useful in perfect teleportation, quantum state sharing and superdense coding [22, 23].
This gives us motivation to study the new application of the five-atom entangled state for
implementing CDC protocol in cavity QED.

In this work, we present a simple scheme for implementing CDC by using a genuine five-
atom entangled state in cavity QED. Here, we consider that two or more atoms interact with
a thermal cavity with the assistance of the strong classical field, so the scheme is insensitive
to both the cavity decay and the thermal field [24, 25].

2 The Model

We consider N identical two-level atoms simultaneously interacting with a single-mode cav-
ity and being driven by a strong classical field. The Hamiltonian (we set � = 1) in the
rotating-wave approximation can be written as [26]

H = ω0

N∑

j=1

σz,j + ωaa
†a +

N∑

j=1

[
g
(
a†σ−

j + aσ+
j

) + �
(
σ+

j e−iωt + σ−
j eiωt

)]
, (1)

where σ+
j = |1j 〉〈0j |, σ−

j = |0j 〉〈1j | and σz,j = 1
2 (|1j 〉〈1j | − |0j 〉〈0j |), with |0j 〉 and |1j 〉

being the ground and excited states of the j -th atom, a and a† denote the annihilation and
creation operators for the cavity mode, and g is the atom-cavity coupling strength, � is
the Rabi frequency. ω0 is atomic transition frequency, ωa is cavity frequency and ω is the
frequency of the classical field. Here we consider the case of ω0 = ω. In the large detuning
δ � g/2 with δ is the detuning between ω0 and ωa , and strong driving field � � δ � g,
there is no energy exchange between the atoms and the cavity. And then in the rotating-wave
approximation, the effective Hamiltonian can be described as follows [26]

He = λ

[
1

2

N∑

j=1

(|0j 〉〈0j | + |1j 〉〈1j |
) +

N∑

i,j=1

(
σ+

i σ+
j + σ+

i σ−
j + H.c.

)
]
, i �= j (2)

where λ = g2/2δ. The Hamiltonian is independent of the cavity field state, allowing it to be
in a thermal state. Then the evolution operator of the system is given by

U(t) = e−iH0t e−iHet , (3)

where H0 = ∑N

j=1 �(σ+
j + σ−

j ).

3 Generate the Genuine Five-Atom Entangled State

In order to generate the Brown state, we assume that five atoms are initially in the state
|00101〉12345. Firstly we let atoms 2, 3 and 5 interact simultaneously with a single-mode
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cavity and driven by a strong classical field. Choose the interaction time and the Rabi fre-
quency appropriately so that λt1 = π/4 and �t1 = 3π/4. Secondly, we let atoms 1, 2 and 4
undergo the same evolutions. The state |00101〉12345will become the following state

|00101〉12345 → |ϕ〉12345 = 1

2

(|00101〉 + i|01000〉 − |10010〉 + i|11111〉)
12345

. (4)

Finally, we let atoms 4 and 5 interact with the single-mode cavity and driven by the classical
field. Choose the interaction time appropriately so that λt2 = π/4 and �t2 = π and then the
state |ϕ〉12345 becomes

|ϕ〉12345 → 1

2

[
|001〉123

1√
2

(|01〉 − i|10〉)
45

+ i|010〉123
1√
2

(|00〉 − i|11〉)
45

− |100〉123
1√
2

(|10〉 − i|01〉)
45

+ i|111〉123
1√
2

(|11〉 − i|00〉)
45

]
, (5)

where we have discarded the common phase factor. After performing the transformations
|0〉3 → −i|0〉3 and |1〉4 → −i|1〉4 on atoms 3 and 4, respectively, we can obtain the genuine
five-atom entangled state [19]

|ψ〉12345 =
√

2

4

[|001〉123

(|01〉 − |10〉)
45

+ |010〉123

(|00〉 − |11〉)
45

+ |100〉123
(|01〉 + |10〉)

45
+ |111〉123

(|00〉 + |11〉)
45

]
. (6)

Next, we implement CDC by using the above genuine five-atom entangled state in Cavity
QED.

4 CDC Through the Genuine Five-Atom Entangled State in Cavity QED

Suppose that Alice, Bob and Charlie share the Brown state, where the atoms 1 and 2 belong
to Alice, atom 4 belong to Charlie and atoms 3 and 5 belong to Bob, respectively. In order
to encode four bits of classical information, Alice now can apply one of four local operators
σi or σj (i, j = 0,1,2,3) (where σ0 = I is the identity operator and σ1 = σx , σ2 = σz,
σ3 = −iσy are the Pauli operators) on her two atoms and then transform the Brown state
into the following 16 orthogonal entangled states

∣∣ψij
〉
12345

= (
σ 1

i ⊗ σ 2
j

)∣∣ψ00
〉
12345

(i, j = 0,1,2,3), (7)

where |ψ00〉12345 is just the Brown state as shown in (6). Then Alice sends atoms 1 and 2
to Bob. For assisting Bob to extract the encoded information, Charlie should make a mea-
surement on atom 4 in the basis {|0〉4, |1〉4} and then transmits the outcome to Bob over
a classical communication channel. If the outcome of Charlie’s measurement on atom 4 is
|0〉4, the atoms belong to Bob will collapse into the following states

∣∣ηij
〉
1235

= (
σ 1

i ⊗ σ 2
j

)∣∣η00
〉
1235

(i, j = 0,1,2,3), (8)

where
∣∣η00

〉
1235

= 1

2

(|0011〉 + |0100〉 + |1001〉 + |1110〉)
1235

. (9)

Otherwise, if the outcome of Charlie’s measurement on atom 4 is |1〉4, the atoms belong to
Bob will collapse into

∣∣ξ ij
〉
1235

= (
σ 1

i ⊗ σ 2
j

)∣∣ξ 00
〉
1235

(i, j = 0,1,2,3), (10)
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where
∣∣ξ 00

〉
1235

= 1

2

(−|0010〉 − |0101〉 + |1000〉 + |1111〉)
1235

. (11)

In order to implement CDC, Bob has to carry out four-atom entangled states measure-
ment to obtain the message that Alice encodes in the state. The four-atom entangled states
measurement is also the obstacle of CDC, it is difficult to realize in the present experiment.
Luckily, the states |ηij 〉1235 and |ξ ij 〉1235 can be distinguished explicitly in cavity QED. Now,
the procedure to distinguish the states |ηij 〉1235 and |ξ ij 〉1235 is given. Firstly we perform the
rotation |0〉1 → i|0〉1 on atom 1. Then we let atoms 1, 2 and 5 interact with the single-mode
cavity and classical field, we choose the interaction time and the Rabi frequency appropri-
ately so that λt = π/4 and �t = 3π/4. Subsequently, we perform the rotation |0〉2 → i|0〉2

on atom 2. In the last step, atoms 2, 3 and 5 are simultaneously sent through another single-
mode cavity and at the same time are driven by a classical field, and the time setting is
λt = π/4 and �t = 3π/4. If |η00〉1235 is taken into account, according (3), it evolves as
follows

∣∣η00
〉
1235

→ 1

2

(
i|0011〉 + i|0100〉 + |1001〉 + |1110〉)

1235

→
√

2

2
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→
√

2

2

(−|0011〉 + i|0100〉)
1235

→ −|0011〉1235. (12)

That is to say, through the four steps, the states |ηij 〉1235 and |ξ ij 〉1235 can be evolved as
follows:

∣∣η00
〉
1235
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〉
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〉
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〉
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〉
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〉
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〉
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∣∣ξ 33

〉
1235
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Hence, we can distinguish the four-atom entangled states |ηij 〉1235 and |ξ ij 〉1235 by detecting
four atoms separately. Then Bob can distinguish what operations Alice has done on his
atoms and extract four bits of classical information after receiving two atoms and a classical
bit from Alice and Charlie respectively. Thus, the CDC is achieved.
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For the Rydberg atoms with principal quantum numbers 49, 50, 51, the radiative time
is Tr = 3 × 10−2 s and the coupling constant is g = 2π × 24 kHz. Based on the coupling
constant g, the required atom-cavity-field interaction time is on the order of T = 10−4 s,
so that the whole time to discriminate the multipartite measurement is lesser than 10−3 s,
which is much shorter than the radiative time [27]. Thus, our scheme can be easily realized
with present cavity QED techniques.

5 Conclusions

In this paper, we have presented a simple experimental scheme of CDC by using a genuine
five-atom entangled state in cavity QED. In cavity QED systems, we have distinguished the
four-atom entangled states |ηij 〉1235 and |ξ ij 〉1235 in detail. The scheme is insensitive to both
the cavity decay and the thermal field. Based on present cavity QED techniques, our scheme
might be realizable in the future.

Acknowledgements This work is supported by the National Natural Science Foundation of China (Grant
No. 60807014), the Natural Science Foundation of Jiangxi Province, China, the Research Foundation of state
key laboratory of advanced optical communication systems and networks, Shanghai Jiao Tong University,
China, and the Research Foundation of the Education Department of Jiangxi Province.

References

1. Bennett, C.H., Wiesner, S.J.: Phys. Rev. Lett. 69, 2881 (1992)
2. Hao, J.C., Li, C.F., Guo, G.C.: Phys. Rev. A 63, 054301 (2001)
3. Bose, S., Plenio, M.B., Vedral, V.: J. Mod. Opt. 47, 291 (2000)
4. Hao, J.C., Li, C.F., Guo, G.C.: Phys. Lett. A 278, 113 (2000)
5. Feng, X.L., Wang, Z.S., Wu, C.F., Kwek, L.C., Lai, C.H., Oh, C.H.: Phys. Rev. A 75, 052312 (2007)
6. Wang, Z.S., Wu, C., Feng, X.-L., Kwek, L.C., Lai, C.H., Oh, C.H., Vedral, V.: Phys. Rev. A 76, 044303

(2007)
7. Wang, Z.S.: Phys. Rev. A 79, 024304 (2009)
8. Wang, Z.S., Liu, G.Q., Ji, Y.H.: Phys. Rev. A 79, 054301 (2009)
9. Bennett, C.H., Brassard, G., Crepeau, C., Jozsa, R., Peres, A., Wooters, W.K.: Phys. Rev. Lett. 70, 1895

(1993)
10. Peng, Z.H., Zou, J., Liu, X.J.: J. Phys. B, At. Mol. Opt. Phys. 41, 065505 (2008)
11. Ye, L., Guo, G.C.: Phys. Rev. A 71, 034304 (2005)
12. Li, S.S.: Int. J. Theor. Phys. (2011). doi:10.1007/s10773-011-0951-3
13. Deng, F.G., Li, X.H., Li, C.Y., Zhou, P., Zhou, H.Y.: Phys. Rev. A 72, 044301 (2005)
14. Nie, Y.Y., Li, Y.H., Liu, J.C., Sang, M.H.: Int. J. Theor. Phys. 50, 2526 (2011)
15. Nie, Y.Y., Li, Y.H., Liu, J.C., Sang, M.H.: Opt. Commun. 284, 1457 (2011)
16. Peng, Z.H., Jia, C.X.: Opt. Commun. 281, 1745 (2008)
17. Ye, L., Yu, L.B.: Phys. Lett. A 346, 330 (2005)
18. Qiu, L.: Quantum. Inf. Process. 9, 643 (2010)
19. Brown, I.D.K., Stepney, S., Sudbery, A., Braunstein, S.L.: J. Phys. A, Math. Gen. 38, 1119 (2005)
20. Karlsson, A., Bourennane, M.: Phys. Rev. A 58, 4394 (1998)
21. Agrawal, P., Pati, A.: Phys. Rev. A 74, 062320 (2006)
22. Muralidharan, S., Panigrahi, P.K.: Phys. Rev. A 77, 032321 (2008)
23. Hou, K., Li, Y.B., Shi, S.H.: Opt. Commun. 283, 1961 (2010)
24. Zheng, S.B.: Phys. Rev. A 66, 0603031 (2002)
25. Ye, L., Guo, G.C.: Phys. Rev. A 71, 0343041 (2005)
26. Zheng, S.B.: Phys. Rev. A 68, 035801 (2003)
27. Osnaghi, S., Bertet, P., Auffeves, A., Maioli, P., Brune, M., Raimond, J.M., Haroche, S.: Phys. Rev. Lett.

87, 0379021 (2001)

http://dx.doi.org/10.1007/s10773-011-0951-3

	Controlled Dense Coding Through a Genuine Five-Atom Entangled State in Cavity QED
	Abstract
	Introduction
	The Model
	Generate the Genuine Five-Atom Entangled State
	CDC Through the Genuine Five-Atom Entangled State in Cavity QED
	Conclusions
	Acknowledgements
	References


