Eur. Phys. J. D 41, 413-416 (2007)
DOT: 10.1140/epjd /e2006-00236-6

THE EUROPEAN
PHYSICAL JOURNAL D

Generation of a four-qubit cluster state for atoms in a thermal

cavity

L. Ye?

School of Physics & Material Science, Anhui University, Hefei 230039, P.R. China

Received 25 August 2006

Published online 20 October 2006 — © EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2006

Abstract. We propose two schemes for generating a four-atom cluster state in a thermal cavity. With the
assistant of a strong classical field the photon-number-dependent parts in the effective Hamiltonian are
canceled. Thus the schemes are insensitive to the thermal field. The schemes can also be used to generate
the cluster state for the trapped ions in thermal motion.

PACS. 03.67.Mn Entanglement production, characterization, and manipulation — 42.50.Dv Nonclassical
states of the electromagnetic field, including entangled photon states; quantum state engineering and
measurements — 42.50.Vk Mechanical effects of light on atoms, molecules, electrons, and ions

Quantum entanglement has attracted much attention. It
not only gives the possibility for test of quantum me-
chanics against local hidden theory, but also is the basic
physical resource for quantum computation and quantum
communication. Experimentally the technology of prepar-
ing an entangled photon pair by spontaneous paramet-
ric down-conversion [1] is quite mature. four-photon en-
tangled state [2] and five-photon entangled state [3] also
have been obtained. On the other hand, recent advance in
the cavity quantum electrodynamics system (cavity QED)
and ion traps has opened the new prospects for quan-
tum information processing. In cavity QED, a two-atom
entangled state has been experimentally demonstrated
by use of two Rydberg atoms crossing a nonresonant
cavity [4]. The multi-atom Greenberger-Horne-Zeilinger
(GHZ) states and W state also have been generated [5].
Some research groups also have realized a four-qubit GHZ
state [6], a six-atom GHZ state [7] and eight-qubit W
state [8] in ion traps. Recently Briegel et al. [9] introduced
a class of entangled states, i.e., the cluster states. The clus-
ter states have a high persistence of entanglement and can
be regarded as a resource for GHZ states and are more im-
mune to decoherence than GHZ states. On the other hand,
cluster states have been shown to constitute a universal re-
source for quantum computation. The proof of Bell’s the-
orem without the inequality was given for cluster states,
and Bell inequality is maximally violated by four-qubit
cluster state and is not violated by the four-qubit GHZ
state. Zou et al. [10] have proposed a scheme for genera-
tion of polarization entangled cluster state. Zou et al. [11]
and Dong et al. [12] have presented schemes for generat-
ing a four-atom cluster state via the resonant atom-cavity
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interaction, respectively. Cho et al. [13] also have shown a
method for the generation of cluster states based on the
cavity input-output process and the single-photon polar-
ization measurement. Recently Zheng [14] has given two
schemes for the generation of four-qubit cluster states in
ion-trap systems. Here we propose two schemes to gener-
ate a cluster state of four atoms by the atom-cavity field
interaction. The distinct advantage of the scheme is that
during the passage of the atoms through the cavity field,
a strong classical field is accompanied so that the photon-
number-dependent parts are canceled. Thus the schemes
are insensitive to both the cavity decay and the thermal
field. More importantly, our second scheme can be carried
out only by two steps and in this scheme the cluster state
can be generated in much simpler manner than any of pre-
vious schemes, which might be highly important for the
feasible experimental implementation.

We consider N identical two-level atoms simultane-
ously interacting with a single-mode cavity field, at the
same time the atoms are driven by a classical field. In
the rotating-wave approximation, the Hamiltonian for the
system is [15-18]

N
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the creation and annihilation operators for the cavity
mode, g is the atom-cavity coupling strength, and § is
the detuning between the atomic transition frequency wg
and cavity frequency w. w, is the frequency of the classi-
cal field. Assume wy = w,, in the interaction picture, the
interaction Hamiltonian is

N N
L + 9 —i6t +a— , idt o+
HFE;S +57) 5223 a®S; +eaS)). (2)

Define the new atomic basis [16,19]
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The interaction Hamiltonian can be written as

where o ; = (|4;){+;] = |-

7 = =il

Accordlng to Schrodinger’s equation, the unitary
transformation is

i=il)/2, 0} = |+;)(—;| and
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Then we have

ild ['(8)) /dt] = Hp |[4'(2)) (7)
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where H} = Z:{(g/2)[e*“5taJr

e ®a(o:,; + 0; /2 —a;/2)]}.
Assume that 0> 5 g and can neglect the terms os-
cillating fast. Then the Hamlltonlan can reduce to
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where S, = (1/2) Z(S;r +57).

The evolution operator for Hamiltonian H} of equa-
tion (8) can be written in the form of [16,20]

U’(t) _ efiA(t)Sg(7iB(t)Sxa7iC(t)Sxa+ .

By using the Schrodinger’s equation

LU’
dt

= H;U'(t),
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we have
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Assume §t = 27, we obtain B(t) =
have o

U,(t) _ e—z)\tSX7 (9)
where A = ¢g2/46. The evolution operator of the system is
given by

U(t) _ efngtU/(t) — efiQtSwfi)\tSi. (10)

We note that the evolution operator of the Hamiltonian
is independent of the cavity field state, allowing it to be
in a thermal state.

Using the representation of the operator S, the atomic
states |g1g2...gn) and |ejes...eny) can be expressed as
IN/2,—N/2) and |N/2,N/2). These state also be ex-
panded in terms of the eigenstates of S, [17]

N/2
3 CuIN/2.M),,
M=—N/2
N/2

>

M=—N/2

IN/2,-N/2) = (11)

IN/2,N/2) = DNEMIN/2, M), (12)

Assume that N atoms are initially in the state |g1g2...9n),
the evolution of the system is

Z C 6721 QM+AM2 |N/2 M>
M=—-N/2

|g192 gN

(13)
Now we describe in detail how to generate a cluster state
in cavity QED. Assume that three atoms are initially in
the state |g1g2g3). The evolution of the system is obtained

by the above equation. Choose At = 7/4 and 2t = (2n +
3/4), we have
1) = ==/ (|919205) + i lerezes)).  (14)

V2

Then we send atoms 1 and 2 across another single-mode
cavity simultaneously. With the choice of At = 7/4 and
2t = 2nm, we have the following transformation

lg102) — %e-”/wlm —ilewes),  (15)
leres) — %e-”“uele» Cilggs)).  (16)

Thus the state of the system will be transformed into

|1)2) =

/8 (|g1g2g3) +ilereaes) —ilereags) + |g1gaes)).

(17)

\/5



L. Ye: Generation of a four-qubit cluster state for atoms in a thermal cavity

Then let atom 3 cross a classical field tuned to the tran-
sition |e) — |g). Choose the amplitude and phase of the
classical field appropriately so that this atom undergoes
the following transition

93) = —7519a) + [e). (13)
1
ea) = <5 {la) — les)). (19)

Then we send atom 3 and atom 4, initially in the state
|g4), pass through a single-mode cavity simultaneously.
After an interaction time At = 7/4 and 2t = 2(n+3/4)m,
and with a transformation |g3) — (1/v/2)(|gs) + i e3)),

les) — (1/4/2)(|g3) — i |e3)), we can obtain

1 .
[13) = §@Z5W/S(|91929394> + |g192€3€4)

+ lere2gags) — |ereseses)).  (20)

This state is just a four-atom cluster state.

Next we give another simpler scheme for generating
a four-atom cluster state. Consider four atoms initially
in the state |g1g29394). We send the four atoms through
a cavity simultaneously. The evolution of the system is
obtained by equation (13). After an interaction time A\t =
/4 and 2t = nw, we obtain

1 _. .
) 1234 = —=€ W/4(|919293g4> + i lerezezeq)). (21)
V2
Then we again send any two of four atoms, such as the
atoms 1, 2 interact simultaneously with another cavity.
Similarly after an interaction time A\t = 7/4 and 2t =

2n, the evolution of the state is given by equations (15)
and (16), we have

1.
V) 1934 = 3¢ /2(191929394) + |g192€3€4)

—ilereagsga) + i lerezeses)). (22)
Performing the transformation|es) — 4 |e2), we can trans-
form the state (20) into a four-atom cluster state

[Whazss = 3¢~ (l99a0) + lggee) + ecqg) ~lecec)). (23)
We note that the two schemes can also be applied to the
ion trap system. We consider that IV ions are confined in
a linear trap. Then we simultaneously excite the ions with
two lasers. If we tune the lasers sufficiently close to the
sidebands, we can neglect all other vibrational modes, the
Hamiltonian for the system is

N
H=vata+ wyS, + {Qe‘w Z S]J-rei"(‘ﬁ*'“)
j=1

% [efi(wngqu(S)t + e*i(&)g*l/*&)t] +H.C.},

where at and a are the creation and annihilation opera-
tors for the collective vibrational mode, and n = k/v2vM
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is the Lamb-Dicke parameter, with k& being the wave vec-
tor along the trap axis and M is the mass of the ion col-
lection. Here the lasers have the same Rabi frequency {2,
phase ¢ and wave vector k.

In the Lamb-Dicke regime, the interaction Hamilto-
nian in the interaction picture is [21]

2
H; = inQe " Z S;'(a"’e_wt + ae®) + H.c. (24)
j=1

As described by reference [17], the evolution operator of
the effective Hamiltonian has same form as equation (9),
with A = 2202? /5. Thus we can generate the entangled
cluster states of four trapped ions using the procedure
similar to that for cavity QED.

In conclusion, we have proposed two simple protocols
to realize the generation of the four-atom cluster states in
cavity QED. Comparing these two schemes, we find that
the second one is always better than the first one, because
the second one only includes two interactions of atoms
with cavities and a single-qubit transformation to gener-
ate a four-atom cluster, but the first one must need more
resource and more single-qubit rotation transformations
to accomplish the same task. In cavity QED, the photon-
number-dependent parts in the effective Hamiltonian are
canceled with the assistance of a strong classical driving
field. Thus our schemes are insensitive to both the cav-
ity decay and thermal field. For the trapped ions, our
schemes are insensitive to the thermal motion. They can
be implemented by the present cavity QED and ion trap
techniques.

This work was supported by the National Science Foundation
of China under Grant No. 10574001, and also by the Program
of the Education Department of Anhui Province (2004kj029)
and the Talent Foundation of Anhui University.

References

1. P.G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A.V.
Sergienko, Y. Shih, Phys. Rev. Lett. 75, 4337 (1995); A.G.
White, D.F.V. James, P.H. Eberhard, P.G. Kwiat, Phys.
Rev. Lett. 83, 3103 (1999)

2. J.W. Pan, D. Bouwmeester, M. Daniell, H. Weinfurter, A.
Zeilinger, Nature 403, 515 (2000); J.W. Pan et al., Phys.
Rev. Lett. 86, 4435 (2001)

3. Z. Zhao, Y.-A. Chen, A.-N., Zhang, H.J. Brhggel, J.W.
Pan, Nature 430, 54 (2004)

4. S. Osnaghi, P. Bertet, A. Auffeves, P. Maioli, M. Brune,
J.M. Raimond, S. Haroche, Phys. Rev. Lett. 87, 037902
(2001)

5. G.P. Guo, C.F. Li, J. Li, G.C. Guo, Phys. Rev. A 65,
042102 (2002); S.B. Zheng, Phys. Rev. Lett. 87, 230404
(2001)

6. C.A. Sackett, D. Kielpinski, B.E. King, C. Langer, V.

Meyer, C.J. Myatt, M. Rowe, Q.A. Turchette, W.M. Itano,

D.J. Wineland, C. Monroe, Nature 404, 256 (2000)

D. Leibfried et al., Nature 438, 639 (2005)

H. Héffner et al., Nature 438, 643 (2005)

* N



416 The European Physical Journal D

9. H.J. Briegel, R. Raussendorf, Phys. Rev. Lett. 86, 910 16. S.B. Zheng, Phys. Rev. A 66, 060303 (R) (2002)

(2001) 17. K. Mglmer, A. Sgrensen, Phys. Rev. Lett. 82, 1835 (1999)
10. X.B. Zou, W. Mathis, Phys. Rev. A 71, 032308 (2005) 18. E. Solano, R.L. deMatosFilho, N. Zagury, Phys. Rev. A
11. X.B. Zou, W. Mathis, Phys. Rev. A 72, 013809 (2005) 59, R2539 (1999)
12. P. Dong et al., Phys. Rev. A 73, 033818 (2006) 19. D. Jonathan, M.B. Plenio, Phys. Rev. Lett. 87, 127901
13. J. Cho et al., Phys. Rev. Lett. 95, 160501 (2005) (2001); E. Solano et al., arXiv:quant-ph/0202071
14. S.B. Zheng, Phys. Rev. A 73, 065802 (2006) 20. A. Sgrensen, K. Mglmer, Phys. Rev. A 62, 022311 (2000)

15. E. Solano, G.S. Agarwal, H. Walther, Phys. Rev. Lett. 90, 21. A. Sgrensen, K. Mglmer, Phys. Rev. Lett. 82, 1971 (1999)
027903 (2003)



