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A scheme is proposed for the generation of W entangled states for several atoms trapped in a cavity by detecting

photon decay. The scheme works in the regime, where the cavity decay rate is larger than the atom-cavity coupling

strength. Thus, the requirement for the quality factor of the cavity is greatly loosened, which is of importance in view

of experiment. Another advantage of this scheme is that the atoms are always populated in two ground states coupled

by Raman transitions, thus the spontaneous emission can also be suppressed.
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1. Introduction

Entanglement is one of the most striking features
of quantum mechanics. If two subsystems are entan-
gled, the whole state vector can not be separated into
a product of the states of the two subsystems. In this
case the two subsystems are no longer independent
even if they are far spatially separated. A measure-
ment on one subsystem not only gives information of
the other subsystem, but also provides possibilities of
manipulating it. The generation of entangled states
for two or more particles is fundamental to demon-
strate quantum nonlocality.!] Apart from the test of
fundamental aspects of quantum mechanics, entan-
gled state is useful for the implementation of quan-
tum information, such as quantum cryptography!?
and teleportation.l®] Recently, the schemes have been
proposed for the generation of entanglement between
two distant atoms by single-photon interference at

photodetectors. 8]

In this paper, we propose a scheme for the gen-
eration of the entangled state for many atoms in an
optical cavity via detecting one photon leaking from
the cavity. Our scheme works in the weak-coupling
regime, where the atom-cavity coupling strength is
smaller than the cavity decay rate. This is of impor-

tance in view of experiment. Another advantage of

this scheme is that the atoms are always populated in
two ground states coupled by Raman transitions, thus
the spontaneous emission can also be suppressed.
Assume that N A-type three-level atoms are
trapped in a single-mode optical cavity. Photons are
allowed to leak from the cavity and then are detected
by a photodetector. The atoms have one excited state
|r) and two ground states |e) and |g). The transi-
tion |g) — |r) is coupled to the cavity mode with the
coupling constant g, while the transition |e) — |r) is
driven by a classical laser field with a Rabi frequency
£2. Assume the classical field and cavity mode are de-
tuned from the respective transitions by A. In the case
A > 2 and A > g, the upper level |r) can be adia-

batically eliminated. This leads to the Hamiltonian!4
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a and at are the annihilation and creation operators
for the cavity mode, respectively, and A = % The
first and second terms on the right-hand side in Eq.(1)
describe the Stark shifts for the states |e) and |g), in-
duced by the classical field and cavity field, respec-
tively. The third term describes the Raman coupling
of the two ground states.

The cavity is initially in the vacuum state and
each atom is initially in the state |e). Then the ini-
tial state of the cavity and the atoms is |0.)|0x). We
here have defined the symmetrical state |ky) with k
atoms being in the state |g), i.e. the well known Dicke

state.?] For example, |0y) and |1y) are given by

|ON) = [e1)[ez2)...|en), (4)

1) =¢iﬁ<|gl>\e2>...|ew> + lex)lga)les).len)
T oot fer)ea)len—1)lgn)). (5)

The Dicke state |1n) is also referred to as the W
state.'9) The T state has some interesting proper-
ties. For example, it retains bipartite entanglement
when any one of the three qubits is traced out. The
W states can also be used to test quantum nonlocal-
ity without inequality.'!] Such states might also be

useful in quantum information processing.!'?

Wang
has shown that such states can be generated in the
quantum Heisenberg XY model.['3] Guo et all'¥ have
proposed a scheme to generate such states for three or
four atoms interacting dispersively with a vacuum cav-
ity. Such states can be also generated via the resonant
interaction of atoms with a cavity field.[!5]

We now consider the cavity decay. Suppose that
no photon has been detected until the moment t. Be-
fore the detection of photons the system is governed

by the non-Hermitian Hamiltonian!*
H, = H, —ikaa™, (6)

where k is the cavity decay rate. Assume that 2 = g.
Then the non-Hermitian Hamiltonian is mathemati-
cally equivalent to the Hamiltonian that describes the
nonresonant interaction of N two-level atoms with a
single-mode field. The “energy” of the state |0.)|0n)
is —NX and the “energy” of the state |1.)|1y) is
—NMA—ik. Thus the “detuning” between the two states

is ik. It can be easily shown that
(0l (O | FLl12) L) = V. -

On condition that vV NA < k, i.e. the Raman cou-
pling strength is much smaller than the detuning, the

Raman coupling can be considered as a perturbation.
The first two eigenstates of the system are obtained
using the perturbation theory,

o0 = 00l + 2, @

o) =111 - Y 010x)
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2¢)[2)- (9)

The corresponding “eigenenergies” are

N2
E; =N\A+—, (10)
1K
N2
Ey=N\—ik— —". (11)
1K

In this case the initial state can be expressed in terms

of |¢1) and |p2)

0:)[0N) = [¢1) — @Wﬁ- (12)

i
The evolution of the system is

|0c>|0N> _)efiN)\th)\ t/n‘¢1>
mAe—iNAt—(n—Nxz/n)t|¢2>
1K
:e—ith{e—Nkzt/n|Oc>|0N>
+ \/N)‘ [efNA2t/n
1K
—e TN N} (18)

Here the probability that the cavity contains two pho-
tons is so small that it has been neglected (on the order
of (VVNA/k)*). The detection of one photon leaking
out from the cavity at the moment ¢ implies that the
atomic system collapses down to the W state |1x).
After a time t the probability of the atomic system
remaining in the state |0.)|0y) is given by e 2NA’t/x
If one wishes to wait for a sufficiently long time tp
the probability of detecting a photon reaches 1. Thus,
one can achieve a W state for the N atoms with a
probability approximate to 1. The mean time before

the detecting event is

K

Tp

Therefore, the time T is shortened with the increase
of the atomic number N.
In summary, we have proposed a scheme for the

generation of a W entangled state for many atoms
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in a cavity via the detection of one photon leaking
out from the cavity. In comparison with the previous
schemes, 1415 our scheme works in the weak-coupling
regime, greatly loosening the requirement for the qual-

ity factor of the cavity, which is of importance in view

of experiment. Furthermore, the atoms are always
populated in two ground states coupled by Raman
transitions, thus the spontaneous emission can also

be suppressed.

References

[1] Bell J S 1965 Physics 1 195

[2] Ekert A K 1991 Phys. Rev. Lett. 67 661

[3] Bennett C H, Brassard G, Crepeau C, Jozsa R, Peres A
and Wootters W 1993 Phys. Rev. Lett. 70 1895

[4] Bose S, Knight P L, Plenio M and Vedral V 1999 Phys.
Rev. Lett. 83 5158

[5] Cabrillo C 1999 Phys. Rev. A 59 1025

[6] Feng X, Zhang Z M, Li X D, Gong S Q and Xu Z Z 2003
Phys. Rev. Lett. 90 217902

[7] Duan L M and Kimble H J 2003 Phys. Rev. Lett. 90
253601

[8] Browne D E, Plenio M B and Huelga S F 2003 Phys. Rev.
Lett. 91 067901
[9] Dicke R H 1954 Phys. Rev. 93 99
[10] Dur W, Vidal G and Cirac J I 2000 Phys. Rev. A 62
062314
[11] Zheng S B 2002 Phys. Rev. A 66 014103
[12] Drup D, DiVincenzo D P, Ekert A, Fuchs C A, Macchi-
avello C and Smolin J A 1998 Phys. Rev. A 57 2368
[13] Wang X 2001 Phys. Rev. A 64 012313
[14] Guo G P, Li C F, Li J and Guo G C 2002 Phys. Rev. A
65 042102

[15] Guo G C and Zhang Y S 2002 Phys. Rev. A 65 054302



