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A scheme is presented for generating entangled states of multiple atoms in a cavity. In the scheme the atoms

simultaneously interact with a cavity mode, with the first atom driven by two classical fields and the other atoms driven

by a classical field. Our scheme is valid even if the cavity decay rate is larger than the effective coupling strength, which

is important for experiment. The generation of entangled states is conditional on the detection of a photon decaying

from the cavity and thus the fidelity of the entangled state is insensitive to the detection inefficiency. Furthermore, the

scheme can be applied to the case with any number of atoms in principle.
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1. Introduction

Entanglement not only provides the possibility to
test quantum nonlocality against local hidden variable
theories,[!! but also has practical applications in quan-
tum information.[?:3] The characterization of entangle-
ment is a central topic in quantum information. For
the three-qubit case, there are two inequivalent classes
of entangled states, i.e. the Greenberger—Horne—
Zeilinger (GHZ) class and the W class.[! Unlike the
GHZ states, W states are robust against qubit loss in
the sense that even some of qubits are lost the remain-
ing qubits are still in entangled states. Furthermore,
the entanglement of W states is robust against qubit
flip noise and immune to global dephasing.®l Owing to
the robustness W states may lead to stronger nonclas-
sicality than GHZ states!”) and have practical appli-

cations in quantum communication.8—1°!

Recently, W states of three photons!*!l and eight
ions®! have been experimentally observed. More re-
cently, the entanglement persistency of three-photon
W states has been experimentally demonstrated.['?]
The cavity QED (cavity quantum electrodynamic)
system is another qualified candidate for entangle-
ment engineering and quantum information processing
since atoms are ideal for the storage of information
and photons are suitable for transferring the infor-
mation. Three-particle GHZ states have been experi-

cavity QED, entangled state, optical cavity

mentally realized in cavity QED systems.['3] Schemes
have been proposed to generate W states for three or
more atoms via atom-cavity interaction.'4~16! How-
ever, these schemes work under the ideal conditions
and none of them has been realized experimentally.

In this paper, we suggest an efficient scheme for
generating multi-atom W states in an optical cavity.
Our scheme has several advantages. First, it can work
in the regime with a cavity decay rate larger than the
effective atom-cavity coupling strength, greatly relax-
ing the requirement for the cavity quality. Second,
the generation of the entangled states is conditional
on the detection of a photon decaying from the cavity
and thus the entanglement is insensitive to the detec-
tor inefficiency. Third, in principle the scheme can be
applied to the case with any number of atoms. Last,
the interaction time does not need accurately adjust-

ing.

The remainder of the present paper is organized
as follows. In Section 2, we propose a scheme for gen-
erating W states of multiple atoms trapped in a cavity
via Raman coupling. In the scheme the cavity decay
is continuously monitored. In Section 3, we show that
a pure entangled state can be created even if the pho-
todetector is imperfect. In Section 4, we discuss the
physical realization of the scheme and analyse deco-
herence effects.
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2. Generation of W states for

multiple atoms

We consider n atoms trapped in an optical cavity.
The atoms have one excited state |r) and two ground
states |e) and |g). The transition |g) — |r) is coupled
with the quantized cavity mode of coupling strength
g. The transition |e) — |r) of the first atom is driven
by a classical laser field with the Rabi frequency (2, as
shown in Fig.1. Meanwhile, the transition |e) — |r)
of the other atoms is driven by another classical laser

field with the Rabi frequency {2 as shown in Fig.2.
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Fig.1. The atomic level configuration and transitions for
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the first atom. The transition |g1) — |r1) is coupled with
the cavity mode of coupling constant g and detuning A.
The transition |e;) — |r1) is driven by two classical laser

fields with the detunings A and —A’.
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Fig.2. The atomic level configuration and transitions for
the j-th (j > 1) atom. The transition |g;) —
pled with the cavity mode of coupling constant g; and

r;) is cou-
Ir5)

detuning A. The transition |e;) — |r;) is driven by a

classical laser field with the detuning A.

Here we assume that the first atom is located at one
antinode of the cavity mode and the other atoms are
located at another antinode of the cavity mode. In
this case we can address selectively the first atom and
the other atoms by two focused external laser beams,
respectively. Assume that the two classical fields and
the cavity mode are detuned from the respective tran-
sitions by the same amount A. Consider the case of
A> (1, (X, g, 7, where 7 is the atomic spontaneous
emission rate. If the atoms are initially populated in
the ground states, the probability for the atoms to be

populated in the upper level |r) is negligible and the
atomic spontaneous emission is suppressed during the
evolution. The classical fields and the cavity mode
induce the Raman coupling between the two ground
stats |e) and |g). In addition, the transition |e) — |r)
of the first atom is driven by a classical field with the
Rabi frequency 2] and detuning —A’. On condition
that A" > 2/, g this classical field induces only a
Stark shift in the state |e). The effective Hamiltonian

is

9/2 2
He = lex) (e "‘Z lej) (€]

Z
Jj=2
~ g’
+ZZ alg;) (g5l

"0
+Z%g (aSt +als;), (1)

where a and o' are the annihilation and creation op-
erators of the cavity mode, and Sf = |le;) (g;| and

~ = |g;) (e;] are the rising and lowering operators
for the j-th atom. The first term describes the Stark
shifts for the first atom induced by the two classical
fields driving it, the second term describes the Stark
shifts for other n—1 atoms induced by the correspond-
ing classical field, the third term describes the photon-
number dependent Stark shifts induced by the cavity
mode, and the other terms describes the Raman cou-
pling between the two ground states. We define the

‘excitation’ number operator as

n
N, = Z le;) (e;] + ata. (2)
j=1
Since N, commutes with H,, the ‘excitation’ number
conserves during the interaction.

We now consider the cavity decay. Suppose that
the photon decays are continuously monitored. On
condition that no detection of photon has been reg-
istered the system is governed by the non-Hermitian
Hamiltonian

H, = H, —ira'a, (3)

where k is the cavity decay rate. Assume that the

system is initially in the state

[(0)) = 9n) » (4)

where |0) represents the vacuum state of the cavity

|Oe1gs ...

mode. In this case only the first atom has one “ex-
citation” and thus the whole system evolves in the
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subspace with the “excitation” number being 1. Set

712_9/%:&22 (5)
A Al A

2y =+/ng, and

1

Suppose that 24/A? + A3 < k, where \; = 19/ A
and A\ = vn — 1ihg/A = /(n —1)ng?/A. After an
interaction time ¢ the evolution of the system is given
by

900 =gy {8 A2 |
A+ 177

A1 A2

eat/2 + e—at/Q K e—at/2 _ eat/Q
- 0e1g2 -+ gn)

o 2

at/2 _ eoct/2

o1 nt/2
« 2
where
16) =———(/0 )
= €203 ... 0n
m g1€293 g
+10g192€394 - - - gn) + - ..
+ |Ogl'~'gn—16n>)7 (7)
a= /K2 — 4N\ + \2). (8)

Here we have discarded the common phase factor
e~12%t/A Under the condition of e~(*~9t/2 <« 1 and
e~ (nt)t/2 « 1 the coefficients of the terms multiplied

|

A1

‘¢a> - )\% +A§

Ao le1ga...gn) — €293 . .
2\192 9> m(|g1 293

. 1_ e—Ht/Z e(xt/? + e—(xt/? K e_at/Q _ eut/? |¢>
A+ A3 5

a 2

119192 gn) (6)

by the damping factors e~ (F=®)t/2 and e~ (v+)t/2 zre
much smaller than 1 and thus can be discarded. In
this case the quantized cavity mode is in the vacuum
state. The first atom exchanges energy with the other
atoms via interaction with the quantized cavity mode
and classical fields. In other words, the quantized cav-
ity mode and classical fields play a role in transferring
With the help of the cavity mode
and classical fields, the first atom shares the ‘excita-

the ‘excitation’.

tion’ with the other atoms. This leads to the entangled
state

Gn) + 191926394 - gn) + ... F 191 gn—1€n))| . (9)

Choosing A" = 2A, 2 = (n— 1) = (n — 1)y/ng and 2 = \/2(n — 2)ng we have Ay = v/n — 1\a. Then the

state |¢,) can be rewritten as

1
|wa> =

~

which is a W state. The probability for obtaining such
a state is 1/n.

3. Purification of entanglement

Up to now, we have not considered the nonunit
detection efficiency 7. Due to the imperfection of the
photodetector, a photon may escape from the cavity

le1g2 - gn) — |g1€293 - - - Gn) — |g192€3G4 - - gn) — .. — |91+ - Gn-1€n)], (10)

but no click is observed, which reduces the fidelity.
Therefore, the atomic system is in the mixed state

p= =) (1 1) loga- o) (10204101 0]
(1)

In order to purify the entanglement we use a third
ground state | f). After the transformation |g;) — | f;)
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we have is registered the evolution of the system is governed
by the non-Hermitian Hamiltonian

p==n) (1= ) [ffaeeef) Gfoeo £

H) = H] - ika'a, (14)
+ 16" (¢, (12)
where
where " 92 "
H = Dy j i j
) = (leafs o fu) = |freafs o fo) = . 25 ol 2 o o)
*|f1~-~fn71€n>)' (13) —I—Z%(CLS;_—I-GTS]-_). (15)
j=1

Then we drive the transition |e) — |r) for the first
atom and the other atoms by using two classical fields ~ Set 2 = ¢g and consider the imperfection of the pho-
with the same Rabi frequency {2 and detuning A, re-  todetector. After an interaction time 7 the state of
spectively. On condition that no detection of photon  the whole system evolves into

|

(1—-mn) (1 - ) 0f1f2. . fu) (Ofifa... ful + 5a([0g1f2 ... fn) (Og1fa. .. fal
+10f192f3 - fne1fn) (Of1g2f3 - fnoaful + .o +10f1f2 o fno1gn) (Ofifa- .. fno19nl)

+1¢") (9], (16)
where
- BT/ 4 g BT/2 [ oBT/2 _ oBr/2 99 e=FT/2 _ oT/2
") =pe (T - G e - 2 | U £
eﬁT/Q _|_ e_ﬁT/Q F e_BT/Q _ egT/Q 29 e_ﬁ"'/2 — eﬂ‘r/2
_K . -3 . >0e2>—ﬁ21|1gg>]|f1f3...fn>—...
eﬁ"'/2 + e_ﬁT/Q F e_ﬁT/Q _ eﬁT/Q 29 e_ﬁ"'/2 — eﬁ‘r/2
(e re oy e,
(17)
B = /Kk?—4g*/62, (18)
and

2
=(1-n) {1 - ie*’” [eﬁT/Q (1 + g) + e A7/2 (1 - g)] +e"”gi (e*'@T/z - eﬁ7/2>2} . (19)

The registering of a click at the photodetector projects the atoms to the W state

6a) = %(Iglfzj% ) — 1 frgafs e fa) = \fifae Faign)). (20)

Here we have used the normalized state. During this stage, if we wish to wait for a time 74 to detect the photon
the probability of success is

2 2
_ n 1 — KT, Bra/2 r —B7a/2 r —krq 91 —B7a/2 Bra/2 2
P—n{1_4e d|:e d/ <1+ﬂ>+e d/ 1_5 + e d?(e d/ — € d/> . (21)
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If the time 74 is long enough so that e~ ("=A7a <« 1
and the probability of reaching such a state is n/n. As
the success of the scheme is conditional on the detec-

4. Physical realization

We now briefly address the experimental feasi-
bility of the proposed scheme. The required atomic
level configuration can be achieved in Cs atoms. The
hyperfine levels |F =4,m =1), |F'=4,m =0), and
|F'=4,m = —1) of 6S;/5 can act as the states |e),
lg), and |f), respectively, while the hyperfine level
|F" = 5,m’ = 1) of 6P3/, can function as |r). The cav-
ity mode is right-circularly polarized, and the classical
fields driving the transition |e) — |r) are m-polarized.
In order to perform the transformation |g) — |f) we
excite the transitions |g) — |h) and |f) — |h) by us-
ing a pair of classical fields, where |h) is an auxiliary
excited state. The hyperfine level |F' =5 m/' = —1)
of 6P3/, can act as [h). The two classical fields are
detuned from the respective transitions by the same
amount. In the case where the detuning is much larger
than the respective coupling strength, the upper level
|h) can be adiabatically eliminated and the two clas-
sical fields just induce the Raman transition between
the states |g) and |f). We can obtain the required
transformations by adjusting the phases of the classi-
cal fields and interaction time appropriately. As long
as the classical pulse is strong enough the atom-cavity
coupling is negligible during the application of the
pulse.

In a recent cavity QED experiment on Cs atoms
trapped in an optical cavity, the corresponding atom-
cavity coupling strength is ¢ = 27 x 34 MHz.['7] The
decay rates for the excited atomic states and the cav-

tion of a photon, the imperfection of the photodetector
reduces only the successful probability, but does not
affect the fidelity of the entangled state.

ity mode are v = 27w x 2.6 MHz and x = 27 x 4.1 MHz,
respectively. Set n = 3, 1 = 2v3g, & = /39,
A = 308, and A = 30g, then the Raman cou-
pling strengths A; and Ay will be \; = 2,9/A =~
27 x 1.13MHz and Ay = v2f%g/A =~ 27 x 0.8 MHz.
The parameters o and (§ are about 27 x 3.02 MHz
and 27 x 3.42MHz. The atoms are virtually excited.
The effective decoherence rate due to the atomic spon-
taneous emission is 7/ = v27/A? = 2w x 650 Hz.
The interaction times ¢t and 7 are on the order of
t =~ 5/(k—a) ~ 4.63us/2r and 7 = 5/(k — ) =~
7.35 us/2w. The infidelity induced by the decoher-
ence is on the order of 7/ (t; +7) ~ 7.8 x 1073, The
present scheme is valid for the Lamb—Dicke regime. In
a recent experiment,*® the localization of the Lamb—
Dicke limit of the axial motion was demonstrated for
a single atom trapped in an optical cavity.

5. Conclusions

We have proposed a scheme for generating multi-
atom W states in an optical cavity. Our scheme can
work in the regime where the cavity decay rate is
much larger than the effective atom-cavity coupling
strength, which is important in view of experiment.
The interaction time does not need accurately adjust-
ing. The generation of entangled atoms is conditional
upon the detection of a photon and thus the fidelity
of the entanglement is insensitive to the detection in-
efficiency.
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