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Generation of cluster states for cavity fields*
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This paper proposes an alternative scheme for generating cluster-type of entangled coherent states. This scheme

is based on resonant interaction of a two-mode cavity with a two-level atom driven by strong classical fields. Thus the

required interaction time is greatly shortened, which is very important in view of decoherence.
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Quantum entanglement, one of the intriguing fea-
tures of quantum mechanics, plays a fundamental role
in the demonstration of quantum nonlocality.!] Tt is
also recognized nowadays as a very useful resource
in quantum information and computation, such as
secret key distribution, teleportation,®! and dense
coding.l! Due to its diverse and promising applica-
tions, much efforts have been devoted to the gener-
ation of entangled states both theoretically and ex-
perimentally. Most of the researches in quantum in-
formation processing is based on quantum entangle-
ment of two qubits. In the past few years, there
was much interest in quantum entanglement of many
qubits. For instance, schemes have been proposed for
the generation of the multi-atom Greenberg—Horne—
Zeilinger (GHZ) state and W state.l®] Recently Briegel
and Raussendorf introduced another class of entan-

(6] The cluster states

gled states, i.e., the cluster states.
have a large persistency of entanglement and can
be regarded as a resource for other multiqubit en-
tangled states. Thus cluster states become an im-
portant resource in quantum information. Therefore
a number of schemes for generating cluster states
have been proposed in both cavity quantum elec-
tronic dynamics (QED) and ion trap. Zou and
Mathis proposed a scheme for generating four-photon
polarization-entangled cluster state,l”) and generat-
ing a four-atom cluster state via the resonant atom-—

cavity interaction.!®! Cho and Lee showed a method

for the generation of cluster states based on the cav-
ity input—output process and the single-photon po-
larization measurement.®) In a recent paper Zheng
has given two schemes for the generation of four-qubit
cluster states in ion-trap systems.?!

More recently Becerra-Castro et al proposed an
experimental scheme for generating cluster-type en-
tangled coherent states for four cavity modes.['!] The
scheme uses two bimodal cavities, a single two-level
(Rydberg) atom and a dispersive atom-field inter-
action. Here we propose an alternative simplified
scheme to generate a cluster-type of entangled co-
herent states in cavity QED. Unlike the scheme of
Ref.[11], our scheme requires resonant interaction be-
tween the atom and cavity field. And the four cavity
modes are initially prepared in the vacuum state. The
interaction time is very short, which is important in
view of decoherence.

The interaction of a single mode (frequency w,) in
a cavity of high quality factor with a two-level atom
(transition frequency wg) driven by a classical field
(frequency wy,) is described by the Hamiltonian (as-

suming h = 1)[12:13l

H = wS. +weala + gla'S™ +aS™)
+0(STemlwrt 4 gmeiwety (1)

where a™ and a are the creation and annihilation oper-

e tel -

ators for the cavity field respectively. S, = 5
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19) (g]), St =] e) (g, and S~
field coupling strength, and {2 is Rabi frequency of

=| g) (e|, g is the atom—

classical field. Under the condition wy = w = wy,, in
the interaction picture, we obtain interaction Hamil-
tonian

Hy=g,(a'S™ +aST)+2(ST+S7). (2
Define the new atomic bases
l+) = (|9> +le)),

=) = —=(g9) —le)), (3)

E\H%\

then we can rewrite H- as

HY = () +) {+] = | =) (-]
+ 5 al () (H = | =) =1+ 1)
X (+ = | +) (=) + HCI. (4)

The Hamiltonian H" in the new interaction pic-
ture yields

H = Zal (| 4) (+] = | =) (| +e75% | )
(] = €% | +) () + H.C], (5)
where Hy = (| +)(+|— | =) (=]). In the strong

regime, i.e. {2 > g, we can neglect the terms oscil-

lating fast. Then the effective Hamiltonian can be
written as
Lot

Hig = 59 +a)(|4) (+] = [=) (=), (6)

thus the evolution operators for the system can be
written as

U= —1H0t —1Hefft. (7)

Now let us describe our scheme. Figure 1 displays

the setup for the generation of cluster-type entangled

coherent state. The atom is produced in zone B by

the excitation of a velocity-selected atomic beam ef-

fusing from oven O. Cy and C5 represent two identi-

cal bimodal cavities, Fy, Fy, F3, Fy are four classical

fields. R is a classical field tuned to the transitions

1 1
l9) — ﬁ(lg>+\e>), [ ﬁum -

D.(Dg) stand for atomic ionization detector for the

le)), respectively.

state |e) (]g)). The two bimodal cavities sustain two
nondegenerate orthogonally polarized modes, A and
Bin C; (C and D in Cy).1'4

Fig.1. The setup for the generation of cluster-type entan-
gled coherent state.

To generate the cluster states in the four modes
of the two bimodal cavities, we first send the two-
level atom (transition frequency weg), in a ground
state |g), through the cavity C;. The atom driven
by an external classical field F; (frequency wq) in-
teracts resonantly with mode A (frequency w,) in
The other

mode B remains unaffected.!?l Assume that the two

cavity C7 for an interaction time t4.

cavities are initially in the four-mode vacuum state

10)410)510)c 10)
w1, the system evolves as follows:

| ¢ (ta)) = U | $(0))
= o iHytg—iHonta 19)10) 4 [0) 5 10) 10)
N %[” [+) [=a) 4 10) 5 10 0)

+el %4 =) @) 4 [0) 5 10) 0) ], (8)

. Under the condition wey = wq =

where o = igt 4/2.

We then switch off the classical field F; and tune
the atom resonantly with the mode B. Meanwhile,
we drive the atom with another classical field Fy (fre-
qUency we = wegy) in cavity Cy. After an interaction
time tp (assume tp =t4 =t) the state of system is

|67 (t5)) = U | 6" (ta))
1

= S5l ) =)y o) (00 00,
7|2y a) 4 [0) 5 10)c:[0) )

- é[e-mum +1e)) =04 =0} 10} 10)

2 (lg) 1)) ) 4 l) 5 0 10) ]

- 5ng> (72 |—a) 4 |-0) 5 10)c: 0}
2 ) 4 o) 5 00 [0) )
H16) 3 |=a) 4 |0} 0) ¢ 0)
) 4 la) 5 0 10) )] )

{25. When
the atom come out from the cavity C it crosses a

Here we have assumed g, = g, = g, {4 =

Ramsey zone R, tuned to transitions |g) — —=(|g) +

V2
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l€)) = [+) and |e) — %(m —1e)) = |-). In this way

we obtain
| 67 (tB))
= S[4) €7 |=a) s |- 5 0} 10)
4 a) 4 o) 00 10) ) +

=) (€75 |—a) 4 [—a) 5 [0)¢ |0)

=M |a) 4 |0) 5 10) ¢ 10) p)]- (10)

Next the atom crosses cavity Cy and interacts res-
onantly with the modes C' and D, and classical fields
F3 (frequency ws = wey) and Fy (frequency ws = wey),
respectively. In the same way as that occurred in Cf,
then the whole state of the system is

| ¢ ())tor = %[I+> (e —a) 4 |=a) g =) [=a)p +a) s a) g =)o [=a) p)

+1=) (=) [=a) g la)e o) p — ¥ Ja) 4 o) 5 ) ¢ [a) p)]

= 5519 (€ =0} =)y = [=a)p + fad o) |0 ol

+l=a) 4 ) pla)o|a)p — et ) 4 la) g ) o @) p)
+le) (e7 M |—a) 4 |—a) g |—a)c [—a)p +la) s ) g |[—a)c|—a)p

+e!' % Ja) 1 Ja) g la) o la) p = [=a) 4 |=a) g ) o) p- (11)

Choosing the Rabi frequency {2 approximately so that 2t = 2kr is fulfilled, we have

| ¢ ())tor = %Hm (=) al-a)pl=ac|=a)p +la) 4 la) g |=) o |=a)p

Tlma)al=)gla)cla)p =) 4 ) gla)ela)p)
+le) (I—a)s l—a) g |—a)e =) p +a) s la) g | =)o |-

+la)4la)pla)e ) p — =) 4 |—a) g o) o @) pl- (12)

We now detect the state of the atom. If we find the atom in the state |g), then the field collapses onto the

four-qubit coherent cluster state

[ Phe = 5(1-a)4 I=a)s |=a)c | —a)p + o) s lad s I=ade o)

Ftlma)al=alplajcla)p =) 4 la)glerela)p). (13)

Finally we give a brief discussion on the experi-
mental realization of the proposed scheme. To gen-
erate the cluster state |p)., the relations |a| = gt/2
and 2t = 2km must be fulfilled. Setting g ~ 27 X
51kHz,['% 2 = 10g, k = 7, and |a| = 2 (when |a| = 2,
(a | —a) = 0 ), we can obtain ¢ ~ 14 us. The total
travelling time of the atom is about T, = 10 x 4t =
560 us. For Rydberg atom with principle quantum
numbers 51 (level |e)) or 50 (level |g)), the lifetime has
the order of T, = 30ms. In a recent experiment,”
cavity decay time is T = 130ms. For the state |¢)c,
the decoherence time is about Ty = T¢/2 |o|* ~ 16 ms.
Note that the total time T;.; is less than the decoher-

ence time Ty and the radiative time T,. So the scheme
maybe experimentally feasible within the realm of mi-

crowave.

In conclusion, we have proposed an alternative
scheme to generate the cluster-type of entangled co-
herent states. It is based on resonant interaction of
two two-mode cavities with a two-level atom driven by
strong classical fields. In our scheme the cavity modes
are initially in vacuum states. Since the atom reso-
nantly interacts with two cavity modes, the required
interaction time is very short. This is very important
in view of decoherence.
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