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Creation of cluster coherent states via
cavity QED
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Abstract: A scheme is proposed for the creation of cluster-type entangled coherent states via cavity QED.
Based on the large detuning condition interaction between a three-level A type atom driven by two classical
fields and two bimodal cavities, the spontaneous emission of the atom can be ignored. Moreover, the initial
states of the two cavity fields are all prepared in vacuum. In this scheme, it is shown that the cluster-type
entangled coherent states can be generated after the atomic measurement, and the experimental feasibility

is also discussed.
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1 Introduction

Quantum entanglement is the foundation of quantum mechanics, and is regarded as the key resource of
quantum systems. As a valuable resource, entanglement has been applied in quantum information processing
such as quantum cryptographyl!! and quantum teleportation?!. Due to its potential of quantum states to
exhibit relationships that cannot be accounted for classically, much theoretical and experimental effort have
been focused on the creation of entangled states. In the past few years, the proposal of quantum entanglement

with many qubits have attracted much attention. For example, the schemes of Greenbery-Horne-Zeilinger
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(GHZ) statel3], W statel¥] and cluster statel’] have been presented. Recently, another class of entangled states,
i.e., the cluster states with a large persistently of entanglement, have been proposed by Briegel and Raussendorf.
Cluster states are important resources for quantum error correction!! and multi-particle entanglement!”, so
there are great interest in the creation of cluster states.

A number of theoretical schemes for generating cluster states have been presented in all kinds of physical
models, such as cavity QEDE~11 superconductor charge qubits!'?l and quantum dot system!*3!. For instance,
Zou et al.[¥] present two experimental schemes to generate the cluster states in microwave cavity QED. In addi-
tion, Tanamoto et al.l'?! propose a proposal for producing entangled cluster states by a one-touch entanglement
in charge qubits. Guo et al.l'3] present an efficient one-step generation scheme for cluster states in quantum
dot molecules. With the development of technique, cluster states have been realized in experiments[*4:15],
In Ref.[14], Kiesel et al. experimentally analyse a four-qubit photon cluster state. Recently, there are great
interest in the generation of cluster-type entangled coherent states!®1® where resonant interaction between
cavity fields and atom is occured.

In this paper, we propose a scheme to generate cluster-type entangled coherent states. Our scheme is
performed under the large detuning condition, thus the spontaneous emission of atom can be ignored. In our
scheme, we do not need prepare the initial coherent states due to initial vacuum states of cavities. The paper
is organized as follow. In sect. 2, we introduce the three-level A type atom model, and calculate the evolution
of the state. In sect. 3, we describe the creation of the cluster-type coherent states of two bimodal cavities.

In sect. 4, we show the discussion and summary.

2 Theoretical model

We consider a three-level atom in A configuration crossing a two-mode cavity fields. The atomic level
configuration of the model is described in Fig.1(b), where the atomic levels |r) + |g) and |r) < |s) are coupled
to the jth cavity mode (j = 1,---,4) with coupling strengthes g; and g» and detunings §; and . At the same
time, two classical fields with Rabi frequencies 2, and (2; drive the same atomic levels. The coupling constant
g1(g2) and the Rabi frequency {24 ({2) are assumed to be the same for each cavity. In the interaction picture,

the Hamiltonian can be given by (A = 1)
H = giafe g} (r| + gaafe 2'|s)(r| + e ! |s)(r| + oe = |g)(r| + h.c. (1)

where aj and a are the creation and annihilation operators for the cavity field, respectively. Under the large
n g &
&1’ 61 0y o
the effective Hamiltonian can be obtained as

detuning condition when { } < 1, we can eliminate adiabatically the excited level |r). Thus

Heg = —(l/a;_ +v*a;) (ot + ), (2)

027 2
where v = 915 1 = 92(5 2 ot =s){(g| and o = |g)(s| are the rasing and lowering atomic operators, respectively.
1 2
1

We change the atomic bare-state basis into dressed-state basis, i.e., |+) 73

(lg) £ |e))- So the effective

Hamiltonian is rewritten as

Hep = —(val +v"a)) (4)(+] = |-)(=]) - ®)
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Fig.1 (a) The setup for the creation of cluster-type entangled coherent state. Here an atom is sent through two
bimodal cavities A; and Az, and is finally detected by a field ionization detector D. (b) The sketch of a

three-level atom in A configuration. The atomic levels |r) <> |g) and |r) <> |s) with detuning d; and d2

3 Creation of cluster-type entangled coherent states

In this section, we propose a scheme to create cluster states via cavity QED. Now let us describe our
scheme. Fig.1(a) displays the setup for the creation of cluster-type entangled coherent state. 4; and A, denote
two identical bimodal cavities and C;(i = 1,2, - -, 8) are eight classical fields. The two bimodal cavities consist
of two modes, respectively, modes 1 and 2 in A;, 3 and 4 in A,, as shown in Fig.1(a). We assume that the
initial states of the two bimodal cavities are in the vacuum states, and the atom is initially in the ground state
|9). Hence the initial state of the system is

1
V2

and the atom is driven by two external classical fields C; and Cs in cavity A; for an interaction time ¢;. The

[¥)o = 19)10)110)2[0)3|0)a = —=(|+) + |=))|0)110)2[0)5]0), (4)

other mode 2 of cavity A; remains unaffected. The evolution of the system under the Hamiltonian can be
drived as

1
V2

with a = ivt;. We then turn off the classical fields C;,Cs and turn on the another classical fields C3, Cy. The

lp(t)) = Ulp(0)) = —=([+))1]0)2|0)3]0)a +[=)| — @)1]0)2[0)5]0)4), (5)

atom interacts with the mode 2. After an interaction time t» (assume t; = t; = t), the state of the system is
1

V2

After leaving cavity A;, we let the atom go through the first Ramsey zone R. The interaction will transform

%(H-) —|=)). Thus Eq.(6) becomes

lp(t2))2 = Ulp(t1)) = —=([+)@)1]2)2(0)3]0)4 + [=)| — a)1] — @)2]0)3|0)4).- (6)

at [+) — i2(|+> +]-)) and |) -

%

lp(t2))2 = %[|+)(|a)1|a)2|0)3|0)4 + | = a)1| — @)2]0)3]0)4)+
[=)(la)1|a)2]0)3]0)s + | — a)1] — a)2|0)3]0)4)]- (7)

Next the atom crosses cavity As and interacts with the modes 3 and 4, and the classical fields C5, Cg and

C7, Cg, just like the cavity A;, then the whole state of the system is
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lo() ot = %[ [ (le)i]adz|e)s|a)s + | — a)i] — a)z|e)s|a)s)+
|=)(le)1]adz] — a)s| — a)s — | — a)1] — ado| — a)s| — a)4)] =
%[lg)(la) la)2|a)s|a)s + | — a)1] — a)a|e)s|a)s+
la)ia)z| — a)s| —a)s — | —a)1] — a)2| — a)s| — a)a)+
le)(la)1]a)2|a)sle)s + | — 1| — a)a|e)s|a)s—
la)i|a)z| — a)s| — ada + | — a)1] — a)2| — a)s| — a)a)]- (8)

We now measure the state of the atom, if the measurement result is |g), then the field collapses into the state

= %(Ia)lla)zlahla)z; +| = ah| = a)la)s|a)a+

la)1]a)a| — @)s| — a)s — | — a)1] — a)a| — a)s| — a)a), 9)

lorh

which is a cluster-type entangled coherent state, however, if the measurement outcome is |e), the system state

becomes

lpg)e = %(|a>1|a)2|a)3|a>4 +| = a)| — a)ala)sla)s—
la)1]a)z| — @)s| — a)s + | — a)1] — a)2| — a)s| — a)4). (10)

4 Discussion and conclusion

We give a brief discussion on the experimental feasibility of our program. To create the cluster state, the
enough long lifetimes of the atom and cavities should be needed. In our scheme, due to the large detuning
condition, we can ignore the atomic spontaneous emission and only consider the lifetime of the cavities. In
a recent experiment!'”l, cavity decay time T} is about 10~! s. The decoherence time Ty of cluster state is
about 1072 sl®. According to the experimental parameters!'® we choose & = 2, ¢ = 2.2r x 102, 2 = 107 Hz,
and can obtain the interaction time between atom and one cavity mode is ¢; ~ 10~7 s. While the atom cross
one Ramsey zone is Tr ~ 1078 5. To our scheme, the required time T of preparing a cluster state is about
4x (4x107"+4x1078) ~ 107% 5. It can be seen that T is much smaller than the decoherence time of the
cluster states. Our scheme might be feasible in experiments along with the process of the technology.

In conclusion, we present a scheme to create cluster-type entangled coherent states of cavities. In our
scheme, the high-level of the atom is eliminated adiabatically under the large detuning condition. Moreover,

the cavity fields are initially in vacuum states, we do not need to prepare the initial coherent states.
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