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This paper proposes an efficient scheme for deterministic generation of entangled coherent states for two atomic

samples. In the scheme two collections of atoms are trapped in an optical cavity and driven by a classical field. Under

certain conditions the two atomic samples evolve from an coherent state to an entangled coherent state. During the

interaction the cavity mode is always in the vacuum state and the atoms have no probability of being populated in the

excited state. Thus, the scheme is insensitive to both the cavity decay and atomic spontaneous emission.
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Entanglement is one of the most striking features
of quantum mechanics, which is not only an essential
ingredient for testing quantum mechanics against local
hidden variable theories,[!] but also a key resource for
the implementation of quantum information process-

ing tasks, such as quantum cryptography!?!

and quan-
tum teleportation.l?] Because atoms are ideal for the
storage of quantum information and photons are suit-
able for the transportation of quantum information,
the cavity QED system is a qualified candidate for
entanglement engineering and quantum information
processing. Numerous schemes have been proposed
for the generation of entangled states for two or more
atoms via interaction with a cavity mode.l*=7 Recent
advances in microwave cavity QED techniques, along
with Rydberg atoms interacting with a superconduct-
ing cavity, allow the test of many interesting quantum
effects arising from the interaction of atoms with a
quantized cavity field. Up to now, entangled states
involving two or three atoms have been produced in

experiment. (5]

The above mentioned researches concentrate on
entanglement of individual atoms. The creation and
measurement of macroscopic entanglement are impor-
tant for exploring the fuzzy quantum-classical bound-
ary. In addition to fundamental interest, the en-
tanglement between two atomic samples has appli-

cations in quantum communication. Schemes have

been proposed to entangle two atomic samples with
linear optics.['%11] However these schemes are proba-
bilistic and the success probability depends upon the
efficiency of the photodetectors.

This paper presents an alternative scheme to gen-
erate entangled coherent states for two collections of
atoms in an optical cavity. In the scheme the atomic
samples interact with the cavity mode and a classical
field. Under the large detuning condition the cavity
mode and classical field induce Raman coupling be-
tween two atomic ground states. When the difference
between the detunings of the cavity mode and clas-
sical field is much larger than the Raman coupling
strength, the atomic samples do not exchange energy
with the fields. However, the dispersive Raman inter-
action results in the coupling between the two atomic
samples. After an appropriate interaction time, the
two atomic samples evolve to an entangled coherent
state due to the atom—atom coupling. During the pro-
cedure the cavity mode is always in the vacuum state
and the atoms are always populated in two ground
states. Thus both the cavity decay and atomic spon-
taneous emission are suppressed. Furthermore, the

scheme is deterministic.

We consider two collections of identical three-level
atoms trapped in a single-mode optical cavity. The
two atomic samples involve N1 and N» atoms, respec-
tively. Each atom has two ground states |e) and |g)
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and an excited state |r). The transition |e) — |r) is
driven by a classical laser field with a Rabi frequency
{2, while the transition |g) — |r) is driven by the cav-
ity mode with the coupling constant g. Assume that
the classical field and cavity mode are detuned from
the respective transitions by A; and As, as shown in

Fig.1.
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Fig.1. The atomic level configuration and transitions.
The transition |e) — |r) is driven by a classical laser field
with the Rabi frequency (2 and detuning A1, and the tran-
sition |g) — |r) is coupled to the cavity mode with the
coupling constant g and detuning As.

In the interaction picture, the Hamiltonian is

Ny
H = 3 (2620 ry ) (e 5] + gac™= 1 ;) (g15])
j=1
N2
+ ) (267 [ra5) (ea 5] + gae' ! [ra 5) (92,51)
j=1

+H.c., (1)

where @ is the annihilation operator of the cavity
mode. Under the condition Ay, As > 2, g, the up-
per level |r) can be adiabatically eliminated, hence we
obtain the effective Hamiltonian!12:13]

He = He71 + _E[e)27 (2)
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j=1
N2
2 Aa85;e £ atSy ) @)
j=1
Qg (1 1

and S, = |g1,5) (e1j|. He,1 describes the Stark shifts
for the two ground states |e;) and |g;), induced by the
classical field and cavity fields, and H, 2 describes the
Raman coupling between the two ground states.

In the case § > A, there is no energy exchange
The
energy conversing transitions are between |e; jgm k7)

between the atomic systems and the cavity.
and |g; jemkn). The effective Rabi frequency for
the transitions between these states, mediated by
|91.;9mkm + 1) and |e; jem xn — 1), is given byl6:13]

(e1,jgm k1| Hilgrjgm kn + 1) (g1 jgm xn + 1 Hi g jem k1)

N =

)

n (e1,j9m kn| Hi ler jem xn — 1) (e jem kn — 1| H g1 jem k)

)\2

5

Since the two transition paths interfere destructively,
the Rabi frequency is independent of the photon-
number of the cavity mode. Then the nonresonant
Raman coupling leads to the Stark shifts and atom-—

atom coupling, hence Hy 5 can be replaced byl!6:13]

-4
(5)
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The entire process is a four-photon transition.!3:14

Since ata commutes with the total effective Hamilto-
nian He 1 + H¢ 5, the photon-number does not change
during the process. When the cavity mode is initially
it will remain in the vacuum
Then the Hamilto-

in the vacuum state,
state throughout the procedure.
nians He 1 and H, 2 reduce to

QQ N2 QQ
Hey = Ay leng) fengl + T le2g) (e251 (7)
j=1 71
and
N1 N2
Hl o= X[ lens) (enjl+ > leas) (ea,]
j=1 j=1
N1 N2
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We can rewrite Hg 5 as
H{,= X575, 9)
where
N, No
St =D S+ S
j=1 j=1

Ny No
T =) S+ Sy (10)
j=1 j=1

The operators ST and S™
lations of the angular-momentum operators.

obey the commutation re-

Assume that each atom is initially in the state
(14163 Y2(|gi;) + € er;)). In this case each atomic

system is initially in the coherent statel'®!

N
6N = (L4 (€)M M k), (11)
k=0

where |k;) are the symmetric states with k; atoms in
the state |e),

k1)

= Z Pj(|el,17 6[72, sy

J

€l.k> 9l k+1, 91, k+25 - - -gl,Nz>)a

(12)

where {P;} denotes the set of all distinct permuta-
tions of the N; atoms. The initial state for the whole
system can be written as

|§a N1> |§a N2>
N; Ns

NZNTN TR |y ) (k)

k1=0ko=0

N
NZN R |gn) (13)
k=0

= (1+¢%)

= (1+¢%)
where

ok = Y [k — ko) [ka) |

ko=0
N = Ni+ Ns. (14)

The application of the collective raising and lowering
operators to the state |¢;) leads tol'l

ST or) = V/(k+1)(N — k) [ér11),
S k) = VEN —k+ 1) |[¢r-1) . (15)

Thus we have

(He + He o) |61)
92
= A_k+Ak(N kE+1)]| o) - (16)

The time evolution of the system is given by

N
NN RN g (17)

k=0

(1) = 1+ €%

. 2 ’
where ¢ = 5671[%1“‘ (NH)]t. With the choice X't =

T
5 we obtain

N
NN o). (18)

k=0

() = (1+ €]

We can rewrite |¢(t)) as

(1)) = <= (1+ 1))~

-

N
x> [  gn) + e A(=E ) * [6n)]
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(19)
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Using Eq.(13) we can also rewrite |¢(t)) as

() = —=(1+ 1€ F) V2 [, M) [€, Vo)

+eiiﬂ-/4 |_§7N1> |_§7N2>)' (20)

S

By this way we obtain an entangled coherent states for
the two atomic samples. It should be noted that the
two atomic samples are entangled via coherent evo-
lution and no conditional measurement is required,
which is in contrast with the previous schemes.[10:11]

We now give a brief discussion on the experi-
mental implementation of the proposed model. Set
A =209, 6=0=g, I =k =0.01g,'" where I
and x are the decay rates for the atomic excited state
and the cavity mode respectively. Then we obtain
A~ ¢/20 and X ~ ¢/400. In this case the conditions
Ay, Ay > 2, g and § > X are satisfied. The required
interaction time is t = 2007/g. The atomic samples
and the cavity mode are virtually excited. The ef-

fective decoherence rates due to the atomic sponta-
neous emission and cavity decay are I'' = I'g?/A? =
2.5 x 107% g and k' = kA2/6% = 2.5 x 1075 ¢,118] re-
spectively. The infidelity induced by the decoherence
has the order of (I'" + k')t ~ 3.14 x 1072, In order
to individually address the two atomic samples we as-
sume that they are located at two separate antinodes
of the cavity mode.

In summary we have proposed a scheme for
the preparation of entangled coherent states for two
atomic samples in an optical cavity. There are two
distinct advantages of the scheme, one is that the cav-
ity mode is always in the vacuum state, the other is
that the atoms have no probability of being populated
in the excited state. Therefore, the scheme is insensi-
tive to the cavity decay and the atomic spontaneous
emission. The scheme does not involve conditional
measurement and the entangled state is deterministi-
cally obtained.
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