CHIN.PHYS.LETT.

Scheme for Generation of Entanglement among Bimodal Cavities
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We present a scheme for generation of an entangled state in many spatially separated bimodal cavity modes via

cavity quantum electrodynamics. A V-type three-level atom, initially prepared in a coherent superposition of
its excited states, successively passes through both the bimodal cavities. If the atom is measured in its ground

state after leaving the last cavity, an entangled state of many cavity modes can be generated. The conditions to

generate the maximally entangled state with unity probability are worked out.

PACS: 42.50. Dv, 42.50. Pq, 03.65. Ud

Entanglement is recognized nowadays as a cor-
nerstone in the fundamental of quantum physics and
source of diverse applications in quantum information
and computation devices.'"?l In recent years, vari-
ous quantum systems have been suggested as possible
candidates for engineering of quantum entanglement;
among them the cavity quantum-electrodynamics
(QED) systems are always paid to with more atten-
tion. On the one hand, numerous proposals in cavity
QED have been made for entangling atoms coupling
to the cavity modes.3=1% On the other hand, many
proposals have been presented to generate entangle-
ment of cavity modes. For example, several schemes
were proposed to entangle single-mode cavities.['1—13]
Gerry studied a model of single-photon nonlocality in
which two separated cavities are prepared in an entan-
gled state containing only one photon.[*!! Plenio et al.
presented a proposal for the robust experimental gen-
eration of a single-photon entangled Bell states in the
modes of two spatially separated cavities mediated by
short interaction with an two-level atom.['?] Guo et al.
presented a scheme for preparation of the three-cavity
W-state via cavity QED.[!3! Furthermore, many pro-
posals have been put forward to entangle two modes
in a single cavity.['*~'6! However, to the best of our
knowledge, the scheme for the generation of entangle-
ment among bimodal cavities has not been reported
up to now. In this Letter, we solve such a problem.

Let us first examine the case of two cavities. The
setup considered here is depicted in Fig.1. The cavi-
ties A and B are spatially separated bimodal cavities.
One mode is left-circularly polarized and the other is
right-circularly polarized. A V-type three-level atom
is successively sent into two bimodal cavities. After
leaving the second cavity, the atom is measured by
ionization detector D. Suppose the cavities A and B
are the identical bimodal cavities with one mode being
left-circularly polarized (L mode) and the other right-

circularly polarized (R mode). A V-type three-level
atom, with a ground state |g) and two excited states
|L) and |R), is successively sent into the cavities A

and B.
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Fig. 1. Experimental setup.
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Fig. 2. Atomic level structure.

The atomic level structure is shown in Fig. 2, with
a V-type three-level atom with a ground state |g) and
two degenerate excited states |L) and |R). Here we as-
sume the transition |L) < |g) is coupled to the L mode
and the transition |R) <> |g) to the R mode, respec-
tively. For simplicity, we assume that the atomic tran-
sitions are resonant to cavity modes and the atomic
spontaneous emissions to the other modes are ne-
glectable. In this case, the interaction Hamiltonian
takes the following form

Hy=h Y Melanlk)(gl +aflg)(k), (1)
k=L,R

where the subscripts £ = L and R present the left- and
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right-circularly polarized cavity modes respectively;
a;: and ay, are the creation and the annihilation opera-
tor of the photon of the mode k, and )\, is the coupling
constant between the atom and the mode k. If the ini-

tial atomic state is prepared in —2(|L> +|R)) and the

cavities are in vacuum state |05,0g) = (0);, ® |0) g, we
can solve the Schrodinger equation and calculate ex-
actly the state of the subsystem (e.g. atom + cavity
A) after the interaction has taken place. We suppose
that the time interval of the atom crossing the cavity
A is 71 and that of the atom crossing the cavity B is
To. After the atom leaving the cavity A, the state of
the subsystem atom plus cavity A evolves to

|B(7)) = % [cos(Azm)|L}|020R) 4

+ cos(AgrT1)|R)|0LOR) 4
—isin(Ap71)|¢)|1L0R) A
— isin(/\RTl)|g>|0L1R>A]- (2)

Now we consider the interaction between the atom
and the modes of cavity B. In this process the initial
state is |®(71)) ® |0L0r)p. Note that the last two
terms on the right-hand side of Eq.(2) for the atom
in its ground state would remain unchanged after the
atom crosses the cavity B. In this case, only the por-
tion

1
— [COS()\LTl)|L>+COS(ART1)|R>]®‘0LOR>A®‘OLOR>B

V2

can contribute to the evolution of the whole system.
In a similar way, the state of the subsystem atom plus
cavity B can be worked out. The state of the whole
system can thus be obtained, which is given in the
following form

| ¥(m1 + 12)) =C1|L)|0,0R) 4[0L0R) 5
+ C2|R)|0L0R) 4|0L0R) B
+ C3|9)|0L0R) 4|1L0R) B
+ C4|9)|0L0g) 4|0L1R) B
+ Cs19)[1L0R) a|0LO0R) B
+Cs|9)|0L1R) 4|0L0R)B,  (3)

where
Cy = cos(Ap71) COS()\LT2)/\/§7
Cy = cos(AgT1) cos(ARTz)/\/ia
Cs = —icos(A\pm)sin(AL72)/V/2,
Cy = —icos(AgT1) sin(Ar72)/V/2,

Cs = —isin(Apm1)/V2,
Ce = —1t sin()\RTl)/\/i. (4)

After leaving the cavity B, the atom is measured by an
ionization detector D.'7] If it is found in the ground

state, then state (3) will collapse to

[W') =C5]0,0r) A|1L0R) B + C4]0L0R) A|0L1R) B

+ C5|1L0R) 4|0L0R)B + Cs|0L1R) 4|0L0R) B
(5)

with the probability
P=1— (|G +|Caf?). (6)

It is obvious that the probability P is determined by
the coupling constants A\;, and Ar and the interaction
times 71 and 7.

In order to obtain a maximally entangled state in
the following form

1
W) = §[|0LOR>A|1LOR>B +10L0R)4|0L1R)B
+11.01)4|0.0g) 5 + |0L1R) 4]0L0R) B],

(7)

the following conditions are required
C3 =Cy =C5 = Cg. (8)

Supposing that the coupling constants are equal, that
is, A\, = Agr = A, we can obtain the following relation
for 7 and 7o,

tg(A71) = sin(A72). (9)

As a result, the successful probability P can be sim-
plified as

P = 2sin®(A1;) = 1 — cos(2A7y).

When the interaction times 7 and 75 are chosen to ful-
fill the conditions Ay = 7/4 and Aty = 7/2, the suc-
cessful probability P is unity. In fact, the maximally
entangled state obtained here is a W state of two bi-
modal cavities. Compared to the Greenberger-Horne-
Zeilinger (GHZ) state, the W state is much less fragile
relative to particle loss. When one traces over one of
the particles, entanglement is completely lost in the
GHZ state. In the case of the W state, the remaining
two parties still share significant entanglement. Re-
cently, many proposals have been put forward for the
generation of a W state in various systems.!'8—23]
The scheme proposed here can be easily general-
ized to produce entangled states of more than two bi-
modal cavities. In the case of three bimodal cavities,

1
starting with the system initial state EOL) +|R))®

[0L0Rr)A®|0L0R) B®|0L0R) ¢, We can calculate exactly
the whole system state by solving the Schrodinger
equation in a similar way. Under the assumption of
the interaction time in the last cavity being 73, the
state evolves to

|lp(7']_ +T2 +’T3)>
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= D;|L)|00) 4|00) 3|00)c + D2|R)|00) 4|00) 5|00)
+ [D3]|00) 4|00) 5|10)c 4+ D4|00) 4/00) 5|01) ¢
+ D5]00) 4]10) 5|00)c + Dg|00) 4]01) 5|00) =

+ D7]10) 4]00) |00)c + Ds|01) 4]00) 3|00)c]|g),
(10)

where we neglect the subscripts £ = L and R for the
sake of simplicity,

Dy = cos(Ap71) cos(AL72) cos(ALTs)/V/2,

Dy = cos(Apmy) cos(AgTs) cos(ArTs)/V/2,

D3 = —icos(Apm) cos(ALme) sin(Ap7s)/ V2,
(AgrT1) cos(ArT2) sin(ArT3)/V2,

D5 = —icos(Apm)sin(Ap72)/V2,

Dg = —icos(ArTy) sm()\RTg)/\/_

D7 = —isin

D4 = —icos

/
/ (11)

Then we measure the atomic state. If it is in ground

ALT1

S o2

(AL71)
Dg = —isin(Agm)

state, the entangled state of three bimodal cavities can
be obtained in the following form

|W') = D3]00) 4]00) 5|10) + D4|00) 4|00) 5|01) ¢

+ D5|00) 4]10) 5|00) & + Dg|00) 4|01) 3|00)

+ D7[10) 4|00} 5|00)c + Ds|01) 4]00) 5|00)
(12)

with the successful probability

P =1—(|D1|* +|D2f). (13)

Supposing the coupling constants are equal, when
the interacting times are chosen to fulfill the condi-
tions Ay = arcsin(1/v/3), tg(Am1) = sin(\7y), and
tg(Am2) = sin(A73), the successful probability P is
unity.

Similarly, in the case of n identical bimodal cavi-
ties, we can obtain a maximally entangled state of 2n
modes

W \/_Z |00Y1]00)5 - - - [01), - - - [00),,

+[00)1]00)3 ++[10); -+ 00),)

(14)

with the successful probability nsin®(A7;). When the
interaction times are chosen to fulfill the conditions
A1y = arcsin(1/y/n) and tg(A7,_1) = sin(A7,), the
probability is unity.

In the above discussion, we have neglected the in-
fluence of the atomic spontaneous emissions and that
of the decay of each cavity. In fact, these influences de-
crease more or less the fidelity of the resultant entan-
gled states. In order to overcome the influence of the

atomic spontaneous emissions, a Rydberg atom can be
used in the experiment. It has been reported that the
radiative lifetimes of excited states have reached the
order of 30 ms. In free space, the atom can propagate
a few maters at thermal velocity before decaying.!®!
As for the influence of the decay of each cavity, we
can adopt high-@Q cavities. In a recent paper, for ex-
ample, the Q-value of the cavity has been reached as
high as 4 x 10'°, corresponding to a photon lifetime of
0.3s.[24] In this way, these decoherence influences on
the entanglement fidelity can be controlled to a low

extent.

In summary, we have presented a scheme for prepa-
ration of the maximally entangled state of modes in
spatially separated n identical bimodal cavities via
cavity QED. This scheme is based on the passage of
a V-type three-level atom through resonant bimodal
cavities. We find the conditions for generation of a

maximally entangled state.
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