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two cavity modes via resonant interaction
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This paper proposes a scheme for the generation of entangled coherent states for two cavity modes. In the scheme a

V-type three-level atom is sent through a two-mode cavity filled with a coherent field. After the atom—cavity interaction

and detection of the atomic state the cavity modes may evolve to a superposition of two-mode coherent states. As the

scheme is based on resonant atom—cavity interaction, the required interaction time is short, which is important in view

of the decoherence. Moreover, additional classical pulses are unnecessary before and after the atom—cavity interaction.
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The superposition principle, which is one of the
most important principles in quantum mechanics, not
only successfully explains various phenomena in the
microscopic level, but also plays a fundamental role
in quantum information processing. However, the ex-
tension of this curious principle to the macroscopic
world would cause conceptual difficulty, since effects
predicted by superposition contradict our observation
and measurement of macroscopic systems, as noted
by the famous Schrodinger cat paradox.[! It is widely
accepted that decoherence causes the transition from
quantum to classical worlds. As the decoherence rate
increases as the size of the system increases, the coher-
ence in macroscopic systems loses too fast to observe.

In quantum optics, Schrodinger cat states are de-
fined as superpositions of coherent states, which have
classical analogs. Various nonclassical properties may
emerge from such states due to the quantum interfer-
ence between the coherent components.[?! In the con-
text of cavity QED, a number of theoretical schemes
have been proposed for generating such states.>=¢! In
Ref.[3], Brune et al have shown that the detection of
atoms passing through a nonresonant cavity can con-
vert an initial coherent state into a superposition of
several coherent states on a circle in phase space. In
Ref.[4], Garraway et al have proposed a scheme for
generating such states based on the two-photon res-
onant interaction of a single-mode field in a high-Q

cavity with initially excited atoms.

In the past few years, there are multi-mode
Chai has stud-
ied superpositions of two-mode coherent states and

generalizations of the cat states.

shown that, under ceratin conditions, such super-
position states can exhibit various nonclassical fea-
tures such as sub-Poissonian photon number statistics,
two-mode squeezing, and violations of the Cauchy-
Schwarz inequalities.l”) Such superposition states are
also referred to as entangled coherent states.[® Ansari
et all”? and Dodonov et all'?! have also investigated
The
strong correlations between these modes can be re-

the multi-mode even and odd coherent states.

sponsible for the nonclassical features especially for
the two-mode case. We have presented a scheme for
the generation of two-mode cat states through the dis-
persive cavity QED.[M1

In this paper we propose an alternative method
for preparing such states for a two-mode cavity field.
Unlike the previous scheme,'!! the present scheme
is based on the resonant atom-field interaction and
thus the required interaction time is greatly short-
ened, which is important for the suppression of de-
coherence. Furthermore, the present scheme does not
require additional classical fields before and after the
atom—cavity interaction.

First we send a V-type three-level atom through
a two-mode cavity initially filled with a two-mode co-
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herent field. The two upper levels are denoted by |e)
and |f) respectively, while the lower level is denoted

by |g).
pled with mode 1, and the transition |g) —

le) is resonantly cou-

1) is

resonantly coupled with mode 2, respectively. In the

The transition |g) —

interaction picture, the atom—cavity interaction is de-
scribed byl12:13]

H = g(a™" |g) (el + 0" |g) (f]) + h.c., (1)

where at and b are the creation operators for the
cavity modes 1 and 2, respectively. We here assume
that the two transitions have the same coupling con-
stant g with the respective cavity modes.

Assume that the atom is initially in the state |g) .
The two cavity modes are initially in the coherent
states |a) and |0), respectively. The coherent state

|a) can be expanded by

&)= Culm), (2)

where

O olal?z A (3)
" ml

After an interaction time t the system evolves to the

state
= Z Z CrCh, cos(82,, nt) |g, m, n)
m=0n=0
—isin($2, nt) <‘?;/m le,m —1,n)
+gwwﬁmm—w>y @)
Qm,n
where

O = Vm+ng. (5)

We can rewrite Eq.(4) as
[¥(t))

= i i {Can COS(-Qm,nt) |g>
m=0n=0
c. gv/m+1

'Qerl n

fntl smmmHMﬁﬂ}mm»
m,n+1
©)

We assume that the initial coherent field is strong
enough so that |af,|B| > 1. In this case the widths
Am and An of the photon number distributions obey

|:07n+1 b111(*9771-"-1,nt) |€>

O Cri1

the inequalities 1 < Am < m and 1 < An < 7,
with m = |a|® and 7 = |B|® being the mean photon
numbers. Thus we havel'

29 ™ || e

mHM:eid’cm, (7)

Crnt1 = el

and
m ip
c. 22 BBl ~ o0, 3
+ = Vg O @
where
e’ =a/lal, ¥ =p/g. (9)

This leads to
[v(t))

ZZCC{COS at) |g)

m=0n=0
—i |: 1¢g\/

m—+1,n
u,pgv

m,n+1

1

Sln(QerLnt) le)

mmmmﬂmﬁﬂ}mm»um

Under the condition |a|,|5] > 1, the ranges of the
photon number distributions are much smaller than
the corresponding mean photon numbers, thus we can
also obtain

NS Ok
— (m+n)t/?

(11)

Qerl,n

and
gvyn+1 nl/?
T (m+n)t/?

Then |1 (t)) can be approximately rewritten as

()
ZZC Ch {cos nt)|g)

m=0n=0

12
Qm+1,n ( )

T, /2 '
i [e ¢W sin(2m+1,nt) |€)

21/2
7 sin({2m,n+11) |f>)] } |m,n). (13)

+el®

(m+n)
Assuming gt/(m +n)'/? < 1 we have
vm 4 n+ 1gt ~/m + ngt, (14)

and

ZZC Cn {COS (vV'm + ngt) |g)

m=0n=0

—isin(v/m + ngt) [ei¢

/2

e

_ R1/2
__Wgﬁﬂ}mm» (15)

(m+n



No. 6

Generation of entangled coherent states for two cavity modes via resonant interaction - - -

2145

The detection of the atom in the state |g) collapses
the cavity modes to the state

Pc(t))
~ N, Z Z CinCh, cos vV/m + ngt lm,n), (16)
m=0n=0

where A, is a normalization factor.
Expanding \/m + n into a Taylor series around

m+n—(m+n)?
75[ +(m+51)3/+2 Loy an

Since the photon number distributions satisfy m +
n— (m+a) ~ Am+ An ~ m/? + 2'/2 we obtain
[(Am)% 4 (An)?)/(m+7)3/? ~ 1/(m+7)Y2. We have
assumed gt/(m + n)'/? < 1 and thus can retain the
Taylor expansion only to the second term

Im+n—(m+n)

the initial mean photon number m + 72, we have Vm ¥~ (i +a)? + 2 i) (18)
m+n
o Im+n—(m+n)
_ /2 4 -
m+n = (m+n)'"+ 2 (m+n)i/2 This leads to
|
6e(t)) ~ M Z ZCan{ igt](m+n)"/? /24 (mAn) /2(m+n) 2]y o —igt](mAn)'/? /24 (metn) /2(mtn) /2 ]} Im,n). (19)
2 o
m=0n=0
We can rewrite |¢.(t)) as
Ne T igemrn)/2/2 | igt/2(mn)t/2 igt/2(m+n)t/?
‘(bc(t» ~ Ve |:e gt(m+n)t’?/ ‘ae gt/2(m+n) >‘5e gt/2(m+n) >
2
+e—igt(m+ﬁ)1/2/2 ‘ae_igt/z(m+ﬁ)1/z> ‘6e—igt/2(m+ﬁ)l/2>} . (20)

By this way, we obtain an entangled coherent
state for the two cavity modes. It should be noted
that, even though the phase difference gt/(m + n)'/?

between the two coherent states |eldt/ 2(m+ﬁ)1/2> and

ae_igt/Q(m+ﬁ)l/2> is much smaller than 1, the overlap
between the two states may be very small, because the

intensity of the field is strong.

iy o M
6h(0) = 5

[

On the other hand, the detection of the atom in
the state |e) or |f) collapses the cavity modes to the
state

| (t)) ~ N Z C Gy sin(v/'m + ngt) jm,n), (21)
n=0

which can also be written as an entangled coherent
state

oigt(m+n)/2 /2 ‘aeigt/2(m+ﬁ)l/2> ‘ﬂeigt/2(7ﬁ+ﬁ)l/2>

_e_igt(m+ﬁ)1/2/2 ‘ae_igt/Q(m+ﬁ)1/z> ‘ﬁe—igt/Z(m+ﬁ)l/2>} . (22)

It is necessary to give a brief discussion on the
experimental feasibility of the proposed scheme. For
the Rydberg atom with principal quantum numbers
= 3 x 1072
and the coupling constant is ¢ = 27 x 25kHz.[1?
Set |a| = |8] = 10 and gt = 2x. Thus the in-
teraction time of the atom with the cavity field is
t=2r/g=4x10"°

herent components |qe!9t/2(m+7) 1/2> ‘ﬁelgt/Q(m+")l/2>

around 50, the radiative time is T;

s, the distance between two co-

and ‘ae*igt/Q(m+ﬁ)l/2> ‘ﬂe*igt/2(m+ﬁ)l/2> is about
d ~ 2|a|gt/(m + n)'/? ~ 6.28. The decoherence
time of the superposition of different components is
T! = T,./2d?, where T, is the cavity decay time. Very
recently, a ultrahigh fineness Fabry—Perot resonator
with a damping time 7. = 0.13s has been built. [
The decoherence time of the cavity field is about
T! ~ 1.65 x 107%s. The infidelity induced by the

decoherence is about t/T; + t/T! ~ 2.56 x 1072,
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In conclusion, we have made a proposal for the

generation of entangled coherent states for a two-mode

cavity field. The scheme only requires a single reso-

nant interaction of a V-type three-level atom with the

cavity modes. Therefore the scheme is simple and the

required interaction time is short, which is important

in view of decoherence. Furthermore, the atom does

not need to be subjected to 7/2 pulses before entering

and after exiting the cavity.
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