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Generation of superpositions of coherent states
for an atomic sample in cavity QED*

Zheng Shi-Biao(#fL4x)t

Department of Electronic Science and Applied Physics, Fuzhou University, Fuzhou 350002, China

(Received 2 May 2008; revised manuscript received 15 May 2008)

This paper proposes a scheme for generation of superpositions of coherent states of the effective bosonic mode in

a collection of atoms. In the scheme an atomic sample interacts with a slightly detuned cavity mode and a resonant

strong classical field. Under certain conditions the atomic system evolves from a coherent state to a superposition of

coherent states.
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In recent years, much attention has been paid
to superpositions of macroscopically distinguishable
states, i.e. the so-called Schrodinger cat states.[]
Though such superposition states are formed by states
having closest classical analogues but they may ex-
hibit various nonclassical properties due to the quan-
tum interference between the coherent components.?
Schrodinger cat states are of significance for exploring
the boundary between quantum and classical worlds
and understanding the decoherence effect in quantum
information. The macroscopic superposition states
also provide a test for quantum measurement theory.
In the measurement model, the coupling between a
macroscopic apparatus and a microscopic system re-
sults in their entanglement and produces a quantum
superposition state of the whole system. Schemes have
been proposed for generation of such superposition
states in cavity QED.3~% These superposition states
have been experimentally realized for a cavity field.!®!

In addition to the cat states of harmonic oscilla-
tors and electromagnetic fields, there has been interest
in another kind of superposition state, associated with
a collection of two-level atoms. It has been shown that
superpositions of two atomic coherent states may also
exhibit nonclassical properties, such as oscillations in
the atomic population and squeezed fluctuations.!”
The composite atom—field system is a qualified can-
didate for generating quantum states of the atomic
system. Recently, Zhang et al have studied the dy-
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namics of a cavity QED system, in which a collection
of atoms are trapped in a double-well potential and
interact dispersively with a damped and driven cav-
ity mode.[® Gerry and Grobe have proposed a method
for generating superpositions of atomic coherent states
via dispersive interaction of the atomic system with a
cavity field followed by state reduction.”) Ling and
Guo have shown that a large number of atoms may
evolve to a superposition of two atomic coherent states
by resonantly interacting with a quantized field.["!
This method requires that the field initially is pre-
pared in a superposition of two coherent states. Agar-
wal et al have shown that, under certain conditions,
the effective interaction between atoms in a dispersive
cavity leads to the superposition of atomic coherent
states.['9 The scheme requires that the detuning be-
tween the atomic system and the cavity mode is much
larger than the atom—cavity coupling strength. Fur-
thermore, the detuning should increase as the number
of atoms increases and thus the required interaction
time increases with the number of atoms.

In this paper we propose an alternative scheme for
generation of superpositions of collective atomic co-
herent states through interaction with a cavity mode
and a strong classical field. Unlike the scheme of
Ref.[9], our scheme does not require that the cavity
mode is initially prepared in a superposition state. In
contrast with the schemes of Refs.[7] and [10], the
detuning between the atomic system and the cav-
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ity mode is of the order of the atom—cavity coupling
strength and the operating speed is independent of the
number of the atoms, which is important in view of
decoherence.

Suppose that an atomic sample involving N
atoms is trapped in a single-mode cavity and driven by
a classical field. Each atom has one excited state |e)
and one ground state |g). In the rotating-wave approx-

imation, the Hamiltonian is (assuming A = 1)11:12]
N
H =wy Z S.;+ weata
j=1

N
+ Z[g(aJrS; +aS;)
=1

+ Q(S;re_iwt + S;eiwt)], (1)
where
ST =les) (g5, S; = lgs) (el
1
x5 = 5(les) (el = 1g5) {951), (2)

a™ and a are the creation and annihilation operators
for the cavity mode, respectively, g is the atom—cavity
coupling strength, (2 is the Rabi frequency of the clas-
sical field, wg is the atomic transition frequency, w, is
the cavity frequency, and w is the frequency of the
classical field. Under the condition wy = w, the inter-

action Hamiltonian, in the interaction picture, is
N
Hy =) [g(e”a’S; +eaS])
j=1

+ 2(8F +57)], (3)

N
where § = wg—w,. The free Hamiltonian wy Z S.i+
j=1
waata is used for the transformation to the interaction
picture.

Define the new atomic basis

[+5) =

75 (195) + les)).

7
1
|—j) = \E(Igﬁ —lej)), (4)

then we can rewrite H; as
al 1 1
Hi=Y" {g [e“”aJr (Uz,j +507 - 2%)
j=1

1 1
i eﬁa(%,] + 20J ~ 5% )] + QQO'Z,]} (5)

where
= [+;) (=515 o5 =[=5) (+3],
1
025 = 5(1+5) (il = 1= (=) (6)
The time evolution of this system is decided by
Schrodinger’s equation:

Ay
PO — ey, 7)
Performing the unitary transformation
(1)) = ey (1)) (8)
with
N
HOZQQZUz,ja (9)
j=1
we obtain a1 (1))
S = w1)), (10)
where
al 1 1
_ —i5t _+ +,210t — -2t
Hi’;g{e a <ozﬁj+2 0" —Soje >

. 1 1
+ el(;ta/(o-z’J + 20;6_21'Qt 2 J+ 21Qt>:|. (11)

Under the condition {2 > 4,9, we can neglect the
terms oscillating fast,['!) then H! reduces to

N
H = Zg
j=1

—idt + + el5ta)az - (12)

Set

N

> 1=

j=1

N

Dol (=l

Jj=1

S
1= Q\H %\H

450 (il (13)

<.
I
—

then we have
b0 =12,
[ny, bT] = b,
[nb,b] = —b. (14)

Suppose that N is much larger than 1, and where 7
is the average number of the atoms in the state |+).
Then b, b+ can be regarded as the bosonic operators
and the atomic system can be regarded as a bosonic
system.[®! The Hamiltonian can be rewritten as

H] = g(e ®'a™ + e%a)(bTh — N/2). (15)
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The evolution operator for Hamiltonian H] can be

written as[t3]
U’(t) :e—iA(t)(b+b—N/2)2e—iB(t)(b*b—N/Q)a

« efiC(t)(b+b7N/2)a+' (16)

Using the Schrédinger equation

au' (t)
at

= HU' (b, (17)

i
we obtain
t g .
B(t) :/ gelotdt = Z (e — 1),
0 io

t
o) = [ geritar = S )
0 —i

t
A(t) =i / B(t')ge~ %" at’

0

2

g 1 it

=Lty = 1. 1

ek e ) (18)

Under the condition

ot = 2m, (19)

we have

U'(t) = o ig?t(bTb=N/2)%/5 (20)

The whole evolution operator of the system is given
by

U(t) =e Hoty' (1)
:eiNQtfiNzg2t/(46)7i(2(27Ng2/6)tb+b7ig2t(b+b)2/6'

(21)

Assume that the atomic sample is initially in the co-
herent state

9(0)) = |a) = e lel*/2 > % )y, (22)
then we have

(1) = o2 YT P mintas - (93)

n!

where
Oé/ — ae—i(QQ—NgZ/é)t. (24)

We here have discarded the common phase factor
eiN_Qt—iNZgzt/46. Setting

g*t)6 =72, (25)

we can rewrite [1(t)) as'4

_ L apre N [pima@'n
[5(0) = o leP 2 3 e S8

|
n=1 n:

+ ei“/4(\/a£n} In)
— 1 (efiﬂ/él |Oé/> +efi7r/4 |*Ot/>). (26)

7

By this way we obtain a superposition of two coher-
ent states with same amplitude but opposite phases
for the collective atomic mode. Setting § = 2¢ and
gt = m, we find that Egs.(19) and (25) can be satis-
fied.

It is necessary to give a brief discussion on the
experimental feasibility of the proposed scheme. For
the Rydberg atoms with principal quantum numbers
50 and 51, the radiative time is about T, = 3 x 102 s,
and the coupling constant is ¢ = 27 x 25kHz,[1%
then the required interaction time is ¢t = 2 x 10765,
and the decoherence rate of the atomic sample is
given by |af®> /T:.19 Set |a/*> = 100. Thus the infi-
delity induced by the atomic spontaneous emission is
about |a|®t/T, ~ 0.67 x 1072
field is initially in the vacuum state, then the aver-

Suppose the cavity

age photon number during the interaction is of the
order of n~ ¢?/6%2 ~ 1. Very recently, an ultrahigh
fineness Fabry—Perot resonator with a damping time
T, = 0.13s has been built.['8] The infidelity induced
by the cavity decay is about fit/T, ~ 1.54 x 1075,
With the whole decoherence effect being considered
the fidelity is about 0.99.

In conclusion, we have proposed a scheme for gen-
eration of superpositions of coherent states for a col-
lective atomic mode in cavity QED. The scheme does
not require that the cavity field is initially in a su-
perposition state. The detuning between the atomic
system and the cavity mode does not need to be much
larger than the atom—cavity coupling strength and the
required interaction time is independent of the number
of the atoms. This is important for the suppression of
decoherence. With available experimental techniques,
the scheme might be realizable.
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