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Generation of nonclassical states
in a large detuning cavity*
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By using the theory of cavity QED, we study the system in which a two-level atom interacts with a cavity in the

case of large detuning. Through the selective detecting of atomic state, Schrédinger cat states and entangled coherent

states are easily generated. When the atom is driven by a weak classical field and the cavity field is in the Schrédinger

cat state, we study the conditions of generating the Fock states and the maximal success probability. The maximal

success probability in our scheme is larger than the previous one.
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1. Introduction

The generation of various nonclassical states of an
electromagnetic field is an important topic in quantum
optics.[!] The particular interest is how to generate the
Fock states, because these states exhibit fluctuations
in intensity. According to the theory of cavity QED,
many schemes have been proposed to generate Fock
states by using resonant interactions between two-
level atoms.>~4 In order to generate the N-photon
state one should use N atoms. One- and two-photon
states of a cavity field have been generated in this
way.l%) On the other hand, other schemes have also
been proposed for generating the Fock states by us-
ing a single atom,/~!2l but none of them has been
implemented in the cavity QED. Recently, the pro-
duction of a two-photon state has been reported by
using a single atom in a high-Q cavity.['®l In Ref.[14]
Zheng proposed a scheme in which a two-level atom
was sent through the cavity and driven by a weak
classical field. The atom interacted with the coher-
ent state field in the condition of the larger detuning,
and Zheng pointed out that the success probability of
generating a three-photon Fock state was 0.166.

Recently, more and more people have been inter-
ested in Schrodinger cat states. So far, many schemes
have been presented to generate such states. Yurke
and Stoler!’] have shown that under certain condi-

quantum optics, the Fock state, Schrodinger cat state, entangled coherent state

tions, a coherent state propagating through an ampli-
tude dispersive medium can evolve into a superposi-
tion of two coherent states with a phase difference of 7.
Gerry['®! has proposed a technique for generating the
superposition of four coherent states symmetrically lo-
cated on a circle in phase space according to the the-
ory of dispersive cavity QED. Brune and Harochel'”!
have proposed a method to convert an initial coher-
ent state of a field into a superposition of four co-
herent states based on the detection of the dispersive
phase shift produced by the field on the wave func-
tion of non-resonant atoms crossing the cavity. Guo
and Zheng['8! have presented a scheme for generating
Schrédinger cat states with controllable weighting fac-
tors based on state-selective measurements on atoms
passing through a non-resonant cavity, and so on. In
this paper, we also present a method to generate cav-
ity field Schrodinger cat state via cavity QED in the
case of large detuning. Here we can see that the cav-
ity field Schrodinger cat state is generated more easily
now than before. Much attention has been paid to
the entangled coherent states in the study of quantum
entanglement.'9=21 Many methods have been stud-
ied to generate the entangled coherent state. In our
scheme we can generate the entangled coherent state
easily through Bell-state measurement.

According to Ref.[14], choosing the cavity field
which is in the Schrédinger cat state, we can acquire
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our desired Fock state much more easily than before.
The maximal success probability of generating the de-
sired Fock state in our paper is larger than in Ref.[14].
That is to say, our scheme is more feasible.

2. Theoretical model and genera-

tion of Schrodinger cat states

We consider a two-level atom interacting with a
single-mode cavity and driven by a classical field. The
Hamiltonian is

H =wyS, +weata+ gla™S™ +aS™T)
+e(STe W 4 57elh), (1)

where a™ and a are the creation and annihilation op-
erators for the cavity field, respectively; S, = |e)(e| —
l9)(g|, ST =|e){g|] and S~ = |g){e| are the inversion,
raising, and lowering operators for the atom, respec-
tively with |e) and |g) being the excited state and the
ground state of the two-level atom; wy, w, and w are
the frequencies respectively for the atomic transition,
cavity mode, and classical field; g is the coupling con-
stant between the atom and the cavity field; € is the
coupling constant between the atom and the classical
field. In the interaction picture the Hamiltonian for
the system is given by

Hy = Hy + Hip, (2)

where
Hip = g(a+S_e_i5t + aS+ei6t), (3)
Hio = e(Stel4t 4 §—e14Y) (4)

with 6 = wyg — w, and A = wg — w. Suppose that the
detuning ¢ is much larger than the coupling strength,
and there will be no energy exchange between the

atom and the cavity mode. Then the atom—cavity in-
teraction is dispersive and thus the Hamiltonian Hy ;
can be rewritten as/?2

Hiy = 5 (aa®[e)(e] —a*alg)(g).  (5)

Equation (5) holds when §>>¢v/M. M is the mean
photon number of the cavity field.

The time evolution of this system is determined
by Schrodinger’s equation

()

) — (). 0

Perform the unitary transformation

W (t)) = et w (1)), (7)
then we will obtain
O ), 0

where
2
Hi, ZE(S+ei[A+gT (aa®+aTa)lt

+ S—e—i[A—i—%(aa*-i-a*a)]t)). (9)

In this system, the Schrédinger cat state is easy to
generate. Assume that there is no coupling between
the atom and the classical field, then the theoretical
model will be that a two-level atom interacts with a
single cavity in the case of the large detuning. The
effective Hamiltonian for the system can be given by
expression (5), then the unitary evolution operator be-
comes

U = e it (10)
We consider that the cavity is initially in a coherent
state [u) = >, fnln) and the atom is initially in the
state of %(|g> + |e}). The time evolution of the sys-

tem state can be obtained to be

#(0) =U S lhm & %am +le)]

7

2
—o—i% (aaT[e)(e|—aTalg){g]) 1
i n) ® + e
§n [fnlm) 2(|g> le))]

1 . g2 . g2 -
=5 2 Jale e ) e, )
n

Sl

2, _g? &2
=— (e ue T e) + |ue T g)). (11)
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The two-level atom is measured at time ¢t in the
(le) £ |g)) basis, leaving the field in the state

V2
| ¥r) :%

Equation (12) shows that the measurement of the

—iﬁt' —iﬁt' iﬁt/
5 Tty + 5 12
(e |pe ) £ [pe ))- (12)

atomic state will produce the superposition of the co-

. g2,
herent states N(|a)+e'?|3)), where o = pelst, 3
. g2, ’
pe 5t = —%zt’, and ngt #2nm, (n=0,1,2,---).

3. Generation of Fock state

We consider that a two-level atom is sent through
the cavity and driven by a weak classical field. Assume
that the cavity is initially in Schrodinger cat state

1

N(|a) +¢'?|3)), where N = nd

, &
V/2 + 2 cos pe—la—Al
the atom is initially in the state |g), then the state of

the coupling system (¢ = 0) will be
|7 (0)) = N(|a) +€|8)) @ |g), (13)
where |o) = Y07 Crhln), |B) > o pnln) and

n n
o2«

C,=e =2 —.
Vn!

o

=

N|

, with p, = e~ In the case

5

. Apt / A2
4 :N(Cn + 61¢Pn)e_1AT (COS ( €2+ Tnt) +

of n > |al?, and n > |B]?, both |C,|* and |p,|?
decrease fast as n increases. Therefore, there ex-
ists such an integer M that > >° . |Cyh|> < 1 and
>on it lonl* < 1 hold true. In the case, the coher-
ent state approximates the superposition of the first

M + 1 Fock states, i.e.

M M
) =Y Culn), 18) =D paln).  (14)
n=0 n=0

After an interaction time (¢ > 0), the state of the
whole system is

|#'(8)) =) _[Ciln, g) + Caln,e)].

n

(15)

Substituting expressions (9) and (15) into Eq.(8), we
can obtain
102 = aClem"t,

iC) = eChe 40t (16)

g
where A,, = (2n+1) 5

= + A. Considering the initially
condition (13), from Eq.(16) it follows that

iA,

\4e?2 + A2 °

(%)

. cApt 28 A2
C ——iNC'n+e‘¢ne‘27sin<“52+—”t>. 17
After an interaction time ¢ the state of the whole system is
M .
) A A2 iA A2
' (t)y~N Cp +€%p, {e_‘%t<cos < €2 + —"t) + —— _sin ( €2+ —"t)) n,g
=N ) 1)+ e (Ve ) o
Apt 2¢e A2
—ie' 2 —————sin €2+ —2t||n,e)|. 18
V4?2 + A2 ( 4 ) | >] 1)
|
If we now detect the atom in the state |e), the cavity 4 14 140 for In) (nng) An = 2(n —np)g* Then
field collapses into ’ o
we have
o iAm ” 2% | We(t))2NeN[(Crg + €' ) sin(et) o)
| We(t))=Ne > Net ™5 (Cp + € pp) —ees ,
= Vit + A7 + 3 (@t ppaln),  (20)
x sin < €2+ Tt> In), (19) where
and NN is a normalization factor. Choose the fre D g 2 sin (\/82 + AL t) (21)
c . - n — e — — .
4de? + A2 4

quency of the classical field appropriately such that
An, = 0. In this case, for the Fock state |ng) the
atom is tuned to being in resonance with the classical

A2
In the case g?/6 > ¢ and |sin < g2+ T"t

>|<<1,
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pnKl (n#ng). Thus, for Fock states |n) (n#ng) the
atom has a negligible probability of undergoing a tran-
sition. Therefore, the final field state approximates
the Fock state | W.(t))~N.N(Ch, +€'®py, ) sin(et)|ng).
The success probability of the scheme is N2|(C,, +
e'?p,,)sin(et)|?. In Ref.[14] Zheng proposed that a
two-level atom was sent through a coherent cavity and
driven by a weak classical field, and the success prob-
2.

ability of Zheng’s scheme was |Cy,, sin(et)|?. For sim-

plicity, take 8 = ae'’, then we will have
- N?|(Cpy + € py, ) sin(et)|?
B |C), sin(et)|?
:N2|1 + l(@+6n0) |2

11+ ei(¢+9no)|2

T2+ 2cos pe—(2—2cosB)|al?”

(22)

Equation (22) shows that we can choose 6 and ¢ ap-
propriately, the maximal success probability of our
scheme is larger than that in Ref.[14]. For example,
set ¢ = m, 8 = 7w, and ng to be an odd number, then

”y:m>2;set¢20,9:ﬂ',andno to be
4
an even number, then v = 27 9o 4l ~ 2. So we

can improve the maximal success probability of gen-
erating the Fock state.

Assume that the cavity field is initially in the so-
called even or odd cohelrent state N(|a) + €¢| — a)),

where N = then ¢ = 0 and

V2 + 2 cos pe—4lel’
¢ = 7 will respond to the even coherent state and

the odd coherent state,[?3] respectively. The atom in-
teracts dispersively with the cavity field and the weak
classical field. If we detect the atom in the state |e},
at time ¢ the cavity field will collapse into

M
~ . nt . 2
| T, (£) =N, S N “# (O, + €90 ) ——m

rd " 4e? + A2

X sin (\/52 + AT%t) [n). (23)

Also if A,, = 0 and p,<1 are satisfied,
|, (t))~N N (Chy + e'?C, ) sin(et)|no). The success
probability of generating the desired Fock state is

N2|(Cpy + e'C, )sin(et)?
=N2|[1 + €'?(—1)™]C,,, sin(et)|?. (24)

In the case where ¢ = 0 and ng is an even number
and in the case where ¢ = 7 and ng is an odd num-
ber, the maximal success probability of our scheme is
larger than that in Ref.[14]. For example, we choose

o

[
(Cual? =72 (25)

|O‘|2 = No,

and ng = 1, ¢?/6 = 5e¢ and ¢°t/§ = 5—7T, then the
maximal success probability of this scheme can reach
0.749. One-photon state is very useful for the quan-
tum communication, here we can generate |1) easily.
But in Ref.[14], the maximal probability of generating
the one-photon state is only 0.368.

In Ref.[14], Zheng showed that the successful

probability of generating the three-photon states was

5
0.166. We can set ng = 3, g2/ = 5¢, and g*t/6 = g,

then the maximal success probability of generating
state |3) can reach 0.448. It is necessary to give a
brief discussion on the experiment. For the Rydberg
atoms with principle quantum numbers 49, 50, and
51, the radiative time T, is about 3 x 10~ 2s, and the
coupling constant ¢ is 27 x 24kHz.['324 With the
choices of 6 = 8g and g = 40e, the required atom—
cavity—field interaction time is 7/(2¢) ~ 4.2 x 10~%s
for the generation of state |3). A cavity with a de-
cay time T, ~ 1073s is achievable. Therefore, based
on cavity QED techniques existing presently the pro-
posed scheme might be realizable. We can see that
the fidelity of generating the desired Fock state in our
scheme is the same as that in Ref.[14].

4. Generation of entangled coher-

ent state

We now turn to the problem of generating a two-
mode entangled coherent state. Considering two two-
level atoms dispersively interacting with two single-
mode cavities, the two cavity modes have the same fre-
quencies and coupling strengths with the atom. Sup-
pose that |§] is much larger than the coupling strength,
then the effective Hamiltonian will be

2
g
He; = g(az‘aﬂ@i}(eﬂ — a; ailgi)(gi])- (26)

Assume that the cavities are initially in coherent state
|w) = >, fnln) and the atom is initially in the state
E(|gl> + |e;)) (i = 1,2), then the initial state of one
cavity will evolve into the following form:
1
V2
22y ey 1924
(775 lue™ "5 ") es) + e T gi)), (27)

[ ()i = e ) @ —=(lg) + les)

where o = pelst, = pe %t ¢ = —%t, and
g%t
5 #2nm,(n=0,1,2,---). Then we can acquire the
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state of the whole system as follows:

1) =[] 5 la)les) + 18)lg:))

S

55 | 5 lee) + 99D o) +e705. )

— —=(lece) ~1g.9)e (0. ) — 213, 5))
+ (. +le.g) ([, 0) +16,)
- 5(lg.6) = le.g(nB) = B.o)) | (29)

where N is the normalization constant. Expression
(28) shows that we can acquire the four entangled co-
herent states by measuring the four Bell-states, re-

spectively.

5. Conclusion

We have proposed a scheme for generating a
Fock state via the driven Jaynes—Cummings model,
in which a two-level atom interacts with both a clas-
sical field and a quantized cavity field. Firstly, we
give a scheme to generate the superposition of two co-
herent states. Secondly, we choose the cavity to be a
superposition state of two coherent states, so the max-
imal success probability of generating the desired Fock
state in our paper is larger than that in Ref.[14]. That
is to say, the scheme we have proposed is more feasi-
ble. Our scheme may open the way to the Fock state
engineering. Finally, we propose a scheme for gen-
erating four entangled coherent states via Bell-state

measurement.
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