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Abstract. Analytical results for the dynamical evolution of a single two-level atom coupled to an ordi-
nary heat bath and bichromatically excited with two finite bandwidth squeezed fields are presented by
solving the Heisenberg equations of motion. Photon statistics of the system in terms of the second-order
intensity-intensity correlation function are also discussed. Transient fluorescent intensity as well as inten-
sity correlation function exhibit oscillatory phenomenon even in the weak field limit. The latter also shows
enhanced delayed bunching effect. All these effects are sensitive to the bandwidth of squeezed light.

PACS. 42.50.Ct Quantum description of interaction of light and matter; related experiments –
42.50.Dv Nonclassical states of the electromagnetic field, including entangled photon states; quantum state
engineering and measurements

1 Introduction

Studies related to the dynamical evolution, the photon
statistics, spectral and radiative properties of one and
many two-level atoms embedded in a broadband squeezed
bath have been the topics of keen interest in quantum
optics. Gardiner [1] studied the interaction of a two-level
atom with a broadband squeezed bath and predicted un-
equal polarization quadrature-decay rates. Carmichael,
Lane and Walls [2] were able to discover a significant
phenomenon of sub-natural linewidth in the fluorescence
spectrum of a driven two-level atom, in the presence
of squeezed light. Atomic absorption spectrum was dis-
cussed by Ritsch and Zoller [3] in the presence of colored
squeezed vacuum. Since then many interesting results in
atom-squeezed field interaction have been reported which
include both two and three-level atoms interacting with
broad bandwidth or narrow bandwidth squeezed baths [4,
5]. In a recent study the interaction of a two-level atom
with the squeezed vacuum of bandwidth smaller than the
natural atomic linewidth was considered and the hole
burning and the three-peaked structure in spectra of flu-
orescence and transmitted field were predicted [6]. These
results essentially show that squeezed fields having pair-
wise correlations and anisotropic noise distribution can
give rise to interesting phenomena including novel fea-
tures in spectral properties of atoms, formation of pure
states and photon statistics. A more realistic model of fi-
nite bandwidth squeezed light interacting with a single
two-level atom has been studied by Vyas and Singh [7]
and Lyublinskaya and Vyas [8] where the source of the
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squeezed light employed was a degenerated parametric
oscillator (DPO) operating below threshold and a homo-
dyned DPO [9]. In another work, a two-level atom inside
an optical parametric oscillator has been considered and
hole and dips in the fluorescence and transmitted light
has been observed [10]. The interest in other sources of
squeezed light as well as its applications in a wide variety
of areas has continued unabated [11–13].

The interaction of a single two-level atom with bichro-
matic driving field has also been studied extensively both
theoretically and experimentally [14]. These studies were
motivated by the observations that the bichromatic nature
of the driving field can lead to a number of novel features
which are different from the monochromatic case. For ex-
ample, the fluorescence intensity exhibits resonances at
subharmonics of the Rabi frequency and different spec-
tral characteristics when compared with the usual Mollow
triplet. Recently, some new calculations for resonance fluo-
rescence and absorption spectra of a two-level atom driven
by bichromatic field have been reported [15]. Also, re-
ported are the effects of broadband squeezed reservoir on
the second order intensity correlation function and squeez-
ing in the resonance fluorescence for a bichromatically
driven two-level atom [16]. Coherent population trapping
and Sisyphus cooling under bichromatic illumination have
also been studied [17]. In another recent work the electro-
magnetically induced transparency (which normally oc-
curs in three-level atoms) has been demonstrated in a two-
level atom excited by a bichromatic field (one strong and
one weak field) and possibility of squeezed-light generation
has also been discussed [18].

In this work, we study the interaction of a single two-
level atom with a bichromatic electromagnetic field that is
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produced from two independent DPOs. Unlike the broad-
band squeezed bichromatic excitation considered in ear-
lier studies, the DPO produces finite bandwidth squeezed
light. Furthermore, the earlier investigations were confined
to the study of spectral changes that arise in broadband
squeezed fields. The motivation behind our study is to
investigate new features in the dynamical evolution and
photon statistics arising due to bichromatic excitation of
atom by finite bandwidth squeezed fields. It is useful to
recall that unlike a coherent source, squeezed light is char-
acterized by highly bunched photon sequence displaying
strong pairwise correlations. This difference in the under-
lying photon statistics is clearly reflected in the fluores-
cent light from the atom under bichromatic illumination.
We will see in the following that in the time evolution of
both transient fluorescent intensity as well as the second
order intensity correlation function there are oscillations
present due to the bichromatic excitation. We also observe
enhanced delayed bunching effect in this system. Both of
these are sensitive to the bandwidth of squeezed light. Un-
der coherent field excitation such effects are observed at
much higher intensities.

The model of squeezed light adopted here corresponds
to light from a degenerate parametric oscillator operat-
ing below threshold. This field can be modelled by two
real Gaussian processes with different variances and cor-
relation times [9]. Because of the finite correlation time of
incident field, atomic states and the field states develop
correlations during their dynamical evolution leading to
novel features in the photon statistics of the fluorescent
field.

The organization of the paper is as follows: in Section 2
we present the model and derive the equations of motion
governing the time evolution of atomic and field operators.
Solutions of these equations are used to discuss the time-
evolution of fluorescent light intensity in Section 3. We
discuss field statistical properties in terms of the second-
order intensity-intensity correlation function in Section 4.
In Section 5 we summarize the results of this paper and
give some concluding remarks.

2 The model and equations of motion

We consider a two-level atom with energy level separa-
tion �ω0, and allow it to interact with bichromatic field of
frequencies �(ω0 ± δ). The atom is stationary and located
at origin (r = 0). The Hamiltonian for such a system in the
dipole (i.e., atom is localized well within the wavelength
of light) and rotating wave approximation (RWA) is

Ĥ = �ω0Ŝz + iω0℘
[
Â−

1 (0, t)Ŝ−(t) − Â+
1 (0, t)Ŝ+(t)

]

+ iω0℘
[
Â−

2 (0, t)Ŝ−(t) − Â+
2 (0, t)Ŝ+(t)

]
+ Ĥfield .

(1)

Here, Ŝ±, Ŝz are atomic operators for the two-level atom
satisfying the following commutation relations:

[
Ŝ+, Ŝ−

]
= ±2Ŝz,

[
Ŝz, Ŝ±

]
= ±Ŝ±, (2)

and Ĥfield represents the energy of the electromagnetic
field, ℘ is the transition dipole moment of the atom
and �̂A(0, t) is the vector potential at the position (r = 0)
of the atom. We work in the standard Coulomb gauge so
all the field vectors are transverse. The positive and neg-
ative frequency parts of the vector potential �̂Ai(r, t) are

represented by �̂A+
i (r, t) and �̂A−

i (r, t) (where i = 1, 2; as
we have a bichromatic field), respectively. The two modes
of the bichromatic field are symmetrically located on the
two sides of the central frequency ω0. We denote them by
ω1 = ω0 + δ and ω2 = ω0 − δ. Note that the atom con-
sidered here is a two state quantum system — a standard
model in the quantum optics literature. If one considers
two magnetic sub-levels then polarization state of light
field is also to be specified.

The solutions of the Heisenberg equations of motion
for the vector potentials �̂A±(0, t) contain a source term
and a free field term as given by

�℘ · �̂A+(0, t) =
�

ω0
(β − iΓ )Ŝ−(t) + �℘ · �̂A+

free(0, t),

�℘ · �̂A−(0, t) =
�

ω0
(β + iΓ )Ŝ+(t) + �℘ · �̂A−

free(0, t), (3)

where �̂A±
free = �̂A±

1 free + �̂A±
2 free represent the solution of

the homogeneous (source free) wave equation. The param-
eter β given by

β =
(

1
4πε0

)
2
3
℘2ω3

0

�c3
, (4)

is half of the Einstein A coefficient and Γ is the radiative
frequency shift.

We can calculate the electric and magnetic fields
corresponding to the vector potentials given in
equation (3) [19]:

�̂E
+

(�̂r, t) =
(

ω2
0

4πε0c2

)
�̂r × ( �̂℘× �̂r)

r3

× Ŝ−
(
t− r

c

)
+ �̂E+

free(r, t),

�̂B
+

(�̂r, t) =
(

ω2
0

4πε0c2

)
�̂r × �̂℘

r3c
Ŝ−

(
t− r

c

)
+ �̂B+

free(r, t).

(5)

These equations express the field variables in terms of the
atomic variables. The first term is analogous to the ra-
diation field of a classical oscillating dipole of strength
℘S−(t− r/c) at the origin and �̂E+

free(r, t) and �̂B+
free(r, t)

are the free fields.
With the help of equation (1) we can write down

the Heisenberg equations of motion for the atomic
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operators as

˙̂
S−(t) = −iω0Ŝ−(t) +

2ω0

�
Ŝz(t)�℘ · �̂A+

1 (0, t)

+
2ω0

�
Ŝz(t)�℘ · �̂A+

2 (0, t),

˙̂
Sz(t) = −ω0

�

(
Ŝ−(t)�℘ · �̂A−

1 (0, t) + �℘ · �̂A+
1 (0, t)Ŝ+(t)

)

− ω0

�

(
Ŝ−(t)�℘ · �̂A−

2 (0, t) + �℘ · �̂A+
2 (0, t)Ŝ+(t)

)
.

(6)

The response of the atomic variables will be predomi-
nantly at frequency ω0 and those of the field variables at
frequencies ωi (i = 1, 2), respectively. We can then define
slowly varying dynamical variables as

q̂(t) = eiω0tŜ−(t),

�̂A+
i, free

(r, t) = eiωit �̂A+
i, free

(r, t),

q̂†(t) = e−iω0tŜ+(t),

�̂A−
i, free

(r, t) = e−iωit �̂A−
i, free

(r, t), (i = 1, 2). (7)

By substituting equation (7) in equation (6) we obtain

˙̂q(t) = −βq̂(t) +
2ω0

�
e−iδt �℘ · �̂A+

1,free
(0, t)Ŝz

+
2ω0

�
eiδt �℘ · �̂A+

2,free
(0, t)Ŝz, (8)

˙̂
Sz(t) = −2β

[
Ŝz(t) + 1/2

]

−
(ω0

�

) [
eiδt �℘ · �̂A−

1,free
(0, t)q̂(t)

+e−iδt �℘ · �̂A+
1,free

(0, t)q̂†(t)
]

−
(ω0

�

) [
e−iδt �℘ · �̂A−

2,free
(0, t)q̂(t)

+eiδt �℘ · �̂A+
2,free

(0, t)q̂†(t)
]
, (9)

where 2δ is the separation between the two excitation
mode frequencies. On integrating these equations formally,
the slowly varying atomic operators q̂(t) and Ŝz(t) can be
written as

q̂(t) = e−βtq̂(0)

+
2ω0

�
℘e−βt

∫ t

0

dt1e
(β−iδ)t1Â1(t1)Ŝz(t1)

+
2ω0

�
℘e−βt

∫ t

0

dt1e
(β+iδ)t1Â2(t1)Ŝz(t1), (10)

Ŝz(t) + 1/2 = e−2βt
[
Ŝz(0) + 1/2

]

− 2ω0

�
℘e−2βt

∫ t

0

dt1

(
e(2β+iδ)t1Â†

1(t1)q̂(t1)

+e(2β−iδ)t1Â1(t1)q̂†(t1)
)

− 2ω0

�
℘e−2βt

∫ t

0

dt1

(
e(2β−iδ)t1Â†

2(t1)q̂(t1)

+e(2β+iδ)t1Â2(t1)q̂†(t1)
)
. (11)

In these equations, for convenience, we have substituted

�℘ · �̂A+
i, free

(0, t) ≡ ℘Âi(t) and �℘ · �̂A−
i, free

(0, t) ≡ ℘Â†
i (t).

These coupled equations describe the time evolution of
the atomic operators.

By making use of these equations the behavior of var-
ious observable quantities can be discussed. In fact, with
the help of equations (10) and (11), the averages can be
calculated once the initial states of the atom and field are
specified. We assume that the driving fields are produced
by two separate DPOs operating below threshold [20,21].

The intracavity fields of such an oscillator can be
described by two real Gaussian processes in positive-P
representation. Let ai and a†i (i = 1, 2) denote the anni-
hilation and creation operators, respectively, for the in-
tracavity fields of two DPOs with their rapid time de-
pendence removed. The statistical properties of the fields
are completely specified by the steady-state correlation
functions [9]:

〈
â†i (t1)âj(t2)

〉
=
κiεi
4

[
e−λ

(i)
1 |t1−t2|

λ
(i)
1

− e−λ
(i)
2 |t1−t2|

λ
(i)
2

]
δij ,

(12)

〈âi(t1)âj(t2)〉 = eiφi
κiεi
4

[
e−λ

(i)
1 |t1−t2|

λ
(i)
1

+
e−λ

(i)
2 |t1−t2|

λ
(i)
2

]
δij ,

=
〈
â†i (t1)â

†
j(t2)

〉∗
, (i = 1, 2); (13)

in which κi is the non-linear coupling constant between the
second harmonic pump field and the sub-harmonic field.
εi(i = 1, 2) is normalized pump amplitude for the DPO,
φi(i = 1, 2) is a phase angle (κiεi = |κiεi|eiφi), and the
decay constants λ(i)

1 and λ(i)
2 can be expressed in terms of

cavity linewidth γi and the pump amplitude εi by

λ
(i)
1 = γi − |κiε|, (14)

λ
(i)
2 = γi + |κiε|, (i = 1, 2), (15)

respectively. The correlation functions of the driving field
Âi,free(0, t) ≡ Âi(t) at the position r = 0 of the atom are
given by

〈
Â+

i (t1)Âi(t2)
〉

= Pi

〈
â+

i (t1r)âi(t2r)
〉
, (16)

〈
Âi(t1)Âi(t2)

〉
= Pi 〈âi(t1r)âi(t2r)〉 , (17)
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Ŝz(t) + 1/2 = e−2βt
[
Ŝz(0) + 1/2

]
− ω0

�
℘e−2βt

∫ t

0

dt1

[
e(β+iδ)t1Â†

1(t1)q̂(0) + e(β−iδ)t1Â1(t1)q̂†(0)
]

− ω0

�
℘e−2βt

∫ t

0

dt1

[
e(β−iδ)t1Â†

2(t1)q̂(0) + e(β+iδ)t1Â2(t1)q̂†(0)
]
,

− 2℘2

�2
e−2βt

∫ t

0

dt1e
(β+iδ)t1

∫ t1

0

dt2

[
ω0

2e(β−iδ)t2Â†
1(t1)Ŝz(t2)Â1(t2) + ω0

2e(β+iδ)t2Â†
1(t1)Ŝz(t2)Â2(t1)

]

− 2℘2

�2
e−2βt

∫ t

0

dt1e
(β−iδ)t1

∫ t1

0

dt2

[
ω0

2e(β+iδ)t2Â†
1(t2)Ŝz(t2)Â1(t1) + ω2

0e
(β−iδ)t2Â†

2(t2)Ŝz(t2)Â1(t1)
]

− 2℘2

�2
e−2βt

∫ t

0

dt1e
(β−iδ)t1

∫ t1

0

dt2

[
ω2

0e
(β−iδ)t2Â†

2(t1)Ŝz(t2)Â1(t2) + ω0
2e(β+iδ)t2Â†

2(t1)Ŝz(t2)Â2(t2)
]

− 2℘2

�2
e−2βt

∫ t

0

dt1e
(β+iδ)t1

∫ t1

0

dt2

[
ω2

0e
(β+iδ)t2Â†

1(t1)Ŝz(t2)Â2(t1) + ω0
2e(β−iδ)t2Â†

2(t2)Ŝz(t2)Â2(t1)
]

(20)

S(1)
z (t) =

℘2

�2
e−2βt

(∫ t

0

dt1e
(β+iδ)t1

∫ t1

0

dt2

[
ω0

2e(β−iδ)t2
〈
Â†

1(t1)Â1(t2)
〉

+ ω2
0e

(β+iδ)t2
〈
Â†

1(t1)Â2(t2)
〉]

+
∫ t

0

dt1e
(β−iδ)t1

∫ t1

0

dt2

[
ω0

2e(β+iδ)t2
〈
Â†

1(t2)Â1(t1)
〉

+ ω2
0e

(β+iδ)t2
〈
Â†

2(t2)Â1(t1)
〉]

+
∫ t

0

dt1e
(β−iδ)t1

∫ t1

0

dt2

[
ω2

0e
(β−iδ)t2

〈
Â†

2(t1)Â1(t2)
〉

+ ω0
2e(β+iδ)t2

〈
Â†

2(t1)Â2(t2)
〉]

+
∫ t

0

dt1e
(β+iδ)t1

∫ t1

0

dt2

[
ω2

0e
(β+iδ)t2

〈
Â†

1(t2)Â2(t1)
〉

+ ω0
2e(β−iδ)t2

〈
Â†

2(t2)Â2(t1)
〉])

(22)

where t1r(t2r) denotes the time retarded for propagation
from the DPO to the atom,

Pi = 2γi

[
2�

ε0ωicρ

]
, i = 1, 2. (18)

We assume that both the DPOs fields have the same cross-
sectional area (= ρ), and the same bandwidth (γ1 = γ2 =
γ). We also assume the same retarded propagation for
the two DPOs. Then the set of equations (10) to (18)
are simple enough to describe the response of the system
driven by the bichromatic light produced by the DPOs.

3 The fluorescent intensity

The fluorescent photon flux density (number of photons
per unit time) at position �r in the radiation zone is given
by [7]

〈
Î(r, t)

〉
= 2β

[
3 sin2 ψ

8πr2

]〈
Ŝz(t− r/c) + 1/2

〉
, t ≥ r/c,

(19)
where ψ is the angle between �r and the dipole moment �℘.
Thus, the far field fluorescent intensity is directly related
to the expectation value of the atomic inversion 〈Ŝz(t) +
1/2〉 and there is no contribution in (19) from the free

field. We calculate atomic inversion by eliminating q̂(t)
from equation (11) with the help of equation (10) and
assuming the atom initially to be in the ground state.
Then we obtain an integral equation for inversion as

see equation (20) above.

The solution of equation (20) for arbitrary field strength
requires a knowledge of atom-field correlation of all orders
and hence is quite difficult. However, one can use pertur-
bation theory instead, in the weak-field limit, where the
exciting field strength is such that the corresponding Rabi
frequencies (Ω±) are small compared to the atom-dipole
decay rate β. The Rabi frequencies Ω± are defined in equa-
tion (24) in the following. The iteration of equation (20)
for Ŝz + 1/2 can be done and after taking the expectation
values, the results can be expressed as follows:

〈
Ŝz(t) + 1/2

〉
= S(1)

z (t) + S(2)
z (t) + ... (21)

The leading term on the right hand side of equation (21)
is of the order of (Ω±/β)2 and the second term is of the
order of (Ω±/β)4 and so on. For the leading term we have

see equation (22) above.

Equation (22) involves auto and cross-correlations of the
field amplitudes. The autocorrelation functions are given
by equations (12) and (13) and we assume that there are
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〈
Ŝz(t) +

1
2

〉
=

1
4

(
Ω+

β

)2


e−βt

2β
[(
β + λ

(1)
1 + λ

(1)
2

)(
β + λ

(1)
1

)(
β + λ

(1)
2

)
+ βδ2

]
[(
β + λ

(1)
1

)2

+ δ2)
] [(

β + λ
(1)
2

)2

+ δ2)
] sinh(βt)

−
2β2λ

(1)
2

(
β2 −

(
λ

(1)
1

)2

+ δ2
)[

cos(δt)e−
(

β+λ
(1)
1

)
t − e−2βt

]
+ 4δ2

(
λ

(1)
1

)2

λ
(1)
2 sin(δt)e−

(
β+λ

(1)
1

)
t

(
λ

(1)
2 − λ

(1)
1

)(
β2 −

(
λ

(1)
1

)2

+ δ2
)2

+ 4δ2
(
λ

(1)
1

)2

+
2β2λ

(1)
1

(
β2 −

(
λ

(1)
2

)2

+ δ2
)[

cos(δt)e−(β+λ
(1)
2 )t − e−2βt

]
+ 4δ2

(
λ

(1)
2

)2

λ
(1)
1 sin(δt)e−

(
β+λ

(1)
1

)
t

(
λ

(1)
2 − λ

(1)
1

)(
β2 −

(
λ

(1)
2

)2

+ δ2
)2

+ 4δ2
(
λ

(1)
2

)2




+
1
4

(
Ω−
β

)2 (
λ

(1)
1 → λ

(2)
1 , λ

(1)
2 → λ

(2)
2

)
(23)

no cross-correlations between the fields of the two DPOs.
Then using the autocorrelation functions only and carry-
ing out the integration and proper simplification, we get,
to the lowest order in (Ω±/β),

see equation (23) above

where the Rabi frequencies Ω± are given by

Ω± =
(

16γω2
0℘

ε0�(ω0 ± δ)cρ

)2

n̄, (24)

in which we have assumed the mean intracavity photon (n̄)
for the two DPOs to be equal. Since, the detuning δ � ω0

so we can write Ω+ ≈ Ω− with negligible error.
Using equation (23) we can easily explain the growth

of fluorescent light intensity as a function of time with
the variation of parameters. As a check we note that for
δ = 0 we recover the results of reference [7]. In the case of
monochromatic excitation (δ = 0), the steady-state value
of the fluorescent intensity is a sensitive function of the
bandwidth of the squeezed field. For larger bandwidths (γ)
of the squeezed fields there is a reduction in the steady-
state fluorescent intensity because as the bandwidth in-
creases the effective number of modes coupled to the atom
reduces and so the effective field strength goes down [7].
Similar trends are obtained under bichromatic excitation
also. However, it is interesting to see the behavior of flu-
orescent intensity with variation of δ/β.

In Figure 1 we plot the time evolution of the fluorescent
intensity under bichromatic excitation with two squeezed
fields for a typical set of parameters Ω+/β = Ω−/β = 0.1,
and γ/β = 1.0. Curves A, B, C, D, and E are for δ/β = 0.5,
1.0, 2.0, 3.0 and 5.0, respectively. For short times, in all
cases, we see a tendency for ringing or oscillatory phe-
nomenon which becomes more prominent as we increase
the value of δ (see curves D and E). At the same time, we
find that there is a drop in the steady-state value of the
fluorescent intensity as we increase δ from zero (curve A)
to a higher value (curve E). The oscillations in the flu-
orescent intensity are a result of mixing of two different

Fig. 1. Development of fluorescent light intensity proportional
to 〈Sz(τ ) + 1/2〉 as a function of scaled time βτ for several
separations (i.e., δ/β) of the bichromatic fields with γ/β = 1.0
and Ω+/β = Ω−/β = 0.1. Curves A, B, C, D, and E are for
δ/β = 0, 0.5, 1.0, 2.0, and 5.0, respectively.

frequency fields (separated by frequency 2δ) when they si-
multaneously excite the same atom. They give rise to beat-
ing phenomenon in the emitted intensity. In other words,
the atom excited under two weak fields at two slightly
different frequencies emits fluorescence around these fre-
quencies. These two components in fluorescence interfere,
as there is coherence maintained between them because
the emission is from the same atom. The frequency of flu-
orescent intensity oscillations increases as δ increases. At
the same time, with increasing δ/β the two modes excit-
ing the single atom get more and more detuned from the
resonant transition frequency of the atom and less effec-
tive in exciting the atom leading to a smaller fluorescent
intensity in the steady-state (τ very large). To further
confirm this behavior we have plotted steady-state fluo-
rescent intensity as a function of δ/β in Figure 2 keeping
all other parameters the same as in Figure 1. Figure 2
clearly reveals how the steady-state fluorescent intensity
drops down as δ/β increases.
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〈
q̂†(t)

(
Ŝz(t+ τ) +

1
2

)
q̂(t)

〉
=

ω4
0

�2
e−4βt−2βτ

∫ t

0

dt1

∫ t+τ

t

dt2

∫ t2

t

dt3

∫ t

0

dt4e
β(t1+t2+t3+t4)eiδ(t1+t2−t3−t4)

〈
A†

1(t1)Â
†
1(t2)Â1(t3)Â1(t4)

〉

+
ω4

0

�2
e−4βt−2βτ

∫ t

0

dt1

∫ t+τ

t

dt2

∫ t2

t

dt3

∫ t

0

dt4e
β(t1+t2+t3+t4)eiδ(−t1−t2+t3+t4)

〈
Â†

2(t1)Â
†
2(t2)Â2(t3)Â2(t4)

〉

+
ω4

0

�2
e−4βt−2βτ

∫ t

0

dt1

∫ t+τ

t

dt2

∫ t2

t

dt3

∫ t

0

dt4e
β(t1+t2+t3+t4)eiδ(t1−t2+t3−t4)

〈
Â†

1(t1)Â
†
1(t3)Â1(t2)Â1(t4)

〉

+
ω4

0

�2
e−4βt−2βτ

∫ t

0

dt1

∫ t+τ

t

dt2

∫ t2

t

dt3

∫ t

0

dt4e
β(t1+t2+t3+t4)eiδ(−t1+t2−t3+t4)

〈
Â†

2(t1)Â
†
2(t3)Â2(t2)Â2(t4)

〉
(29)

Fig. 2. The steady-state fluorescent light intensity propor-
tional to 〈Sz(τ ) + 1/2〉 as a function of δ/β with γ/β = 1.0,
Ω+/β = Ω−/β = 0.1.

4 Two-time intensity correlation function

In order to investigate the statistical properties of the flu-
orescent field we make use of the second-order intensity-
intensity correlation function defined by

g(2)(τ) ≡

〈
T : Î(t)Î(t+ τ) :

〉
〈
Î(t)

〉〈
Î(t+ τ)

〉 . (25)

This correlation function g(2)(τ) represents the probability
of detecting one photon at a time t followed by another at
t+ τ . Here T means time ordering and :: denotes normal
ordering of the operator products enclosed between the
colons. It can be easily seen that g(2)(τ) is independent
of the detector’s efficiency and is measurable in photon
counting experiments. We can express the fluorescent light
intensity I(t) in terms of atomic operators with the help
of equation (11). The normalized second-order intensity
correlation function then reads

g(2)(τ) =

〈
q̂†(tr)[Ŝz(tr + τ) + 1/2]q̂(tr)

〉

〈q̂†(tr)q̂(tr)〉 〈q̂†(tr + τ)q̂(tr + τ)〉 , (26)

where tr = (t− r/c). By making use of the operator prop-
erties, e.g., [q̂†(t)q̂†(t)] = q̂†[Ŝz(t) + 1/2] = [q̂(t)q̂(t)] = 0,

it can be shown that g(2)(τ) → 0 at τ → 0 [7]. This implies
that two photons cannot be simultaneously emitted by a
two-level atom. Another important point is the factoriza-
tion of g(2)(τ) when a two-level atom is irradiated by co-
herent light. This is because photons in a coherent state
are uncorrelated and a coherent state does not change
via single-photon absorption process. In other words, af-
ter each emission of a photon the atom is de-excited to
the ground state and the incident field is unchanged [7].
However, for a correlated state of light (e.g., a squeezed
state) although the atom returns to the ground state after
each emission the state of the field retains memory of the
past because of the finite correlation time. We will come
to this point again at the end of this section.

In order to evaluate g(2)(τ) we rewrite the atomic op-
erator given in equation (11) as

Ŝz(t+ τ) +
1
2

=
(
Ŝz +

1
2

)
e−2βτ − ω0

�
℘e−2βτ

×
∫ τ

0

dt1e
2βτ

[
eiδ(t+t1)Â†

1(t+ t1)q̂(t+ t1)

+e−iδ(t+t1)Â1(t+ t1)q̂†(t+ t1)
]

− ω0

�
℘e−2βτ

∫ τ

0

dt1e
2βτ

×
[
e−iδ(t+t1) Â†

2(t+ t1)q̂(t+ t1)

+eiδ(t+t1)Â2(t+ t1)q̂†(t+ t1)
]
, (27)

and the ladder operator as

q̂(t+ τ) = q̂(t)e−βτ

+
2℘ω0

�
e−βτ

∫ τ

0

dt1e
βt1e−iδ(t+t1)Â1(t+ t1)Ŝz(t+ t1)

+
2℘ω0

�
e−βτ

∫ τ

0

dt1e
βt1eiδ(t+t1)Â2(t+ t1)Ŝz(t+ t1).

(28)

Then, in the weak field limit the leading contribution to
the numerator of g(2)(τ) is given by

see equation (29) above.
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We can now express the fourth-order correlation functions
appearing in equation (29) in terms of the second-order
correlation functions because the driving field is Gaussian
in time. Thus, for example [7],
〈
Â†

i (t1)Â
†
i (t2)Âi(t3)Âi(t4)

〉
=

〈
Â†

i (t1)Â
†
i (t2)〉〈Âi(t3)Âi(t4)

〉

+
〈
Â†

i (t1)Âi(t3)
〉〈

Â†
i (t2)Âi(t4)

〉

+
〈
Â†

i (t1)Âi(t4)
〉〈

Â†
i (t2)Âi(t3)

〉
,

(i = 1, 2).
(30)

After substituting equation (30) in equation (29) and car-
rying out some lengthy but straightforward integrations
we obtain

see equation (31) above.

We can easily obtain an expression for g(2)(τ) by sub-
stituting equation (31) into equation (26). We note that
we recover the expression of g(2)(τ) for monochromatic
squeezed field excitation [7] under the condition δ/β = 0.

Fig. 3. The development of intensity-intensity correlation
function g(2)(τ ) with respect to scaled time βτ for several dif-
ferent linewidths of the incident field under monochromatic
excitation (δ/β = 0). Curves A, B, C, and D, are for γ/β =
0.5, 1.0, 2.0, and 5.0, respectively.

To compare the results of bichromatic excitation
with monochromatic excitation we plot, g(2)(τ) as a func-
tion of τ in Figure 3 for various values of γ/β while
keeping Ω+/β = Ω−/β = 0.1 fixed. The second-order
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Fig. 4. The development of intensity-intensity correlation
function g(2)(τ ) with respect to scaled time βτ for several sep-
arations (i.e., δ/β) of the bichromatic fields with γ/β = 1.0
and Ω+/β = Ω−/β = 0.1. Curves A, B, C, D, and E are for
δ/β = 0, 0.5, 1.0, 2.0, and 5.0, respectively.

intensity-intensity correlation function g(2)(τ) starts from
zero value for τ → 0 reflecting antibunching of photons.
Also, this function approaches unity as τ → ∞. Here we
observe delayed bunching of fluorescent photons because
of intrinsic field-memory effect as the photons in squeezed
light are pairwise correlated. This delayed antibunching is
pronounced for β 	 λ1, λ2, and n̄� 1 and is a reflection
of pair-like photon sequence from the DPO. The atom is
subjected to intense fields for brief periods. The second
order intensity correlation is ideally suited for studying
these two-photon events. With coherent light such effects
are seen at much higher strengths. At longer times the
function g2(τ) factorizes as the DPO field correlations de-
cay away. In Figure 4, we show g(2)(τ) under bichromatic
excitation for some selected parameter values from Fig-
ure 3, viz., Ω+/β = Ω−/β = 0.1 and γ/β = 1. We observe
antibunching here also at the initial time (g(2)(τ) = 0 at
τ = 0) but as the time increases we find oscillatory be-
havior in g(2)(τ). This oscillatory behavior becomes more
prominent as the value of δ/β increases (curve E, Fig. 4).
Also, there is an enhancement of delayed antibunching
with increasing value of δ/β. This enhancement is on top
of the one due to correlated nature of DPO photons. This
enhancement arises due to the mixing of the two squeezed
fields (separated in frequency by 2δ) which takes place in
the atom when its is simultaneously interacting with two
fields. Thus the emitted radiation from the atom interferes
constructively or destructively at certain times depending
on the value of δ relative to β and produces this effect
in conformity with the oscillations in the fluorescent in-
tensity discussed in Section 3. We have verified that the
effect of delayed bunching diminishes with increasing γ.
Also, at large time g(2)(τ) reaches its steady-state value
of 1 independent of the value of δ or β or γ. This reflects
decay of field correlation at large times.

5 Summary

We have analyzed the problem involving interaction of
a two-level atom with bichromatic squeezed fields un-
der weak field excitation. The dynamics of the system
is studied by solving the Heisenberg equations of mo-
tion. The results are valid for arbitrary bandwidths of
the squeezed light. We have compared our results with
those for monochromatic excitation under similar condi-
tions. The main findings of this investigation include an
oscillatory phenomenon in the transient fluorescent inten-
sity and reduction of steady-state intensity with large sep-
aration of the frequencies of bichromatic fields. It is impor-
tant to note that the oscillatory behavior is observed in a
regime where monochromatic excitation does not exhibit
any oscillatory behavior for the population inversion. This
observed feature is an interference effect that arises due to
a mixing of the field emitted by the atom at slightly differ-
ent frequencies. The intensity-intensity correlation func-
tion also shows oscillations reminiscent of delayed bunch-
ing effect with coherent excitation in strong field limit.
The enhancement of oscillatory behavior in g2(τ) even in
the weak field limit is reflection of both strong photon cor-
relation of squeezed light and interference of the exciting
fields. These effects, however, persists only for the short
times. For long times, all field correlations eventually die
down and we recover results which are independent of the
nature of the fields and whether we have monochromatic
or bichromatic excitation. This model may be useful in
applications such as obtaining very low temperatures in
laser cooling [22] experiments and laser outputs with sub-
Poissonian statistics [23]. In fact, enhancement of Sisyphus
cooling using a bichromatic standing wave has already
been predicted [17]. If we use squeezed bichromatic fields
in these calculations then it is possible to further enhance
such cooling because of strong photon-pair correlations.
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