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PACS 32.50.+d – Fluorescence, phosphorescence (including quenching)
PACS 42.50.Gy – Effects of atomic coherence on propagation, absorption, and amplification of

light; electromagnetically induced transparency and absorption
PACS 42.70.Mp – Nonlinear optical crystals

Abstract – The intensity noise correlations between anti-Stokes and Stokes fields, generated from
spontaneous parametric four-wave mixing (SP-FWM) process have been investigated in a ladder-
type three-level system of sodium atomic vapor. By introduction of an external dressing field, the
strengthened (weakened) correlations are obtained under enhancement (suppression) condition of
SP-FWM. Besides, sharp correlations have been obtained as attributed to a pair of non-classical
beams generated from amplified spontaneous emission.

Copyright c© EPLA, 2016

Introduction. – In recent years, the generations of a
correlated photon pair and entangled photon sources have
been extensively studied in atomic vapor as well as in
crystal systems. Simultaneously, the correlated photon
pair has been reported by Lukin et al. [1] and Kimble’s
group [2] experimentally. The χ(3) processes in the multi-
level atomic system, including stimulated Raman scatter-
ing [3–5] and multi-wave mixing via atomic coherence,
play vital roles in producing correlated and entangled pho-
tons [6–9]. Moreover, the intensity noise correlations have
been widely studied under electromagnetically induced
transparency [10] with magnetic field [11]. Besides, the
processes of atomic optical parametric oscillations in non-
linear crystal have also been reported [12]. Specially, the
correlations between Stokes and anti-Stokes photons emit-
ted from rubidium atoms with a short time delay have
been measured [7]. It has also been shown that the corre-
lations occur due to a four-wave mixing (FWM) process
in cold atoms [13].

In this paper, through the SP-FWM process, Stokes and
anti-Stokes two output weak fields are generated in a con-

(a)These authors contributed equally to this work.
(b)E-mail: ypzhang@mail.xjtu.edu.cn

figuration of “double-Λ” level system (utilizing two hyper-
fine levels of sodium ground state) with a strong pump-
ing field. Simultaneously, the fluorescence (FL) signals
are also generated from the spontaneous emission of pho-
tons through the multi-nonlinear process. The intensity
noise correlations between Stokes and anti-Stokes fields
are studied experimentally and theoretically by changing
the frequency detuning of the pumping field and seeding
a new beam. Specifically, the correlations can be weak-
ened/strengthened by introducing external dressing fields.
Moreover, the variations of correlations are studied by in-
creasing the power of a single dressing field as well as of
multiple dressing fields. Finally, the correlation between
Stokes and anti-Stokes fields generated by amplified spon-
taneous emission (ASE) is also studied.

Experimental setup and basic theory. – The ex-
periments are performed in a three-level atomic system of
sodium as depicted in fig. 1(a), where three energy levels
are labeled as 3S1/2 (|0〉, F = 1; |1〉, F = 2), 3P1/2(|2〉)
and 4D3/2 (|3〉). Here, the FWM (EF) process occurs
in the cascade-type level subsystem (|0〉-|1〉-|2〉) involving
E1, E2 and E

′
2 beams. EF propagates in opposite di-

rection of k
′
2 and satisfies the phase-matching condition

33001-p1
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Fig. 1: (Color online) (a) A ladder-type level atomic system
to generate EF. (b) Double-Λ configuration for SP-FWM
with laser coupling configuration to generate Es and Eas. (c)
The schematic diagram of a FWM optical parametric am-
plifier (OPA) process with seeding EF into the Eas chan-

nel. (d) Simulation of G
(2)
as-s vs. τ and Δ2 with partial

suppression/enhancement condition.

kF = k1 + k2 − k
′
2 as shown in fig. 1(c1). Meanwhile,

an effective SP-FWM is produced in a “double-Λ” con-
figuration shown in fig. 1(b). This process also satisfies
the phase-matching condition ks + kas = 2k1 and the en-
ergy conservation ωs + ωas = 2ω1, where ωs = ̟s + δ and
ωas = ̟as − δ; here δ is the line width and ̟s,as is the
center frequency of Es,as. When EF is injected into the
Eas channel, the Es and Eas signals can be amplified as
shown in fig. 1(c2). This injection is used to configure the
linear phase-insensitive OPA [14].

In the current experiment, all participating beams come
from three near-transform-limited dye lasers pumped by a
Nd:YAG laser (10Hz repetition rate, 5 ns pulse width and
0.04 cm−1 line width). Therefore, the frequencies ωi of the
pumping field (E1) and driving fields (E2,3 and E

′
2) are as-

sociated with these lasers whose frequency detunings and
Rabi frequencies are defined as ∆i = Ωmn−ωi (i = 1, 2, 3)
and Gi = μmnEi/� (G′

i = μmnE′
i/�), respectively. Here

Ωmn and μmn denote the transition frequency and dipole
moment between |m〉 and |n〉 with the transverse relax-
ation rate Γmn, and Ei the electric-field intensity. These
output signals EF, Es, Eas including fluorescence (FL) are
captured by photomultiplier tubes.

Now, we present a brief theory of SP-FWM. By open-
ing the strong pumping field E1, Es and Eas are emit-
ted, forming a conical emission [15] as shown in fig. 1(c2).
The Hamiltonian of such a system is defined as H =
(â†b̂† + âb̂)g/v, where â†, b̂† (â, b̂) are the creation (an-
nihilation) operators acting on the electromagnetic exci-
tation of the Es and Eas, respectively. v is the group
velocity of the light in the nonlinear medium, and g =

|−iωas,sχ
(3)
as,sE1E1/2c| is the parameter of the amplifier

relying on the nonlinearity χ(3) and the amplitude of

pumping field. χ
(3)
as,s is proportional to the density ma-

trix elements of Eas/s. The density matrix elements of the
generated Stokes and anti-Stokes fields with the opening

Fig. 2: (Color online) (a) Evolutions of Eas (solid curve), Es

(dashed curve) and FL (short-dashed curve) vs. Δ1 (a1) and
Δ2 (a2). (b) Time domain wave forms of Eas and Es at Δ1 =

−30 GHz with opening E1 only. (c) G
(2)
as-s(τ) vs. τ at Δ1 =

−5 GHz (c1), −30 GHz (c2), −45 GHz (c3) with no seeding,
while (c4) shows seeding of EF at Δ2 = −Δ1. (d) Simulations

of G
(2)
as-s(τ) under the same conditions as defined in (c).

of a stronger dressing field E2 can be written as

ρ
(3)
21(s) = −iG∗

asG
2
1/

[(d21 + |G2|2 /d31)d01(d
′
21 + |G2|2 /d′31)], (1a)

ρ
(3)
20(as) = −iG∗

sG
2
1/

[(d20 + |G2|2 /d30)d10(d
′
20 + |G2|2 /d′30)] (1b)

through Liouville’s pathways ρ
(0)
11

ω1−→ ρ
(1)
21

−ωas−−−→ ρ
(3)
01

ω1−→
ρ
(3)
21(s) and ρ

(0)
00

ω1−→ ρ
(1)
20

−ωs−−→ ρ
(3)
10

ω1−→ ρ
(3)
20(as), respectively,

where d21 = Γ21+i∆′
1, d′21 = Γ21+i(∆1−δ), d01 = Γ01−iδ,

d20 = Γ20 + i∆1, d10 = Γ10 + iδ, d′20 = Γ20 + i(∆′
1 + δ),

d31 = Γ31 + i(∆′
1 + ∆2), d30 = Γ30 + i(∆1 + ∆2), d′31 =

Γ31 + i(∆1 − δ + ∆2), d′30 = Γ30 + i(∆′
1 + δ + ∆2).

When E2 and E
′
2 are open, the FWM signal can be

obtained with spatial configuration (fig. 2(c1)). Via the

Liouville pathway ρ
(0)
00

ω1−→ ρ
(1)
20

ω2−→ ρ
(2)
30

−ω2−−−→ ρ
(3)
20(F), the

corresponding density matrix element can be written as

ρ
(3)
20(F) = −iG1G2G

′∗
2/(d2

20d30). (2)

As per the spatial configuration depicted in fig. 1(c), EF

is injected into the Eas channel. Such parametric am-
plification process can be described by the perturbation

chain ρ
(0)
00

ω1−→ ρ
(1)
20

−ωF−−−→ ρ
(2)
10

ω1−→ ρ
(3)
20(as) with the phase-

matching condition kas = 2k1−ks, and the density matrix
element (eq. (2)) is modified as

ρ′
(3)
21(s) = −iG∗

FG2
1/[(d21+ |G2|2 /d31)d01(d

′
21+ |G2|2 /d′31)],

(3)

where GF ∝
√

2/ε0c�2Nμ2
10ρ

(3)
F .

When Es and Eas propagate through nonlinear
medium, they evolve under the Hamiltonian of the sys-
tem, whose photon numbers can be defined as

〈â†â〉 =
{

cosh
[

2t
√

G cos ϕ
]

− cos
[

2t
√

G sin ϕ
]}

×
(

1 + |α|2
)

gs/(2gas), (4a)

33001-p2



Noise correlations controlled by dressed suppression and enhancement

〈b̂†b̂〉 =
{

cosh
[

2t
√

G cos ϕ
]

− cos
[

2t
√

G sin ϕ
]} gas

2gs

+
1

2

{

cosh
[

2t
√

G cos ϕ
]

+ cos
[

2t
√

G sin ϕ
]}

|α|2 , (4b)

where G = gsgas, ϕ = (ϕs + ϕas)/2, ϕs and ϕas are the
phase angles of Es and Eas. Here, α = 0 without seeding
beam; when FWM is seeded α = πr2ε0ch|GF|2/(2μ2

10ωF),
where r is the waist radius.

The intensity noise correlation function G(2)(τ) between
Stokes and anti-Stokes fields can be calculated by [13]

G(2)
as-s(τ) = 〈δIas(t)δIs(t + τ)〉

/
√

〈[δIas(t)]2〉 〈[δIs(t + τ ]2〉
(5)

The intensities of Es and Eas are proportional to the num-
bers of photons 〈â†â〉 and 〈b̂†b̂〉, respectively. So the cor-

relation function G
(2)
as-s(τ) between Es and Eas without

seeding beam can be expressed as

G(2)
as-s(τ) = A |A1|2 R/

√
BCDE, (6)

where A = [e−2Γ+|τ | + e−2Γ
−
|τ | − 2 cos(Ωe|τ |) ×

e−(Γ++Γ
−

)|τ |], R = |RsRasEsEas|2, A1 = A2N ×
(μ10μ20E1)

2̟asL/(2cε0�
3), and Ωe are the Rabi oscilla-

tions. Here, Γ+ = Γ10, Γ− = Γ20, Ωe = |∆1|, A2 = 1/d20

are without dressing fields, whereas Γ± = [(Γ30+Γ20)/2]±
[∆2(Γ20−Γ30)/(4Ω2

e +8Γ20Γ30)
1/2], Ωe = (4|G2|2+∆2

2)
1/2

and A2 = 1/(d20 + |G2|2/d30) are with dressing field E2.
B, C, D and E are constants, which are not related with
the delay time τ [16]. The three-dimensional simulation

of G
(2)
as-s vs. ∆2 and τ at fixed ∆1 is shown in fig. 1(d). We

can see that G
(2)
as-s is modulated to a smaller value at the

suppression point and to a larger one at the enhancement
point.

If EF is seeded into anti-Stokes channel, the correlation

function G
(2)
as-s(τ) can be rewritten as

G(2)
as-s(τ) = [A |A1|2 R(1+ |α|2)−DC |α|2]

/
√

BCDE. (7)

For the sake of comparison, the results of eq. (7) are larger
than those of eq. (6) due to A|A1|2R − DC > 0.

Experimental results and discussions. –

Figure 2(a1) shows the spectrum of Eas, Es and FL
vs. ∆1 by opening pumping field E1 only. Es and Eas

signals show the emission peak determined by eq. (1)
while having no dressing effect from E2(|G2|2/d31 and
|G2|2/d30). FL can be described by the density matrix

element ρ
(2)
22 = |G1|2/(Γ22d20) + H.c. Figure 2(b) shows

the typical wave forms of Eas and Es in the time do-

main at ∆1 = −30GHz. The correlation function G
(2)
as-s(τ)

between Stokes and anti-Stokes output is from eq. (5),
which is calculated at ∆1 = −5GHz (fig. 2(c1)), −30GHz
(fig. 2(c2)) and −45GHz (fig. 2(c3)). While the peaks

equal to G
(2)
as-s(τ) at delay time τ = 0 have positive ampli-

tudes equal to 0.752, 0.888 and 0.768, respectively. As Eas

and Es are coherent photon pairs, they both increase or

decrease synchronously. Comparing the values of G
(2)
as-s(0)

at different frequency detunings, we found that the corre-
lation in the off-resonance region is larger than that in the
near-resonance one as signals are strongly absorbed un-
der the resonance region. So the correlation is slightly de-

stroyed. The correlation G
(2)
as-s(0) decreases with increasing

|∆1| in the off-resonant region due to the reduction in the
generation of SP-FWM. The theoretical simulations show
similar results, but the correlation is largest at ∆1 = 0
as absorptions of the signals are not considered theoret-
ically. It is notable that the Rabbi oscillation period
(T = 2π/Ωe) decreases from figs. 2(c1) to (c3) when |∆1|
becomes large. Besides, a sharp peak is superimposed on

the spectrum of the correlation G
(2)
as-s(τ) at τ = 0, as shown

in figs. 2(c1)–(c3). This is due to the correlation of the
other pair of SP-FWM generated by ASE with broad line
width [17]. Theoretically, the correlation function can be
written as eq. (6) but the parameter A is expressed as A =
[e−(2Γ++ζ)|τ | + e−(2Γ

−
+ζ)|τ | − 2 cos(Ωe |τ |)e−(Γ++Γ

−
+ζ)|τ |]

with the line width ζ of ASE and ζ ≫ Γ. So the cor-
relation peak is very sharp and the Rabbi oscillation is
weakened and it even disappears.

As other two fields E2 and E
′
2 are opened, the out-

put EF is injected into the anti-Stoke channel, as shown
in fig. 1(c2). The amplified output signals Eas (solid
curve) and Es (dashed curve) accompanied by two-photon
FL (short-dashed curve) satisfying two-photon resonance
∆1 + ∆2 = 0 are shown in fig. 2(a2) with ∆1 = −45GHz.

The correlation G
(2)
as-s(0) = 0.827 in fig. 2(c4) is larger than

that in fig. 2(c3). In order to explain the increased in-
tensity noise correlation, the output signals Eas and Es

should be considered. From eq. (4), Eas and Es are gained
from parametric amplification. Hence the fluctuations of
SP-FWM as well as their consistency become remarkable.

For the amplified SP-FWM, G
(2)
as-s(τ) increases as the nu-

merator in eq. (7) is larger with seeding of EF (described
as |α|2) than that without seeding in eq. (6).

Now, we investigate G
(2)
as-s(τ) under enhancement and

suppression conditions of SP-FWM in fig. 3. Figure 3(a)
shows the intensities of Eas (solid curve), Es (dashed
curve) and FL (short-dashed curve) vs. ∆2 with
opening single dressing field E2 and setting ∆1 at
−5GHz,−30GHz and −45GHz. The SP-FWM (Eas and
Es) signal varies from pure suppression (fig. 3(a1)), to par-
tial enhancement/suppression (fig. 3(a2)) and then to pure
enhancement (fig. 3(a3)), but the FL signal shows a mov-
ing two-photon emission peak described by the term d30

in ρ
(4)
33 = |G1|2|G2|2/(Γ33d20d30d32) + H.c. According to

eq. (1), the corresponding enhancement and suppression
conditions of Eas (Es) are ∆1+∆2/2±(∆2

2+4G2
2)

1/2/2 = 0
(∆′

1 + ∆2/2 ± (∆2
2 + 4G2

2)
1/2/2 = 0) and ∆1 + ∆2 = 0

(∆′
1 + ∆2 = 0), respectively. The theoretical simulations

of Eas are shown in fig. 3(b) with the same conditions

33001-p3
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Fig. 3: (Color online) (a) Measured signals of Eas (solid curve),
Es (dashed curve) and FL (short-dashed curve) vs. Δ2 by
opening E1 and E2 (P2 = 200 µW) with the same detunings
as those defined in figs. 2(c1)–(c3). (b) Simulations of Eas from
top to bottom with the same conditions as defined in (a1)–(a3).

(c) G
(2)
as-s(τ) with pure suppression (c1), partial enhancement

(c2), partial suppression (c3) and pure enhancement conditions

(c4). (d) Simulations of G
(2)
as-s(τ) corresponding to (c).

defined in fig. 3(a). Using eq. (6), the correlations
are calculated at pure suppression, partial enhancement,
partial suppression and pure enhancement points, as
shown in figs. 3(c1)–(c4), respectively. In order to inves-

tigate the variations of G
(2)
as-s(τ), the calculated results in

fig. 3(c) are compared with those in figs. 2(c1)–(c3). The

correlation G
(2)
as-s(0) = 0.739 in fig. 3(c1) with external

dressing field E2 is smaller than that in fig. 2(c1) without
E2 having the same frequency detuning ∆1 = −5GHz.
The reason is that Eas and Es are being suppressed by the

dressing field E2. Therefore, G
(2)
as-s(0) has also a smaller

value in fig. 3(c3) at the partial suppression point when

compared with that in fig. 2(c2). However, G
(2)
as-s(0) =

0.883 at the partial enhancement point in fig. 3(c2) is
larger than that in fig. 2(c2), and a similar situation in

G
(2)
as-s(0) at the enhancement point with ∆1 = −45GHz is

shown in fig. 3(c4) when compared with that in fig. 2(c3).
The reason is that Eas and Es are enhanced under the
enhancement condition.

Based on the above comparative analysis, one can say

that G
(2)
as-s(τ) can be controlled by the dressed enhance-

ment/suppression of the external field. Theoretically, the

amplitude of G
(2)
as-s(τ) depends on the coefficient A1 in

eq. (8). If the dressing field E2 is open, the dressing effect
determined by |G2|2/d30 in A2 will act on the correlation

function (eq. (6)). Thus, G
(2)
as-s(τ) with the enhancement

condition is larger than that without dressing field; on the
contrary, an opposite result may be obtained under the
suppression condition. The simulations in fig. 3(d) are in
good agreement with the experimental results of fig. 3(c).

Figure 4(a) shows the spectral intensities of Eas and
Es vs. ∆2 with setting power of E2 at 175μW, 200μW,
220μW and 250μW from top to bottom, respectively. The
partial enhancement/suppression of Eas and Es becomes

Fig. 4: (Color online) (a) Measurement of Eas and Es vs. Δ2

by increasing the power of E2 from the top curve to the bot-
tom and blocking E

′

2 and E3 at Δ1 = −28 GHz. (b) Intensi-
ties of SP-FWM with single dressing field E2 (b1) and double
dressing fields E2 and E3 at Δ1 = −3.5 GHz (b2). (c) Depen-

dence of G
(3)
as-s(0) at partial enhancement (c1) and suppression

points (c2). (d) G
(2)
as-s(τ) with (1) single and (2) double dressing

effect.

more obvious as increasing power of E2 due to the
enhanced dressing effect determined by |G2|2/d30 and
|G2|2/d31 in eq. (1). Correspondingly, the dependence of

the calculated G
(2)
as-s(0) at partial enhancement and par-

tial suppression points are shown in figs. 4(c1) and (c2),

respectively. G
(2)
as-s(0) (squares) in fig. 4(c1) gradually in-

creases with the increase in power of E2 from 175μW
to 250μW, which is mainly caused by enhanced non-
linear coherence under the enhancement condition. But
G

(2)
as-s(0) (triangles) generated by ASE is nearly invariable.

Therefore, an opposite variation of G
(2)
as-s(0) appears at the

partial suppression point due to the gradually weakened
nonlinear coherence, as shown in fig. 4(c2).

In fig. 4(b1), a suppression dip appears in Eas and Es

signals with single dressing field E2 only and scanning it
for the same reason as in fig. 3(a1). When we set Eas

and Es at the suppression dip in fig. 4(b1) and scan the
other dressing field E3, the signals are suppressed more
severely as shown in fig. 4(b2) due to the double dress-

ing effect of E2 and E3. The correlation G
(2)
as-s(0) = 0.688

in fig. 4(d1) is larger than that in fig. 4(d2) (G
(2)
as-s(0) =

0.369). It is because SP-FWM suffers stronger dressing
effects with double dressing fields than with single dress-
ing field. Hence the suppression effect of SP-FWM is
stronger under double dressing. Theoretically, the dress-
ing effect is enhanced when E3 is open, the dressing term
|G3|2/[Γ30 + i(∆1 + ∆3)] should be added into the term

A2 of eq. (6) except for |G2|2/d30. Hence G
(2)
as-s(τ) de-

creases further when compared with the single dressing
field. Based on the analysis of the experimental results,

the dressing effect on G
(2)
as-s(τ) with increasing power of

the dressing field is analogous to increasing the numbers

of dressing fields. So the enhanced or suppressed G
(2)
as-s(τ)

at the enhancement or suppression point can be controlled
in these two manners.

Summary. – In summary, we have experimentally ob-
served and theoretically demonstrated the simultaneous
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generations of Eas and Es as accompanied by FL sig-
nals in sodium atomic vapors. Moreover, the control of
the intensity noise correlations between Eas and Es is
attributed to frequency detuning of pumping field, seeding
beam and the dressing effect of the external field. Specif-
ically, the correlation values become smaller with larger
frequency detuning, while correlations become higher as
Eas and Es are amplified with the seeding beam at larger
frequency detuning. Under the influence of the external
dressing field, the correlation is reduced under the suppres-
sion condition but strengthened under the enhancement
condition when the external dressing field is involved. Be-
sides, the dressing effect on the correlation with increasing
power of the dressing field is analogous to increasing the
number of dressing fields. Nevertheless, the correlation
between Eas and Es generated by ASE is not currently
controlled by the dressing effect. These studies can be
used for information communication.
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