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In two-level as well as V-type three-level atomic systems, we study probe transmission, four-wave
mixing (FWM) and fluorescence signals with dressing effect experimentally and theoretically. We
find both the hyperfine structure (at the same energy level) and the transition dipole moment (at
different energy levels) can affect the dressing effect. We also experimentally investigate that angle-
control dynamics in the nonlinear propagation of the images of the probe and generated FWM in
two-level atomic systems, and find that the focusing and defocusing of probe beam and FWM signals
can be greatly affected by the angles between dressing fields.
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1 Introduction

In past decades, electromagnetically induced trans-
parency (EIT) attracts a lot of attention for its spe-
cial properties on reducing the absorption of a beam
when it passes through the multi-level atomic vapors [1–
4]. Meanwhile, it is found that the nonlinearity of the
medium can be enhanced strongly by the laser induced
atomic coherence [1, 2], which plays a key role in produc-
ing the efficient four-wave mixing (FWM) processes and
large refractive index modulation [3]. Among so many
studies in this area, destructive and constructive inter-
ferences in a two-level atomic system [5] and competi-
tion between two coexisting FWM processes via atomic
coherence in a four-level atomic system [6] have been
reported. Recently, the interactions of doubly dressed
states and the corresponding effects in atomic systems
are quite involved [7, 8] and some progress is reported.
For example, in an EIT system, the interaction between
double-dark states and splitting of a dark state in a four-
level atomic system was studied theoretically [7]; the
existence of the secondarily dressed states was verified
through the observation of triple-peaks absorption spec-

trum in the N-type cold atomic system [8]. In the past
few years, our research group has theoretically investi-
gated three types of doubly dressed schemes in a five-
level atomic system [9] and observed three peak Autler–
Townes (AT) splitting of the secondary dressed FWM
signal [10]. In addition, we have also observed the evo-
lution of the intensity enhancement and suppression in
FWM signal spectrum by controlling additional laser
fields [11]. On the other hand, accompanying the FWM
process, there will be fluorescence signals that can be
induced by spontaneous emission under EIT conditions
[12, 13], and some investigations were proceeded [14, 15]
on this topic for its potential applications in metrology
and long-distance quantum communication and quan-
tum correlation.

In this paper, we adopt V-type three-level atomic sys-
tems and two-level atomic systems, in which we first ex-
perimentally investigate the properties of probe trans-
mission, FWM and fluorescence signals with dressing ef-
fects, and then discuss the phenomena observed in the
two different systems in detail. At the same time, we will
show the influence on the dressing effect from dipole mo-
ment and hyperfine structures. As a last research topic
of this paper, we will also study the influence on the
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images and intensities of probe transmission and FWM
signals brought by the angles between dressing fields in
two-level atomic systems. The organization of the paper
is: in Section 2, we introduce the theoretical model, ex-
perimental setup, and show the physical quantities used
in the paper; in Section 3, we analyze and discuss the
experimental results in the two systems; in Section 4, we
conclude the paper.

2 Theoretical model and experimental setup

Two experimentally involved sodium atomic systems are
shown in Fig. 1(a) and (b), respectively. The energy lev-
els of |0〉 (3S1/2),|1〉 (3P1/2) and |2〉 (3P3/2) form a Na V-
type three-level atomic system. The experimental setup
and the spatially aligned laser beams are shown in Fig.
1(c) and (d), respectively. The probe beam (E3) prop-
agates opposite to E1, while the two couples of pump
beams E1&E2 (along the same direction) and E′

1&E′
2

(along the same direction) both have a small angles
(0.3◦) with E1 in x–z plane and y–z plane, respectively.
If level |1〉 is not used, the system is a two-level system, as
shown in Fig. 1(a), that the beams E1, E′

1, and E3 (Rabi
frequencies are G1, G′

1, and G3, respectively) all connect
transition |0〉−|2〉 have same frequency ω1, and generate
an efficient degenerate FWM (DFWM) signal EF1 satis-
fying the phase matching condition kF1 = k1 − k′

1 + k3.

The beams E2 and E′
2 (G2 and G′

2, respectively) that
also connect |0〉 − |2〉 have same frequency ω2 and in-
duce a nondegenerate FWM (NDFWM) EF2 satisfying
kF2 = k3 +k2−k′

2. If the five laser beams are all on, an-
other two NDFWM processes EF3 (kF3 = k2 − k′

1 + k3)
and EF4 (kF4 = k1 − k′

2 + k3) can be obtained along
the directions of EF1 and EF2, respectively. It is worth
mentioning, the fluorescence signals ρ

(2)
22 and ρ

(4)
22 can be

produced when the system decays from |2〉. In this ex-
periment, we define the reduced angle between E2 and
E′

2 as Δθ2 = θ2y − θ2y0, where θ2y is the angle between
E2 and E′

2 in y–z plane, and θ2y0 the angle when the in-
tersecting point between E2 and E′

2 reach the center of
the pipe oven. In Fig. 1(d), when the intersecting point
moves from the point C (the back of the heat pipe oven)
to the position A (the front of the heat pipe oven), the
value of Δθ2 changes from −0.15 to 0.15.

When E2 and E′
2 are tuned to |0〉 − |1〉, and E1, E′

1

and E3 connect |0〉 − |2〉, the system becomes V-type
three-level, as shown in Fig. 1(b). In such system, there
will be an efficient DFWM signal EF1 and a NDFWM
signal EF2 with two groups of fluorescence signals decay-
ing from |1〉(ρ(2)

11 and ρ
(4)
11 ) and |2〉(ρ(2)

22 and ρ
(4)
22 ), respec-

tively.

2.1 Dressed state theory in the two-level atomic system

In order to interpret the following experimental results,

Fig. 1 (a) two energy-level system diagram between |0〉 and |2〉, corresponding to wavelengths of 589.0 nm. (b) V-type
energy-level system diagrams, the wavelength of one dye laser beams is 589.0 nm, and the other is 589.6 nm. (c) and (d)
Spatial geometry for the laser beams in the experiment and experimental setup, respectively. The scale gives the angle
value of the corresponding position in heat pipe oven as shown in (d). Every optical element can be signified as: HR – High
reflective mirror, BS – Beam splitter (50%), L – Convex lens, PMT – Photomultiplier tube.
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we perform the theoretical calculation on probe trans-
mission, EF1 and fluorescence process in the two-level
atomic system. For EF1, its generation process can be
viewed as a series of transitions steps. The first step
is a rising transition |0〉 → |2〉 with absorption of a
pump photon E1, the second step is a falling transi-
tion |2〉 → |0〉, and the third step is another transition
|0〉 → |2〉with the absorption of a probe photon E3. The
last transition is |2〉 → |0〉, which emits an FWM photon
at frequency ω1. The corresponding multi-dressed Liou-
ville pathway in such case is

(F1) ρ
(0)
00

(E1)∗−→ ρ
(1)
20

(E′
1)∗−→ ρ

(2)
00

E3−→ ρ
(3)
20

(F3) ρ
(0)
00

E2−→ ρ
(1)
20

(E′
1)∗−→ ρ

(2)
00

E3−→ ρ
(3)
20

The expression of the density-matrix element related to
such multi-dressed EF1 and EF3 can be obtained as

ρ
(3)
F1 =

−iG3G1(G′
1)∗

Γ 00 + |G1|2
d1

+ |G1|2
d3

+ |G2|2
d2

+ |G2|2
d4

× 1(
d1 + |G1|2

Γ00+|G2|2/d2
+ |G1|2

Γ22
+ |G2|2

d5

)2 (1a)

ρ
(3)
F3 =

−iG3G2(G′
1)

∗
(
d7 + |G2|2

d3
+ |G1|2

d2

) (
d2 + |G2|2

Γ22
+ |G2|2

Γ00
+ |G1|2

d6

)2

(1b)

where d1 = Γ20 + iΔ1, d2 = Γ20 + iΔ2, d3 = Γ02 − iΔ1,
d4 = Γ02 − iΔ2, d5 = Γ22 + i(Δ1 − Δ2), d6 = Γ22 +
i(Δ2 − Δ1), d7 = Γ00 + i(Δ2 − Δ1), Δ1 = Ω20 − ω1 and
Δ2 = Ω20 − ω2.

On the other hand, there exist two types of fluores-
cence signals due to spontaneous emission of photons
from the upper levels, which can be described by the
Liouville pathway:

(R1) ρ
(0)
00

G1−→ ρ
(1)
10

(G1)
∗

−→ ρ
(2)
11 , and

(R2) ρ
(0)
00

ω2−→ ρ
(1)
20

ω∗
2−→ ρ

(2)
00

ω1−→ ρ
(3)
20

ω∗
1−→ ρ

(4)
22

The expression of the density-matrix elements related
to such multi-dressed R1 can be obtained as

ρ
(2)
22 =

G2
1(

d1 + |G1|2
Γ00

+ |G2|2
d8

) (
Γ22 + |G2|2

d2
+ |G1|2

d1

) (1c)

ρ
(4)
22 =

G2
1G

2
2

Γ00

(
d2 + |G1|2

d7
+ |G2|2

Γ00

) (
d1 + |G1|2

Γ00
+ |G2|2

d8

)

× 1

Γ22 + |G1|2
(

1
d1

+ 1
d3

)
+ |G2|2

(
1
d2

+ 1
d4

) (1d)

where d8 = Γ00 + i(Δ1 − Δ2).
For the probe transmission, the Liouville pathway is

ρ
(0)
00

G3−→ ρ
(1)
20 , and we can obtain the first-order density

matrix element as

ρ
(1)
20 =

iG3

d1 + |G1|2
Γ00+|G2|2/d2

+ |G1|2
Γ00

+ |G1|2
Γ22

+ |G2|2
d5

(1e)

the imaginary part of which proportionally determines
the absorption of probe beam in propagation.

2.2 Dressed state theory in the three V-level atomic
system

The DFWM process in this three-level atomic system [as
shown in Fig. 1(b)] can be described by the perturbation
chain:

(F1) ρ
(0)
00

(E1)∗−→ ρ
(1)
20

(E′
1)∗−→ ρ

(2)
00

E3−→ ρ
(3)
20

and the corresponding density matrix elements is

ρ
(3)
F1 =

−iG3G1(G′
1)∗

Γ00 + |G1|2
d1

+ |G1|2
d3

+ |G2|2
d′
2

+ |G2|2
d′
4

× 1(
d1 + |G1|2

Γ00+|G2|2/d′
2

+ |G1|2
Γ11

+ |G2|2
d9

)2 (2a)

where d′2 = Γ10 + iΔ2, d′4 = Γ01 − iΔ2, d9 = Γ21 + iΔ1 −
iΔ2, Δ1 = Ω20 − ω1 and Δ2 = Ω10 − ω2.

Four transition paths that generate fluorescence sig-
nals can be described by perturbation chains:

(R1) ρ
(0)
00

ω1−→ ρ
(1)
20

ω∗
1−→ ρ

(2)
22

(R2) ρ
(0)
00

ω2−→ ρ
(1)
10

ω∗
2−→ ρ

(2)
11

(R3) ρ
(0)
00

ω2−→ ρ
(1)
10

ω∗
2−→ ρ

(2)
00

ω1−→ ρ
(3)
20

ω∗
1−→ ρ

(4)
22

(R4) ρ
(0)
00

ω1−→ ρ
(1)
20

ω∗
1−→ ρ

(2)
00

ω2−→ ρ
(3)
10

ω∗
2−→ ρ

(4)
11

with the corresponding density matrix elements being

ρ
(2)
11 =

G2
2(

d′1 + |G1|2
Γ00

)(
Γ00 + |G2|2

d2

) (2b)

ρ
(2)
22 =

G2
1(

d2 + |G2|2
Γ00

)(
Γ00 + |G1|2

d′
1

) (2c)

ρ
(4)
11 =

G2
1G

2
2

Γ00

(
Γ11+

|G1|2
d′
1

+ |G1|2
d′
3

)(
d′1+

|G1|2
Γ00

) (
d2+

|G2|2
Γ00

)

(2d)

ρ
(4)
22 =

G2
1G

2
2

Γ00

(
Γ11+

|G2|2
d2

+ |G1|2
d3

)(
d′1+

|G1|2
Γ00

) (
d2+

|G2|2
Γ00

)

(2e)

where d′1 = Γ10 + iΔ1 and d′3 = Γ01 − iΔ1.
For the probe transmission, the Liouville pathway is

ρ
(0)
00

G3−→ ρ
(1)
20 , and the corresponding density matrix ele-
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ments is

ρ
(1)
20 =

iG3

d1 + |G1|2
Γ00+|G2|2/d′

2
+ |G1|2

Γ00
+ |G2|2

d9

(2f)

In our experiment, the sodium vapor is an EIT-
enhanced Kerr medium. The mathematical description
of the propagation properties of E3,F1 with the self-
and cross-Kerr nonlinearities induced by the control and
pump beams (E2, E′

2, E1, and E′
1) can be obtained

through numerically solving the following coupled equa-
tions:

∂u3

∂Z
− i∂2u3

2∂ξ2
− i∂2u3

2∂η2

=
ik2

3w0I

n0
(nS1

2 |u3|2 + 2nX1
2 |u1|2

+2nX2
2 |u′

1|2 + 2nX3
2 |u2|2 + 2nX4

2 |u′
2|2)u3 (3a)

∂uF1

∂Z
− i∂2uF1

2∂ξ2
− i∂2uF1

2∂η2

=
ik2

F1w
2
0I

n0
(nS2

2 |uF1|2 + 2nX5
2 |u1|2 + 2nX6

2 |u′
1|2

+2nX7
2 |u2|2 + 2nX8

2 |u′
2|2)uF1 (3b)

where Z = z/LD (LD = k1w
2
0 is the diffraction length

and ω0 the spot size); z is the longitudinal coordinate in
the beam propagation direction, k3 = kF1 = ω1n0/c; n0

is the linear refractive index at ω1; nS1−S2
2 are the self-

Kerr coefficients of E3,F1; nX1−X8
2 are the cross-Kerr co-

efficients of E3,F1 induced by E1, E′
1, E2 and E′

2, which
are given by a general expression n2 ≈ Reρ̃(3)

20 /(ε0cn0), is
negative for self-defocusing and positive for self-focusing,
and ρ̃

(3)
20 can be obtained from the coupled density-matrix

equations. The notations ξ = x/w0 and η = y/w0

are the transversal dimensionless coordinates; u3,F1 =
A3,F1/I1/2, u1,2 = A1,2/I1/2 and u′

1,2 = A′
1,2/I1/2 are

the normalized amplitudes of the beams E3,F1, E1,2 and
E′

1,2, with I donating the intensity.

3 Experimental results and theoretical
analyses

3.1 Dressed signals in two-level systems

The probe transmission, FWM signals and fluorescence
signals with different Δ1 in the two level system are
shown in Fig. 2(a), (c) and (e), respectively. And Fig.
2(b), (d) and (f) are the corresponding theoretical sim-
ulations. As depicted by the dotted lines in Fig. 2(a1)–
(a5), the shifting dip in the probe transmission alters
from EIA, to flat line, and again to EIA, and mean-
while moves from right to left, which corresponds to Δ1

varying from positive to negative. We can find the probe

transmission is asymmetry at Δ1 = 0, i.e., the height of
the EIT peak in Δ1 > 0 is smaller than that in Δ1 < 0.
In Fig. 2(c1)–(c5), we present the FWM signal, which
conclude NDFWM and the DFWM simultaneously, in
which we can see a shifting emission peak of NDFWM
and a fixed suppression dip of DFWM. The phenomenon
matches well with that shown in Fig. 2(a). As for the flu-
orescence signal as shown in Fig. 2(e), there is always sa
single-photon emission peak with a suppression dip at
Δ2 = 0. Our numerics agree well with our experiments.

The explanations of these effects lie in the density
matrix element related to these signals in Eq. (1).
|G1|2/[Γ00 + |G2|2/(Γ20 + iΔ2)], which interacts with
|G1|2/Γ22 cascadely, can dress the probe transmission
only when Δ2 is scanned under the two-photon resonant-
like (or EIT like) condition Δ1 − mΔ2 = 0, where
m = G1/G2. If m > 1, Δ2 = Δ1/m will move the posi-
tion of EIT close to Δ2 = 0, while if m < 1, EIT moves
far away from Δ2 = 0. Thus, the dressing effect of E2

(E′
2) can be modulated by E1(E′

1) through the param-
eter m. So, for the probe transmission, one EIA due to
G2

2/[Γ22 + i(Δ1 − Δ2)] moves from right to left as shown
by the dashed line in Fig. 2(a). Another EIA around
Δ2=0 is due to |G1|2/[Γ00 + |G2|2/(Γ20 + iΔ2)], and the
EIT within the EIA dip in the negative area is prob-
ably due to the cascade interaction mentioned above.
We just consider |G1|2/[Γ00 + |G2|2/(Γ20 + iΔ2)] in the
theoretical analysis with the corresponding EIA condi-
tion Δ1 − m(Δ2 ± λG2±) = 0. As shown in Fig. 2(g),
we find that the separation between the dressed ener-
gies becomes narrower if m > 1 and wider if m <1.
Actually, the evolution of FWM from EIA, flat line
to EIA was obtained for different Δ1 by scanning Δ2

in our recent work [17]. And the related density ma-
trix elements are shown in Eqs. (1a) and (1b). With
Δ1 scanned, |G1|2/(Γ10 + iΔ1) and |G1|2/(Γ02 − iΔ1)
in Eq. (1a), |G2|2/(Γ20 − iΔ1) in Eq. (1b) are all
single-photon dressing terms, and same results can be
obtained for |G2|2/(Γ20 + iΔ2) and |G2|2/(Γ02 − iΔ2)
in Eq. (1a), |G1|2/(Γ20 + iΔ2) in Eq. (1b) if Δ2 is
scanned. Because E1 and E2 are in the same direction,
the two-photon Doppler-free conditions will be satisfied
for the two level systems, thus the signals due to two-
photon or two-photon-like resonances are dominant, so
the signals due to single-photon dressing terms can not
be observed. Now it is clear that the shifting emission
peak of NDFWM is due to Γ00 + i(Δ2 − Δ1) in Eq.
(1b), and the fixed suppression dip of DFWM is due
to |G1|2/[Γ00 + |G2|2/(Γ20 + iΔ2)].

The asymmetric phenomena mentioned above can be
explained by the transition resonant frequency between
3P3/2 and hyperfine energy levels F = 1 and F = 2 of
the ground-state 3S1/2. In Fig. 1(a), the center of mass
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Fig. 2 (a), (c) and (e) Measured evolution of the probe transmission, FWM signals and fluorescence signals versus Δ2

in two-level (|0〉− |2〉) systems, for Δ1 = 100.6 GHz, 74.6 GHz, 0 GHz, −78 GHz, –100.1 GHz, from (1) to (5), respectively.
The dotted lines in (a) and (c) represents the shift trace of the characteristic regions in the spectrum. (b), (d) and (f)
Theoretical plots corresponds to (a), (c) and (e), respectively. (g) The dressed-state pictures of the DFWM signal. |G+〉
and |G−〉: two dressed states caused by the field E2(E′

2).

locates at the place where the distance from F = 2 is 3/8
of that between F=1 and F=2. When Δi < 0, the dipole
moment μi here is smaller than that with Δi > 0. Thus,
G2 = μ2E2/� is larger in Δi > 0, and the dressing effect
becomes weaker due to |G1|2/[Γ00 + |G2|2/(Γ20 + iΔ2)].
For the fluorescence signal, the emission peak is due to
Γ20 + iΔ2, and the suppression contribution can be de-
picted by |G2|2/(Γ20 + iΔ2) in Eq. (1c)–(1d).

3.2 Dressed signals in V type-level system

Next, we investigate the evolutions of the probe trans-
mission, DFWM, and fluorescence signals with different
Δ1 in a V-type three-level system with E2 and E′

2 driv-
ing |0〉 − |1〉. When Δ1 goes from positive to negative,
the result of the evolution of the probe transmission ver-
sus Δ2 is similar with that in Fig. 2(a), which is due to
|G1|2/[Γ00 + |G2|2/(Γ20 + iΔ2)] in Eq. (2f).

In this V-type three-level system, only DFWM is ob-
tained as shown in Fig. 3(c), and it is almost pure-
suppression for most of Δ1 values. However, the height
of the signal in Fig. 3(c4)–(c5) is larger than that in Fig.
3(c1)–(c2). Similar to the cases in two-level systems, the
corresponding suppression condition is Δ1 − mΔ2 = 0

due to the multi-dressing term |G1|2/[Γ00 + |G2|2/(Γ20 +
iΔ2)] in Eq. (3e). In the experiment, m = G1/G2 > 1 is
still satisfied and the dressed energy states on the same
side with Δ1 > 0 are squeezed. However, the powers of
E1 (E′

1) and E2 (E′
2) are much larger than those in for-

mer experiments that the pure-suppression of the FWM
signal can be observed for most of Δ1 values. For the
fluorescence signal in Fig. 3(e1)–(e5), the emission peak
is due to the single-photon emission term Γ20 + iΔ2 in
Eq. (2b)–(2d). And the suppression dip on the peak is
due to the dressing effects of E2 from |G2|2/(Γ20 + iΔ2)
in Eq. (2a) and (2b).

3.3 Comparison of dressed signals in two and V-type
three-level systems

Here in this part, we compare the spectra of probe
transmission signal, two coexisting DFWM signals and
fluorescence signals with different Δ1 as shown in Fig.
4(a)–(c) in two different energy level systems [Fig. 4(d1)
and (d2)] with the wavelength λ1 = 588.8 nm and the de-
tuning Δ2 being scanned from driving |0〉−|2〉 to |0〉−|1〉.
The probe transmission signal with two EIAs is shown
in Fig. 4(a1)–(a8), and when Δi (i = 1, 2) is negative, the
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Fig. 3 (a), (c) and (e) Measured evolution of the probe transmission, the DFWM signals and fluorescence signals versus
Δ2 with (a1) Δ1 = 97.7 GHz, (a2) Δ1 = 32.2 GHz, (a3) Δ1 = 0 GHz, (a4) Δ1 = −28.5 GHz, (a5) Δ1 = −80.2 GHz, ,
respectively in V-type energy-level system as shown in Fig. 1(c). (b), (d) and (f) Theoretical results correspond to (a), (c)
and (e). (g1)–(g5) The dressed-state pictures of the suppression and enhancement of the DFWM signal. |G+〉 and |G−〉:
two dressed states caused by the field E2(E′

2).

atomic level diagram is depicted by Fig. 4(d1), where Δ1

is in |0〉 − |2〉 transition and Δ2 is scanned through this
transition. The generated left EIA (named P1) is consis-
tent with the EIA from two-level system in Fig. 2(a), and
the right EIA (named P2) is consistent with that from
three-level system in Fig. 3(a). In Fig. 4(a1)–(a8), it is

clear to see that P1 is deeper than P2. This phenomenon
can be explained that μi in the region of Δ2 > 0 is smaller
than that in the region of Δ2 < 0. Due to G2 = μ2E2/H ,
G2 with Δ2 < 0 is larger and the cascade multi-dressing
interaction between |G1|2/[Γ00 + |G2|2/(Γ20 + iΔ2)] and
|G1|2/Γ11 in Eq. (2f) is stronger.

Fig. 4 (a), (b) and (c) Measured evolution of the probe transmission, the two coexisting DFWM signals and fluorescence
signals versus Δ2 with (a1) Δ1 = 338.5 GHz, (a2) Δ1 = 292.6 GHz, (a3) Δ1 = 255.6 GHz, (a4) Δ1 = 218.2 GHz, (a5)
Δ1 = 177.3 GHz, (a6) Δ1 = 136.4 GHz, (a7) Δ1 = 98.5 GHz, (a8) Δ1 = 46.2 GHz, respectively. (d1)–(d2) Atomic levels
diagrams, in which the center of mass in four different energy level types are marked out as the horizontal dashed lines and
labeled as COM, respectively The signals in (a)–(c) are distributed according to the distribution of the energy levels in (d).
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Under the same experimental condition, each curve in
Fig. 4(b) depicts two coexisting DFWM signals. The lo-
cations of DFWM signals (named F1, F2 respectively)
are consistent with those of the probe transmission. One
can see that F1 is stronger than F3 in Fig. 4(b1)–(b8),
which is also because of the stronger dressing effect of
transition |0〉−|2〉. As to the fluorescence signal [see Fig.
4(c1)–(c8)], the depth of the suppression dip and height
of the emission peak are determined by the dressing ef-
fects and the dipole moment, respectively, which is sim-
ilar as the probe transmission signals and the DFWM
signals.

3.4 Changing the angle of the dressing fields in
two-level system

Finally, we study intensities and spatial properties of sig-
nals by changing the angle of dressing fields in a two-level
system, as shown in the Fig. 1(a). Under the same ex-
perimental condition, for an hot atom with velocity υ

along angular bisector of the pump fields, the frequency
of E2 (or E′

2) shifts to ω2 − k2υ cos(θ2y/2) phenome-
nally considering the Doppler effect on the weak sig-
nals. For probe E3 signal, the single-photon absorption

peak arises at Δ1 = 0 depicted by the right dashed line
in Fig. 5(a). Moreover, the EIT window arises around
Δ1 = −20 GHz and corresponding EIA dip are de-
picted by the left dashed curve in Fig. 5(a). For EF1,
in Fig. 5(c), the primary A–T splitting at Δ1 = 0 and
secondary one around Δ1 = −20 GHz are obtained.
Also, Δθ2 is changed from −0.15 to 0.15, these signals
around Δ1 = −20 GHz change correspondingly with the
strongest value at Δθ2 = 0. First, for the probe E3 sig-
nal, when Δ1 is scanned, the single-photon absorption
dip arises at Δ1 = 0 due to iΔ1 +Γ20 in Eq. (1e) and the
EIT window at Δ1 = −20 GHz where the two-photon
resonance condition Δ1 − Δ′

2 = 0 determined the two-
photon dressing term |G2|2/[Γ22+i(Δ1−Δ′

2)] is satisfied,
where Δ′

2 = Δ2 + k2υ cos(θ2y/2), as shown in Fig. 5(b).
Then, for EF1 signal, as shown in Fig. 5(d), by scanning
Δ1 the one-photon emission peak forms by iΔ1 + Γ10 in
Eq. (1a). The primary A–T splitting at Δ1 = 0 is in-
duced by the terms |G1|2/[Γ00 + |G1|2/(Γ20 + iΔ1)] and
|G3|2/[Γ22+|G1|2/(Γ20+iΔ1)] in Eq. (1a). The secondary
A–T splitting at around Δ1 = −20 GHz is caused by the
term |G2|2/[Γ00 +i(Δ1−Δ′

2)] due to the two-photon res-
onant condition Δ1 − Δ′

2 = 0. When Δθ2 changes from
−0.15 to 0.15, the detuning of E2 and E′

2 changes with

Fig. 5 (a) and (c) show the experimentally measured intensities of the probe and FWM versus Δ1, respectively, with
Δ2 = −20 GHz in a two-level system. From (1) to (7), Δθ2 increases by 0.15 from −0.15. And the involved powers are
G1 = G′

1 = 1.2 GHz, G3 = 0.3 GHz and G2 = G′
2 = 1.1 GHz. (b) and (d) show the theoretically calculated intensities

of the probe and FWM respectively versus Δ1 corresponding to (a), (c). (g) and (h) Images of E3 and EF1. (i) The
theoretical Kerr nonlinear coefficient n2 of E2 (E′

2).



Zhen-Kun Wu, et al., Front. Phys., 2013, 8(2) 235

Δθ2 due to Δ′
2 = Δ2 + k2υ cos(θ2y/2), thus, the dressing

effect of E2 (E′
2) on E3 and EF1 signals also changes with

Δθ2. What’s more, the dressing effect is the strongest at
Δθ2 = 0.

In addition, the images of E3 and EF1 beams induced
by XPM are recorded at different Δθ2 by scanning Δ1

from negative to positive, as shown in Fig. 5(g) and (h).
Curves in Fig. 5(i) are the corresponding numerical simu-
lations of nonlinear index n2 versus Δθ2 under the dress-
ing effect of E2 and E′

2 near Δ1 = −20 GHz.
Figure 5(g4) [Fig. 5(h4)] can be obtained when Δθ2 =

0 is fixed and Δ1 is scanned, and the images of E3(EF1)
show significant focusing takes up around the EIA win-
dows [see Fig. 5(a)] in the region Δ1 < 0, in which
n2 is positive and arrives its maximum, as shown in
the Fig. 5(i4). However, with Δ1 increasing gradually,
E3(EF1) images evolve from focusing to defocusing, be-
cause n2 varies from positive (in Δ1 < 0) to negative
(in Δ1 > 0). When |Δθ2| changes from 0 to 0.15, the
focusing and defocusing phenomena due to the cross-
ing Kerr nonlinearity from E2 and E′

2 become weaker
gradually, as shown in Fig. 5(g1)–(g3) [Fig. 5(h1)–(h3)]
and Fig. 5(g5)–(g7) [Fig. 5(h5)–(h7)]. In order to ex-
plain the above experimental results, we perform the
nonlinearity coefficient n2 due to E2 and E′

2, depend-
ing on the angle Δθ2, can be expressed as n2 ∝ ρ̃

(3)
10 =

−iG3G1G
′∗
1 /[(d1 + |G2|2 /d10)2(Γ00 + |G2|2 /d11)], where

d10 = Γ00 + i(Δ1 − Δ′
2) and d11 = Γ20 + iΔ′

2. There-
fore, with angle |Δθ2| increasing [from Fig. 2(i1) to (i7)],
we can see |n2| decreases and reaches its maximum at
Δθ2 = 0. So the focusing and defocusing effect are most
significant at Δθ2 = 0. The experimental results have
reasonable agreement with the theoretical ones.

4 Conclusion

To summarize, we have analyzed and made a thorough
comparison among the probe transmission, FWM and
fluorescence signals observed in V-type three-level and
two-level atomic systems. Meanwhile, we present the in-
teresting results that both the hyperfine structure and
transition dipole moment can all affect the dressing ef-
fect. Theoretical simulations agree with the experimental
results very well. In addition, we have also investigated
the spatial properties of FWM by changing the angles
between dressing fields in two-level atomic systems, in-
cluding focusing/defocusing effect, which have been well

explained by the cross-Kerr nonlinear effect. The re-
search in this paper may have potential applications in
signal processing and help people understand the con-
trollable spatial pattern formation and dynamics.
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