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Enhancement and suppression of spatial splitting
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We experimentally report on the evolution from singly-dressed to doubly-dressed four-wave mixing (FWM) process

by controlling the powers of the probe, the pump and the dressing fields respectively. The differences in the enhancement

and the suppression of FWM signal between the two-level and cascade three-level atomic systems are observed and

explained by the multi-dressed effect theoretically. Both the x direction and the y direction spatial splittings of the

degenerate-FWM (DWFM) beams are obtained. We also investigate the switch between the enhancement and the

suppression of the DWFM signals and between its spatial splittings in x direction and y direction. The spatial splittings

in x direction and y direction can be controlled by the relative position and the intensity of the involved laser beams.

Such a study can be useful for optimizing the efficiency of the FWM process and providing potential applications in

spatial signal processing.
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1. Introduction

The spatial focusing of one weak laser beam
by another stronger beam in Kerr nonlinear optical
medium has been demonstrated.[1−5] Such a spatial
modulation effect is governed by the cross-phase mod-
ulation (XPM) between the two laser beams in Kerr
nonlinear medium.[4−6] Also, the efficient four-wave
mixing (FWM) processes enhanced by atomic coher-
ence in multilevel atomic systems has been investi-
gated and demonstrated in previous research.[7−13]

The crucial elements of such enhanced nonlinear op-
tical processes lie in the enhanced nonlinear suscep-
tibility because of the induced atomic coherence as
well as greatly reduced linear absorption of the gener-
ated optical field due to electromagnetically induced
transparency. The XPM as well as the modified self-
phase modulation can significantly affect the propa-
gations and the spatial patterns of the traveling laser
beams when several laser beams propagate through

an atomic medium.[1−3] Recently, our work involved
the investigation of the doubly dressed schemes in a
five-level atomic system[12] and the observation of the
three-peak Autler–Townes splitting of doubly-dressed
FWM signal.[13]

In the present paper, we first investigate the con-
nection between the switch signal and the spatial
splitting of the degenerate-FWM (DWFM), from the
pure-enhancement to first suppression and then en-
hancement. By carefully controlling the powers of
the probe and the dressing fields, the DWFM signal
can be switched easily. The enhancement and the
suppression of the DWFM signals between two-level
atomic system and cascade three-level atomic system
are compared. Then we show the evolution of the
FWM process from singly-dressed to doubly-dressed
by controlling the power of the pump fields. In ad-
dition, the simultaneously observed spatial splittings
of the DWFM signal in the x direction and the y di-
rection are analysed. Such a study opens doors for
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future spatial signal processing, the optical communi-
cation and the optimization of the efficiencies of the
FWM processes.

2. Basic theory

The experiment is conducted in sodium atoms
(in a heat pipe oven) involving a cascade three-level
atomic system and a two-level atomic system as shown
in Fig. 1(a). In the two-level atomic system (the
left part in Fig. 1(a)) composed of the energy lev-
els |0〉 (3S1/2) and |1〉 (3P3/2), the pump laser fields
E1 (with frequency ω1, wave vector k1, and the Rabi
frequency G1) and E′

1 (ω1, k′
1, and G′

1) propagate
in the opposite directions and E′

1 propagates in the
direction opposite to the direction of the probe field
E3 (ω1, k3, and G3), with a small angle (∼ 0.3◦) in-
cluded between them. These three beams are from
the same near-transform-limited dye laser (with a 10-
Hz repetition rate, 5-ns pulse width and 0.04-m−1

linewidth) with the same frequency detuning ∆1 =
Ω10 − ω1, where Ω10 is the transition frequency be-
tween |0〉 and |1〉. The dressing field E2 (ω2, k2,
G2) is from another near-transform-limited dye laser
with the frequency detuning ∆2 = Ω10 − ω2, where
Ω21 is the transition frequency between |0〉 and |1〉,
and it propagates collinearly with E1. When E2 is
blocked, a degenerate-FWM (DFWM) (EF1) process
(Fig. 1(a)) satisfying the phase-matching condition
kF1 = k1 − k′

1 + k3 is obtained. With four laser
beams on, the dressed DFWM process is generated.
In the cascade three-level atomic energy, the experi-
mental scheme is similar. The pulse laser beams are
spatially aligned as shown in Figs. 1(b) and 1(c), with
energy level |0〉 (3S1/2), |1〉 (3P1/2), |2〉 (3P3/2) as
shown in Fig. 1(a). The difference is that field E2

(ω2, k2, G2) is connected to the transition between |1〉
and |2〉, with the detuning frequency ∆2 = Ω21 − ω2,
where Ω21 is the transition frequency between |1〉 and
|2〉, while a similar result can be obtained when E2 is
on or blocked. The spatial splitting images of the gen-
erated DFWM signal are captured by a CCD camera
and by discretely choosing different values of detun-
ing ∆1 (with different powers of the pump field, probe
field and dressing field) and scanning ∆2, its enhance-
ment/suppression can be recorded by PMT.

In order to model the four-wave mixing process,
the perturbation chain (Liouville pathway) is intro-
duced. First, in the two-level atomic system, con-
sidering EF1 dressed by E1 (E′

1) and E2, the Liou-

ville pathway of the multi-dressed DFWM ρ
(0)
00

(E1)∗−−−→

ρ
(1)
(G1G2±)(G1G2±)

(E′
1)∗−−−→ ρ

(2)
00

E3−−→ ρ
(3)
(G1G2±)(G1G2±),

and therefore the third-order density matrix element,
of which the module determines the intensity of
DFWM, can be expressed as

ρ
(3)
10 = − iG3G1(G′)∗1/(d1 + |G1|2/Γ00

+ |G1|2/Γ11+ |G2|2/d3

+ |G2|2/d4)2(Γ00 + |G1|2/d1 + |G1|2/d2

+ |G2|2/d5 + |G2|2/d6),

where d1 = Γ10 + i∆1, d2 = Γ01 − i∆1, d3 = Γ00 +
i(∆1−∆2), d4 = Γ11+i(∆1−∆2), d5 = Γ10+i∆2, and
d6 = Γ01 − i∆2, with Γij being the transverse relax-
ation rate between the states |i〉 and |j〉 (the term has
been introduced). Similarly, in the cascade three-level
system, when EF1 is also dressed by the fields E1 and
E2, the multi-dressed Liouville pathway in such a case

is ρ
(0)
00

(E1)∗−−−→ ρ
(1)
G1±G2±G3

(E′
1)∗−−−→ ρ

(2)
00

E3−−→ ρ
(3)
G1±G2±G3,

we can obtain

ρ
(3)
10 = − iG3G1(G′

1)
∗/[(d1 + |G1|2/Γ00

+ |G1|2/(Γ00 + A) + |G3|2/Γ00

+ |G3|2/(Γ11 + A) + |G2|2/d7]2[Γ00

+ |G1|2/(d1 + A2) + |G1|2/(d2 + A3)

+ |G3|2/(d1 + A2) + |G3|2/(d2 + A3)],

where d7 = Γ20+i(∆1+∆2), A1 = |G2|2/(Γ21 + i∆2),

A2 = |G2|2/[Γ20 + i(∆1 + ∆2)],

and
A3 = |G2|2/[Γ02 − i(∆1 + ∆2)].

In addition, the Doppler effect and the power broad-
ening effect on the weak FWM signals need to be con-
sidered.

To model the spatial effects of the DFWM sig-
nal in propagation, we need to consider the XPM en-
hanced by the dressing effects. In both the two atomic
systems mentioned above, the spatial modulation of
the DFWM signal is caused mainly by the nonlinear
cross-Kerr effect of E′

1, and the electromagnetically
induced grating (EIG) is induced by the interference
between the beams E1 and E′

1.
[3] On the one hand,

the nonlinear phase shift introduced by the XPM is
φ = 2kF1n2zI1 e−r2/2/(n0I

′
F1), where n2 is the non-

linear cross-Kerr refractive index; I1 is the intensity
of the laser beam E′

1; I ′F1 is the intensity of EF1. On
the other hand, the beams E1 and E′

1 are aligned in
the y–z plane with an angle θ = 0.05◦ to induce the
grating with the fringe spacing Λ = λ1/θ.
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Fig. 1. (colour online) (a) Diagrams of the two-level atomic system and the cascade three-level atomic system,

(b) spatial beam geometry of the experiment and (c) spatial alignments of the incident beams.

3. Experiment result analysis

When the four laser beams: strong dressing field
E2 and weak fields E1, E′

1, and E3, are all on, the sup-
pression and the enhancement of the singly-dressing
EF1 in both the cascade three-level and two-level sys-
tems are shown in Fig. 2(a). In both systems, when
∆1 is scanned, a global single peak can be observed as
shown in Figs. 2(a1) and 2(a2). Then we set ∆1 to be
at different discrete points from the negative to pos-
itive region and scan ∆2 near the transition centre,
the intensity of EF1 evolves from pure-enhancement
to first suppression and then enhancement, to pure-
suppression, to first enhancement and then suppres-
sion, to pure-enhancement sequentially as shown in
Fig. 2(a1) in two-level system. While in cascade three-
level system, the intensity of EF1 evolves from pure-
enhancement to first enhancement and then suppres-
sion, then to pure-suppression, further to first sup-
pression and then enhancement and finally to pure-
enhancement (Fig. 2(a2)).

To better explain the results mentioned above,
the different characteristics of the two atomic sys-
tems are investigated. The Liouville pathway for the

pure DFWM in both systems is ρ
(0)
00

(E1)∗−−−−→ ρ
(1)
10

(E′
1)∗−−−−→

ρ
(2)
00

E3−−→ ρ
(3)
10 , and the corresponding third-order non-

linear susceptibility is ρ
(3)
10 = − iG3G1(G′)∗1/(d2

1Γ00).
Therefore, when ∆1 is scanned from the negative to
the positive region (Figs. 2(c1)–2(d1)) at G2 = 0, the
intensity of EF1 is strongest at ∆1 = 0 as shown
in Figs. 2(a) and 2(b). In both systems, the dress-
ing field E2 will split the energy level |1〉 into two
dressed states |G2±〉 (Figs. 2(c) and 2(d)). Under
this singly-dressing condition, the Liouville pathway

in the two-level system is modified into ρ
(0)
00

(E1)∗−−−−→

ρ
(1)
G2±0

(E′
1)∗−−−−→ ρ

(2)
00

E3−−→ ρ
(3)
G2±0, and the third-order non-

linear susceptibility into ρ
(3)
10 = − iG3G1(G′)∗1/[(d1 +

|G2|2/d3)2Γ00], while in cascade three-level system,
the singly-dressed perturbation chain stays the same
as that in the two-level system, but it leads to a
different susceptibility ρ

(3)
10 = − iG3G1(G′)∗1/[(d1 +

|G2|2/d7)2Γ00]. In the two-level system, when ∆2 is
scanned and the probe field is set to be far away from
the resonance point at ∆1 < 0, the pure-enhancement
is acquired as shown in curve 1 of Fig. 2(a1) be-
cause the probe field E3 gradually approaches to the
dressed state |G2+〉 to satisfy the enhancement con-
dition ∆1 − ∆2 + G2 = 0 (Fig. 2(c2)).[7] Similar re-
sults can be seen from curve 1 of Fig. 2(a2) in the
cascade three-level system because the enhancement
condition ∆1 + ∆2 + G2 = 0 is satisfied. When ∆2

is scanned while the probe field is near the resonance
point at ∆1 < 0 in the two-level system, EF1 is first
suppressed and then enhanced (curve 2 of Fig. 2(a1))
because the suppression condition ∆1 − ∆2 = 0 is
first satisfied due to two-photon resonance (Fig. 2(c3))
and the enhancement condition ∆1 − ∆2 + G2 = 0
is then matched due to the resonance to the dressed
state |G2+〉 (Fig. 2(c4)). However, in the cascade
three-level system, EF1 is first enhanced and then sup-
pressed as shown in curve 2 of Fig. 2(a2) because the
order of the successive resonances is just opposite to
that in the two-level system. For the point ∆1 = 0,
EF1 is suppressed in both systems as shown in curve
3 of Figs. 2(a1) and 2(a2), because the suppression
conditions ∆1 − ∆2 = 0 in the two-level system and
∆1 +∆2 = 0 in the cascade three-level system are sat-
isfied, respectively. When ∆2 is scanned at ∆1 > 0,
there exist evolutions of the DFWM signal symmet-
rical to those in the region with ∆1 > 0, as shown
in Figs. 2(c5)–2(c8). The experimental results accord
well with the theoretical results.
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Fig. 2. (colour online) (a) Experimental results of the singly-dressed EF1 at P1 = 10 µW, P2 = 25 µW, P3 = 10 µW in (a1)

two-level system and (a2) cascade three-level system when E′
2 is blocked. Measured suppressed and enhanced DFWM signals

versus ∆2 at different ∆1 values: ∆1 = −53.4 (curve 1), –30.5 (curve 2), 0 (curve 3), 31.2 (curve 4), 55.7 (curve 5), –50.2

(curve 6), –28.7 (curve 7), 0 (curve 8), 29.5 (curve 9), 50.1 (curve 10) GHz; (b) Theoretical results of the singly-dressed EF1 in

both cascade three-level system and two-level system. The conditions are the same as those in Fig. 2(a); (c) The dressed-state

pictures of the suppression or enhancement of the EF1 in two-level system. The dressed states |G2±〉 are denoted with dashed

lines; (d) The dressed-state pictures of the suppression or enhancement of EF1 in cascade three-level system. The dressed states

|G2±〉 are denoted with dashed lines.

Next, when E2 and E1(E′
1) are both sufficiently

strong, the suppression and the enhancement of the
doubly-dressed EF1 accompanied by its spatial split-
ting in the y direction can be observed in Figs. 3(a)
and 3(b). Here Figs. 3(a1)–3(a4) showing the splitting
of EF1 signal correspond to the curves in Figs. 3(b6)–
3(b9).

To completely explain the splitting in the y di-
rection of EF1, the relative positions of various beams

must be considered. In the experiment, the pump
beams E1 and E′

1 are deliberately aligned in the y–
z plane, with a small angle θ (θ = 0.05◦) included
between them. According to the phase matching con-
dition, the generated EF1 will overlap with E′

1 in both
x direction and y direction. But when E1 and E′

1 are
set to be in the middle of the heat-pipe oven, EF1

will exactly overlap with E′
1 only in the y direction.

Furthermore, because of the rather small angle θ, the
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spacing of the fringes of EF1 introduced by the mod-
ulation of EIG induced by E1 and E′

1 in y–z plane,
Λ = λ1/θ, is large enough to be observed. So the split-
ting in the y direction due to the grating is obtained
as shown in Fig. 3(a). In addition, when the intensity
of EF1 is enhanced, more splitting parts are observed
because of the larger spot passing through the grating.
Similarly, when the intensity of EF1 is suppressed, the
splitting becomes weaker.

Figure 3(b) displays the enhancement and the
suppression of the doubly-dressed EF1. The global
double-peak is obtained by scanning ∆1 when E2 is
blocked as shown in Fig. 3(b). By choosing ∆1 directly
within ∆1 < 0 and scanning ∆2, the intensity of the
DFWM signal EF1 evolves from pure-enhancement,
to first enhancement and then suppression, to pure-
suppression, to first suppression and then enhance-
ment and to pure-enhancement successively, which is
clearly demonstrated on the left side of Fig. 3(b).
When ∆1 is set to be in the positive region, symmetric

processes can be observed from the six curves on the
right side of Fig. 3(b).

In order to explain such evolving enhance-
ment and suppression in the doubly-dressing system,
the dressed-state pictures are adopted theoretically.
When the power of E1 (E′

1) increases, it acts as
not only the pump field but also the inner dress-
ing field. In the cascade doubly-dressed system by
E1 (E′

1) and E2, the dressed Liouville pathway is

ρ
(0)
00

(E1)∗−−−−→ ρ
(1)
G1±G2±0

(E′
1)∗−−−−→ ρ

(2)
00

E3−−→ ρ
(3)
G1±G2±0.

Then we can obtain the expressions of the corre-
sponding density matrix elements as follows: ρ

(3)
10 =

− iG3G1(G′
1)

∗/[(d1 + |G2|2/d7 + |G1|2/Γ00)2Γ00]. Ini-
tially, the state |1〉 will be split into two dressed states
|G1±〉 by E1 (E′

1) (Fig. 3(c1)). When E2 is blocked
and ∆1 is scanned, E3 can resonate with the two
dressed states |G1±〉 respectively to enhance the in-
tensity of EF1 as shown in Fig. 3(c1). So the two
peaks are obtained globally as shown in Fig. 3(b).
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Fig. 3. (colour online) (a) EF1 images at P1 = 25 µW, P2 = 28 µW, P3 = 12 µW when ∆1 = 18.6 (a1), 31.3

(a2), 47.9 (a3), 69.5 (a4), with E′
2 blocked in the experiment; (b) experimental results of the doubly-dressed EF1

by the dressing fields and the pump fields when ∆1 = −68.5 (b1), −48.1 (b2), −32.4 (b3), −19.8 (b4), 0 (b5), 18.6

(b6), 31.3 (b7), 47.9 (b8), 69.5 (b9) GHz, with other conditions remaining the same as those in Fig. 3(a), where

the dot-dashed line represents the double-peak EF1 versus ∆1; (c) dressed-state pictures of the suppression or the

enhancement of the EF1, with the states |G1±〉 denoted with dashed lines and the states |G1 +G2±〉 or |G1−G2±〉
represented by dot-dashed lines.
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Afterwards, when E2 is on, the dressed state
|G1±〉 is further split into the dressed states |G1 +
G2±〉 or |G1 − G2±〉 by E2 (Figs. 3(c2)–3(c14)). In
the region with ∆1 > 0, when ∆2 is scanned, the inten-
sity of EF1 evolves from strong to weak (Fig. 3(a1)).
The DWFM signal is first enhanced and then sup-
pressed shown as in Fig. 3(b6) because E3 first res-
onates to the dressed state |G1 − G2+〉 to satisfy the
enhancement condition ∆1 + ∆2 + G2 = 0 and then
the suppression condition ∆1+∆2 = 0 is matched due
to the two-photon resonance as shown in Figs. 3(c9)
and 3(c10). When ∆1 increases, EF1 is purely sup-
pressed as shown in Figs. 3(a2) and 3(b7) since E3

could not reach state |G1 − G2±〉 and the suppres-
sion condition ∆1 + ∆2 = 0 is satisfied (Fig. 3(c11)).
With the value of ∆1 further increasing, the inten-
sity of EF1 is first suppressed due to resonance and
then enhanced due to being resonant with the dressed
state |G1 − G2−〉 (Figs. 3(a3) and 3(b8)). When the
positive ∆1 is set to be far away from the resonance
point at ∆1 > 0, the intensity of EF1 is enhanced and
therefore gradually stronger as shown in Figs. 3(a4)
and 3(b9). So the pure-enhancement is acquired be-
cause E3 gradually approaches to the dressed state
|G1 − G2−〉 (Fig. 3(c14)) and the enhancement con-
dition ∆1 + ∆2 − G2 = 0 is satisfied. At the point
with ∆1 = 0, the pure-enhancement (Fig. 3(b5)) is
obtained because E3 and dressing fields both reach
the resonance point, satisfying the enhancement con-
dition ∆1 +∆2 +G2 = 0 (Fig. 3(c6)). When scanning
∆2 with ∆1 < 0 (Figs. 3(b1)–3(b4)), the intensity of
EF1 displays symmetry process and the corresponding
theoretical explanations are similar. The experimen-
tal results fit well to the theoretical results.

Finally, we investigate the switch between the en-
hancement and the suppression of EF1 (Fig. 4). With
the powers of E3 and E2 increasing, EF1 evolves from
pure-enhancement to first suppression and then en-
hancement.

Figure 4(b) shows the corresponding EF1 images
in Fig. 4(a), which shows the splitting in the x di-
rection. It is worth noting that the spatial splitting
images have a transformation from the ones in x direc-
tion in Fig. 3(a) to the ones in y direction in Fig. 4(b).
The x direction spatial splitting is obtained when E1

and E′
1 are set to be in the front and at the back

of the heat-pipe oven compared with the y direction
splitting when E1 and E′

1 are set to be in middle of the
heat-pipe oven. Compared with the angle (0.3◦) in x–
z plane between E1 and E′

1, the angle (θ = 0.05◦) in
y–z plane is small enough to be ignored when they are
set to be in the front or at the back of the heat-pipe

oven. Furthermore, the splitting induced by the grat-
ing in x–z plane created by E1 and E′

1 is too small
to be observed. So the x direction splitting is ob-
tained due mainly to the nonlinear cross-Kerr effect
of E′

1. In the expression of the nonlinear phase shift
φ = 2kF1n2zI1 e−r2/2/(n0I

′
F1), φ is directly propor-

tional to n2 and I1, but inversely proportional to I ′F1.
When ∆2 is scanned, the intensity I1 of the laser beam
E′

1 and the nonlinear index n2 remain nearly constant,
thus φ is determined mainly by I ′F1. As the intensity
of E3 increases, I ′F1 becomes larger, which results in a
smaller value of the nonlinear phase shift φ. Therefore
we can obtain the weak splitting beam spots. While
under the suppression condition, the intensity of the
FWM signal I ′F1 becomes significantly weaker and the
spatial splitting will be stronger correspondingly as
shown in Fig. 4(b).

The powers of various fields can dramatically af-
fect the enhancement or the suppression of EF1. First,
we study the switch of by E3 field. Initially, when
the power of E3 is small, the singly-dressed system
is observed. The signal of EF1 is purely enhanced at
∆1 = 57.6 GHz as shown in Figs. 4(a1)–4(a3) and
Figs. 4(b1)–4(b3) because E3 resonates to the dressed
state |G2−〉 (Fig. 4(d1)) and the enhancement con-
dition ∆1 + ∆2 + G2 = 0 is matched. Then as the
power of E3 increases, the system is doubly-dressed
by E3 and E2. The intensity of EF1 is first sup-
pressed (under the suppression condition ∆1+∆2 = 0)
and then enhanced (under the enhancement condition
∆1 + ∆2 − G2 = 0) at ∆1 = 57.6 GHz (Figs. 4(b4)–
(b6)). The corresponding dressed states diagrams are
shown in Figs. 4(d2) and 4(d3).

When the power of E2 changes, the switch by E2

is observed too. In such a case, the distance between
the two dressed states split by E2 is broadened with
the increase of its power. When the power of E2 is
little, the distance of |G1 − G2+〉 and |G1 − G2−〉
is relatively small. So E3 gradually resonates to
|G1 − G2−〉 (Fig. 4(d4)) and the enhancement con-
dition ∆1 + ∆2 + G2 = 0 is satisfied. The pure-
enhancement is obtained as shown in Figs. 4(c1)–
4(c3). Then as the power of E2 becomes larger, the
distance between |G1−G2+〉 and |G1−G2−〉 increases,
so E3 is first suppressed with the suppression condi-
tion ∆1 + ∆2 = 0 satisfied due to the two-photon
resonance and then enhanced with the enhancement
condition ∆1 + ∆2 − G2 = 0 matched due to reso-
nance to the dressed state |G1 − G2−〉 (Figs. 4(d5)
and 4(d6)). Thus the first suppression and then en-
hancement is obtained as shown in Figs. 4(c4)–4(c6).
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Fig. 4. (colour online) (a) Switch from pure enhancement to first suppression and then enhancement of the DFWM

signal EF1 when ∆2 is scanned from −60 GHz to 60 GHz, with different powers of the probe field E3, with the

parameters being P1 = 12 µW (power of E1), P2 = 25 µW (power of E2), ∆1 = 57.6 GHz and P3 (power of E3)=5.85

(a1), 12 (a2), 12.33 (a3), 16.81 (a4), 20.56 (a5), 23.68 (a6); (b) the corresponding images of EF1 in Fig. 4(a). Here

panel 4(b) (b1–b6) show that the splittings of EF1 signal correspond to the curves in Fig. 4(a) (a1–a6). The condition

remains the same as that in Fig. 4(a); (c) the switch from pure enhancement to first suppression and then enhancement

of the DFWM signal EF1 when ∆2 is scanned, with different powers of the dressing fields E2, with the parameters

being P1 = 22 µW, P3 = 10 µW, ∆1 = 55.4 GHz and P2 = 4.13 (c1), 7.48 (c2), 10.68 (c3), 13.59 (c4), 16.65 (c5), 19.75

(c6) µW; (d) the dressed state energy diagrams of EF1. The first order states are denoted with dashed lines and the

second order states are represented with dot-dashed lines.

4. Conclusion

We experimentally investigated the relation be-

tween the switch and the spatial splitting of the

DFWM signal. By changing the powers of the probe,

pump and dressing fields, the switch from pure-

enhancement to partial enhancement/suppression can

be observed due to the interaction among these fields.

Also, the DFWM process evolves from singly-dressed

state to doubly-dressed state. The comparisons of the

enhancement and the suppression of the DFWM sig-

nal between in the two-level atomic system and in

the cascade three-level atomic system were made and

explained. In addition, we also observed the spatial

splittings of the DFWM signal in both x direction and

y direction due to the nonlinear cross-Kerr effect and
electromagnetically induced grating respectively. The
separation distance and number of the splitting beams
can be controlled by the intensities and frequencies of
the involved laser beams. This work provides detailed
mechanisms to optimize the efficiencies of the FWM
processes and potential applications in future optical
communication and quantum information processing.
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