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We illustrate our experimental observation of coexisting the controllable spatial splitting and intensity suppression

of four-wave mixing (FWM) beam in a V-type three-level atomic system. The peak number and separation

distance of the FWM beam are controlled by the intensities and frequencies of the laser beams, as well as atomic

density.
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In the past few years, interesting effects such as
induced focusing of optical beams,[1] beam shift and
splitting,[2] and enhanced Kerr effect[3] have been ex-
perimentally demonstrated in two-level atomic sys-
tems. The atomic coherence can significantly enhance
and modify the self- and cross-Kerr nonlinearities as
well as four-wave mixing (FWM) processes in several
multilevel atomic systems.[4−10] Such cross-Kerr non-
linear effects lead to the spatial modulation of the
probe beam.[1,2] Recently, we experimentally observed
the strong spatial shift and splitting of probe and gen-
erated FWM beams in a two-level system.[11−13] The
coexisting spatial splitting and intensity suppression
of the FWM beam in a V-type three-level system will
be discussed in this work.

In this Letter, by arranging laser beams as illus-
trated in Fig. 1(a), we demonstrate the spatial split-
ting of the FWM signal owing to the cross-Kerr effect
induced by the control field. Furthermore, the coexist-
ing spatial splitting and intensity suppression of FWM
induced by the proper dressing field and control field
are also achieved. We also compare the spatial split-
ting phenomenon in different atomic systems.

Three energy levels (|0⟩ (3𝑆1/2), |1⟩ (3𝑃1/2) and |2⟩
(3𝑃3/2)) in Na atoms form V-type three-level atomic
system as shown in Fig. 1(b). The laser beams 𝐸2 and
𝐸′

2 (with Rabi frequencies 𝐺2 and 𝐺′
2 respectively)

can be scanned to connect either the transition from
|0⟩ to |1⟩ in the V-type three-level or the transition
from |0⟩ to |2⟩ in the two-level atomic systems. While
the dressing beam 𝐸′

1 and the probe beam 𝐸3 (with
𝐺′

1 and 𝐺3 respectively) connect the transition from
|0⟩ to |2⟩ in both the atomic systems. The generated
FWM beam 𝐸F2 (with Rabi frequency 𝐺F2) connect
the transition from |0⟩ to |2⟩.

The experiment was carried out with Na vapor in
a 18-cm-long heat pipe. The four laser beams come
from two dye lasers (10 Hz rate, 5 ns pulse width, and
0.04 cm−1 linewidth), the control beam 𝐸′

2 and beam
𝐸2 with the frequency 𝜔2, the dressing beam 𝐸′

1 and
beam 𝐸3 with 𝜔1. As shown in Fig. 1(a), the pulse
laser beams (horizontally polarized) with diameters
of about 1 mm are aligned spatially with the control
beams 𝐸2(𝑘2) and 𝐸′

2(𝑘′
2) propagating through the

atomic medium in the same direction with small an-
gles (0.3∘). The probe beam 𝐸3 (𝑘3) propagates in
the opposite direction of 𝐸2. Satisfying the phase-
matching condition 𝑘F2 = 𝑘2 − 𝑘′

2 + 𝑘3, a generated
FWM beam 𝐸F2 which propagates along the opposite
direction of beam 𝐸′

2 is monitored by a charge coupled
device (CCD).
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Fig. 1. (a) Spatial beam geometry used in the experi-
ments with four laser beams. (b) Energy-level diagram of a
V-type three-level and (c) the corresponding dressed-state
picture, (d) energy-level diagram of a two-level atomic sys-
tem.
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As shown in Fig. 1(a), beams 𝐸2, 𝐸′
2, 𝐸3 and 𝐸F2

are all in the 𝑦𝑜𝑧 plane. The dressing field 𝐸′
1 prop-

agates in the 𝑥𝑜𝑧 plane, and the intensity is approx-
imately 5 times larger than the control beam 𝐸′

2, 50
times larger than 𝐸2, 100 times larger than 𝐸F2 and
the probe beam 𝐸3. Thus, the dressing beam 𝐸′

1 can
split the resonance levels |0⟩ and |2⟩ into dressed-state
|±⟩, respectively. Since it does not overlap with the
FWM beam 𝐸F2, it only leads to the suppression of
the FWM signal intensity. While 𝐸′

2 almost overlaps
with 𝐸F2 and the induced cross-Kerr nonlinear effect
causes the splitting of the 𝐸F2 beam spot.

The 𝐸F2 process is dressed by 𝐸′
1 in a V-

type three-level system, we can easily obtain 𝜌F2 =
−𝑖𝐺3𝐺

′2
2/[𝑑1𝑑2(𝑑1+𝐺′2

2/𝑑2)] for FWM signal intensity
by solving the coupled density-matrix equations under
the weak field approximation, here 𝑑1 = 𝑖∆1 + Γ10,
𝑑2 = Γ1 + 𝑖(∆1 − ∆2). On the other hand, for cross-
Kerr coefficients of the FWM beam 𝐸F2, we have

𝜌
(3)
10 = 𝜌𝑎 = −𝑖𝐺𝑎/[𝑑1Γ1(𝑑1 + 𝐺′2

1/Γ0 + 𝐺′2
1/Γ1)],

𝜌
(3)
10 = 𝜌𝑏 = −𝑖𝐺𝑏/[𝑑1𝑑2(𝑑1 +𝐺′2

2/𝑑2)] and 𝜌
(3)
10 = 𝜌𝑐 =

−𝑖𝐺𝑐/(𝑑1𝑑2𝑑3), respectively, where 𝐺𝑎 = 𝐺F2𝐺
′2
1,

𝐺𝑏 = 𝐺F2𝐺
′2
2, 𝐺𝑐 = 𝐺F2𝐺

′2
1,2.

The beam splitting can be described by the non-
linear Schrodinger equation

𝜕𝐴F2

𝜕𝑧
− 𝑖∇2

⊥𝐴F2

2𝑘F2
=

𝑖𝑘F2
𝑛0

[︁
𝑛𝑆
2 |𝐴F2|2 + 2𝑛𝑋1

2 |𝐴′
2|2

+ 2𝑛𝑋2
2 |𝐴′

1|2
]︁
𝐴F2, (1)

where 𝑧 is the longitudinal coordinate, 𝑘F2 = 𝜔1𝑛0/𝑐,
𝑛0 is the linear refractive index, 𝑛𝑆

2 are the self-
Kerr coefficient of 𝐸F2, 𝑛𝑋1,𝑋2

2 are the cross-Kerr
coefficients of 𝐸F2 induced by 𝐸′

2 and 𝐸′
1, respec-

tively. 𝐴F2, 𝐴′
1, and 𝐴′

2 are the slowly varying en-
velope amplitudes of beams 𝐸F2, 𝐸′

1, and 𝐸′
2, respec-

tively. Assuming that input lasers are Gaussian pro-
files, Eq. (1) can be numerically solved with the split-
step method. For a self-defocusing medium the Kerr
coefficient is negative, while for a self-focusing one it
is positive. We can obtain the nonlinear phase shift
𝜑NL(𝑧, 𝑥) = 2𝑘F2𝑛2

𝑛0(F2)
𝐼𝑒−(𝑤′

0𝑥)
2

𝑧, where 𝑛2 = 𝐶Re𝜒(3),

𝐶 = (𝜀0𝑐𝑛0)−1, the susceptibility 𝜒(3) = 𝐷𝜌
(3)
10 and

𝐷 = 𝑁𝜇4
10/(ℎ̄3𝜀0𝐺F2𝐺

2
𝑖 ). 𝑁 is the atomic density in

the sample cell and 𝜇10 is the dipole matrix element
between |0⟩ and |2⟩.

The nonlinear phase shift 𝜑NL(𝑧, 𝑥) becomes larger
with increasing 𝑛2, and due to |𝐸F2|2 ∝ sin2 𝜑NL more
spatial splitting appears in the 𝐸F2 beam profile. Fig-
ure 2 shows the spatial splitting evolution of 𝐸F2 beam
versus the frequency detuning ∆1. Since 𝐸′

2 is just be-
low the 𝐸F2 beam, the FWM signal beam is vertically
split by 𝐸′

2, as shown in Fig. 1(a). Correspondingly,
the peak separation number in the 𝐸F2 beam profiles
increases from one to three while the nonlinear re-
fractive index |𝑛2| changes from the minimum to the

maximum. There is no peak separation at the res-
onate frequency where 𝑛2 approximates to zero. Ap-
parently, when |𝑛2| reaches the largest, we can obtain
strong peak separation.

0.2

0.0

0.5

1.0

-30

-15

0

15
30

F
W

M
 b

e
a
m

 p
ro

fi
le

y
(m

m
) ∆

  
(G

Hz)

Fig. 2. 𝐸F2 beam profiles versus Δ1 at 250∘C in a V-
type three-level system. The parameters are Δ2 = 0,
𝐺′

1 = 0 (𝐸′
1 is blocked), 𝐺3 = 0.1GHz, 𝐺2 = 1.9GHz,

𝐺′
2 = 20.8GHz.
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Fig. 3. 𝐸F2 beam profiles with 𝐺′
1 = 6.8GHz (square),

13.8GHz (circle), 19.7GHz (triangle) and 20.6GHz (dia-
mond) at 265∘C in a V-type three-level system. The other
parameters are Δ1 = 17GHz, Δ2 = 0, 𝐺3 = 0.1GHz,
𝐺2 = 1.5GHz, 𝐺′

2 = 10GHz.

Figure 3 shows the spatial splitting of the 𝐸F2

beam profile when 𝐸′
1 increases gradually. In fact,

according to 𝜌F2 = −𝑖𝐺3𝐺
′2
2/(𝑑1𝑑2𝑑3), we can see

that 𝐸F2 is suppressed when 𝐸′
1 becomes stronger.

The reason is that 𝐸′
1 breaks the resonance levels |0⟩

and |2⟩ into dressed-state |±⟩ respectively, as shown
in Fig. 1(c). Moreover, when 𝐸′

1 is small and 𝐸F2 is
partly overlap with the laser beam 𝐸′

2, the 𝐸F2 beam
splits into two asymmetric parts (the square, circle,
and triangle curves). When 𝐸′

1 is strong enough, the
𝐸F2 beam have down shift induced by 𝐸′

1 and overlap
𝐸′

2. Thus the splitting of the FWM beam will be more
balance, and two splitting parts turn almost the same
at 𝐺′

1 = 20.6 GHz (diamond curve).
As is known, the temperature influences the

atomic density in the vapor medium which is propor-
tional to the propagation distance 𝑧 in 𝜑NL(𝑧, 𝑥) =
2𝑘F2𝑛2

𝑛0(F2)
𝐼𝑒−(𝑤′

0𝑥)
2

𝑧. With increasing temperature, 𝜑NL
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becomes larger, which indicates more spatial splitting
in the FWM beam profile. To examine the tempera-
ture effect imposed on the FWM signal, the tempera-
ture in the vapor sample is increased gradually. Fig-
ure 4 shows intensity curves of FWM signals under
different temperatures. The peak separation number
of the FWM beam profiles increases as temperature
rises. There are four separation peaks of the beam
profile at 280∘C.

F
W

M
 b

e
a
m

 p
ro

fi
le

0.1 0.2 0.3
0.0

0.5

1.0

y (mm)

Fig. 4. 𝐸F2 beam profiles in a V-type three level sys-
tem at 230∘C (solid curve), 240∘C (dashed curve), 260∘C
(doted curve) and 280∘C (dash doted curve). Inset: spots
of 𝐸F2 beam profile at 280∘C to 230∘C from top to bot-
tom. The other parameters are Δ1 = −10GHz, Δ2 = 0,
𝐺3 = 0.1GHz, 𝐺2 = 1.5GHz, 𝐺′

2 = 10GHz.
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Fig. 5. 𝐸F2 beam profiles in a two-level (solid) and V-
type three-level (dash) atomic systems at 260∘C. Curves:
Intensities of 𝐸F2 beams versus frequency detuning in
a two-level (left) and V-type three-level (right) atomic
systems at 230, 240, 260, and 280∘C from top to bot-
tom. The other parameters are Δ1 = −10GHz, Δ2 = 0,
𝐺3 = 0.1GHz, 𝐺2 = 1.5GHz, 𝐺′

2 = 10GHz.

The different Kerr nonlinear index of refraction 𝑛2

leads to the change of 𝜑NL in the spatial phase expres-
sion which is represented by spatial splitting of the
FWM beam. Since the dipole moment 𝜇20 of tran-
sition |0⟩ − |2⟩ is larger than the dipole moment 𝜇10

transition |0⟩− |1⟩, we can deduce that the cross-Kerr
coefficient 𝑛2 in a two-level system is larger than that
in a V-type three-level system.[11−13] We can see that
the peak separation number of beam profile in a two-
level system (solid curve) is more than that in a V-
type three level system (dashed curve) for larger 𝑛2.
The inset in Fig. 5 shows the spatial splitting of 𝐸F2

via 𝑛2 in two different atomic energy-level systems at
230, 240, 260, and 280∘C from top to bottom where all
the spot-splitting in the two-level system is apparently
larger than that in the V-type three-level system.

In conclusion, coexisting the spatial splitting and
intensity suppression of FWM beam is observed in a
V-type three-level system. The peak separation of the
FWM beam are controlled by the intensities and fre-
quencies of the laser beams, as well as atomic density.
Such studies can have potential applications in soliton
deflection and splitting communication, spatial optical
switch and other quantum information processes.
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