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1.  Introduction

Electromagnetically induced transparency (EIT) [1] can 
weaken the absorption of the incident light beams in the 
multilevel atomic system, while electromagnetically induced 
absorption (EIA) can strengthen the absorption. Under the 
EIT or EIA condition, the suppression or the enhancement 
[2–4] can be observed in the four-wave mixing (FWM) [5].

In FWM process, the electromagnetically induced grating 
(EIG) is resulted from two counter propagating beams [6–8]. 
The EIG possessing photonic band gap (PBG) structure has a 
potential application in all optical switch, EIG can be manipu-
lated by the propagation of light to create a tunable photonic 
band gap [9, 10], due to the strong standing coupling beams, 
the nonreciprocity phenomenon, resembles optical bistabil-
ity (OB), has also been demonstrated without a cavity using 
degenerate FWM in atomic vapor [11, 12]. While there is 

attention to all-optical diode based on a ‘moving’ PBG gener-
ated in a three level EIT medium in which the propagation 
nonreciprocity (PN) is observed as the propagation direction 
of the incident beams is variable [13]. Moreover, PN is also 
investigated in the optical made of three-level cold 87Rb atoms 
[14]. In a tradition optical diode based on the PN a signal’s  
transmission is 100% in the forward direction while it vanishes 
for backward propagation.

In addition the feedback dressing resulted from optical 
parametrical amplification (OPA) FWM process in an opti-
cal cavity have been studied experimentally [15] and theor
etically [16], which provides the explanation of the scanning 
nonreciprocity (SN) in our paper.

Recently, many researchers have shown their interests to 
the characteristics of the spatial image in the FWM process. 
Spatially shift and split of one weak laser beam caused by 
cross-phase modulation (XPM) in Kerr nonlinear optical 
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media were studied in early 90s [17, 18]. While there are 
also studies on the Laser beam self-focusing resulted from  
self-phase modulation (SPM) [19–21].

In this paper, we investigate the SN of the moving PBG by 
fixing the propagation direction and the frequency of the inci-
dent beam in a reverted-Y type four-level atomic system. The 
SN caused by OPA refers that the generated signals cannot be 
overlapped when the signals on the rising ramp (scanning the 
signal from low frequency to high) and the falling ramp (scan-
ning the signal from high frequency to low) are folded, which is 
a nonreciprocity under two different scanning mode. Based on 
the SN and PN in the PBG we can obtain a controllable opti-
cal diode in which successful transmission of the signal requires 
two conditions: the forward direction of the incident signal and 
the specific scanning mode and frequency of the external dress-
ing signal. Thus the optical diode is controllable and more likely 
an optical thyristor. Meanwhile, the SN in the spatial image is 
studied, in other words, the difference in focusing, shift and split 
between two arm ramps. These phenomenon are explained by 
combining the theories of intensity difference and SPM (XPM).

2.  Experimental setup

The experiment is performed in a reverted-Y type four-level 
atomic system composed of 5S1/2(F  =  3) ( 0 ), 5S1/2(F  =  2) 
( 1 ), 5P3/2 ( 2 ), and 5D5/2 ( 3 ) of 85Rb as shown in figure 1(a). 
Coupling laser beams E3 and E3′ connect the transition 
3   →  1 , the laser beam E2 connects 1   →  2 , and the probe 

laser beam E1 connects 0   →  1 . For a light beam Ei (i  =  1, 2, 
3, 3′), iω  is the respective laser frequency, ki is the wave vec-
tor, EGi i i/µ= � is the Rabi frequency with a transition dipole 
moment iµ , Pi is the power of laser and i∆  is the frequency 
detuning, where i i iω∆ = Ω − . iΩ  is the resonant frequency, 

1Ω , 2Ω  and 3Ω  are used for transitions 0   →  1 , 1   →  2  and 
3   →  1  respectively.

The experiment is performed in a reverted-Y type 
four-level atomic system composed of 5S1/2(F  =  3) ( 0 ), 
5S1/2(F  =  2) ( 1 ), 5P3/2 ( 2 ), and 5D5/2 ( 3 ) of 85Rb as shown 
in figure 1(a). Coupling laser beams E3 and E3′ connect the 
transition 2   →  1 , the laser beam E2 connects 1   →  2 , and 
the probe laser beam E1 connects 0   →  1 . For a light beam 
Ei (i  =  1, 2, 3, 3′), iω  is the respective laser frequency, ki is the 
wave vector, EGi i i/µ= � is the Rabi frequency with a trans
ition dipole moment iµ , Pi is the power of laser and i∆  is the 
frequency detuning, where i i iω∆ = Ω − . iΩ  is the resonant 
frequency, 1Ω , 2Ω  and 3Ω  are used for transitions 0   →  1 , 
1   →  2  and 3   →  1  respectively.

Figure 1(c) shows experimental setup. Using the acousto-
optical modulators (AOM), we can change 3ω′ to get a moving 
photonic band gap. The PTS (EP) and the generated FWM 
signal (EF) (which is generated when it satisfies the phase-
matching condition k k k kF 3 1 3= + − ′)and FLS (EFL) can be 
detected by D1–D3, respectively. The coupling periodic dress-
ing beams E3 and E3′ propagating through the 85Rb vapor in 
opposite directions form a moving band gap, it can be dressed 
by the dressing beam E2, the probe beam E1 propagates along 
the same direction as E3′ with a small angle between them and 
the dressing beam E2 propagates in the opposite direction to 
E3′ with a small angle between them.

3.  Basic theory

3.1.  Probe transmission signal (PTS), FWM and FLS with 
feedback dressing

Here we describe feedback models of the EP and EF. 
The perturbation chain of FWM BGS can be written as 

00
(0)

10
(1)

20
(2)

10
(3)→ → →ρ ρ ρ ρ . According to the energy system and 

Liouville pathways, when the coupling beams frequency 

3 3ω ω≠ ′, the moving first-order and third-order density matrix 
elements are as follow:

G

d

i
10
1 1

1

( )ρ =� (1)

G G G

d d d

i
10
3 1 3 3

1 2 3

( )ρ =
− ′

′� (2)

Where =Γ + ∆d i1 10 1, =Γ + ∆ +∆d i2 20 1 2( ), =Γ +d3 30  
( )∆ −∆i 1 3 , δ=Γ + ∆ −′d i1 10 1( ), Γij is the transverse relax-

ation rate between states i  and j , considering the feedback 
dressing effect of Ei (i 1, 2, 3, 3= ′), the first-order and third-
order density elements can be write as:

Figure 1.  (a1) The cascade four-level atomic system and the 
involved light beams. (a2) Dressed energy level schematic 
diagrams. (b) Periodically static standing wave pattern. (c) Setup of 
our experiment. PBS, polarizing beam splitters; E1, E2, E3 and ′E3, 
laser beams, EP: PTS, EF: FWM signal, EFL: fluorescence signal; 
D1–D3, detectors; AOM (acousto-optical modulators).
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Where G T1
2

00/Γ  and GFR
2

00/Γ  are the feedback dressing 

terms resulted from OPA, which can cause the SN. G T1  and 
GFR are the feedback dressing Rabi frequency of PTS and 
FWM respectively (identified in equations (1) an (2) in [22]). 
The effect of these feedback dressing terms on PTS or FWM 
is similar to that of G2 and G3.

For the fluorescence signals (FLS), the second-order fluo-

rescence FLR1 is described by → →( ) ( ) ( )ρ ρ ρ
∗

E E

00
0

10
1

11
21 1 , so 11

2( )ρ  can 

be written as:

G d11
2

1
2

1 11/( )ρ = − Γ� (5)

when beam E2 is on, the fluorescence process FLR1 is dressed 

and the expression of 11
2( )ρ  can be modified as:
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−

Γ + + + Γ

G

d G d G d G
11
2 1

2

11 1 3
2

3 2
2

2 FL
2

00( / / / )
( )� (6)

GFL
2

00/Γ  is the feedback dressing term caused by radiation 

trap (identified in equation (3) in [22]). Via Liouville pathway 

→ → → →( ) ( ) ( ) ( ) ( )ρ ρ ρ ρ ρ
∗ ∗

E E E E

00
0
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1
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2

21
3

22
41 2 1 2 , we can obtain the density-

matrix element of fourth-order fluorescence (FLR2) signal as:
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where =Γ + ∆d i5 21 2. Considering the dressing effect, the 
dressed density-matrix element of FLR2 is given as:

ρ =
Γ + Γ +

G G

d G d G d d
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where GFL2
2

00/Γ  is the feedback dressing term caused by 

radiation trap. The intensity of the signals can be derived from 
the density-matrix element.

3.2. Theoretical model of the spatial nonlinear propagation  
of probe and FWM beams

The propagation equations giving the mathematical descrip-
tion of the self- and cross-phase modulation (SPM and XPM) 
induced spatial interplay of the probe and FWM beams are

ζ

ω∂
∂
−
∂
∂

= | | + | | + | |

+ + ′

u

Z

u k I

n
n u n u n u

n u n u u

i

2

i
2 2

2 2

S X X

X X

P
2

P
2

p
2

0
2

0
2

1
P

2
2

1
1

2
2

2
2

2

2
3

3
2

2
4

3
2

P

(

)
�

(9)

(

)

ζ
ω∂

∂
−
∂
∂

= | | + | | + | |

+ + ′

u

Z

u k I

n
n u n u n u

n u n u u

i

2

i
2 2

2 2

S X X

X X

F
2

F
2

F
2

0
2

0
2

2
F

2
2

5
1

2
2

6
2

2

2
7

3
2

2
8

3
2

F

�

(10)

where /=Z Lz D (L kD 1 0
2ω=  is the diffraction length and 0ω  

is the spot size of probe beam), with z being the longitudinal 
coordinate in the propagation direction; x 0/ζ ω=  and y 0/ω  are 
the horizontal and vertical coordinates in transverse dimen-
sion, respectively; k k n cP F 1 0/ω= =  is the wave vector of PTS 
and FWM, with n0 being the refractive index; n S S

2
1, 2 are the 

self-Kerr coefficients of EP,F; n X X
2

1– 8 are the cross-Kerr coef-
ficients of EP,F induced by E1, E2 and E3(E3′); u E IP P

1 2/ /= , 
u E I1 1

1 2/ /= , u E I2 2
1 2/ /= , u E I3 3

1 2/ /=  and u E I3 3
1 2/ /=′ ′  are the 

normalized amplitudes of the beams EP,F, for simplicity, the 
intensities of the beams E1, E2 and E3(E3′) are assumed to be 
I (they can be further distinguished out by the intensities of I1, 
I2 and I3(I3′), respectively). On the left sides of equations (9) 
and (10), the first terms of the both equations  describe the 
beams longitudinal propagation, and the second terms give 
the diffraction of the beams during propagation. On the right 
hand sides, the first terms describe the nonlinear self-Kerr 
effects, and the second to the fifth terms describe the nonlinear 
cross-Kerr effects.

All the Kerr nonlinear coefficient can be described by a 

general form n p cnRe2 10
3

0 0/( ) ε≈ �  ( n n Ii2 2
2∆ = ). The element 

p10
3( )�  can be obtained by solving the coupled density-matrix 

equations, e.g.:

=
−

Γ + Γ + +
�p

G G

d G G d G d

i
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3 P,F P,F
2
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2

00 2 2 3 3
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for nS
2

1,2 (induced by EP,F)

=
−

Γ + Γ + +
�p

G G

d G G d G d

i
b10

3 P,F 1
2

00 1 1
2

00 2 2 3 3
2
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� (12)

for nX
2

1,5 (induced by E1)

( / / / )
( ) =

−

Γ + Γ + +
�p

G G

d G G d G d

i
c10

3 P,F 2
2

00 1 1
2
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for nX
2

2,6 (induced by E2)
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G G

d G G d G d

i
d10

3 P,F 3
2

00 1 1
2
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for nX
2

3,7 (induced by E3).
Equations (11)–(14) proportionally determine the self-

Kerr effect induced by EP,F themselves and the cross-Kerr 
effects induced by E1, E2 and E3 respectively. Thus, n2 is the 
superposition of n nS SE

2
1,2

2= , n nX XE
2

1,5
2

1= , n nX XE
2

2,6
2

2=  and 
n nX XE

2
3,7

2
3= . If the diffraction and SPM terms are neglected, 

the solutions of equations (9) and (10) are obtained as:
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u z u, 0, exp i iP,F P,F( ) ( ) ( )ξ ξ φ= ∑  (i  =  1, 2, 3), where 
k zn I n I2 ei

XE
iP,F 2

2
0 P,F

i i
2 /( )( ) /φ = ξ ξ− −  is nonlinear phase shift 

introduced by the strong beam Ei, with iζ  being the central 
coordinate of Ei in the transverse dimension relative the 
central coordinate of EP,F as original point. Therefore, the 
additional transverse propagation wave-vector introduced 

by Ei is ki i( / )δ φ ξ ξ= ∂ ∂′ξ �, where ξ� is the unit vector along 

the transverse axis. The direction of kiδ ′ξ determines the Ei-
induced spatial characteristics change of EP,F in the transverse 
dimension, for example k xP,3δ ′   >  0 shows the E3-induced x 
direction attraction of EP. When nX

2
i  >  0, kiδ ′ξ always points 

to the beam center of the strong beams, the weak beams shift 
to the strong beams. When nX

2
i  <  0, the weak beams shift 

away from the strong beam, when nS
2

i  >  0 the weak beam is 
focusing, otherwise the weak beam is defocusing. Moreover, 
nonlinear phase shift shows the stronger spatial focusing or 
defocusing, while the shift and splitting can be introduced  
with larger nonlinear refractive index n n IE E

i2 2
i i∆ =  (i  =  1, 2, 3) 

and lower IP,F.

3.3. The frequency offset, intensity difference and spatial 
characteristics difference between two SN signals

Because of the OPA or radiation trap, the feedback dressing 
terms in equations  (3), (4), (6) and (8) are different on two 
arm ramps. So the intensities of the observed signals (PTS, 
FWM BGS and FLS) are different on the rising ramp and the 
falling ramp.

The frequency offset ( v∆ ) is the horizontal distance 
between the peaks (dips) on two arm ramps, which can be 
written as:

N n I n I vn2up up 2down down 0( ) /ω− = ∆� (15)

where Iup and Idown are the feedback dressing intensities of 
the signals on the two arm ramps of one single round; ω is 
the frequency of the observed signal; n0 is the linear refrac-
tion index; N is the atomic density, respectively. If we con-
sider the nonlinear refraction index on the two arm ramps 
as n n n2up 2down 2≈ ≈ , then the equation (15) can be changed 
into:

Nn I I vn2 up down 0( ) /ω− = ∆� (16)

As the feedback dressing effect is different on two arm ramps, 
the intensities (IP,F) of the PTS or FWM signal are also dif-
ferent. Since the nonlinear refractive coefficient n2 is the 
superposition of the SPM refractive coefficient nSE

2
P,F and 

the XPM refractive coefficient nXE
2

i (i  =  1, 2, 3). According 
to equations  (11)  and (12)–(14) the intensity difference can 
cause the change of nSE

2
P,F and nXE

2
i on two arm ramps. So when 

we study the spatial characteristics of the image, we just con-
sider nSE

2
P,F or nXE

2
i which plays a vital role in the SN process. 

As the focusing nonreciprocity can be explained by the SPM 
under the feedback dressing condition. For split and shift in 

the two arm ramps, k zn I n I2 ei
XE

i,up P,F 2up
2

0 up
i i

2
/( )( ) /φ = ξ ξ− − ′  and 

k zn I n I2 ei
XE

i,down P,F 2down
2

0 down
i i

2
/( )( ) /φ = ξ ξ− − ′  are different. So the 

effect of the strong beam to the PTS or FWM will be different 
between the rising and the falling ramp.

4.  Experimental results and discussions

In this part, the SN phenomenon is investigated by changing 
the frequency detunings of strong beams. When we scan the 
frequency detuning 2∆  in the rising ramp and falling ramp 
then fold the signals along with the turning point. By com-
paring the difference of the signals on two ramps, we can 
describe SN phenomenon, which is different from the PN 
observed in optical diode made from moving photonic crys-
tal [12]. In an optical diode, due to the Doppler Effect, the 
frequency of the incident beam is mutative, causing the PN 
(figure 2 from [12]). But in our experiment, the frequency of 
the incident light beam is fixed and frequency of the external 
dressing light beam is scanned, so that one can control the 
transmission of the incident beam by scanning the frequency 
of the external dressing beam. In figure 2, the SN behaviour is 
studied by comparing the signals (PTS FWM and FLS) on the 
rising (left curves) and falling ramp (right curves). It is easy to 
find that the signals of the two arm ramps are non-overlapping 
in x direction and we call it frequency offset ( v∆ ). Meanwhile, 
there is intensity difference between two arm ramps.

Here, we analyze SN behavior of the PTS in figure 2(a) 
versus 2∆  with 1∆   =  70 MHz at different discrete 3∆ . The 
background is the dressed PBG signal due to the dressing 
effect of the strong beam E3. The peaks on the baseline are the 
EIT satisfying 1∆   +   2∆   =  0 (two photon resonance) according 

to the term G d2
2

2/  in equation (3). We can see that the peaks 

on the falling ramp are higher than that on the rising ramp, 
which we call intensity difference. The difference between the 

feedback dressing terms G T1
2

00/Γ  of two arm ramps causes 

the intensity difference. Moreover according to equation (16) 
the difference between Iup and Idown can cause 0ν∆ ≠  so there 
is frequency offset. We can also find that the frequency offset 
ν∆  changed from 30 MHz (figure 2(a1)) to 25 MHz (figure 

2(a2)) and then 20 MHz (figure 2(a3)) as 3∆  gets larger. Since 
the nonlinear refractive index n2 is related to 3∆ , n2 will get 
smaller with the change of 3∆ , so the value of Nn I I2 up down( )−  
become smaller, according to equation (16) the frequency off-
set ( ν∆ ) will be smaller. So the term I Iup down( )−  can cause the 
frequency offset, and the value of ν∆  is mainly determined by 
n2. As 1∆  is fixed at  −70 MHz, the feedback dressing effect 
resulting in the intensity difference and the frequency offset in 
our experiment is from OPA, SN is different from PN.

For FWM BGS in figures  2(b1)–(b3), the dip on the 
baseline is resulted from the EIT of PTS as the FWM BGS 
is the reflected signal of the PBG structure. It is deepest in  
figure  2(b2) where it satisfies the condition 1∆   −   3∆   =  0 

according to G d3
2

3/  in equation (4). The SN of the FWM BGS 

can be observed in figure 2(b), it is easy to find the intensity of  
the signal on the rising ramp is weaker than that on the fall-
ing ramp, there is frequency offset, which decreases as 3∆  
becomes larger. Similar to the case in figure 2(a), the intensity 
difference can be explained by the different feedback dressing 
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effect on two arm ramps. The frequency offset occurs because 
I I 0up down− ≠ .

For the FLS in figure  2(c), The intensity of the FLS is 
determined by FLR1 and FLR2. The dips represent the second-
order FLR1 appears at the point 1∆   +   2∆   =  0 according to 

the term G d2
2

2/  in equation  (6). Small peak appears at the 

same point as the fourth-order FLR2 dressed by E2 accord-

ing to the term G d2
2

2/  equation  (8). From figure  2(c1) to 

(c3) the dip becomes deepest in figure  2(c2) when it satis-
fies 2 1 3∆ = −∆ = −∆  (three-photon resonance). There still 
exists the intensity difference and frequency offset, which can 
be explained similar to figures 2(a) and (b).

In order to further investigate the spatial character of the 
PTS and FWM BGS we get their images under the same con-
dition as in figures  2(a) and (b). In this part we only show 
signals on the rising ramp.

For the PTS (figure 2(e)), one can see the images focus 
more significantly at 2∆   =  70 MHz, which is mainly deter-
mined by n∆  in figure 2(d), because focusing occurs in the 

n∆   >  0 region and defocusing occurs in the n∆   <  0 region. 
Near the region 2∆   =  70 MHz, n∆  gets its maximum, so in 
this region we can observe that the images focus more sig-
nificantly. For FWM image (figure 2(f)), it also switch from 
defocusing to focusing and then defocusing. Similarly it can 
also be explained by the value of n∆ . We can notice that 
near 2∆   =  70 MHz the FWM beam splitting occurs in the x 
direction in figure  2(f). This phenomenon can be explained 
by the relative positions between the weak beams and the 
strong dressing beams. For the FWM beam EF near the point 

2∆   =  70 MHz the beam shift in the  +y direction results from 
the attraction ( k yF,2δ ′   >  0) of the strong E2 beam. That makes 
it get closer to the E3 beam, which can split ( k xF,3δ ′   >  0) the 
FWM beam in x direction.
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Figure 2.  (a) shows the intensities of PTS versus ∆2 at ∆1  =  −70 with discrete ∆3  =  −68 (a1), −70 (a2) and  −72 (a3). (b) and (c) Same 
as (a) but for FWM and FLS, respectively. Left curves stand for the rising ramp and right curves stand for the falling ramp. (a4)–(a6) and 
(b4)–(b6) are simulated results of (a1)–(a3), (b1)–(b3), respectively. (d) Inset: the nonlinear refractive index ∆n with scanning ∆1, ∆n1 ∆n2 
and ∆n3 are the nonlinear refractive index corresponding to same conditions of (a1)–(a3), respectively; (d) outset: ∆n with scanning ∆2.  
(e) and (f) The images of EP and EF corresponding to same conditions of (a) and (b), respectively. The dotted line in (f) links the center of 
the spot and shows the shift of the spatial image.
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In figure 3, we investigate SN phenomenon by increasing 
the range of 3∆  and study the spatial characteristics on the two 
ramps. When 3∆  is approaching the larger detuning (figure 
3(a3)), we can observe FWM signal changes from suppres-
sion to enhancement, simultaneously, SN is observed in the 
spatial image.

The profile peak of FWM can be described by the dressed 
enhancement of E3 when it satisfies the resonance condition 

1∆   −   3∆   =  0 due to G d3
2

3/  term in 10
3( )ρ  of equation (4). The 

dip in each sub-curve is double dressed signal, when 2∆  is 
scanned at fixed 3∆ , the FWM signal is suppressed by E2 at 

the point 2 1∆ = −∆  due to G d2
2

2/  in equation (4). Here the 

dip gets deepest at 2 1 3∆ = −∆ = −∆  in figure 3(a2) where 
it satisfies the resonance condition. The dips become shallow 
as 3∆  is away from the resonance point, and finally transfer 
to enhancement peaks when 3∆  is at large detuning in fig-
ure 3(a3). For the FLS in figure 3(b), the profile peak is FLR2 

signal related to 22
4( )ρ , which is dressed by E3 because of the 

dressing term G d31
2

3/  in equation  (8), in each sub-curve, 
when 2∆  is changed, one can find that there exists a peak 
because the FLR2 signal is enhanced by E2. The enhancement 
becomes strongest at the point 1∆   +   2∆   =  0 according to the 

G d2
2

2/  in equation (8). Another profile peak appearing in the 

background at an unexpected position is another second order 
fluorescence signal from E3 and it is also enhanced by E3 near 
the point 3∆   =  −400 MHz.

Similar to the figure  2, the dips of the FWM signals on 
the rising ramp are deeper than those on the falling ramp, 

which is due to the GFR
2

00/Γ  in equation (6) is different on 

the rising ramp and the falling ramp. This difference is due to 

the feedback dressing effect induced by OPA. The frequency 
offset v∆  can be explained by I I 0up down− ≠  according to the 
equation (16). Then we select one sub-curve in the FWM sig-
nal and obtain spatial image (figure 3(c)). And the frequency 
offset can be observed in the image. We wonder if the SN 
of other spatial characteristics such as split and shift can be 
observed in the same way.

In figure 4 the SN is investigated by scanning 2∆  and set-
ting 1∆  at different discrete value. In this part we compare the 
difference of split and shift on two arm ramps. Moreover we 
also find that the images are switched from y direction split 
into x direction split.

In detail we get the spatial image figures 4(d) and (e) related 
to the profiles in figures  4(a) and (b). At 1∆   =  −70 MHz  
of figures 4(d) and (e), we get the spatial image of PTS and 
FWM on the rising (figures 4(f1) and (g1)) and falling ramp 
(figures 4(f2) and (g2)) by scanning 2∆ . This experiment 
shows the dressing of the strong beams E1 and E2 on the PTS, 
FWM and FLS. Here we also discuss the difference of split on 
the rising and falling ramp in figures 4(f) and (g) according to 
the intensity difference and the XPM. The profile (dash line) 
in the figure 4(a) shows the background of PTS dressed by E1. 
The peaks in each sub-curve can be explained by E2 dress-
ing enhancement when it satisfies the condition 1∆   +   2∆   =  0 

according to G d2
2

2/  in equation (3). In the region 1∆   <  0, the 

peak on the rising ramp is higher while in the region 1∆   >  0 
the peak on the falling ramp is higher, which can be explained 

by the term G FT1
2

00/  in the equation  (3). When 1∆   <  0, 

G FT1
2

00/  on the rising ramp is smaller than that on the falling 
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Figure 3.  (a) Each sub-curve shows the intensity of FWM versus ∆2 at ∆1  =  0 while different sub-curve show the intensity at different 
discrete ∆3 from  −400 MHz to 400 MHz. (a1) and (a3) The amplified intensity plots of FWM near ∆3  =  −400 MHz and 400 MHz, 
respectively. (b) The same intensities as (a) but for FLS. (c1) and (c2) The spatial image of rising and falling ramp, respectively, which 
correspond to same conditions of (a2).
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ramp which cause the peak in the rising ramp higher; while 
the similar phenomenon in the region 1∆   >  0 is also resulted 

from the term G FT1
2

00/ , which is bigger on the rising ramp.
For the FWM signal in figure 4(b), the profile peak comes 

from the dressing enhancement of E1 and the dip in each sub-
curve represent the suppression of FWM dressed by E2 satis-

fying 1∆   +   2∆   =  0 according to G d2
2

2/  in equation (4). The 

deepest dip appears at the point 2 1 3∆ = −∆ = −∆  according 

to the term / /+G d G d2
2

2 3
2

3 in equation(4). As 1∆  increases 

and gets larger detunning, the suppression of the FWM (figure 
4(b)) become weaker. For the FLS in figure  4(c) the dash-
curve shows background under the dressing effect of E1. 
When we change 1∆  from negative to positive, the enhance-
ment condition is transferred to suppression condition, caus-
ing the sub-curves changes from peaks to dips.

Now we discuss the spatial characteristics of PTS and 
FWM. In figures 4(d) and (e) we get the spatial image match-
ing the profile in figures 4(a) and (b). The intensities of the 
PTS and FWM in the spatial images are corresponding with 
profiles in figures 4(a) and (b). The images of the PTS and 
FWM both show the transform from focusing to defocusing, 
which results from SPM dressed by E1. In the region 1∆   <  0, 

nSE1∆   >  0, so the image is focusing. Near 1∆   =  −70 MHz, 
nSE1∆  becomes maximum hence the image focuses more sig-

nificantly. While in the region of 1∆   >  0, we get nSE1∆   <  0 and 
the image is defocusing. Near 1∆   =  70, nSE1∆  becomes mini-
mum so the image defocuses more significantly. Subsequently, 
we talk about the shift and split of the images according to the 
position of the nearby strong beams and the XPM dressed by 
the nearby the strong beams. The strong beam E2 can cause 
PTS and FWM shift in  +y direction (according to the term 
k yF,2δ ′  or k yP,2δ ′ ). Near 1∆   =  0 the intensity of PTS gets mini-

mum while the intensity of FWM gets maximum, so the XPM 
from E2 can be changed according to the equation (13), so the 
PTS shift to  −y direction near 1∆   =  0 while the FWM shift to 
the  +y direction.

Now we discuss the spatial characteristics of PTS and 
FWM. In figures  4(d) and (e) we get the spatial image 

matching the profile in figures  4(a) and (b). The intensities 
of the PTS and FWM in the spatial images are corresponding 
with profiles in figures 4(a) and (b). The images of the PTS and 
FWM both show the transform from focusing to defocusing, 
which results from SPM dressed by E1. In the region 1∆   <  0, 

nSE1∆   >  0, so the image is focusing. Near 1∆   =  −70 MHz,  
nSE1∆  becomes maximum hence the image focuses more sig-

nificantly. While in the region of 1∆   >  0, we get nSE1∆   <  0 and 
the image is defocusing. Near 1∆   =  70, nSE1∆  becomes mini-
mum so the image defocuses more significantly. Subsequently, 
we talk about the shift and split of the images according to the 
position of the nearby strong beams and the

XPM dressed by the nearby the strong beams. The strong 
beam E2 can cause PTS and FWM shift in  +y direction 

(according to the term k yF,2δ ′  or k yP,2δ ′ ). Near 1∆   =  0 the inten-
sity of PTS gets minimum while the intensity of FWM gets 
maximum, so the XPM from E2 can be changed according to 
the equation (13), so the PTS shift to  −y direction near 1∆   =  0 
while the FWM shift to the  +y direction.

In figures 4(f) and (g), when 2∆  is scanned at 1∆   =  −70 
MHz we investigate SN of spatial image for the PTS and FWM. 
At first, the frequency offset is observed in the two arm ramps 
which is similar to our discussion in figure 2(a). For the PTS, 
the intensity of the spatial image is from weak to strong and 
then weak, which conforms with the intensity in the sub-curve 
of figure 4(a). The background of the images focus mainly due 
to nSE1∆   >  0 at 1∆   =  −70 MHz. For the FWM (figure 4(g)) it 
is also in the focusing background and the images focus more 
significantly with nSE1∆  (SPM dressed by the strong beam 
E2) getting maximum. Here the PTS image shifts towards 
E2 along  +y direction when nSE1∆   >  0, k yP,2δ ′   >  0. At 2∆   =   
70 MHz, nXE2∆  becomes maximum and the shift becomes more 
significant. Similarly the FWM is also shift in  +y direction 
and follows the same rule as PTS in figure 4(f), which can be  
explained by the influence of nXE2∆  and k yF,2δ ′ . One can notice 
that PTS in figure 4(f) split in x direction and the split occurs 
in three regions: near 2∆   =  20, 70 and 140 MHz. PTS shifts 
in  +y direction results from the attraction ( k yP,2δ ′   >  0) of the 
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Figure 4.  (a) Each sub-curve shows the intensity of PTS versus ∆2 at ∆3  =  0 while different sub-curve are at different discrete ∆1 
from  −140 MHz to 140 MHz. (b) and (c) The same intensities as (a) but for FWM and FLS, respectively. (d) and (e) The spatial image 
of PTS and FWM correspond to same conditions of the dash line in (a) and (b), respectively. (f) and (g) are the spatial image of PTS and 
FWM correspond to same conditions of the sub-curve near the point ∆1  =  −70 MHz in (a) and (b), respectively. (f1) and (g1) Rising ramp; 
(f2) and (g2) falling ramp. The dotted lines in (d)–(g) link the center of the spot and shows the shift of the spatial image.
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E2 beam, it gets near to the strong beam E1 and E3, respec-
tively. At 2∆   =  20 and 140 MHz the split is caused by the 
strong beam E1 as in this region k xP,1δ ′   >  0. While at the point 

2∆   =  70 MHz the PTS splits due to the influence of E3 when 
k xP,3δ ′   >  0. As PTS and the strong beam E2 does not coincide, 

the strong beam E2 can only cause the shift but not split of 
PTS. While in figure  4(g), one can witness that the FWM 
image initially splits in y direction and then split in x direction. 
The y direction splitting can be explained by the XPM of E2, 
when k yF,2δ ′   >  0, the FWM is attracted by E2, so it can both 
shift and split. In the region far from 2∆   =  70, the intensity 
of FWM is stronger, so the internal stability of FWM (figure 
4(g)) is low and it appears to split in y direction. While near 

2∆   =  70 the intensity of FWM becomes weaker and all the  
spot can be attracted towards E2 as it appears to shift. In  
figure 4(g), at 2∆   =  70 the shift is more significant, the FWM 
get near to the strong beam E3 and at that point k xF,3δ ′   >  0, 
which causes the x direction splitting. One can notice that the 
split in x direction of the FWM near 2∆   =  70 MHz is more 
significant on the falling ramp (figure 4(g2)) than that on the 
rising ramp (figure 4(g1)). As the intensity of the falling ramp 
is stronger the term GF in equation (14) is bigger on the falling 
ramp, which means that the attraction from the strong beam 
E3 is stronger ( k xF,3δ ′  is larger). On the other hand, when the 
intensity increases, the internal stability of the beam decreases, 
so it is easy to split. Hence the intensity difference causes the 
spatial nonreciprocity.

In figure  5, we focus on the differences of the focusing, 
split and shift between the rising ramp and the falling ramp 
in the SN process. In this part we ignore the frequency offset 
and move the spatial images on the rising ramp (figures 5(b1) 
and (d1)) in x direction to let them overlap with the image on 
the falling ramp so that one can find that there are obvious dif-
ferences in images between the raising and the falling ramp.

For the PTS, one can see the spot is focusing at 2∆   =  20 
MHz, where there exists a dip in figure  5(a). Moreover the 
dip in the falling ramp is deeper than the dip in the rising 

ramp due to the influence of G T1
2

00/Γ  in equation (3). So we 

know at the point 2∆   =  20 MHz, GP
2
 is smaller. According 

to equation (11) the SPM can cause the nSEP bigger on the fall-
ing ramp than rising ramp, as a result, the focusing phenom
enon is more significant at falling ramp (figure 5(b2)). As the 
intensity of the dip gets weaker, it is easily to be influenced 
by the nearby strong beams. So near the point 2∆   =  20 MHz 
in the spatial image, it appears to be shift. As the intensity 
of PTS on the falling ramp is weaker, it is easily affected by 
the nearby strong beams than the signal in the rising ramp at 
approximately equal n∆ , so the PTS beam in the rising ramp 
shifts more significantly. Since the PTS shifts in  +y direction, 
it gets closer to the strong beam E3, which is at the right side 
of the PTS. So the effect of the beam E3 get stronger, such that 
it causes splitting of PTS in x direction due to k xP,3δ ′ .

For the FWM BGS in figure 5(c), there are peaks on the 
rising ramp and the falling ramp. Because of the influence of 

GFR
2

00/Γ  in the equation (6), the peak on the rising ramp is 

higher. So one can predict at that point ( 2∆   =  20 MHz) the 

term GF
2
 is smaller on the falling ramp. According equa-

tion (13) the SPM can cause the nSEF to be bigger on the fall-

ing ramp than on the rising ramp. Consequently focusing 
phenomenon is greater on the falling ramp (figure 5(d2)). 
Since the intensity of the signal gets stronger, the internal 
stability will decrease so it is easier to split than to shift. As 
the intensity of the FWM becomes stronger, the term GF in 
equation (14) is also bigger so k xP,3δ ′  is bigger, which means 
that the attraction from E3 get stronger. In the meantime, the 
internal stability of FWM gets low because of the stronger 
intensity, so the spots begin to split in x direction near the 
point 2∆   =  20 MHz. The intensity of FWM on the rising 
ramp is stronger than that on the falling ramp, which means 
the signal on the rising edge is easier to split. So on the rising 
ramp, we can observe the y direction split attracted by E2, but 
no split on the falling ramp. So the intensity difference can 
cause different SPM and XPM, which can cause the SN in 
spatial characteristics.

5.  Conclusion

In summary, the frequency offset and the intensity differ-
ence of PTS, FWM and FLS are caused by feedback dressing 
resulted from OPA or radiation trap. The propagation direc-
tion of the incident beam (E1) is fixed when 1∆  is fixed, hence 
the SN in this paper turn out to be different from the PN in 
an optical diode. Moreover, the intensity difference can cause 
different SPM (XPM) between two ramps. The SN of focus-
ing is caused by the feedback dressing SPM, while the SN of 
shift and split of images resulted from the feedback dressing 
XPM.
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