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We investigate the propagation characteristics of the narrowband Stokes/anti-Stokes photons in cold atomic 
vapor. The four-wave mixing process results from parametric amplification of the anti-Stokes photons. We 
find that the process of parametric amplification is very similar to the light pulse propagating through 
an anomalous dispersion gain medium. Finally, we obtain the general solutions of the Glauber biphoton 
correlation functions, which are in good agreement with the experiment results.
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In recent years, wide-band biphotons have received 
much attention due to their applications in quantum 
optics[1,2]. Usually, the entangled wide-band biphotons 
can be produced in a nonlinear crystal from sponta-
neous parametric downconversion[3–5]; however, the short 
coherence length of biphotons thus produced limits their 
application in long-distance quantum communication. 
Using a cold 87Rb atomic-gas media and electromagnet-
ically induced transparency (EIT) assisted four-wave 
mixing (FWM) process[6–13], we generated the entangled  
narrowband biphotons experimentally in a double-Λ  
system[14–19], in a two-dimensional magneto-optical trap[20,21], 
and in an optical cavity[22–25]. Usually, generation of  
narrowband biphotons is described using two approaches: 
the Heisenberg–Langevin method and the perturba-
tion theory[14–19,26]. The biphoton source experiences two 
phases: 1) generation through the FWM process and 
2) propagation in an atomic vapor. There are lots of 
experiment reports about the generation of biphotons; 
however, there are few reports about the propagation 
of biphotons. On the basis of these, we investigate 
the propagation characteristics of biphotons in atomic 
vapor in this letter. We find that the dynamic equa-
tions describing parametric amplification of the anti-
Stokes photons are very similar to those of the light 
pulse propagating through an anomalous dispersion 
gain medium[27–29]. So, we adopt a similar method and 
obtain the solutions of the Glauber biphoton correlation  
function (2)( )G t .

This letter is organized as follows: First, we discuss 
the propagation of light pulse through an anomalous  
dispersion medium. Second, we investigate the dynamic 
equations of the Stokes and anti-Stokes fields and their 
analytics solutions. Third, we present the numerical 
solutions of the Glauber biphoton correlation functions 

(2)( )G t . Finally, we draw conclusions.
In Wang–Kuzmich–Dogariu experiment (the Ce 

vapor), the linear susceptibility ( )c w  near the resonance 
frequency is[28]
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which represents a medium with the spectral width g  at 
resonance frequency 0n , where 2w pn=  and M is related 
to the gain coefficient.

In FWM experiments (the 87Rb vapor), the linear sus-
ceptibility c was ( ) near the atomic resonance frequency, 
when e 1dg Ω  , is[17]
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where 13 13 13 (4 )M Ns l g p= − , N is the atomic density, 
2

13 13 0 13 132 ( )s p m e l g=   is the on-resonance atomic 
absorption cross section, ijm  are the electric dipole 
matrix elements, gij are the dipole relaxation rate, 
and e 13 12( ) 2g g g= +  is the effective relaxation rate. 
The effective coupling Rabi frequency is given by 

2 2
e c 13 12( )g gΩ = Ω − − , where p 14 pEmΩ =  and 

c 23 cEmΩ =  , respectively, are the pump and coupling 
laser Rabi frequencies with Ep and Ec as the complex 
amplitudes of the electric fields. The standard four-level 
double-Λ EIT scheme with the generated anti-Stokes 
field is shown in Fig. 1.

The pump laser pw  is applied to the atomic transi-
tion 1 4→  with a detuning p p 41w w∆ = − . A cou-

pling laser cw  tuned to 2 3→  transition sets up 
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a quantum interference and provides transparency for 
an anti-Stokes laser. To eliminate absorptive losses, 
the anti-Stokes light asw  is driven by the spontaneous 
emission of Stokes light sw  via the backward FWM 
process. These frequencies satisfy energy conservation 

s p c asw w w w= + − .
In frequency unit, substituting 2w w p= , e e 2g g p= , 

e e 2pΩ = Ω , and 2m M p=  in Eq. (2), we get
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We find that for 87Rb atomic vapor, Eq. (3) has the same 
form as Eq. (1) for Ce atomic vapor.

In case when pump beam absorption is small, i.e., 
p p 0.1 1Ω ∆   , the Raman gain can be ignored. 

The linear susceptibilities determine the natural spec-
tral width and transmission spectrum of the generated  
anti-Stokes and Stokes fields passing through the 
medium. For instance, the EIT profile coefficient is
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the nonlinear coupling coefficient is
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and the Fourier transformation of Eq. (5) is
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The weak-pulsed pump and strong continuous-wave 
coupling laser are considered as classical quantities 
and their interactions with the medium are described  
semiclassically. The generated Stokes and anti-
Stokes fields are weak and thus are described  
quantum mechanically by operators as

ˆ ( , )a zw  and 
†
ŝ ( , )a zw . Working in Heisenberg picture, ignoring 

the quantum Langevin noise operator as
ˆ ( , )F z w [14], the  

operators as
ˆ ( , )a zw  and †

ŝ ( , )a zw  satisfy the following 
equation:

Fig. 2. Schematic for spontaneous backward-wave paired photon 
generation.
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Let us look at the simple experiments of biphoton 
joint-detection measurement as shown in Fig. 2.

In Fig. 2, L is the length of the EIT medium. Weak 
pump laser is first injected at the left surface (z = L), 
which produces the backward FWM process. Then strong 
coupling laser is injected at the right surface (z = 0).  
The final generated phased-matched Stokes and anti-
Stokes photons propagate through the EIT medium, in 
the opposite directions, and go to detectors D1 and D2, 
respectively.

The general solutions are
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We can easily see that the anti-Stokes light pulse is 
driven by the Stokes light pulse.

In time domain, the operators can be expressed as

      
w ww w

p

∞ −

−∞= ∫
s( ( ) )†

s†
s

ˆd ( , )
ˆ ( , )

2

i k z ta z e
a z t ,� (10)

  
w w ww w w

p

∞ −Γ −

−∞= ∫


as as( ) ( ( ) )†
s

as

d ( ) ( , )
ˆ ( , )

2

z i k z tg e a z e
a z t .� (11)

The complex wavenumbers of Stokes and anti-Stokes 
photons satisfy s as( ) ( ) 0k kw w+ = , with the time delay 

s ast tt = −  between the detection of Stokes and anti-
Stokes photons, we have ( ')d 2 ( ')i tte w w p d w w

∞ − +

−∞
= +∫ . 

Considering the spontaneous emission Stokes light has 
resulted from zero-point oscillation of the electromag-
netic field, and the pump light is of very short pulse, 

Fig. 1. Energy-level diagram for the double-Λ-type atoms.
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the spectrum of the spontaneous emission Stokes light is 
flat. We take † †

s s s s s
ˆ ˆ ˆ ˆ( , ) ( , ) 1 2a z a z a a nw w ≈ = = [30].

The solution of the Glauber biphoton correlation func-
tion is given as
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The anti-Stokes light transmits across the boundary to 
the free space[31], so we have
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We choose the following parameters: 11 310  cmN −= ,  
−= 310 mL , 13 785nml = , 31.86 10 2 MHzM p−=− × × ,  

7
13 p 131.79 10 radians 3 2 MHz, 7.5g p g= × = × ∆ =

9 2
13 10 cms −= , 12 130.6g g= , and p 130.8gΩ = [15]. The cou-

pling laser Rabi frequency is c1 1323.4gΩ = , c2 1316.8gΩ = ,  

c3 138.4gΩ = , c4 136.0gΩ = , and c5 134.0gΩ = . Setting 
2 0 300MHzw p = −  and the time delay 0 0.2 st m= − ,  

we obtain the Glauber biphoton correlation function  
G(2)(t) as shown in Figs. 3 and 4.

With the increase in t, the curve damps quickly. In 
comparison with the experimental data in Ref. [14], the 
solid curve is in good agreement with the experimental 
results. We note that the two curves of the biphoton 
correlation functions disappear after 0.142 st m= .
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Fig. 3. 0−0.2 μs Biphoton correlation function (2)( )iG t , i = 1,2 ,
c1 1323.4gΩ = , c2 1316.8gΩ = .
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Fig. 4. Biphoton correlation function (2)( )iG t , 1,2,3i = , 
c3 138.4gΩ = , c4 136.0gΩ = , gΩ =c5 134.0 .

The biphoton correlation functions (2)( )G t  depend 
on the coupling field Rabi frequencies cΩ . With the 
decrease in frequencies cΩ , the oscillations decrease. 
In case when 0 0.065 st m= − , the three curves decline 
in orderly manner, whereas when 0.065 0.173 st m= − , 
the three curves decline in disorderly manner. With the 
increase in the breadth of the first plate, the three curves 
experience three, two, and one fluctuation, respectively. 
After 0.173 st m= , the three curves disappear together, 
which approximately equals to the decay time constant  

131 2 0.167 srt g m= =  determined by the atomic natural 
linewidth.

In conclusion, on the basis of the dynamic equations 
of the generated Stokes and anti-Stokes photons, we dis-
cuss the case of w−Γ ≠as ( ) 1ze  and obtain the analytics 
solutions of the Glauber biphoton correlation function. 
At the same time, we assume the pump light is of very 
short pulse, therefore, the generated spontaneous emis-
sion Stokes light is also of very short pulse and its spec-
trum is nearly independent of frequency. The numerical 
calculation shows that the solution of the Glauber cor-
relation function (2)( )G t  is in good agreement with the 
experimental results.
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