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Abstract—We study the propagation dynamics of a single pair of 

probe and coupling laser pulses in a three-level cascade atomic medium 

by numerical solving the Maxwell-Bloch equations for atoms and fields. 

There are investigated influences of pulse duration, intensity and pulse 

area of a coupling laser on probe laser propagation. We found the 

conditions when the undistorted probe pulse in such a medium, i.e., the 

EIT effect, is established. Under EIT conditions, the ground state 

population is trapped in a dark state.  

 

 

The EIT is a quantum interference effect that permits 

propagation of light through an opaque atomic medium 

with a significant reduction of absorption. The EIT effect 

was proposed theoretically in 1989 [1] and experimentally 

verified in 1991 [2]. Since then, the EIT effect has 

attracted a tremendous interest over the last years due to 

its unusual properties and promising potential 

applications, e.g., laser without inversion [3], slow-light 

[4], enhancement of Kerr nonlinearity [5, 6], and so on. In 

addition to applications from the point of view of the 

atomic system and its optical response, pulse propagation 

under EIT conditions has also been widely studied, such 

as: propagation of soliton-like pulses in a three-level 

system [7], pulse propagation in a prepared energy 

medium [8], adiabatic propagation of short laser pulses 

[9], dynamical control of pulse propagation [10-14], etc. 

Recently, there has been investigated the influence of 

pulse areas as well as intensity of pulse propagation under 

EIT conditions in a three-level -type atomic medium in 

terms of the probability amplitudes [15]. It was shown 

that, when the pulse duration is as short as sub-ps or ps 

and the pulse areas of the coupling laser are small, the EIT 

effect does not occur. As the pulse duration become 

longer and the pulse areas become larger, the EIT is 

established. If one increases the peak intensities of a 

coupling laser pulse, the EIT effect is established at 

shorter pulse duration. 

More recently, we have investigated the EIT effect in a 

five-level cascade system in a steady regime [16]. In this 

work, using the properties of EIT we study the 

propagation dynamics of a single pair of short laser pulses 

in a three-level cascade atomic medium. Unlike in the 
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case of the three-level -type atomic medium in Ref. [15], 

a density matrix method is used here to take into account 

the population relaxation of excited states which may 

influence pulse propagation dynamics. The influences of 

pulse duration, intensity, and pulse area of the coupling 

laser on probe laser propagation are investigated. Under 

EIT conditions, the behavior of a population of atomic 

states is also considered.  

 

We consider a three-level cascade scheme excited by two 

probe and coupling laser fields as shown in Fig. 1. Here, 

|1 is the ground state, |2 and |3 are the excited states. A 

weak probe laser pulse drives the transition |1|2, and 

an intense coupling laser pulse excites the transition 

|2|3.  

 
Fig. 1. Scheme of a three-level cascade atomic system. 

 

We assume that both probe and coupling pulses co-

propagate along the z-axes and the laser fields are 

described classically as a time and spatially dependent 

electric field. So, the total electric field vector is written as: 

 

   
( ) ( )

, , .p p c c
i t k z i t k z

p p c cz t e z t e c c
   

  E e e
 

E E , (1) 

 

where, ℰp(z,t) = ℰp0fp(z,t) and ℰc(z,t) = ℰc0fc(z,t) are the 

amplitudes of the electric fields; fp(z,t) and  fc(z,t) are the 

dimensionless pulse envelopes of the probe and coupling 

laser fields; kp
 
and kc are the wave numbers, pe  and ce  

are the polarization vectors, respectively. 

The evolution of density matrix elements is represented by 

[7]: 
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Where, the total Hamiltonian H is given by: 

 

 
   

3

1

1 2 2 3 .cp p c c
i t k z i t k z

i p c

i

H i i e e c
 


   



    .  (3) 

 

Here, 
122 /p pd  E  and 

232 /c cd  E  are Rabi 

frequencies induced by the probe and coupling laser fields, 

respectively; d12 and d23 are the dipole matrix elements for the 

transitions |1↔|2 and |2↔|3, respectively;  presents the 

relaxation mechanisms of this system. 

From Eq. (2), we derive the density matrix equations for 

the populations and coherences, as follows: 
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with 
11 22 33 1      and ji ij  . Also, p = p−21 

and c = c−32
 
are the probe and coupling frequency 

detunings, respectively. 

Using a slowly varying envelope and rotating-wave 

approximations, we can write the propagation equations 

of the probe and coupling fields as: 
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Here, m =mN|dn2|
2
/(20c ) is the propagation constant 

and n = 1 or 3, and N  is the density of the particle, 0 is 

the vacuum permittivity. It is convenient to transform Eqs. 

(4) and (5) in the local frame where z   and 

/t z c   , with c is the speed of light in vacuum. In this 

frame Eq. (4) will be the same with the substitution 

t  and z  , while Eq. (5) are rewritten as: 
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In order to investigate the propagation dynamics of a pair 

of probe and coupling pulses in a three-level cascade 

atomic medium, we numerically solved the coupled 

Bloch-Maxwell Eqs. (4) and (6) for atom and field. The 

propagation length is represented in units of p which is 

the so-called optical depth [18]. The temporal profile of 

the fields at the entrance to the medium is a Gaussian 

function, i.e., 
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with
0 is the pulse temporal duration of a laser pulse, 

which is assumed to be identical for both probe and 

coupling lasers. 

 
Fig. 2. Temporal variation of the probe laser field p(,) at different 

optical depths p = 0, 3, 6 and 9 ps-1 when we irradiate a single pair of 

probe and coupling laser pulses with the durations of 0 = 0.1 ps [(a) 

and (e)], 1 ps [(b) and (f)], 10 ps [(c) and (g)], 100 ps [(d) and (h)]. The 

coupling Rabi frequency c0 = 1 THz for graphs [(a)-(d)], and c0 = 10 

THz for graphs [(e)-(h)]. The other parameters are c0 = 0.05 THz, p = 

c = 0, 21 = 6 MHz, 32 = 1 MHz for all graphs. 

 

The influences of pulse duration and intensity of the 

coupling laser on the propagation of a probe laser have 

been displayed in Fig. 2. In Figure 2, we plot the temporal 

shape of the probe laser pulse p (,) at different optical 
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depths p = 0, 3, 6 and 9 ps
-1

. From Figs. 2(a)-(c) and 

Figs. 2(e)-(f), we see that for small and moderate coupling 

pulse areas (c00  10) the probe laser pulse is 

significantly distorted during propagation, and each pulse 

breaks up into several sub-pulses with positive and 

negative amplitudes [16, 19]. The number of oscillations 

at the trailing edge of the pulse increases as the 

propagation distance increases. The physical reason for 

these oscillations at the trailing edge of the pulse is 

explained as follows. When the pulse duration (sub-ps or 

ps) is shorter than the lifetime of the excited state |2and 

therefore the pulse area is small, the EIT effect has not yet 

appeared. In this case, we simply observe the oscillations 

at the trailing edge of the probe pulse [16, 19], as shown 

in Fig. 2(a) and (b). When the pulse duration increases to 

100 ps and therefore the pulse area becomes larger (c00 

>10), the EIT begins to appear, i.e., the number of 

modulations at the trailing edge of the pulse and the pulse 

distortion decreases significantly during the propagation, 

as shown in Fig. 2(d). If we increase the peak intensity of 

the coupling laser pulse to 10 times, the EIT effect occurs 

at shorter pulse durations [see Figs. 2(g), (d)]. Specially, 

when the pulse duration 0 =100ps and the coupling laser 

intensity c0 =10 THz, the probe laser pulse propagates in 

the medium almost undistorted and is not oscillated at the 

trailing edge of the pulse, as illustrated in Fig. 2(h). 

 

Fig. 3. Temporal variation of populations at the start (p = 0) and end 

(p = 9 ps-1) of the medium. The employed parameters in the left and 

right column are similar to those in Fig. 2(b) and 2(g), respectively. 

Other parameters are the same as those in Fig. 2. 

 

In Figure 3, we examine the behavior of atoms in a steady 

dark state by considering the variation of states population 

versus the time at two different optical depths p = 0 and 

9 ps
-1 for two cases corresponding to Fig. 2(b) without 

EIT and Fig. 2(g) with EIT. It can be realized from Fig. 3 

that for the case without EIT, at p = 0 the atoms exhibit 

strong Rabi flopping in their populations, while at the end 

of the medium, p = 9 ps
-1

, the excited state populations 

are much less pronounced [9] and they oscillate unstably. 

However, when EIT is established,  the atomic population 

is trapped in a steady dark state which is equivalent to 1 . 

Their populations oscillate stably in time at the start and end of 

the medium, as seen in the right column of Fig. 3. 

 

We have investigated the dynamics of pulse propagation 

in a three-level cascade atomic medium by means of 

density matrix formalism. Considering the influences of 

pulse duration, intensity, and pulse area of the coupling 

laser, we found the conditions when the atomic medium 

becomes transparent for the probe laser pulse. Thus, the 

optical pulses propagating in an optical thick medium are 

undistorted, i.e., the soliton-like pulses are observed. When the 

EIT is established, the ground state population is trapped in the 

steady dark state. 
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