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Abstract 

In this paper we examine the absorption and dispersion properties of a weak 
probe field via Electromagnetically Induced Transparency (EIT) in a four-level 
system. It is shown that under certain condition, using this model, the absorption 
cancellation is appeared and the medium becomes transparent to the weak probe 
field. It will be shown that the controlling of absorption and dispersion spectrum 
depends on some atomic parameters. The effects of quantum interference on the 
absorption and dispersion spectrum are also investigated. 
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Introduction 

Recently, quantum interference and quantum 
coherence in multi-level atomic system have attracted a 
lot of attention, since they can lead to a very novel 
phenomenon in quantum optics. It is well known that 
these phenomena have a key role in the absorption 
cancellation [1-3], Electromagnetically Induced Trans-
parency (EIT) [4-6], lasing without inversion [7,8], 
coherent population trapping [9] and spontaneous 
emission reduction [10-15]. EIT is a quantum 
interference phenomenon that can make a normally 
opaque transition completely transparent to a probe 
beam due to coupling of a coherent pump field to a 
linked transition [16,17]. There is a close link between 
EIT and other atomic coherence phenomena such as 
coherent population trapping and other coherent 
adiabatic population transfer processes. The effect of 
EIT was first observed by Harris et al. [18], in which 
quantum interference was introduced by driving the 
upper two levels of a three-level atomic system with a 

strong coherent field. Under appropriate condition, the 
medium become effectively transparent (zero 
absorption) for a probe field. Since then the effect of 
EIT was investigated by many authors both 
experimentally and theoretically [19-21]. In many of 
these articles, three-level atomic systems are studied or 
at least systems that can be adequately reduced to three-
levels when interaction with the pertinent electro-
magnetic fields are considered. In the typical 
configuration two upper levels are coupled by a strong 
driving field and a tunable probe field is introduced 
between the two-coupled levels and the lowest level. 
The transparency could be obtained for an appropriate 
chosen atomic parameter on the probe field resonance. 

The absorption and dispersion properties of the 
medium in atomic system are related to the quantum 
interference and quantum coherence. The absorption 
properties of a weak probe beam in a two level atom 
driven by an intense pump field has been calculated by 
Mollow [22] and observed a few years later [23]. In the 
Autler-Townes effect, the transition of two levels, 
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connected by the strong field to a third level, is probed. 
The absorption spectrum exhibits two absorption 
components, known as the Autler-Townes components 
[24]. This Autler-Townes absorption doublet and the 
dispersion like behavior of the probe field can also be 
related to the dressed state [25]. Various experiments in 
gas [26] and solid-state systems [27] have confirmed the 
presence of such effects. Some authors investigated the 
absorption spectrum and its modification via quantum 
interference by using quantum regression theory 
[3,28,29]. An intensively studied example is the basic V 
system consisting of two close levels coupled by the 
same vacuum modes to another lower state. In this 
system, quantum interference results from cross 
coupling between two indistinguishable decay channels. 
The interference effects associate with this model lead 
to very narrow absorption spectrum or complete 
cancellation. 

More recently, several schemes have been proposed 
for the investigating of the absorption and dispersion 
properties of the weak probe field via EIT. Agarwal et 
al. [30] predicted the possibility of making the medium 
transparent against two photons absorption in a four 
level atomic system, which was observed in sodium 
atom [31]. Harris et al. [32] introduced two photons 
absorption and some other nonlinear effects based on 
EIT. They showed that, four level-atomic systems can 
absorb two photons, but not one. In another related 
study, the effect of EIT was investigated in cascade 
schemes with N level and (N-1) fields [33]. It was 
shown that the transparency effects were presented 
when N was odd and that destruction of EIT was 
presented on line center when N was even. 

Here we use another simple four-level atoms for 
investigating the absorption and dispersion properties of 
the weak probe field. A coherent strong field is applied 
for controlling the absorption and dispersion properties 
of the medium. The weak probe absorption and 
dispersion are considered under the condition that 
initially the atomic system is prepared in the lower 
level. By utilizing the equation of motion for the matrix 
elements of atomic density matrix, we calculate the 
susceptibility of the system, therefore the real and 
imaginary parts of susceptibility are proportional to 
dispersion and absorption respectively. It is shown that 
dispersion and absorption properties of probe field 
depend on the atomic parameters. Under appropriate 
condition we acquire absorption cancellation on the 
system, so the medium becomes transparent for the 
probe field. 

Note that the important difference between our 
scheme with earlier schemes on EIT is as follow. First, 
we employ the intensity of coherent field to control the 

absorption and dispersion spectrum in a four level 
medium without using another extra fields, which were 
used in references [30-33]. Second, nonlinear effects 
such as two photons absorption do not appear in our 
system, which were presented in references [30-33]. 
Third, like other study on EIT, probe field propagation 
in our system is accompanied with zero absorption to 
ensure that the probe field does not get attenuated as it 
passes through the medium. It should also be noted that 
if we use another driving field between two upper levels 
and then tune the probe field between two lower levels,  
then our results will be converted to the results of 
reference [33]. 

Our paper is organized as follow. In section II we 
introduce our atomic model, density matrix equations of 
motion, and their solution to calculate the real and 
imaginary parts of susceptibility. Our results and their 
discussion are presented on section III, then we 
conclude on section IV. 

II) The Model and Equations 

In this article we use a four level atomic system as 
displayed in Figure 1. A coherent field with frequency ν 
is coupled two upper levels 1a  and 2a  to the level 

b . The upper levels 1a , 2a  and b  decay to the 

lower level c  via interaction with the vacuum field 
with rates of 1γ , 2γ  and 3γ , respectively. A tunable 
weak probe field with frequency pν  and amplitude E is 

tuned between level c  and level 1a , whose 
dispersion and absorption are requested. 

The total Hamiltonian for the model in the rotating 
wave approximation is given by: 

0 1H H H= +  (1) 
 
 
 

 

Figure 1.  Energy scheme used in this paper. 
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Here, iωh  corresponds to the energy of state i , 
and  is the dipole moment of the atomic transition 

from level 
1a c℘

c  to level 1a . 1 2Ω = Ω = Ω  denotes the 

Rabi-frequency of the driving between levels 1a b−  

and 2a b−  to have a carrying phase ϕ , i.e. 
ie ϕ−Ω = Ω . The master equation for the density 

operator ρ  of the atom takes the form [34,35]. 
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Similarly, one can obtain the equation for the level 
populations, i.e., the diagonal density matrix elements. 
Here (ik i k )ω ω ω= −  corresponds to the energy 
difference between the level i  and k . By using 
change of variables like; 
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the equation of motion in the rotating frame can be 
written as: 
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Where 
1 21 2,a b a bω ν ωΔ = − Δ = −ν  and 

1a c pδ ω ν= −  

are detuning. Here the decay rates from levels 1a  and 

2a  to level b  are ignored. 
The absorption and dispersion are determined by 

1

(1)
a cρ  and we need to calculate the polarization to lowest 

order in E. However, the coherent field coupling of the 
level 1 2,a a  and b  is large and we must treat this 
part of the problem exactly, keeping  to all orders. As 
the atom is initially in the level 

Ω
c , 

(0) 1ccρ = , , (8) 
1 1 2 2 2 1 1
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the necessary equation of motion required calculation of 
the susceptibility can be written as; 
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This set of equations can be solved, by writing in the 
matrix form, 

( ) ( )R t MR t C= − +&  (10) 

and then integrating it: 
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Now the coherent part of the matrix elements, i.e. 

1a cρ , is given by: 
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The complex susceptibility of the system is defined 
as, 
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Where N is the atom number density and iχ χ χ′ ′′= + . 
Therefore the real and imaginary parts of susceptibility 
can be written as: 
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Where, Z Y Y ∗= . 

III) Results and Discussion 

Expressions (16) and (17) are our basic results for the 
real and imaginary parts of susceptibility, that they 
depend on the atomic parameters i.e., probe and driving 
field detuning, δ  and 1Δ , Rabi frequency Ω , and 
decay rates 1γ , 2γ  and 3γ . In the following we 
summarize our results for the dependence of the real 
and imaginary parts of the susceptibility χ  (i.e., χ′  
and χ′′ ) on the intensity of the control field. In 
particular, we will see that the absorption spectrum can 
be controlled by the appropriate chosen of the atomic 
parameters. A simple explanation of the peak 
elimination and cancellation of the absorption can be 
given within the dressed-state picture. Since we 
discussed in the previous sections, the controlling of 
probe field absorption and dispersion are related to the 
quantum interference and coherence. As a first step we 
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examine our results for 1 2 3γ γ γ γ= = = , 0Ω = , 

1 2
0.1a aω γ=  and 1 γΔ = . It is clear that in this case our 

system reduces to the usual form of two level scheme 
(Fig. 2). As we expected from our model, in the probe 
absorption we get three peaks associated with three-
dressed state (Fig. 3). 

We consider the effects of the dynamical variables, 
namely, the amplitude or more precisely the Rabi 
frequency, detuning parameter and decay rates on the 
probe absorption and dispersion. The variation of these 
parameters influences the real and imaginary part of 
susceptibility efficiently. In the probe absorption, 
central peak is significant when 1 2 3γ γ γ= = = γ , 

1 2
0.1a aω γ= , 1 0.5γΔ =  and 5γΩ = . The plot for these 

values shows an extremely suppression of two side 
peaks and enhancement of the central peak (Fig. 4). For 
the case γγ 21 = , γγ 202 = , 3 0γ = , 1 0Δ = , 

1 2
0.1a aω γ=  and 2γΩ = , the central peak is suppressed 

while two side peaks are enhanced (Fig. 5). 
This was the basic result, which we expected from 

the EIT. In this case the level b  is metastable i.e., 

3 0γ = , and for the driving field resonance, , the 
medium becomes transparent for the probe field. As a 
usual EIT scheme when the driving field is very strong 
and probe field is very weak, the interference effects 
will be important due to driving field. Alternatively, if 
the EIT process is viewed within the atomic bare-state 
basis (rather than the dressed state), the so-called 
‘coherence’ can be seen being the quantities pertinent to 
the interference. This coherence can be thought of, in a 
semi-classical picture, as associated with the oscillating 
electric dipoles driven by the coupling fields applied 
between pairs of quantum states of the system, i.e. 

1 0Δ =

i k− . Strong excitations of this dipole occur 
whenever electromagnetic field is applied close to 
resonance with an electric dipole transition between two 
states. If there are several way to excite the oscillating 
dipole associated with i k− , then it is possible for 
interference to arise between the various contribution to 
this dipole, and these must be summed to give the total 
electric dipole oscillation between i k− . This is 
directly analogous to the Fano [1] effect in 
atoionization. The perfect absorption cancellation 
depends on the metastability of level b , any radiative 
or collisional decay of this state will lead to finite 
absorption even at zero detuning of driving and probe 
fields ( 1 0δ = Δ = ). EIT will manifest itself in the value 
of the density matrix element whose real and imaginary 

parts should vanish at zero detuning (i.e. the coherence 
is canceled both by the interference of the pathways that 
can excite it). 

IV) Conclusion 

EIT effect has been proposed in a four-level system 
driven by a strong coherent field. The effects of atomic 
parameters on the real and imaginary parts of 
susceptibility, which leads to narrowing, and 
elimination of absorption spectrum, are considered. The 
effects of amplitude, Ω , driving and probe field 
detuning and decay rate on the absorption and 
dispersion are discussed. Note that quantum coherence 
and interference have the key role on controlling the 
absorption and dispersion spectrum in our system. 

 
 

 

Figure 2.  Real (solid) and imaginary (dash) parts of 
susceptibility at probe frequency in the presence of driving 
field vs. detuning for 1 2 3γ γ γ γ= = = 0.1 , , 0, 

1 2 1a aω γ γ= Δ = Ω = . 

 
 

 

Figure 3.  Real (solid) and imaginary (dash) parts of 
susceptibility at probe frequency in the presence of  
driving field vs. detuning for 1 2

δ

χχ ′′′,

δ

χχ ′′′,

γ γ= = 0γ, 3γ = , 

1 2 1α α 0.1 , 0.5 , 5ω = γ γ γΔ = Ω = . 
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Figure 4.  Real (solid) and imaginary (dash) parts of 
susceptibility at probe frequency in the Presence of  
driving field vs. detuning for 1 2 3γ γ γ γ= = = 0.5, γΩ =

0.1 , 0.5

, 

1 2 1a aω γ γ= Δ =

2

. 

 
 

 

Figure 5.  Real (solid) and imaginary (dash) parts of 
susceptibility at probe frequency in the presence of driving 
field vs. detuning for 1γ γ= 0γ = 20, , 3 2γ γ= 2, γΩ =

0.1 , 0

, 

1 2 1a aω γ= Δ = . 

 

References 
1. Fano U. Phys. Rev., 124: 1866 (1961). 
2. Manka A.S., Narducci H.M., Ru P., and Oppo G.L. Phys. 

Rev. A, 43: 3748 (1991). 
3. Dong P. and Tang S.H. Ibid., A 65: 033816 (2002). 
4. Harris S.E., Field J.E., and Imamoglu A. Phys. Rev. Lett., 

64: 1107 (1990). 
5. Harris S.E. Ibid., 70: 552 (1993). 
6. Hakuta K., Marmet L., and Stoicheff B. Ibidl., 66: 596 

(1991). 

7. Harris S.E. Ibid., 62: 1033 (1989). 

δ

χχ ′′′,

8. Narducci L.M., Doss H.M., Ru P., Scully M.O., and 
Keitel C. Opt. Commun., 81: 379 (1991). 

9. Zaheer K. and Zubairy M.S. Phys. Rev. A, 39: 2000 
(1989). 

10. Paspalakis E., Keitel C.H., and Knight P.L. Ibid., A 58: 
4868 (1998). 

11. Lee H., Polynkin P., Scully M.O., and Zhu S.-Y. Ibid., A 
55: 4454 (1997). 

12. Zhu S.-Y. and Scully M.O. Phys. Rev. Lett., 76: 388 
(1996). 

13. Martinez M.A.G., Herczfeld P.R., Samuels C., Narducci 
M., and Keitel C.H. Phys. Rev. A, 55: 4483 (1997). 

14. Ghafoor F., Zhu S.-Y., and Zubairy M.S. Ibid., A 62: 
013811 (2000). 

15. Kapale K.T., Scully M.O., Zhu S.-Y., and Zubairy M.S. 
Ibid., A 67: 023804 (2003). 

16. Harris S.E. Phys. Today, 50(7): 36 (1997). 
17. Cardoso G.C. and Tabosa J.W.R. Phys. Rev. A, 65: 

033803 (2002). 
18. Boller K.J., Imamoglu A., and Harris S.E. Phys. Rev. 

Lett., 66: 2593 (1991). 

δ

χχ ′′′,

19. Greentree A.D., Richards D., Vaccaro J.A., Durrant A.V., 
Echaniz S.R. de, Segal D.M., and Marangos J.P. Phys. 
Rev. A, 67: 023818 (2003). 

20. Peng L., Payne M.G., and Garrett W.R. Ibid. ,A 64: 
023807 (2001). 

21. Silva F., Mompart J., Ahufinger V., and Corbalan R. 
Ibid., A 64: 033802 (2001). 

22. Mollow B.R. Ibid., A 5: 2217 (1972). 
23. Wu F.Y., Ezckiel S., Ducloy M., and Mollow B.R. Phys. 

Rev. Lett., 38: 1077 (1977). 
24. Autler S.H. and Townes C.H. Phys. Rev., 100: 703 

(1955). 
25. Grynberg G. and Cohen-Tannodji C. Opti. Commun., 96: 

150 (1993). 
26. Hogan P.B., Smith S.J., Georges A.T., and Lambropoulos 

P. Phys. Rev. Lett., 41: 229 (1978). 
27. Shimano R. and Kuwata-Gonokami M. Ibid., 72: 530 

(1994). 
28. Narducci L.M., Scully M.O., Oppo G.-L., Ru P., and 

Tredicce J.R. Phys. Rev. A, 42: 1630 (1990). 
29. Zhou P. and Swain S. Phys. Rev. Lett., 78: 832 (1997). 
30. Agarwal G.S. and Harshawardhan W. Ibid., 77: 1039 

(1996). 
31. Gao J.-Y., Yang S.-H., Wang D., Guo X.-Z., Chen K.-X., 

Jiang Y., and Zhao B. Phys. Rev. A, 61: 023401 (2000). 
32. Harris S.E. and Yamamoto Y. Phys. Rev. Lett., 81: 3611 

(1998). 
33. McGloin M., Fulton D.J., Dunn M.H., Optics Commun., 

190: 221 (2001). 
34. Agarwal G.S. In: Quantum Optics. Springer Tracts in 

Modern Physics, Vol. 70, Springer-Verlag, Berlin (1974). 
35. Scully M.O. and Zubairy M.S. Quantum Optics. 

Cambridge University Press, Cambridge, England (1997). 

 366  


	Introduction
	II) The Model and Equations
	III) Results and Discussion
	IV) Conclusion
	References

