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Abstract: In this paper, using the general master equation in the dipole interaction and the rotating-wave approximation, we will explain
the experimental results obtained by Warsaw Group for Electromagnetically Induced Transparency in four-level lambda scheme of cold
rubidium atoms. The theoretical calculations are in good agreement with the experimental data.
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I. INTRODUCTION

Electromagnetically induced transparency (EIT) [1] is
a quantum interference effect that permits propagation of
light through an opaque atomic medium without attenua-
tion. Early experimental studies of EIT were mainly carried
out in rubidium atoms and concerned with three-level
systems (mainly systems), which are elementary systems
for studying EIT. They could form lambda, vee or cascade
configurations [13]. EIT manifests itself as anarrow
window of transparency within the absorption profile and it
is accompanied by a step, positive dispersion of the
refractive index. It was first proposed theoretically in 1989
[2] and experimentally verified in 1991 [3]. Since then,
theoretical and experimental studies of EIT have attracted
great attention due to their potential applications in many
fields, such as low light nonlinear optics [4], quantum
information [5], atomic frequency standard [6], physics of
semiconductor quantum wells and quantum dots [14-21],
photonic crystals [22] and so on. Several excellent reviews
on the progress in EIT and other quantum coherence
phenomena are available [23-29] giving a deeper insight
into the subject and providing lists of original references.

Recently, many groups explored the EIT phenomena
using the laser cooled atoms. The cold atoms are confined

in a magneto-optical trap (MOT) [7]. There are several
advantages in the cold atoms [8]. Firstly, because of the
low temperature of the cold atoms (below mK), the
Doppler broadening effect is effectively eliminated. This
allows the coupling and the probe beams to propagate in
arbitrary directions and to have various kinds of polariza-
tions configurations in the experiments of studying the
quantum coherence phenomena. The flexibility of the
experimental arrangements and the degree of freedom of
the studies are improved. Secondly, the motion of cold
atoms is very slow. It follows that we could have a very
high density sample of cold atoms for the studies and the
collision perturbation is still negligible. The lower collision
rates in the cold atomic sample reduce greatly the
decoherence rate. The recent studies on EIT and the related
phenomena in the cold atoms provided
understanding of the atomic coherence and interference in
the fundamental interaction between the light field and the
atoms.

Some studies of EIT in the cascade configuration have
been made before [9], but when the degeneration of the
Zeeman levels are taken into account, we have the
multilevel cascade systems. Although essential physics
about EIT has been understood well from the studies of the
simple three-level systems, there are several interesting
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features in the complicated multi-level systems [10]. In
their paper Wang and his coworkers have reported their
experimental study of EIT in a multi-level cascade system
in cold *’Rb atoms. It has been shown that the experimental
measurements agree well with the theoretical calculations.

Recently, the Warsaw Group of Physicists have per-
formed a similar experiment and observed a resonance of
enhanced transparency (transparency window) in the ab-
sorption profile of a weak probe beam (p) in the presence
of a strong beam (c) beam. The probe and coupling beams
were approximately at 60° and with orthogonal polariza-
tions. In our previous papers [30, 31], we have calculated
theoretically the EIT spectra using the master equation
introduced in [10] for a five-level model approximation.
Our theoretical results are in good agreement with the
experimental data obtained by Warsaw Group.

In this paper we will use a four-level scheme for the
lambda configuration for describing other experimental
observations performed also by Warsaw Group [32].
Obtained results are in good agreement again with the
experimental data.

II. MASTER EQUATION
FOR THE FOUR-LEVEL EIT SYSTEM

A 4-level model of the electromagnetically induced
transparency (EIT) in A-configuration was considered. The
states in Fig. 1 correspond to the following atomic states

[1)=55,, (F=2), |2) =58, (F'=2),

1)
3)=5R, (F=3), |4) = 5R, (F'=3).

The strong beam w,. couple the state |1> with states |3>
and |4> while the weak probe beam w, brings about
a transitions |2> to |3> and A= w,— 03, Ay = 0, — w3 are
detunings. Where w3, and w3, are resonance frequencies,
while Q, = usE,/h and Q. = us3 E/h are Rabi frequencies
(01= 31,0, = wa43).

The evolution of the atomic variables in the interaction
and RWA approximation is governed by the master
equation

) i
a_/t) = —%[H,,O] + Vol +Vlsp +
2

+ Yol P+ Vi Lapp + VazLazp.

The total Hamiltonian of 4-level system can be written
as
H=H,+H,. 3)

F'=3 [4>

P32 _I' . 09
Ay A
=2 _I : [3>
Wy
wC

F=3 2>
3S1/2 &1

F=2 1>

Fig. 1. The four-level scheme

Here H, is the unperturbed Hamiltonian

Hy=N(A;=Ay) 0y —1iAy035 +

)
+ (8, —-Ay)oy
and H, is the atom-field interaction Hamiltonian
Hy =-hQ, (013 + 03 )~ hayQ, (014 + 04 )+
(%)

—1Q, (03, +0y3) ~ by Q, (04 +07).

The Hamiltonians H, and H; in Egs. (3)-(5) are
expressed in the basis of selected states where 0}, = |z>< J |
(i,j=1,2, 3, 4) are population-operator for i = j, and dipole
operator for i # j. Decay of an atom in Eq. (2) from level
i to level j is described by the formulae

1
Lyp :5(26]1"061'] ~0,0,P~P0;0; ) ©)

Parameters a4 = uai/piz1, bar = parlus,. py is the rate
spontaneous emission for transition from level i to level ;.

The probe absorption signal can be obtained from the
density matrix Eq. (2) by solving them numerically or
analytically under the steady state condition, i.e.

% _g

o ™

We numerically solve the rate equations in the steady
state regime for different values of pump and probe
detunings. The probe absorption signal is proportional to
the imaginary part of the p,; (j = 3, 4). We can write it as:

()= m(ps)) ®

Jj=3
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III. COMPARISON WITH THE EXPERIMENTAL
DATA OF WARSAW GROUP

In the experiment of Warsaw Group [12] the tempera-
ture of atom cloud is about 100 uK. The diameter of
coupling beam is approximately equal to 2 mm, its power
is 400 mW. The weak probe beam has the diameter 0.7 mm
and the power 100 mW.

Our results for the transition 55, (F' = 3) = 5P;, (F' =3)
are compared with experimental data in Fig. 2 and Fig. 3. The
experimental data are denoted by solid lines and the dashed
lines correspond to the our numerical calculations. In Fig. 2,
detuning of the coupling beam in the experiment is around
150 MHz, whereas in Fig. 3 it is approximately 90 MHz.

200 250
Probe beam denuting

Fig. 2. Transmission rate as the function of probe beam detuning.

Solid line corresponds to the experimental results of Warsaw

Group with coupling beam detuning approximately equal to

150 MHz. Theoretical results are plotted as dashed line (for the
parameters see in the text)
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Fig. 3. The same as in Fig. 2 but for experimental results

corresponding to the coupling beam detuning approximately equal

to 90 MHz. Values of parameters involved in the theoretical
problem are given in the text

In Fig. 2, we have the following values of parameters
involved in our model: as; = 0.9, by, = 1, & = 70 MHz,
Q=34 MHz, Q,=3 MHz, A,=150 MHz, §,= = 1 MHz,
%1 = 0.5 MHz and %, = 10 MHz, whereas in Fig. 3:
A;=90 MHz, ;= 0.5 MHz, v3,= 0.25 MHz, 74, = 3 MHz,

Ys2= 10 MHz and other parameters are the same as before. It
follows that the calculations based on the master equation
generally agree with the experimental results. However, the
model proposed in this paper should be extended to the case
when additional Zeeman sublevels will be taken into ac-
count. This is the subject of our further publications.

We would like to express our deep gratitude to the
Warsaw Experimental Group of Polish Academy of Science
for giving us their experimental data before publications.
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