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STUDY OF ATOMIC POPULATIONS,
ELECTROMAGNETICALLY INDUCED TRANSPARENCY,
AND DISPERSIVE SIGNALS IN A Λ-TYPE SYSTEM
UNDER VARIOUS DECOHERENCE EFFECTS

We have theoretically studied the atomic populations, electromagnetically induced transparency
(EIT), and dispersion in a three-level Λ-type system. The density matrix equations are set
up with regard for the relaxation of populations of the ground states, and the optical Bloch
equations are solved analytically in the weak probe field approximation. Decoherence effects in
the ground and excited states on the EIT line shape and dispersive signals are studied, and it
is found that the EIT line width increases and the peak height decreases, as the decoherence
rates increase in the ground and excited states. On the other hand, we have observed that the
dispersive signals are steeper and of high contrast for the lower decoherence rates in the ground
and excited states. We have also analyzed the variations of atomic populations of the energy
levels at the pump Rabi frequency, as well as the decoherence rate in the ground state.
K e y w o r d s: electromagnetically induced transparency, dispersion, decoherence, density matrix, lambda-type system.

1. Introduction
Atomic coherence and interference effects in an
atomic medium that interacts with two or more
laser fields produce some interesting coherent resonances like electromagnetically induced transparency
(EIT) [1–4] and electromagnetically induced absorption (EIA) [5–8]. The coherent phenomenon, EIT, is
a laser-induced quantum interference effect, in which
an absorbing medium becomes transparent, when the
two laser fields (one weak laser field, “probe laser” and
another strong laser field, “pump laser”) satisfy the
two-photon Raman resonance condition in a threelevel lambda- (Λ) or vee- (V) or (Ξ) cascade-type system. In a three-level Λ-type system, the pump and
probe laser fields are connected to a common exc R. HAZRA, MD.M. HOSSAIN, 2019
○
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cited hyperfine level from two ground hyperfine levels (Fig. 1). Recently, the EIT has drawn a lot of
attention due to its vast ranges of applications in
atomic clock [9], slow light [10–11], light storage [12],
quantum information and computation [13], precision
magnetometer [14], etc. The EIT resonance has attracted a greater attention due to its narrow spectral
line width. So, we have to understand the various coherent and incoherent phenomena responsible for the
narrowing and broadening of an EIT line width, respectively. Many authors [15–29] have studied both
theoretically and experimentally the narrowing and
broadening effects on the EIT line width. In the case
of the broadening of EIT line width, various decoherence effects present in a real atomic system play an
important role. Decoherence in EIT is caused by several mechanisms such as the population exchange be-
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Fig. 1. Energy level diagram of a three-level Λ-type EIT system in the hyperfine transitions of 87 Rb-D2 line. Ω𝑝𝑢 and Ω𝑝𝑟
are the pump and probe Rabi frequencies, respectively. Γ𝑖𝑗 are
the population decay rates between the levels |1⟩, |2⟩ and |3⟩
(𝑖, 𝑗 = 1, 2, 3; 𝑖 ̸= 𝑗)

tween energy levels, atom-atom and atom-wall collisions, laser line width fluctuation, transit time broadening, spin exchange collisions, etc. [19–31, 32–34].
In the case of a Λ-type EIT system, the radiative transitions among the ground hyperfine levels
are usually forbidden. So, the atomic coherence can
be preserved in between the ground hyperfine levels
for a long time. As a result, the spectral line width
of the EIT resonance in a Λ-type system is primarily determined by the inverse lifetime of an atom
in the coherent superposition of the ground hyperfine levels. In Refs. [19–28], the authors have studied the EIT resonances under various decoherence effects arising in the ground states and observed that
the EIT line shape gets affected due to the dephasing of ground states, population relaxation between
the ground states, laser line width fluctuation, and
buffer gas-induced collisional dephasing in the ground
states. Figueroa et al. [25] showed that the dephasing
in the ground states plays the dominant role of decoherence in EIT, while the population exchange plays
a minor role. At the same time, Javan et al. [16] assumed in their work that the population exchange is
the major source of decoherence in EIT. In Refs. [19,
23, 26–28, 31], the authors have considered the effect
of decoherence arising from both the population exchange and dephasing in the ground states. In few
papers [23, 24], we have also found that the laser
line width fluctuation causes an additional popula-
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tion relaxation between the ground states. On the
other hand, the introduction of a buffer gas in an
atomic vapor cell can prolong the interaction time between the atoms and the laser field, which increases,
in turn, the ground-state coherence rate. Many authors [15, 19–23, 32–35] have studied both theoretically and experimentally the buffer gas-induced narrow spectral line width of EIT. But, at the same time,
a few authors [19–21] showed that the presence of a
buffer gas increases the dephasing rate from the excited levels along with the increase of ground-state
coherence rates.
In addition to the ground-state decoherence effects
on EIT, a few authors studied [20–23, 28, 29] the
EIT line shapes under various excited state decay
rates along with the spontaneous decay rates from
the excited states. In a real atomic medium (say, Rb
vapor in a cell), the coherence lifetime is usually determined by the interaction time of atoms and laser
beams. This interaction time may be reduced by various excited state decoherence phenomena like the excited atom-atom collision, laser field fluctuation, nonradiative decays between neighboring excited levels,
buffer gas-induced collision with the atoms, etc. In
Refs. [20, 21, 28], the authors showed that the higher
buffer gas pressure produces a broadening of the excited states (i.e., the decoherence of excited states
increases) and, at the same time, restricts the further
diffusion of atoms resulting in a decrease of ground
state decoherence rates. Erhard et al. [23] also considered the effect of laser line width fluctuations as
another source of decoherence for the excited levels. Moreover, the non-radiative decay rates between
the neighboring hyperfine excited levels may increase
the excited state decoherence rates [29].
The real part of a probe field is directly related
to the real part of the nonlinear susceptibility (𝜒)
which represents the dispersion of a medium. The
dispersive property of an atomic medium is greatly
modified due to a narrow EIT signal to the probe
field. The EIT window exhibits a reduced absorption
feature at the line center of the probe spectrum. At
the same time, it has narrow line width. These two
characteristics of the EIT signal result in the rapidly
increasing refractive index near the line center. As a
result, the group velocity of a light pulse propagating in the EIT medium is reduced remarkably. This
normal dispersion of the EIT medium has interesting
applications in the field of nonlinear optics like a “slow
ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 3
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light”, storage of light pulses [4, 37, 38], etc. In 1992,
Harris et al. [39] theoretically showed that the EIT
phenomenon can be used for a reduction of the group
velocity, i.e., for the production of a “slow light”. The
key ingredient for the slow-light effect is to find out a
very narrow EIT window to the probe field. We have
discussed earlier that the narrow and high-contrast
EIT signal is affected by both the ground and excited
decoherence effects. So, the various decoherence effects also affect the dispersive signals. Therefore, the
various decoherence effects on the dispersion signal
also affect a reduction of the group velocity or slowlight effect.
In this article, we will consider a quasistationary
solution of the density matrix equations for a threelevel Λ-type EIT system under two co-propagating
laser fields, where the solution is performed analytically in a weak probe approximation. We have studied
theoretically the line shapes of both probe absorption
and dispersion signals in a three-level Λ-type EIT system under various decoherence effects arising from
both the ground and excited states. In the case of
ground state decoherence phenomena, we will discuss
the dephasing of ground states, population relaxation
between ground states, laser line width fluctuations,
and buffer gas-induced collisional dephasing. We will
study the various decoherence effects arising in the
excited states such as buffer gas-induced collisional
effects, laser line width fluctuations, and other nonradiative decays. In addition to the decoherence effects, we consider variations of the atomic populations
of energy levels with the pump Rabi frequency and
the ground state decoherence rates. Finally, the effect
of the pump detuning on the EIT line shapes and the
effect of a buffer gas on the coherence preservation
will be discussed.
2. Theory
Consider a three-level Λ-type system formed by two
ground hyperfine levels |1⟩ (𝐹 = 1) and |2⟩ (𝐹 = 2)
and a common excited hyperfine level |3⟩ (𝐹 ′ = 2) in
the hyperfine transitions of 87 Rb-D2 line (Fig. 1). A
strong pump laser field at the Rabi frequency Ω𝑝𝑢
is coupled to the transition |2⟩ → |3⟩ with a frequency detuning Δ = 𝜔32 − 𝜔𝑝𝑢 , and a weak probe
laser field at the Rabi frequency Ω𝑝𝑟 is connected
to the transition |1⟩ → |3⟩ with a frequency detuning 𝛿 = 𝜔31 − 𝜔𝑝𝑟 , where 𝜔32 = (𝐸3 − 𝐸2 )/~
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and 𝜔31 = (𝐸3 − 𝐸1 )/~ are the hyperfine transition
frequencies between the levels 𝐹 = 2 → 𝐹 ′ = 3
and 𝐹 = 1 → 𝐹 ′ = 3, respectively; 𝜔𝑝𝑢 and 𝜔𝑝𝑟
are the angular frequencies of the pump and probe
lasers, respectively (Fig. 1). The Rabi frequencies,
Ω𝑝𝑢 and Ω𝑝𝑟 are defined as Ω𝑝𝑢 = −𝜇23 𝐸𝑝𝑢 /~ and
Ω𝑝𝑟 = −𝜇13 𝐸𝑝𝑟 /~, where 𝜇23 and 𝜇13 are the atomic
dipole moments for the transitions |2⟩ → |3⟩ and
|1⟩ → |3⟩, respectively; 𝐸𝑝𝑢 and 𝐸𝑝𝑟 are the electric field amplitudes of the pump and the probe laser
fields, respectively. The population relaxation rates
between the levels |1⟩, |2⟩, and |3⟩ are defined by Γ𝑖𝑗
(where 𝑖, 𝑗 = 1, 2, 3; 𝑖 ̸= 𝑗). As per the selection rule
Δ𝐹 = 0, ±1, the pump laser can connect the hyperfine levels 𝐹 = 2 → 𝐹 ′ = 1, 2, 3, and the probe laser
can connect the hyperfine levels 𝐹 = 1 → 𝐹 ′ = 0, 1,
2. Therefore, the two levels 𝐹 ′ = 1 and 𝐹 ′ = 2 are the
common levels for both the pump and probe lasers.
Now to realize a theoretical model of the three-level
Λ-type system, we have taken 𝐹 ′ = 2 as a common
excited level to the pump and probe lasers, because
the energy level 𝐹 ′ = 2 is far away from the levels
𝐹 ′ = 0 and 1. It is worth to note that the energy separation of 𝐹 ′ = 1 and 2 is almost twice higher than
the energy separation of 𝐹 ′ = 0 and 1.
We set up the density matrix equations for a threelevel Λ-type system, by using the Liouville’s equation
of motion and taking the various relaxation rates into
account. In the rotating wave approximation (RWA),
the following optical Bloch equations are obtained [1,
18, 36]:
𝑖Ω𝑝𝑟 (𝜌31 − 𝜌13 )
+Γ31 𝜌33 +Γ21 𝜌22 −Γ12 𝜌11 , (1)
2
𝑖Ω𝑝𝑢 (𝜌32 − 𝜌23 )
=
+Γ32 𝜌33 +Γ12 𝜌11 −Γ21 𝜌22 , (2)
2
−𝑖Ω𝑝𝑟 (𝜌31 − 𝜌13 ) 𝑖Ω𝑝𝑢 (𝜌32 − 𝜌23 )
=
−
−
2
2

𝜌˙ 11 =
𝜌˙ 22
𝜌˙ 33

− (Γ31 + Γ32 )𝜌33 ,

(3)

𝑖Ω𝑝𝑢 𝜌21 𝑖Ω𝑝𝑟 (𝜌33 − 𝜌11 )
−
, (4)
2
2
𝑖Ω𝑝𝑢 (𝜌33 − 𝜌22 ) 𝑖Ω𝑝𝑟 𝜌12
= −(𝑖Δ+𝛾32 )𝜌32 −
+
, (5)
2
2
𝑖Ω𝑝𝑢 𝜌31 𝑖Ω𝑝𝑟 𝜌23
= −[𝑖(𝛿 − Δ) + 𝛾21 ]𝜌21 +
−
. (6)
2
2

𝜌˙ 31 = −(𝑖𝛿+𝛾31 )𝜌31 +
𝜌˙ 32
𝜌˙ 21

Here, we have introduced two categories of decay
rates. The first is the population relaxation rate (Γ𝑖𝑗 ),
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}︃⧸︂
2𝑖Ω𝑝𝑟 [𝑖(𝛿 + 𝛾𝑑𝑝 )](𝐷0 Γ + 2ΓΓ𝑝𝑒 )
+
(3𝐷0 Γ𝑝𝑒 + 𝐷0 Γ + 4ΓΓ𝑝𝑒 )
]︃
⧸︂
2
{4{(𝑖𝛿 + 𝛾31 )[𝑖(𝛿 + 𝛾𝑑𝑝 )]} + Ω𝑝𝑢 } ,

(8)

Ω2

Fig. 2. Representation of various decay rates; Γ𝑖𝑗 are the
atomic population relaxation rates, and 𝛾𝑖𝑗 are the atomic coherence relaxation rates

and the second is the coherence relaxation rate (𝛾𝑖𝑗 )
(Fig. 2). In Fig. 2, we have considered the atomic population relaxation rates between the |𝑖⟩𝑡ℎ and |𝑗⟩𝑡ℎ
levels as Γ21 = Γ12 = Γ𝑝𝑒 and Γ31 = Γ32 = Γ
(where Γ/2𝜋 is the natural line width (6.0 MHz) of
the excited level 5𝑃3/2 of a Rb atom) and the coherence relaxation rates between the |𝑖⟩𝑡ℎ and |𝑗⟩𝑡ℎ levels
2Γ+Γ𝑝𝑒
, 𝛾31 = Γ31 +Γ232 +Γ12 =
as 𝛾32 = Γ31 +Γ232 +Γ21 =
2
2Γ+Γ𝑝𝑒
=
and 𝛾21 = 𝛾12 = 𝛾𝑑𝑝 .
2
The density matrix equations (1)–(6) are analytically solved under the assumption of a strong pump
beam and a weak probe beam so that the atomic population primarily remains in the ground states, and
we get the steady-state solution related to the probe
transition as
[︃{︃
𝑖Ω𝑝𝑟 {ΓΓ𝑝𝑒 Ω2𝑝𝑢 }
𝜌31 =
+
(𝛾32 − 𝑖Δ)(3𝐷Γ𝑝𝑒 + 𝐷Γ + 4ΓΓ𝑝𝑒 )
}︃⧸︂
2𝑖Ω𝑝𝑟 [𝑖(𝛿 − Δ) + 𝛾𝑑𝑝 ](𝐷Γ + 2ΓΓ𝑝𝑒 )
+
(3𝐷Γ𝑝𝑒 + 𝐷Γ + 4ΓΓ𝑝𝑒 )
]︃
⧸︂
{4{(𝑖𝛿 + 𝛾31 )[𝑖(𝛿 − Δ) + 𝛾𝑑𝑝 ]} + Ω2𝑝𝑢 } ,
Ω2𝑝𝑢 𝛾32
2 )
2(Δ2 +𝛾32

(7)

where 𝐷 =
.
If we consider the case where the pump laser frequency is exactly locked to the transition |2⟩ → |3⟩,
then the value of the pump detuning (Δ) becomes
zero. Therefore, at Δ = 0, Eq. (7) becomes
[︃{︃
𝑖Ω𝑝𝑟 {ΓΓ𝑝𝑒 Ω2𝑝𝑢 }
𝜌31 =
+
𝛾32 (3𝐷0 Γ𝑝𝑒 + 𝐷0 Γ + 4ΓΓ𝑝𝑒 )
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.
where 𝐷0 = 2𝛾𝑝𝑢
32
In this work, we have considered that the imaginary and real parts of the coherence term between
the levels coupled by the probe field are proportional
to the probe absorption and probe dispersion signals, respectively. Therefore, Im(𝜌31 ) is directly proportional to the probe transmission signal, and the
EIT resonance is obtained in the probe scanning signal under the two-photon Raman resonance condition
(𝛿 − Δ = 0). At the same time, Re(𝜌31 ) is directly
proportional to the probe dispersion signal. We have
plotted both Im(𝜌31 ) and Re(𝜌31 ) as functions of the
probe frequency detuning (𝛿) under various decoherence effects and analyzed the EIT line shapes and
dispersion signals. We have considered the fixed values of Ω𝑝𝑢 /(2𝜋) = 5.0 MHz, Ω𝑝𝑟 /(2𝜋) = 0.1 MHz,
and Γ/(2𝜋) = 6.0 MHz. All the numerical values of
the various decoherence rates are taken within the
ranges of available data in papers [19–31].
3. Results and Discussion
We present the results of our study of various decoherence effects on the EIT and dispersive signals in
two subsections: (3.1) Ground-state decoherence effects and (3.2) Excited state decoherence effects. The
effects of various parameters on the atomic populations are presented in subsection (3.3).
3.1. Ground-state decoherence effects
In the case of a Λ-type EIT system, the radiative
transition among the ground hyperfine levels (𝐹 = 1
and 𝐹 = 2 for 87 Rb-D2 line) is forbidden, so the
atomic coherence in the ground hyperfine levels can
be preserved for a long time. But this atomic coherence may be affected by various physical phenomena
occurring in the atomic medium such as elastic and
inelastic atom-atom and atom-wall collisions, temperature fluctuations, flight through broadening, laser
line width fluctuations, etc. [19, 23–28, 31]. There is
a belief existing among many researchers that the
ground-state decoherence effects mainly arise from
the elastic and inelastic atom-atom and atom-wall
ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 3
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collisions [25, 26]. But we study all physical phenomena mentioned above to observe various groundstate decoherence effects on the EIT and dispersive
signals. We plot the probe transmission {Im(𝜌31 )}
and dispersion {Re(𝜌31 )} signals as a function of the
probe detuning (𝛿) in Figs. 3(i) and 3(ii), respectively, to study the various ground-state decoherence
effects. Here, we have used Eq. (8), and the various
ground-state decoherence rates are incorporated in
Γ𝑝𝑒 , 𝛾𝑑𝑝 , 𝛾32 , and 𝛾31 , by keeping other parameters
fixed as Ω𝑝𝑢 /(2𝜋) = 5.0 MHz, Ω𝑝𝑟 /(2𝜋) = 0.1 MHz
and Γ/(2𝜋) = 6.0 MHz.
Now, in Fig. 2, we have shown that the elastic
atom-atom and atom-wall collisions produce the coherence dephasing (𝛾12 and 𝛾21 ), whereas the inelastic
atom-atom and atom-wall collisions produce the nonradiative population relaxation/exchange (Γ21 and
Γ12 ) between the two ground states. To study the effects of coherence dephasing and non-radiative population relaxation on the EIT line shape and dispersion signals, we have considered Γ21 = Γ12 = Γ𝑝𝑒
and 𝛾12 = 𝛾21 = 𝛾𝑑𝑝 , where 𝛾𝑑𝑝 can be calculated as
12
[18, 26]. We have further assumed that
𝛾𝑑𝑝 = Γ21 +Γ
2
the decoherence effects due to elastic and inelastic collisions have the same contribution, i.e., Γ𝑝𝑒 = 𝛾𝑑𝑝 ,
and the value of Γ𝑝𝑒 /(2𝜋) = 𝛾𝑑𝑝 /(2𝜋) is taken as
400 kHz [19]. Plot (a) of Fig. 3(i) shows the probe
transmission as a function of the probe detuning (𝛿)
for Γ𝑝𝑒 /(2𝜋) = 𝛾𝑑𝑝 /(2𝜋) = 400 kHz.
In addition to the elastic and inelastic collisional
effects, the flight through broadening and phonon induced effects in solids can also produce the coherence
dephasing in ground states. The non-radiative population relaxation may also arise from the thermal
excitation/fluctuation [19]. In Refs. [23, 24], the authors have shown that the broadening of spectral line
widths of the laser sources can also give rise to a decoherence in ground states. Since the EIT resonance is
observed by the interaction of one or two laser fields
with the atomic medium, so the spectral line width of
the lasers plays an important role in the decoherence
rates for both the ground and excited state. The laser
line width variation may be due to fluctuations of the
temperature and the current of a laser controller, and
the different laser systems have different values of a
laser line width. As a result, the value of the groundstate decoherence rate (Γ𝑝𝑒 or 𝛾𝑑𝑝 ) increases, when
all the natural phenomena are considered for the decoherence effects in the ground states. In Fig. 3(i),
ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 3

Fig. 3. Variation of the probe transmission {Im(𝜌31 )} and dispersion {Re(𝜌31 )} signals as a function of the probe detuning
(𝛿) due to various ground-state decoherence effects

we have considered all other ground-state decoherence effects on the EIT signal by taking the value of
Γ𝑝𝑒 /(2𝜋) = 𝛾𝑑𝑝 /(2𝜋) as 800 kHz (plot (b)), 1400 kHz
(plot (c)) and 1900 kHz (plot (d)). From Fig. 3(i),
we have found that the EIT peak height decreases,
as the value of Γ𝑝𝑒 /(2𝜋) = 𝛾𝑑𝑝 /(2𝜋) increases. It is
obtained that the EIT width (FWHM) increases and
the EIT peak height decreases, as the value of the
ground-state decoherence (Γ𝑝𝑒 /(2𝜋) = 𝛾𝑑𝑝 /(2𝜋)) increases. Therefore, in order to achieve a good contrast and a narrow EIT signal, one needs to minimize
the ground-state decoherence effects arising from the
various natural and external phenomena. It is to be
noted that the very small laser line width is one of
the important criteria for getting a high contrast and
a narrow EIT signal.
Similarly, in Fig. 3(ii), we plot the probe dispersion
(Re(𝜌31 )) as a function of the probe detuning (𝛿) by
considering the same set of values as in Fig. 3(i). We
observe that the peak-peak height of a dispersion signal decreases, as the value of ground-state decoherence rate increases. Therefore, the dispersive signals
become steeper, as the value of Γ𝑝𝑒 /(2𝜋) = 𝛾𝑑𝑝 /(2𝜋)
𝑑𝑛(𝜔 )
becomes lower, i.e., the slope 𝑑𝜔𝑝𝑝 of the dispersion curve increases, as the ground-state decoherence rate decreases. Hence, we can conclude that,
in order to achieve steeper dispersion curves and
to observe non-linear effects like “slow light” in an
EIT medium, one needs to reduce the ground-state
decoherence rate.
Now, to reduce the ground state decoherence rates,
the most common method is the addition of a buffer
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3.2. Excited-state decoherence effects

Fig. 4. Representation of excited-state decoherence rates,
where Γ31 = Γ32 = Γ + Γ′ , and the ground-state decoherence
rate as Γ21 = Γ12 = 𝛾12 = 𝛾21

Fig. 5. Effect of excited-state decoherence rates on the EIT
and dispersion signals. Different values of (Γ/2𝜋) are 6.0 MHz
(i), 7.2 MHz (ii), 8.0 MHz (iii), 9.3 MHz (iv), and 11.0 MHz (v)

gas inside the vapor cell. If a buffer gas is introduced in a pure atomic medium, then the velocity-changing coherence-preserving (VCCPs) collisions
may help in reducing the ground-state decoherence
rates. The higher buffer gas pressure also restricts the
diffusion of alkali atoms from the atom-laser interaction region. As a result, the coherence of the alkali
atoms in the interaction region will be long lived [15,
19, 20–23]. Therefore, the presence of a buffer gas reduces the ground-state decoherence rates and helps to
obtain the narrow high-contrast EIT signal, as well as
steep dispersive signals. The paraffin coating of the
cell walls is another way to reduce the decoherence
effects arising from the atom-wall collisions [22].
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The EIT line shapes and dispersive signals in a Λ-type
system is affected not only by the ground-state decoherence rates, but also affected by the decoherence
arising in the excited states. In Refs. [20–23, 26–29],
the authors studied the various types of excited-state
decoherence effects on the EIT signal. In addition to
the spontaneous decays from the excited state (Γ),
we represent the various excited-state decoherence effects by defining Γ′ (Fig. 4), which arises due to several phenomena like excited atom-atom collisions or
buffer gas-induced collisions, laser line width fluctuations, non-radiative decays between the excited hyperfine levels, etc. In general, the spontaneous decay
rates from the excited state are only considered in
most of the theoretical calculation of EIT. Here, we
will discuss all possible excited-state decoherence effects on the EIT and dispersion signals. In this section, we consider the ground-state decoherence rate
as Γ21 = Γ12 = Γ𝑝𝑒 = 𝛾12 = 𝛾21 = 𝛾𝑑𝑝 , and the
fixed value of Γ𝑝𝑒 /2𝜋 = 𝛾𝑑𝑝 /2𝜋 is taken as 500 kHz
in Eq. (8).
In plot (i) of Fig. 5, a, we consider only the
spontaneous decay rate from the excited state as
Γ/2𝜋 = 6 MHz. In Ref. [23], it was shown that
the excited-state decoherence rate may be increased
due to the collisions between excited atoms, excited atom and buffer gas atom/molecule, and to
the spatial diffusion of the atoms out of the laser
beams. It is also studied that the laser line width
fluctuations make an additional decoherence effect
in the excited states. But their contribution to the
coherence loss is very small. We found in Ref. [29]
that there also exist some non-radiative decays between the neighboring excited hyperfine levels (if
we consider higher excited levels). In this work, we
have considered all the possible excited-state decoherence effects, which increase the spontaneous decay rate of the excited state (Γ/2𝜋 = 6 MHz). In
Eq. (8), we have substituted Γ by Γ + Γ′ , where
Γ′ arises due to the additional decoherence rates
caused by various decoherence phenomena explained
above.
In Fig. 5, we have studied and analyzed the probe
transmission and dispersion signals for the different values of excited-state decoherence rates (Γ/2𝜋)
starting from the spontaneous decay rate 6.0 MHz ((i)
6.0 MHz, (ii) 7.2 MHz, (iii) 8.0 MHz, (iv) 9.3 MHz
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and (v) 11.0 MHz). Figure 5, a shows the plots of
the probe transmission signals (EIT signals) with
the different values of Γ/2𝜋. It is seen that the
strength of EIT signals decreases, as the value of
Γ/2𝜋 increases. We found that the EIT width and
peak height, respectively, increases and decreases,
as the value of Γ/2𝜋 increases. At the same time,
Fig. 5, b shows the plots of the probe dispersion signals with the different values of Γ/2𝜋. Similarly, we
have found that both the peak-peak height and the
slope of dispersion signals decrease, as the value of
Γ/2𝜋 increases. When all the decoherence rates (Γ′ )
are added with the spontaneous decay rate (Γ), the effect of the excited-state decoherence on the EIT and
dispersion signals is prominent in comparison with
the EIT and dispersion signals observed, by only considering the spontaneous decay rate. Therefore, it is
found that the good-contrast narrow EIT signal and
the corresponding steep dispersion signals can be observed only when one can reduce the excited-state decoherence effects arising from the various decoherence
phenomena. It is also found that the dispersive signal
at the line center of the probe spectrum becomes less
steep for the higher value of the excited-state deco𝑑𝑛(𝜔 )
herence rates, i.e., the slope 𝑑𝜔𝑝𝑝 of the dispersion
curve decreases, as the excited-state decoherence rate
increases. In other words, to obtain a steeper dispersion curve, i.e., a reduction of the group velocity of a
light pulse propagating through an EIT medium, we
have to minimize the excited-state decoherence rates.
In Subsection (3.1), we have discussed that the
presence of a buffer gas in an atomic vapor cell reduces the ground-state decoherence rates and helps
to obtain a narrow high-contrast EIT signal [15, 19,
20–23]. When a buffer gas is introduced in a pure
atomic medium, the VCCP collisions help to reduce
the ground-state decoherence. But, at the same time,
the buffer gas pressure produces an additional pressure broadening of the excited states and broadens the optical transition due to non-radiative effects. Therefore, the presence of a buffer gas affects both the ground- and excited-state decoherence
rates, although the ground-state coherence preservation is much greater than the excited-state decoherence rate [20, 21]. As a result, the buffer gas inside a
pure atomic vapor cell reduces the ground-state decoherence rates significantly, whereas the buffer gasinduced decoherence effect on the excited state is
negligible.
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Fig. 6. Effect of the pump detuning (Δ) on the EIT position. Δ = 0 MHz (i), Δ = +5 MHz (ii), and Δ = −5 MHz (iii)

Now, if we consider Eq. (7), where the pump detuning is arbitrary (Δ ̸= 0), we find that the EIT position
shifts in the probe transmission signal, as the pump
detuning changes. We plot the probe transmission
{Im(𝜌31 )} with the probe detuning (𝛿) for the different values of the pump detuning (Δ): (i) Δ = 0 MHz,
(ii) Δ = +5 MHz and (iii) Δ = −5 MHz (Fig. 6). We
observe that the EIT signal is symmetric at Δ = 0,
and it becomes asymmetric for the detuned position
of a pump laser (Δ ̸= 0). Figure 6 shows that the
shift of the EIT position is positive (blue shift) for
the blue detuning of the pump field (Fig. 6-ii) and
negative (red shift) for the red detuning of the pump
field (Fig. 6-iii).
3.3. Effects of various
parameters on atomic population
The solutions of the population terms 𝜌11 , 𝜌22 and 𝜌33
at Δ = 0 are obtained by solving the optical Bloch
equations (1)–(6) at the weak probe limit,
]︂
[︂
𝐷0 Γ𝑝𝑒 + 𝐷0 Γ + 2ΓΓ𝑝𝑒
𝜌11 =
,
(9)
3𝐷0 Γ𝑝𝑒 + 𝐷0 Γ + 4ΓΓ𝑝𝑒
[︂
]︂
2ΓΓ𝑝𝑒 + 𝐷0 Γ𝑝𝑒
𝜌22 =
,
(10)
3𝐷0 Γ𝑝𝑒 + 𝐷0 Γ + 4ΓΓ𝑝𝑒
[︂
]︂
𝐷0 Γ𝑝𝑒
𝜌33 =
,
(11)
3𝐷0 Γ𝑝𝑒 + 𝐷0 Γ + 4ΓΓ𝑝𝑒
Ω2

where Γ21 = Γ12 = Γ𝑝𝑒 and 𝐷0 = 2𝛾𝑝𝑢
32
It is quite evident from Eqs. (9) and (10) that,
in the case of Ω𝑝𝑢 = Ω𝑝𝑟 = 0, the quasistationary
solutions are 𝜌11 = 𝜌22 = 21 and 𝜌33 = 0, when
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Fig. 7. Variation of the populations (𝜌11 , 𝜌22 and 𝜌33 ) at
the pump Rabi frequency (Ω𝑝𝑢 ). The fixed values are taken
as Γ/2𝜋 = 6.0 MHz, Γ21 /2𝜋 = Γ12 /2𝜋 = Γ𝑝𝑒 /2𝜋 = 1.0 MHz,
and 𝛾32 /2𝜋 = 6.5 MHz

Fig. 8. Variation of the populations (𝜌11 , 𝜌22 and 𝜌33 ) with
ground-state decoherence rates (Γ𝑝𝑒 ). The fixed values are
taken as Ω𝑝𝑢 /2𝜋 = 5.0 MHz, Γ/2𝜋 = 6.0 MHz, and 𝛾32 /2𝜋 =
= 6.5 MHz

Γ21 = Γ12 = Γ𝑝𝑒 ̸= 0. From Eqs. (9) and (10), we
have found that the values of 𝜌11 and 𝜌22 satisfy the
boundary condition 𝜌11 + 𝜌22 = 1 in the ideal case
where Γ21 = Γ12 = Γ𝑝𝑒 = 0. Now, we study the dependence of atomic populations on the pump Rabi
frequency (Ω𝑝𝑢 ) and ground-state decoherence rates
(Γ𝑝𝑒 ) in Figs. 7 and 8, respectively.
In Fig. 7, we observe that the population of level |1⟩
starts increasing, as one keeps on increasing the pump
Rabi frequency (Ω𝑝𝑢 ). Simultaneously, the population
of level |2⟩ keeps on decreasing. This is expected, as
the probe laser connects the levels |1⟩ to |3⟩, and the
pump laser connects the levels |2⟩ to |3⟩. Hence, the

204

population of level |2⟩ keeps on decreasing, and the
populations of levels |1⟩ and |3⟩ keeps on increasing
with an increase in Ω𝑝𝑢 .
When we increase the values of Γ𝑝𝑒 in Eqs. (9)–
(11), it is found that the population of level |1⟩
decreases, and the population of level |2⟩ increases
(Fig. 8). It may be due to the reason that a few atoms
through some non-radiative processes like atom-atom
and atom-wall collisions are removed from the level
|1⟩ and reach level |2⟩. At the same time, since the
pump laser is also connected between the levels |2⟩
and |3⟩, then more and more number of atoms will
be pumped into the higher excited level |3⟩ from the
level |2⟩, by resulting in the effective increase in the
population of level |3⟩.
4. Conclusion
We have analytically found the solutions of the optical Bloch equations for a simple three-level Λ-type
system in two co-propagating laser fields, where the
relaxation of populations of the ground states is taken
into account. The probe transmissions {Im(𝜌31 )} and
the probe dispersions {Re(𝜌31 )} are calculated and
then plotted for various decoherence effects involved
in the ground and excited levels. We have found that
the EIT line width increases and the peak height decreases with an increase in both ground- and excitedstate decoherence rates. The dispersive signals are
steeper and higher contrast for the lower values of
both ground- and excited-state decoherence rates. We
have also discussed the effect of a buffer gas in a vapor cell, which helps one to obtain the narrow highcontrast EIT and steep dispersion signals by reducing the ground-state decoherence rates. The various
physical phenomena behind the various types of decoherence effects arising in the ground and excited levels
are discussed elaborately. In addition to the decoherence effects, we have studied the effect of the pump
detuning on the EIT line shapes and have shown that
the central symmetric EIT peak becomes asymmetric, as the pump detuning changes. The variations of
atomic populations with the pump Rabi frequency
and the ground-state decoherence rates are also studied. Our results are well consistent with the earlier
theoretical and experimental results, and we believe
that the detailed analysis of the EIT and dispersive
signals under various decoherence effects provides a
better understanding on the broadening of EIT and
dispersive signals.
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ВИВЧЕННЯ НАСЕЛЕНОСТI АТОМIВ,
ЕЛЕКТРОМАГНIТНОIНДУКОВАНОЇ ПРОЗОРОСТI
I ДИСПЕРСIЙНИХ СИГНАЛIВ У СИСТЕМI Λ-ТИПУ
З РIЗНИМИ ЕФЕКТАМИ ДЕКОГЕРЕНТНОСТI
Резюме
Теоретично дослiдженi населеностi атомiв, електромагнiтноiндукована прозорiсть (ЕIП) i дисперсiя в трирiвневiй
системi Λ-типу. Побудовано рiвняння для матрицi щiльностi з урахуванням релаксацiї в основному станi i вирiшенi
рiвняння Блоха в наближеннi слабкого тестуючого поля.
Для основного i збудженого станiв вивчено вплив декогерентностi на форму лiнiї при ЕIП i на дисперсiйнi сигнали.
Знайдено, що ширина лiнiї при ЕIП збiльшується i висота
пiка зменшується при зростаннi швидкостi декогерентностi. З iншого боку, при малих швидкостях декогерентностi
дисперсiйнi сигнали крутiше i бiльше контрастнi в основному i збудженому станах. Проаналiзовано змiну населеностi
рiвнiв енергiї атомiв при накачуваннi з частотою Рабi та
швидкiсть декогерентностi в основному станi.
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