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Abstract. In this work, we report a detail theoretical study to understand the quantum coherence processes
induced by three laser fields in a multilevel atom. In one of the coupling scheme using three laser fields we
have theoretically simulated the EIA and EIT resonances simultaneously in a single probe transmission
profile. It has been shown that these two coherent resonances of opposite kinds can be tuned at any
position of the probe profile and they cancel out when they are completely merged together. We have
also theoretically calculated the dual-EIT as well as a single EIT resonance with improved contrast in an
N-type scheme. It has been shown that the contrast of the V-type EIT is greatly enhanced in the N-type
system when it is tuned to the position of A-type EIT. We have examined the atomic density effect on the
enhanced N-type EIT resonance and it has been shown that the nature of variation of the line shape of this
pronounced EIT resonance strongly depends on the variations of the individual A- and V-type EIT with
atomic density. Theoretically simulated spectra have been compared with the experimental observations in
rubidium vapour with its natural abundances. For the experimental comparison of the observed resonances
under different atom-laser coupling schemes, we have used the D, transition (5S;/2-5P3/2) of 85Rb isotope.

A good agreement is found between the simulated results and the experimental spectra.

1 Introduction

Quantum interference between atomic states caused by
atom-laser interaction modifies the optical properties of
an atomic medium producing coherent resonances like
coherent population trapping (CPT) [1], electromagnet-
ically induced transparency (EIT) [2,3] and electromag-
netically induced absorption (EIA) [4,5]. The formation
of EIT in A-type system is based on the idea of CPT [6].
In the A-type configuration one can get a good contrast
EIT resonance as the coherence dephasing rate comes to
play between the ground hyperfine levels. Since the CPT
effect cannot be established in a V-type system due to
the spontaneous decay from the excited hyperfine levels,
this particular configuration produces the poorest EIT. In
the V-type system EIT can be obtained only due to the
destructive quantum interference between the transition
pathways of the pump-probe laser fields. On the contrary,
electromagnetically induced absorption i.e. EIA resonance
is of completely opposite nature in comparison to EIT res-
onance. Constructive quantum interference between the
excitation pathways of the pump-probe lasers leads to the
EIA resonance. Since the EIA resonance shows anomalous
dispersion it plays a major role in superluminal propaga-
tion of light [7].

Since the discovery of EIT it had been well studied
both theoretically and experimentally by many authors
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in three basic level schemes A, V and = [8-12] by using
two coherent fields namely pump and probe laser fields.
In recent times the studies of the quantum interference
effects in different kinds of level configurations using more
than two coherent fields are drawing more attention than
the simple basic level schemes [13-17]. When a multilevel
atomic system interacts with several radiation fields inter-
esting coherent features can be obtained due to the con-
tribution from the hyperfine levels as well as the degener-
ate Zeeman levels corresponding to these hyperfine levels.
The investigation of the coherent resonances arising from
the quantum interference effects in presence of three laser
fields are very important for their applications in four-
wave and six-wave mixing processes [18], producing the
ultraslow light for optical information processing [19], op-
tical switching [20] and multi channel communication [21].

In this paper, we have theoretically investigated the
coherent resonances produced by two different coupling
schemes in the ®5Rb-Dy transition by using three laser
beams namely pump, control and probe lasers. In one of
such configuration we have obtained simultaneously the
EIT and EIA resonances in a common probe transmis-
sion profile. Both of the EIT and EIA resonances strongly
depend on the laser field polarization as the line shape
of the resonances changes dramatically depending upon
the polarization combination of the laser fields [22,23].
To obtain the good contrast of EIT resonance we have
chosen here all three laser fields as linearly polarized and
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Fig. 1. (a) Energy level diagram for the theoretical formulation to get the EIA and EIT resonances simultaneously; (b) represents
the experimental energy level diagram for a multilevel system coupled by three laser fields in **Rb-Dsy transition.

the polarization of the control and pump lasers are or-
thogonal to the probe laser field. In order to theoretically
model the ETA phenomenon by a degenerate N-type sys-
tem, we have considered linear orthogonal polarization of
the probe and pump laser fields. Such polarization combi-
nation leads to more number of coherently coupled N-type
systems which contribute together in the formation of the
EIA resonance [23]. Here we have theoretically presented
the effect of individual tuning of the pump and the con-
trol lasers over the probe Doppler profile and in both cases
we have shown that the EIT and EIA resonances can be
tuned very close to each other. Since these two coherent
resonances originate from two opposite effects, therefore
by proper tuning of the pump or control laser fields, both
of the EIT and EIA resonances can also be made to dis-
appear completely in the probe transmission profile. EIT
and EIA affect the multi-wave mixing process in atomic
media and the observation of the wave mixing process at
the probe frequency position where the EIT and EIA are
very close to each other or completely merged may be use-
ful. We have performed an experiment with three lasers
to observe the EIA and EIT resonances simultaneously in
a single probe Doppler profile in the Dy line of 3Rb iso-
tope and observed that both of the coherent resonances
disappear completely whenever the EIT window gets su-
perimposed with the EIA resonance. In another system
forming an N-type configuration interacting with three
lasers, we have shown the dual-EIT in a single probe trans-
mission profile in the theoretical simulation and the two
distinct transparency peaks are obtained due to the de-
tuned frequency position of the control laser with respect
to the pump laser. Study of dual-EIT is also useful in
four wave mixing process under EIT condition [18]. With
proper tuning of the pump and control laser fields the two
EIT peaks are merged and a single and enhanced EIT
peak is obtained. Theoretical results corresponding to this
configuration are also established by the experimental ob-
servations in presence of three laser beams. The dual-EIT
resonances with different detuned frequency positions of
the control laser over the probe Doppler profile have been
studied. The line shapes of the EIT resonances get signif-
icantly modified with the change in the atomic number

density. In our previous work [12], we discussed the atom
density effect on EIT resonances in the individual A- and
V-type systems. In this work, we have simulated this den-
sity effect on the merged EIT resonance in the N-type sys-
tem incorporating relevant parameters. The N-EIT peak,
which is a superposition of A and V-EIT, shows an inter-
esting nature of variation for the increment in the atomic
number density. To experimentally investigate the density
effect on the single N-EIT peak, we have increased the
temperature of the vapour cell that results in the incre-
ment of the density of the atoms in the cell. Simulated
results are found to be consistent with the observations.

2 Theoretical calculation and experimental
comparison for simultaneous EIT and EIA
resonances

In this section, we have first made a theoretical simula-
tion of the simultaneous EIT and EIA resonances in a
single probe transmission profile in presence of a pump
and control laser fields. Let us consider that F,; and F¢
are respectively the ground and excited hyperfine levels of
the multilevel atom. When the probe and the pump laser
fields induce the transition F; — F¢, then the coherence
between the degenerate excited and ground magnetic sub-
levels corresponding to these hyperfine levels produces the
enhanced absorption dip i.e. EIA resonance in the probe
transmission. The EIA resonance appears for the transi-
tion Fy — F, when the following conditions are satisfied:
(i) Fy > 0, (ii) F. = Fy, + 1 and (iii) F;, — F. transition
must be closed. If an additional laser, say, control laser is
applied from the other ground hyperfine level (F, — 1) to
the possible excited hyperfine level in the same atomic sys-
tem, then the control and probe lasers produce the EIT
resonance forming a A-type configuration. Therefore, in
presence of three laser beams namely pump, control and
probe, it is possible to produce the coherent resonances
of opposite kinds in a single atomic system. The theoret-
ical energy level diagram producing both EIA and EIT
resonances is shown in Figure la. The control laser of
frequency w,, applied from the ground level |1) to the
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excited level |4) forms the A-type system with the probe
laser (w,) scanning from the other ground level |2) to the
excited level |4). This A-type system leads to an EIT res-
onance due to coherence created between the ground lev-
els. The occurrence of the EIA resonance is explained as
the transfer of coherence from degenerate excited levels to
the degenerate ground levels via spontaneous emission [4].
So we have constructed a degenerate N-type system be-
tween the levels |2), |3), |5) and |6) to produce the EIA
resonance theoretically. The N-type system between the
degenerate levels is formed when the pump laser of fre-
quency wy, induces the transitions from the ground de-
generate magnetic sublevels |2) and |3) to the excited de-
generate magnetic sublevels |5) and |6), respectively, with
the probe laser connecting the ground level |2) to the ex-
cited level |6). Such degenerate Zeeman levels can be ob-
tained in the hyperfine structure of the alkali atoms. The
optical Bloch equations for the entire system are derived
from the Liouville’s equation,

dp
ot

where ‘H’ (=Hy + H,) represents the total Hamiltonian
of the system including the unperturbed (Hy) as well as
the perturbation term (H,). { is the relaxation operator
and p is the density matrix operator. Hy and H,, are ex-
pressed as,

ih? = [H,p] + €p 1)

Ho =Y hw i) i 2
h

H, =

[Qp (14)(2] +16)(2]) €7t 4 21 [5)(2] e~ iwrnt
+ Qpuz [6) (3] e 772! 4 Qe [4) (1 e + e (3)

The optical Bloch equations that are derived from equa-
tion (1) using rotating wave approximation (RWA) are
given in Appendix A. The Bloch equations include all
possible system relaxations, dephasing and the term corre-
sponding to the transfer of coherence for the EIA system.
In this model the hyperfine and Zeeman optical pump-
ing effect corresponding to the multilevel atomic system is
taken into account by the relaxation of population via the
spontaneous decay from the excited to all allowed ground
states. The population redistribution between the ground
levels due to the optical pumping effect is expressed as
Ajilipj; (see Appendices), where Aj; includes the branch-
ing ratio and the laser intensity. The optical pumping time
is inversely proportional to the laser intensity and also in-
cludes the branching ratio of the relaxation processes [24].
It was suggested by Smith and Hughes [25] that the time
needed for optical pumping is very short, typically of the
order of tens of nanosecond for the on-resonant frequency
of the pump laser, but in the year 2006, Maguire et al. [26]
had shown that the pumping process is slow enough, typ-
ically of the order of 50 lifetimes (1.5 us for ®Rb). Op-
tical pumping is a transient phenomenon and many au-
thors have utilized the method of the interaction time
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average of the density matrix to produce more accurate
results [27-29]. In this present work regarding the mul-
tilevel atomic structure, we have numerically solved the
density matrix equations under steady state condition and
the simulated results are found to agree well with the ex-
perimental findings. In our case considering a typical cm
size cell and a laser beam diameter of 2 mm, the atomic
transit time (7¢) through the laser beam is turned out to
be 8 us. The shape of the coherent resonances in an atomic
system strongly depends on the ground state decoherence
which may be caused by several mechanisms like tran-
sit time relaxation, atom-atom or atom-wall collisions in
the vapour cell, etc. We have taken into account all of the
possible ground state decays in our theoretical calculation.
The coherence dephasing rate (y;1) can be due to different
kinds of collisions in the vapour cell like atom-atom and
atom-wall collisions, etc. I'2Y accounts for the incoherent
mixing of the ground state population due to thermal ex-
citation as well as the population exchange between the
ground states via transit relaxation [30]. In order to ob-
tain the Doppler free probe transmission, the set of optical
Bloch equations are solved numerically for atoms with a
particular velocity ‘v’ to obtain the non-diagonal density
matrix elements p;2 (i = 4,6). The imaginary part of the
sum of these matrix elements would yield the Lorentzian
profile of the probe transmission line shape x(wp,v). The
Doppler-broadened probe transmission spectrum can be
obtained taking into account the Maxwell-Boltzmann ve-
locity distribution function (f(v)) as,

+oo
wam«/ X(w, ) f (v) do, (4)

—0o0
where,

2
mo kT

FO =g knt

Simulated probe transmission profiles are shown in Fig-
ures 2a and 2b. The EIA resonance is obtained due to
the pump laser connecting the ground Zeeman levels |2),
|3) to the excited Zeeman levels |5) and |6) whereas the
A-EIT is induced by the control laser applied from the
ground level |1) to the excited level |4). In presence of
three laser beams we have obtained the EIA and EIT res-
onances simultaneously in a single probe profile at two
separate positions of the control and the pump laser fre-
quencies as shown in (i) and (iv) of Figures 2a and 2b.
We have examined the effects of frequency tuning of the
pump (Fig. 2a) and the control (Fig. 2b) lasers on the ETA
and EIT resonances. For a fixed control laser frequency, if
the pump laser frequency is detuned in such a way that
the ETA gets merged with the EIT resonance, both of the
coherent resonances being of opposite natures and equal
amplitudes disappear from the probe transmission profile
((iii) of Fig. 2a). In the similar way by tuning the con-
trol laser frequency and keeping the pump laser frequency
position fixed, we have again obtained the disappearance
of the ETA and EIT resonances as shown in (ii) of Fig-
ure 2b. Since EIT and EIA are the coherent resonances
of opposite nature, therefore when these resonances are
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Fig. 2. Simulated probe transmission spectra against probe detuning for (a) the tuning of the pump laser from the red to blue
side for a fixed frequency position of the control laser; (b) the tuning of the control laser from red to blue side for the fixed
pump laser frequency position. (c¢) Experimentally observed probe transmission profile against probe detuning representing the
shifting of the control laser frequency for a fixed pump laser frequency. Fixed frequency positions of the laser fields are indicated
by the dashed dotted line and the detuned frequency positions of the laser fields are marked by the downward arrows.

tuned very close to each other then we can easily switch
from absorptive to transmittive coherent resonances just
by slightly detuning the pump or control laser frequencies.
Theoretically we have shown that the EIA and EIT reso-
nances can be obtained with a separation of 5 MHz ((ii)
of Fig. 2a and (iii) of Fig. 2b) by tuning the pump and the
control laser frequencies, respectively. In this work a sim-
plified hypothetical model is presented to produce both
the EIA and EIT resonances in a single probe Doppler
profile and we have excluded rest of the hyperfine and the
degenerate Zeeman levels to simplify the calculation. We
have performed an experiment with three laser beams in
the Dy transition of 8°Rb atomic vapour to observe two
opposite kinds of coherent resonances i.e. EIA and EIT
simultaneously in a single probe transmission profile. The
experimental energy level diagram is shown in Figure 1b.
The pump laser of frequency wy, is applied from the up-
per ground hyperfine level F;; = 3 to the excited hyperfine
level F, = 4. The control laser of frequency w,. is applied
from lower ground hyperfine level F,;, = 2 to the excited
level F, = 3. The probe laser (w,) is scanned from the
upper ground hyperfine level F; = 3 to the allowed ex-
cited levels. The control laser forms a A-type system with
the probe laser as they connect a common excited level
F, = 3 to different ground hyperfine levels F;; = 2 and 3.
This system leads to the EIT resonance at the satisfaction
of the two photon resonance condition. The probe and the
pump lasers induce the enhanced absorption dip i.e. EIA
connecting the closed transition between two degenerate
hyperfine levels F; = 3 and F, = 4. In the theoretical
model |1) and |4) represent the ground and excited hy-
perfine levels F, = 2 and F, = 3, respectively of ®*Rb-Ds
transition as shown in Figure 1b. Levels |2), |3) correspond
to the degenerate magnetic sublevels of the ground hyper-
fine level F, = 3 and |5), |6) represent the degenerate

magnetic sublevels corresponding to the excited hyperfine
level F, = 4. The amplitudes of the ETA and the EIT res-
onances are made almost equal in magnitude by adjusting
the control and the pump laser intensities using neutral
density filter (NDF). Here we have presented the exper-
imental results corresponding to the tuning of the con-
trol laser frequency for a fixed frequency position of the
pump laser near the centre of the probe Doppler profile.
The observed probe transmission profiles containing both
EIA and EIT resonances are shown in Figure 2¢. Plots (i)
and (iv) show the presence of both of the EIA and EIT
resonances in a single probe Doppler profile and they dis-
appear completely (plot (ii)) when the EIT window gets
merged with the EIA resonance. Plot (iii) of Figure 2¢
represents the partial presence of both EIA and EIT res-
onances separated by ~5 MHz. The observation of closely
lying EIT and EIA resonances in the dispersive medium
may be useful because it is possible to switch between
the positive and negative dispersions in the same probe
dispersion profile with a few MHz detuning of the pump
laser.

3 Numerical simulation of observed dual-EIT
resonance in N-type system

In the previous section, we have shown that using three
laser fields it is possible to produce the simultaneous ETA
and EIT resonances in a single probe profile. Here we have
first theoretically simulated the N-type resonances in a
multilevel atom due to the coherences created between
the hyperfine levels in presence of three laser fields. Fig-
ure 3 represents the theoretical energy level diagram of
an N-type system interacting with three lasers i.e. pump,
control and probe lasers where the control laser connects
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Fig. 3. Energy level diagram for an N-type system formed
by the three lasers. The probe laser (wp) produces a V-type
system with the control laser (w.) and a A-type system with
the pump laser (wpu). For theoretical calculations based on
this five level N-type system, the ground hyperfine levels are
indicated as |1), |2) and the excited levels as |3), |4) and |5) on
the left side.

the lower ground level |1) to the excited level |3) and the
pump laser is applied from the upper ground level |2) to
the excited level |5). The transition |[1) — |3) is considered
as a closed transition. The probe laser is scanned from the
lower ground level |1) to the possible excited levels. Thus
the control laser forms a V-type system whereas the pump
laser constructs a A-type system and to study the coher-
ent resonances in such a system we have numerically sim-
ulated the probe transmission profile. The unperturbed
and the perturbation terms arising due to the atom-laser
interaction are given below,

Hy = Z huw |2) (i (5)

h

M=y [(QP +020) (B)(L]+ [4) (1] + [5)(1]) e entee)t

+ 2 (14)(2] + [5)(2]) e " + cc|. (6)

The Bloch equations derived from the Liouville’s equation
are given in detail in Appendix B. The set of equations are
solved numerically under steady state condition and the
Doppler-broadened probe transmission profile is obtained
by including the Maxwell-Boltzmann velocity distribution
function f(v) as,

+oo
X @) x [ X, 0f (0)do (7)

— 0o

where,
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Fig. 4. (a) Numerically simulated probe transmission spectra
against probe detuning for (i) V-type EIT, (ii) A-type EIT and
(iii) dual-EIT resonance for the N-type configuration. (b) Ex-
perimentally observed (i) V-type EIT, (ii) A-type EIT and (iii)
dual-EIT in the N-type system.

When the control laser induces the closed transition [1) —
|3) with the probe laser connecting the transition from
[1) — |4) forming a V-type system the coherency is cre-
ated between the excited levels |3) and |4) and we obtain
the V-EIT as shown by the upward arrow in (i) of Fig-
ure 4a. Apart from the V-EIT resonance, the stronger con-
trol laser burns holes in the ground state population due
to the saturating effect and velocity selective resonances
(VSRs) are obtained as shown in (i) of Figure 4a. Since
these VSR peaks are caused by the saturation effect of
the control laser these resonances are much broader than
the coherent V-EIT peak. On the contrary, the pump and
probe lasers form a A-type system connecting two differ-
ent ground levels |2) and |1), respectively, to the excited
level |5). Coherency created between the ground levels in-
duces a A-EIT as shown by the downward arrow in (ii)
of Figure 4a. In this configuration, the EIT resonance is
obtained along with three well resolved velocity selective
optical pumping (VSOP) dips and the EIT window sits
on one of these VSOP dips (shown in (ii) of Fig. 4a). The
VSOP dips are the signatures of enhanced probe absorp-
tion due to the pump laser induced optical pumping of
atoms from the level ¥, = 3 to F;, = 2 via possible ex-
cited levels. Now when the probe laser scans from |1) to |5)
with the control and the pump lasers connecting the tran-
sitions |1) — |3) and |2) — |5), respectively, we obtain
the dual-EIT in a single probe Doppler profile as shown
in (iii) of Figure 4a. In this figure V-EIT is indicated by
the upward arrow and the A-EIT is marked by the down-
ward arrow. Theoretical energy level diagram of Figure 3
resembles the hyperfine structure of 8°Rb-D, transition.
In the experiment, the control and the probe lasers are
applied from the lower ground hyperfine level F, = 2 and
the pump laser is applied from the upper ground hyper-
fine level F, = 3. The control laser connects the closed
hyperfine transition F, = 1 and the pump laser frequency
is locked near the centre of the probe transmission profile.
Figure 4b represents the experimentally obtained probe


http://www.epj.org

Page 6 of 11

Probe transmission in arb. units

1 1 1 1 1 1 1 1 1
-400 -300 -200 -100 O 100 200 300 400 500

Probe detuning in MHz

Eur. Phys. J. D (2015) 69: 43

(b)

® '

Probe transmission in arb. units

S

1 1 1 1 1
-500 -400 -300 -200 -100 O

100 200 300 400
Probe detuning in MHz

¢ o Q
> o )
=) o S
T T T

V-EIT amplitudes in arb. units

0.00 Lt 1 1 1

-120 -100 -80 -60 -40

-20 0 20 40 60 80

Control laser detuning in MHz

Fig. 5. (a) Plots (i)—(v) represent the simulated results for the shifting of the V-type EIT window from red to blue side over
the probe Doppler profile for a fixed frequency position of the A-type EIT at the centre of the probe Doppler. (b) Plots (i)—(v)
represent the corresponding experimental spectra of the tuning of the control laser frequency. The detuned frequency position
of the control laser is marked by a downward arrow in each plot. (c) Variation of the amplitudes of the V-EIT against the
detuned frequency positions of the control laser with respect to the fixed frequency position of the pump laser.

transmission profiles corresponding to the V-EIT (marked
by upward arrow in plot (i)), A-EIT (marked by downward
arrow in plot (ii)) and the dual-EIT in the N-type system
(indicated by upward and downward arrows in plot (iii))
in the D, transition of ®®Rb atomic vapour. It can be
seen from the theoretical, as well as the experimental re-
sults (plots (iii) of Figs. 4a and 4b) that the contrast of
the V-EIT is enhanced by seven times when three lasers
act together forming an N-type system. As the V-EIT
falls on the VSOP dip in the A-type system as shown in
(iii) of Figures 4a and 4b, the contrast of the V-type EIT
resonance gets improved due to the availability of more
number of atoms at the position of the VSOP dip.

We have also theoretically investigated the effect of fre-
quency tuning of the control laser over the probe Doppler
profile for a fixed frequency position of the pump laser and
compared them with the experimental results. Theoreti-
cally simulated spectra corresponding to the tuning of the
control laser frequency for a fixed frequency position of
the pump laser are shown in Figure 5a. We have obtained

the dual-EIT peaks in a single probe Doppler profile under
the N-type configuration for any red and blue detuned fre-
quency positions of the control laser for a fixed frequency
position of the pump laser as shown in (i), (ii), (iv) and
(v) of Figure 5a. The control laser frequency is detuned
from ~-120 MHz ((i) of Fig. 5a) to ~+230 MHz ((v) of
Fig. 5a) over the probe Doppler profile to shift the position
of the V-EIT peak and the control detuning is zero when it
is tuned to the transition |1) — |4). But when the V-EIT
gets merged with the A-EIT for specific frequency position
of the control laser, we get a single EIT line shape due to
the superposition of the A and V-EIT resonances as shown
in (iii) of Figure 5a. Experimentally, we have also observed
the dual-EIT for the tuning of the control laser frequency
over the probe Doppler profile with the fixed frequency
position of the pump laser at the centre of the Doppler
profile as presented in (i), (ii), (iv) and (v) of Figure 5b ex-
cept when these two different types of transparency peaks
get superposed with each other (plot (iii)). In both figures
the fixed frequency position of the pump laser is shown by
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the dotted line and the tuned positions of the control laser
frequency is indicated by the downward arrow. It can be
seen from Figures 5a and 5b that as the V-EIT approaches
to the A-EIT from the far red detuned position, the EIT
line shape in the V-type system gets more enhanced. As
the control laser is tuned near the A-type EIT, it enters
into the frequency range of the VSOP dips produced by
the A-type system and the improvement in the contrast
of the V-EIT is obtained. In the blue detuned position
(plot (iv) of Fig. 5b), the V-EIT signal is not so much en-
hanced due to the less pronounced optical pumping effects.
The experimentally observed variation of the amplitudes
of V-EIT resonance with the detuning of the control laser
is presented in Figure 5c. It shows that the amplitude of
the V-EIT gradually increases when it is tuned to the po-
sition of the A-EIT from the far red detuned position and
then again decreases when it is detuned to the blue side
from the A-EIT position.

4 Atomic density effect on EIT in N-type
system

We have also investigated the atomic density effect on the
contrast of the single EIT peak obtained in the N-type
configuration (Fig. 3) both theoretically and experimen-
tally. Highly dense optical medium modifies the coherent
properties of the atomic system. In our earlier work [12] we
have shown experimentally and theoretically the atomic
density effect on the individual A and V-type EIT reso-
nances. In this present work we have theoretically simu-
lated the density effect on the single and enhanced EIT
resonance in the N-type system which is a combination of
the A and V-type EIT systems. The optical Bloch equa-
tions for the N-type system as shown in Figure 3 are pre-
sented in Appendix B and we have solved these equations
to get the N-EIT peak theoretically. Simulated Doppler
broadened probe transmission profiles are shown in Fig-
ure 6a where we have presented the theoretical results cor-
responding to the temperatures 318 K, 328 K and 343 K.
In our experiment we have increased the temperature of
the vapour cell from 318 K to 343 K to observe the den-
sity effect on the single and pronounced EIT resonance
obtained in the N-type system. Experimentally observed
probe transmission profiles corresponding to the vapour
cell temperatures varying from 318 K to 343 K are shown
in Figure 6b. We can see from both theoretical and ex-
perimental observations that the amplitude of the EIT
resonance in the N-type system improves for the incre-
ment in the vapour cell temperature from 318 K to 328 K
and then decreases with further increase in the cell tem-
perature. Thus the experimental observations of the den-
sity effect on the contrast of the N-EIT resonance are
well agreed with the theoretical model based on the five
level N-type system. The observed variation of the am-
plitude of the N-EIT peak with atomic vapour density
is shown in Figure 7a. The N-EIT resonance is the su-
perposition of the A and V-type EIT resonances. As the
temperature of the cell increases from 318 K to 343 K, the
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Fig. 6. Plots of (a) numerically simulated and (b) experimen-
tally observed probe transmission spectra against probe de-
tuning showing the variation of the single EIT resonance in
the N-type system for the three different temperatures of the
vapour cell (i) 318 K, (ii) 328 K and (iii) 343 K.
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Fig. 7. Variation of the amplitude of the (a) N-EIT reso-
nance and (b) individual A and V-type EIT resonances with
the atomic density of the vapour cell.

atomic vapour density increases from ~10'° to 10" cm 3.

This increased atomic number density leads to the en-
hancement of the EIT resonance in the V-type system.
But the A-type EIT resonance becomes smaller in am-
plitude with the increase in the cell temperature. In the
A-type system the increment in the atomic number den-
sity increases the number of spontaneously emitted pho-
tons that get reabsorbed by the atoms trapped in the
ground non-coupled state. The re-absorption process in-
creases the ground state decay rates that lead to diminish
the transparency peak in the A-type system with gradu-
ally increasing cell temperature. Since the high contrast
EIT resonance in N-type system is a combined effect of
the A and V-type EIT windows we have plotted sepa-
rately the nature of variation of amplitude of the A and
V-type EIT peaks with the vapour density as shown in
Figure 7b. The amplitude of the EIT resonance in the
V-type system (shown by the circles) shows an increment
though for the A-type system it decreases (indicated by
the squares). But the rate of increment of the EIT ampli-
tude with atomic density in V-type system is not same as
the decreasing rate for the A-type system. We have calcu-
lated the slopes of the curves shown in Figure 7b for the A
and V-type systems separately and tabulated their ratio
(ISaal/|Sav]) in Table 1 where Sy, and Say correspond
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Table 1. Ratio of the slopes of the curves corresponding to
the amplitude variation in A and V-type systems.

Temperature Atomic density

ran 3 |Saal/|Sav|
ge 1 cm

318 K-323 K 8.506 x 10'°-1.307 x 10*! 0.673
323 K-328 K 1.307 x 1012 x 10%! 0.369
328 K-333 K 2 x 1011-3.08 x 10! 1.277
333 K-338 K 3.08 x 10*1-4.5 x 10! 3.73

to the A and V-type systems, respectively. It can be com-
mented from the ratio that the V-type system dominates
over the A-type system for the temperature range 318 K
to 328 K as |Sa4|/|Sav]| < 1 for that temperature region
but afterwards the A-type system dominates because of
[Saal/|Sav]| > 1. So at elevated temperatures i.e. at high
atomic densities, the process of photon re-absorption by
the trapped state population becomes more significant.
Since the high contrast N-EIT resonance is the combined
effect of A and V-type EIT, it shows an increment of its
amplitude up to 328 K dominated by the V-type system
and for the rest of the temperature range the amplitude
decreases due to the more effective nature of the A-type
system. Such kind of atomic density dependent study is
important for the miniaturized cell which is operated at
comparatively higher temperature.

5 Conclusion

We have presented a detail theoretical study on the quan-
tum coherence resonances in a multilevel atomic system
in presence of three laser beams. Multi coherences created
between the degenerate Zeeman levels and the hyperfine
levels in the atomic system produce the ETA and EIT reso-
nances simultaneously in a single probe transmission pro-
file. Theoretical calculation based on the density matrix
formalism is performed in detail to obtain the EIA and
EIT resonances in a common probe Doppler profile. We
have shown that these two coherent resonances of opposite
signs can be tuned very close to each other and even they
completely cancel out when they are merged in the probe
transmission profile. Simulated results are compared with
the experimental spectra and found in good agreement for
the 8°Rb-Dj transition. A study of both EIA and EIT res-
onances in a single probe transmission profile may be of
highly significant in getting fast and slow light simultane-
ously in a single atomic system. It will be also possible to
store and retrieve light pulses in a single system due to
the simultaneous presence of these two opposite types of
coherent resonances in a single system. We have also the-
oretically calculated the dual-EIT resonance in an N-type
system. Two EIT resonances are obtained when the EIT
windows in the A and V-type systems are made separated
from each other in the same probe Doppler. At the merg-
ing of these two EIT windows, we get a single EIT with
improved contrast. A detail study of dual-EIT windows
in a single atomic system finds promising applications in
four-wave and six-wave mixing processes, storage of light
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pulses via two channels, etc. We have considered a hy-
pothetical model of five levels interacting with three laser
fields to theoretically produce the dual as well as the single
and enhanced EIT resonance corresponding to the N-type
system and the results are well agreed with the observa-
tions. Apart from the investigation of the coherent res-
onances in optically thin medium, it is also very useful
to study the modification of the coherent resonances in
highly dense optical medium for the miniaturized vapour
cells. Here, we have experimentally shown the effect of
atomic density on the high contrast EIT resonance in the
N-type system. We have also presented the theoretical re-
sults corresponding to the density effect on the N-EIT
resonance. The observations are found to agree well with
the numerical results produced by the theoretical model
of an N-type system.
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& Tech. 2.1- Laser Group Project). Financial assistance from
DST-FIST is also acknowledged. We thank Prof. P.N. Ghosh
and Dr. Dimitar Slavov for their fruitful scientific discussion
during our work. SD thanks UGC to provide the research fel-
lowship under RFSMS scheme.

Appendix A

The optical Bloch equations in presence of three laser
fields for the simultaneous occurrence of EIA and EIT
resonances in a multilevel atomic system are explicitly ex-
pressed as follows,

B { - - - - -
P11 = f2_()c (pa1 — pra) — TN p11 + Fgmz + As11lspaa,

(A1)
: 7 _ _ _ _
P2 =, 2pa2 (Paz — p2a) + 2pe2 (Pe2 — P26)

+ Qpur (P52 — pas) | + I 11 — 2093 s + 133 pss

+ Ayl ypas + Asalspss + As21 s P66 (A.2)
- 7 . . . . .
P33 = 729@2 (P63 — p3e) + I’ pr1 + Iy oo — 33 pss

+ Auslspas + Ae3lspss, (A.3)
- 2 - ~ - - -
pu=—, [2c (P14 — pa1) + Ppaz (P24 — paz)] — T'apaa,

(A4)
. 1 _ _ _
P55 = — 2qu1 (P25 — ps2) — I'spss, (A.5)
B 1 _ _ _ _ _
fos =~ [2p62 (P26 — Pe2) + Ppuz (P36 — P63)] — L6 pes,
(A.6)
- ) . 7 .
21 = —[i(Ac = Arp) + 2] P21 — | Cpazpan
7 N 7 N ) N
- 29pu1051 — 2-Qp62/)61 + 2-Qcp24, (A7)
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p31 = —[i (Ac — Apy2) + v31] P

- ;qu2ﬁ61 + ;Qcﬁ34, (A.8)
p3a = — [i (Azp — Apuz) + v32] paz + Lspes — ;vaﬂﬁﬁz

+ ;Qp42ﬁ34 + ;qulﬁ&’) + ;Qp62ﬁ367 (A.9)
par = — (iAc + ya1) par + ;Qc (Paa — p11) — ;Qp42ﬁ217

(A.10)

paz = — (1A1p + ya2) paz + ;Qp42 (paa — pa2)

- ;Qcﬁ12 + ;qulﬁ45 + ;Qp62ﬁ467 (A.11)
paz = — (A1 + Va3) paz — ;Qcﬁls + ;quzﬁm

— Doz, (A.12)
ps1 = — (iAc +751) fs1 + ;Qcﬁ54 - ;qulﬁm, (A.13)
psa = — (1Apu1 + 52) P52 + ;qul (P55 — p22)

+ ;Qp42ﬁ54 + ;Qp62556, (A.14)
pss = — (iApu2 + V53) Ps3 + ;qu2ﬁ56 - ;qulﬁ%,

(A.15)

psa = —[i (Apur — A1p) + V54 P5a + ;Qp42,552

— Dyt | Qe (A.16)
per = — (iAc + v61) o1 + ;Qcﬁ64

— ;quzﬁm — ;Qp62p~217 (A17)
pe2 = — (iA2p + Yo2) Po2 + i921762 (Pe6 — P22)

+ ;qulﬁ% - ;qu2ﬁ32 + ;quﬁm, (A.18)
pes = — (iApuz + Y63) Po3 + ;qum (P66 — P33)

- ;nggﬁ%, (A.19)
poa = — [i (Apuz — A1p) + Yoa] Poa + ;Qp42ﬁ62

— ;qu2ﬁ34 - ;Qp62ﬁ24 + ;Qcﬁfﬂa (A.20)
pes = — [i (Azp — Apur) + (65 + I6)] fs — ;9p62ﬁ25

+ ;qulﬁw - ;quzﬁ%- (A.21)

Here p11, p22, p33, pada, pss, pec are the diagonal matrix
elements that represent the corresponding level popula-
tions. Among the off-diagonal elements py2, ps2, P63, P52,
p41 are the coherence terms directly coupled by the probe,
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pump and control laser fields. §2’s are the Rabi frequencies
corresponding to different laser field induced transitions.
A’s are the respective detuning terms that are defined as,
Ac = (W41_wc)7 Apul = (W52_wpu1)a Apu2 = (w63_wpu2)
and A;p = (Wi — wp) with i =4, 6. I'Y (i = 1,2,3) and
v;i1 (j = 2,3) represent the population exchange rate be-
tween the ground levels and the coherence dephasing rate,
respectively. I; (~27 x 6 MHz for 8Rb-Dy transition)
(j = 4,5,6) is the spontaneous decay rate from the ex-
cited levels. In the population terms, A;;Ip,; (i =1,2,3
and j = 4,5, 6) represents the redistribution of population
among the ground hyperfine and Zeeman levels via decay
from the excited levels. The second term in the equation
for ps2 (Eq. (A.9)) represents the transfer of coherence
from the degenerate excited Zeeman levels to the degener-
ate ground Zeeman levels via spontaneous emission. In our
simulation we have taken (2, = 2r x 4 MHz, (2,, = 32,
and {2, = 42, to obtain the EIA and EIT resonances of al-
most equal amplitudes. I and 7;1 are set as 27 x 100 kHz
and 27 x 500 kHz, respectively.

Appendix B

The optical Bloch equations for the dual-EIT resonance
in multilevel atomic system interacting with three laser
fields are presented in the explicit form as follows,

- 1 _ _ _ _
p11 = |(2p31 + 2e31) (P13p + P13c — P31p — P31c)

2
+ (2pa1 + 2ca1) (Pr4p + Prac — Parp — Paic)
+ (2p51 + 2e51) (P15p + P15e — Ps1p — p~51c)}
— N p11 + I pog + A1 s pss

+ Aul'spas + As115ps5, (B.1)

P22 = ;quzxz (P24 — paz) + ;qu52 (P25 — ps2) + I p1a

— I} pos + AsaTupas + Aso s pss, (B.2)
33 = ;(Qp31 + 2c31) (P31p — P13p + P31c — P13e)

— I'3p33, (B.3)
pas = ; (2pa1 + 2ca1) (Parp — Prap + Paic — Prac)

+ ;quu (Paz — p2a) — T'upaa, (B.4)
pss = ; (2p51 + 2¢51) (Ps1p — P15p + P51 — P15c)

+ ;qusz (ps2 — p2s) — I'spss, (B.5)
ﬁQlj = —[i (A5 — Arpu) + 721] P215

+ ;[Qj31ﬁ23 + {2541 p24 + 2451 25

— puapary — Ppusepsiil; [ = p. s (B.6)
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D315

P32

Patj

paz

pa3c

ﬁ43pu

P51

P32

ingl

2
7 5 7

+ 9 (2pa1 + 2ca1) p3ac + 0

= — (1A +y31) P31 + (P33 — p11)

7 5 7
+ 9 (2p51 + 2¢51) p3se + 5
i =pnc,

. ~ 1 -
= — [iA1pu + 732] P32 — 9 (2p31 + £2c31) p12p

7 - ) -

9 (2p31 + 2¢c31) pr2c + 2qu42p34c
7

2

124
2
(2p31 + 2¢31) Paze

= — (125 +va1) parj + (Pasa — p11)

~ i
— _puazpa1; + 0

2p31 + 2c31) Paspu +

7

+, (2p51 + 2c51) Paspus [ = py ],

. - 1 -
= — [ZAlpu + Ya2] paz — 9 (Qp41 + 2c41) P12p

7 - ) - ~

9 (2pa1 + 2ca1) pr2c + 2-qu42 (paa — p22)
7 5 ) ~

+ 9 -qu52p45c + 9 -qu52p45puv

. _ 1 _
= —[i (Agp — Arc) + 743 paze —  Ppuazpos

2
) -
~ (2pa1 + ca1) p13p —

7 -
+ 9 (2p31 + 2631) parp +

2 ~
9 2pya2P23

= —[i (Agp — A1p) + Vas)] Paspu —
; ] )
Ty (2pa1 + 2ca1) Pr3p —
i _
+ 9 (2p31 + 2¢31) parp +
in51
2

7 -
9 (231 + 2e31) Ps3e

= — (iAs; + ¥51) Ps15 + (P55 — p11)
7 -
- 2qu52,021j +

1

{ - .
+ 5 (2pa1 + 2ca1) Psapu; [ = p, ],
. _ 1 ~
= - [ZA2pu + ’752] P52 — 9 (Qp51 + 9051) P12p

7 B 7 N -
Ty (2p51 + 2c51) pr2c + 2-qu52 (P55 — p22)

i _ { -
+ 9 qu42p54c + 9 qu42p54pu7

(2pa1 + 2ca1) P3apu

(2p51 + 2e51) P35pu;
(B.7)

- i _ 1 -
+ qu42p34pu + 2 -qu52p35c + 2 qu52p35pu7
(B.8)

7 -
9 (2p51 + 2c51) Pase

(B.9)

(B.10)

1 -
9 (2pa1 + 2ca1) Pi3e

7 -
9 (2p31 + £2:31) Pate,
(B.11)

i _
5 (2pa1 + 2ca1) P13c

7 -
9 (2p31 + £2:31) Pate,
(B.12)

. ) .
+ 9 (2p31 + 2631) Psspu + 5 (2pa1 + 2ca1) Psac

(B.13)

(B.14)
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2 ~
9 2pus2P23

i _
9 (2p51 + £2051) Pi3e

psac = — [i (Azp — Ave) + 53] Ps3e —
; ~ .
T (2p51 + 2c51) Pr3p —

1 ~
9 (2p31 + 2¢31) Psics
(B.15)

7 -
T (2p31 + 2c31) P51p —

i ~
9 2pus2p23

1 -
9 (251 + 2¢c51) P13c

Psapu = — i (Azp — A1p) + 53] Pszpu —
7 -
T (2p51 + 2c51) Pr3p —

7 . i .
T (2p31 + 2c31) P51p — 9 (2p31 + £2:31) Psics

(B.16)
psar = — [i (Asp — Agp) + Ys4] Psar — ;qu52ﬁ24
— ;qu42ﬁ52 — ; (2p51 + 2e51) prap
- ; (2p51 + 2¢51) Prac

1

- 1 -
T (2pa1 + 2ca1) Ps1p — 9 (2pa1 + 2c41) Psic;

[k = c,pu]. (B.17)
In this set of equations, p;; (‘¢’ runs from 1 to 5) are the
level population term; psi1j, pa15, ps1; are the coherence
terms directly coupled by the probe (j = p) and con-
trol (j = ¢) lasers and p42, ps2 are the terms coupled by
the pump laser. Here, A, = (w1 — w.) with ¢ = 3, 4,
5 Apy = (wjo —wpu) (5 =4, 5) and A, = (win — wp)
with ¢+ = 3, 4, 5. In the dual-EIT system 21 and 43 are
the coherence dephasing rates for the A and V-type EIT
systems, respectively and I'YY (i = 1, 2) is the population
exchange rate between the ground hyperfine levels. To ob-
tain the EIT windows we have taken (2, = 27 x 5 MHz,
2y, = 3.502, and (2. = 2.5(2,. y21 and 743 are set at
27 x 2.5 and 27 x 4.5 MHz, respectively, and % is taken as
27 x 100 kHz. Here we have simulated the dual-EIT form-
ing an N-type system considering the hyperfine levels only.
Hence in this case, A;;I;p;; (i =1,2 and j = 3,4,5) rep-
resents the population redistribution among the ground
levels due to the hyperfine optical pumping of atoms in-
duced by pump and the control laser fields.
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