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We study the electromagnetically induced-absorption-like (EIA-like) effect for an n-type system in an 87Rb Bose–
Einstein condensate (BEC) using the absorption imaging technique for coupling and driving lasers operating at
the 𝐷1 and 𝐷2 lines of 87Rb. The coherent effect is probed by measuring the number of atoms remaining after
the BEC is exposed to strong driving fields and a weak probe field. The absorption imaging technique accurately
reveals the EIA-like effect of the n-type system. This coherent effect in an n-type system is useful for optical
storage, tunable optical switching, and so on.
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Modifying the absorptive or dispersive properties
of a medium using coherent driving fields to study
coherent phenomena is a hot topic in atomic and op-
tical physics. These phenomena are not only of fun-
damental interest for understanding light-matter in-
teraction but also applicable in various light-matter-
interaction-based devices. The schemes devised for
observation of such effects include n-type, ladder-type,
Λ-type, V-type, cascade and tripod. In such systems,
electromagnetically induced transparency (EIT),[1,2]
coherent population trapping,[3] superluminal,[4] and
subluminal[5] light propagation, electromagnetically
induced absorption (EIA) due to spontaneously gen-
erated coherence,[6−9] storage of light,[10,11] coherent
nonlinear optics at low light levels[12−14] and lasing
without inversion (LWI)[15] have been studied deeply.
For this purpose, hot as well as cold atoms are used.
However, a BEC is a useful tool for observing var-
ious phenomena that are not possible in hot atoms
due to the Doppler shift. BECs also allow the absorp-
tion imaging technique in addition to transmission or
scattering techniques for the probing of such coher-
ent phenomena inside the medium. Such an absorp-
tion imaging technique is not suitable for hot atoms
as they are moving at high speeds. The absorption
imaging studies of the EIT[16] and EIA[17] in a BEC
of 87Rb have already proved that this technique is ca-
pable of precisely revealing the coherent properties of
the systems under study in ultracold atoms.

In this work, we study the EIA-like effect for an
n-type system in a 87Rb BEC as shown in Fig. 1.
A similar n-type system studied here is already
discussed,[18−20] where the probe light transmission
as a function of frequency detuning is measured.
Our system, however, is different from the previous
systems[18,19] because in our system the driving and

coupling lasers share the same lower ground level in
the n-type system while in the system of Ref. [18,19]
the driving and probe lasers share the same lower level.
Also, we measure the number of remaining atoms in
the absorption image after the BEC is exposed to
strong driving and coupling lasers and weak probe
lasers, while they measure the transmission spectrum
of the probe laser directly using a photodetector. In
principle, this absorption imaging technique is equiv-
alent to the measurement of the transmission of the
weak probe beam. In transmission spectroscopy, ab-
sorption of the probe reduces the laser transmission
while in absorption imaging, the number of atoms re-
duces in the BEC due to heating caused by the probe
laser.

As shown in Fig. 1(b), the coupling laser at fre-
quency 𝜔c, locked between the lower ground state
𝐹 = 1 and the 𝐹 ′ = 1 state of the 𝐷1 line and the
weak probe laser at frequency 𝜔p, is optically phase-
loop locked to the coupling laser and its frequency
may be scanned from the 𝐹 = 2 to 𝐹 ′ = 1 transi-
tion, together forming a Λ-type system. We construct
the n-type system by adding a driving laser to cou-
ple the transition between the |𝐹 = 1⟩ to |𝐹 ′ = 2⟩
transition of the 𝐷2 line. Since the BEC is prepared
in the |𝐹 = 2,𝑚𝐹 = 2⟩ state, we lock the driving
laser to the |𝐹 = 1⟩ to |𝐹 ′ = 2⟩ transition of the
𝐷2 line represented by 𝜔d, as opposed to the study in
Ref. [18-20] The Λ-type system results in the standard
EIT (Fig. 2(a)) but adding the driving laser transforms
the EIT into an EIA-like shape (Fig. 2(c)), and it is
quite different from the EIA. This n-type configura-
tion resembles the absorption line-shape of EIA just
as Autler–Townes splitting in a three-level system re-
sembles the line-shape of EIT although having differ-
ent origins.[18,21]
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The Hamiltonian and the density matrix equation
of motion for our system after the dipole and rotating
wave approximations are, respectively, given by[22]
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where Ωp, Ωc and Ωd are the probe, coupling and driv-
ing laser Rabi frequencies, respectively, and 𝜔p, 𝜔c and
𝜔d are the laser frequencies. Equation (2) can now be
solved for the coherence 𝜌31 in the steady state in the
weak probe field limit, and supposing the atoms to
be initially in the |1⟩ state.[20,23] This coherence 𝜌31
between the states |1⟩ and |3⟩ is responsible for the
probe absorption by the atoms. The steady state so-
lution for the coherence is
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where 𝛾′
21 = −𝑖𝛾21+(Δp −Δc), 𝛾′

31 = Δp−𝑖𝛾31, 𝛾′
41 =

Δp−Δc+Δd−𝑖𝛾41, Δp = 𝜔13−𝜔p, Δc = 𝜔23−𝜔c, and
Δd = 𝜔42−𝜔d. From Eq. (3), we can see three dips in
the transmission spectrum of the probe. The reason
for the existence of such dips has been discussed.[18,19]

Here the EIA-like effect can be easily explained by
the dressed state picture.[24−26] The driving and cou-
pling lasers create three dressed states in this n-type
system, which are connected by the weak probe laser,
given by
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. (4)

These dressed states have an energy separation of√︀
Ω2

c + Ω2
d when both the driving and coupling lasers

are at resonance. The introduction of the driving laser
changes the EIT effect (Fig. 2(a)) in the Λ-type system
created by the coupling laser 𝜔c and the weak probe
laser 𝜔p

[24−26] into the EIA-like effect for an n-type
system. The probe gets absorbed at the positions of
these three dressed states (Fig. 2(c)). The positions of

these states can be controlled by the detuning and the
power of the coupling and driving lasers. We study
this system for various powers and detuning of the
coupling and driving fields.
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Fig. 1. Schematic diagram of experimental setup and en-
ergy levels. (a) The experimental setup. SAS: saturation
absorption spectroscopy, PBS: polarizing beam splitter,
OPLL: optical phase lock loop, HWP: half wave plate, L:
focusing lens, 45∘HRM: 45∘ highly reflecting mirror. (b)
The n-type energy level, where the coupling and driving
lasers are locked between the lower ground state and the
𝐹 ′ = 1 state of the 𝐷1 and the 𝐹 ′ = 2 state of the 𝐷2

line, while the probe is scanned across the 𝐹 = 2 to 𝐹 ′ = 1
transition.
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Fig. 2. The probe laser absorption profile for Λ-type and
n-type systems. [(a), (b)] The theoretical and experimen-
tal results respectively for the Λ-type system. [(c), (d)]
The theoretical and experimental results for the n-type
system. The introduction of the driving laser changes the
EIT effect into the EIA-like effect. The powers of the cou-
pling and driving lasers in (b) and (d) are 𝑃c = 400µW,
𝑃d = 200µW while the probe laser power is 𝑃p = 25µW.
The solid curves in the experimental plots are a guide for
the eyes.

The experimental setup is shown in Fig. 1(a). We
prepare the 87Rb BEC having around 1 × 106 atoms
in the ground |𝐹 = 2,𝑚𝐹 = 2⟩ state after evaporative
cooling in a crossed beam optical dipole trap oper-
ating at 1064 nm. In the Thomas–Fermi regime, the
size of the BEC is approximately 20µm. The cou-
pling and driving laser beam waists ( 1

𝑒2 radius) are
around 280µm at the BEC position while the probe
has a beam waist of 600µm. Right after release from
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the dipole trap, the BEC is exposed to the three laser
fields simultaneously for a period of 0.01 ms. All of the
three lasers interact with the n-type energy levels for
the same amount of time in the ultracold atoms. The
atoms are then imaged after 30ms of free flight in the
vacuum using an imaging beam and a CCD camera.
The imaging laser is locked to the transition from the
𝐹 = 2 state to the excited 𝐹 ′ = 3 state of the D2
line and probes the number of atoms still remaining
in the 𝐹 = 2 state after being exposed to the three
lasers. The number of remaining atoms is obtained
from the absorption image. When the BEC is exposed
to the three laser fields simultaneously, the strong ab-
sorption heats the atoms, which expand more quickly
and escape the ultracold atomic cloud during the free
flight before being imaged. Therefore, the spectrum
of the number of remaining atoms as a function of
the frequency detuning of the probe can be obtained,
which corresponds to the transmission spectrum of the
probe laser. Figures 2(b) and 2(d) are the experimen-
tal demonstration of how the addition of the driving
laser converts the EIT into the EIA-like structure.
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Fig. 3. The number of remaining atoms in the BEC
as a function of the probe detuning for different detun-
ings of the coupling and driving fields. The absorption
images were taken 30ms after exposing the BEC to the
three laser fields. [(a1)–(a3)] The effect of driving laser
detuning. [(b1)–(b3)] The effect of coupling laser de-
tuning. (a1) Δc = 0, Δd = +10MHz; (a2) Δc = 0,
Δd = −10MHz; (a3) Δc = 0, Δd = −20MHz; (b1)
Δc = +10MHz, Δd = 0; (b2) Δc = −10MHz, Δd = 0.
(b3) Δc = −20MHz, Δd = 0. The probe laser power is
𝑃p = 25µW while the coupling and driving laser powers
are 𝑃c = 400µW and 𝑃d = 200µW, respectively. High
powers of coupling and driving lasers are used to achieve
deep absorption dips on the two sides of the central dip.
The detunings of both the driving and coupling lasers are
changed using acousto-optic modulators (AOMs). The
solid curves in the plots are a guide for the eyes.

Here we further study this system for various pow-
ers and detunings of the coupling and driving fields.
Figure 3 shows the behavior of the three dips for var-

ious driving and coupling laser detunings. Figures
3(a1)–3(a3) list different detunings of the driving laser
while the coupling laser is held at resonance. Similarly,
Figures 3(b1)–3(b3) list the cases where we change the
coupling laser detuning and the driving laser is held at
resonance. We notice that the shift direction of these
dips for the negative detuning of the coupling laser and
the positive detuning of the driving laser is the same.
Similarly, the effect of the positive detuning of the cou-
pling laser is similar to that of the negative detuning of
the driving laser showing the competition between the
two lasers on the energy levels of the dressed states of
Eq. (4). This agrees with the theoretical predictions
made.[20] The coherence 𝜌31 of Eq. (3) also predicts
such behavior of the probe absorption with respect to
detuning of the driving or coupling laser. For a very
large detuning of the driving laser, the effect of the
driving laser will vanish and the system will act like a
Λ-type system if there is no driving laser, and the sin-
gle EIT feature reappears as in the previous report.[20]
This kind of n-type configuration is capable of tunable
optical switching of the probe laser by controlling the
detuning of the coupling and driving lasers.
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Fig. 4. The number of remaining atoms in the BEC
as a function of probe detuning for the various powers
of the coupling and driving fields. [(a1)–(a4)] The ef-
fect of changing the driving laser power with the coupling
laser held at constant power. [(b1)–(b4)] The effect of
changing coupling laser power with the driving laser held
at constant power. (a1) 𝑃c = 400µW, 𝑃d = 100µW;
(a2) 𝑃c = 400µW, 𝑃d = 200µW; (a3) 𝑃c = 400µW,
𝑃d = 400µW; (a4) 𝑃c = 400µW, 𝑃d = 800µW; (b1) 𝑃c =
100µW, 𝑃d = 400µW; (b2) 𝑃c = 200µW, 𝑃d = 400µW;
(b3) 𝑃c = 600µW, 𝑃d = 400µW; (b4) 𝑃c = 800µW,
𝑃d = 400µW, 𝑃p = 25µW, and Δc = 0, Δd = 0. The
solid curves in the plots are a guide for the eyes.

Figure 4 shows the effects of coupling and driv-
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ing laser powers on the three dips. Since the mixing
strength of each uncoupled state in the three dressed
states is scaled by the strength of the corresponding
laser Rabi frequencies,[27] the change of power will
shift the positions of these dressed states. When we
change the power of the driving laser while holding
the coupling laser power constant (Figs. 4(a1)–4(a4)),
we can observe that the dip on the blue side of the
center frequency shifts slightly more towards the blue
side as compared to the dip on the red side of the cen-
tral dip. Similar behavior can be observed when the
coupling laser power is changed with the driving laser
power held constant (Figs. 4(b1)–4(b4)). This asym-
metry could be due to the hyperfine structure of the
D-lines of 87Rb atoms.[23] However, Eq. (4) predicts
an equal shift of the two side-dips from the central dip
because Eq. (4) does not take into account the effects
of the other hyperfine levels. The three dips persist
even for a weak driving laser power of approximately
𝑃d = 10µW while 𝑃c = 400µW, showing that such
a small driving laser power can suppress the EIT by
introducing the dressed states given in Eq. (4).

In conclusion, we have studied the EIA-like ef-
fect for an n-type system in the 87Rb BEC using the
absorption imaging technique. We are able to re-
cover the characteristics of the coherently driven n-
type system using this absorption imaging technique,
and it is found that this technique of probing physi-
cal phenomena in BECs is equally powerful to trans-
mission or scattering techniques provided that the
BEC preparation process produces a stable BEC in
each run. This n-type system configuration can be
used for tunable optical switching. Moreover, a one-
dimensional superradiance lattice of a BEC based on
a configuration of standing wave-coupled EIT is real-
ized experimentally.[28] Therefore, this EIA-like effect
in an n-type system can also be used for studying di-
rectional scattering in a superradiance lattice.
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