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We have measured the dispersive profile of a multiwindow electromagnetically induced transparency (EIT) spec-
trum in a medium consisting of Rb atoms in the presence of Doppler broadening. The atomic medium is excited
by a strong coupling light and a weak probe laser light via the V-type transitions within the D, manifold. Under
the EIT effect, an anomalous dispersive region of the medium is basically modified into multinormal and anoma-
lous dispersive regions. Furthermore, the slope and position of the dispersion can be controlled with the intensity
and frequency of the coupling light. An analytic model is proposed to simulate the observed spectrum with a good
agreement. Such controllable dispersive properties with their analytic description would be useful for finding

applications related to multiwindow EIT phenomena.
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1. INTRODUCTION

Electromagnetically induced transparency (EIT) is a quantum
interference effect that leads to reduction of resonant absorp-
tion for a weak probe laser beam propagating through an
opaque medium induced by a strong coupling laser field.
The theory of EIT was first proposed in 1989 [1] and exper-
imentally verified in 1991 [2]. Since then, EIT has attracted
tremendous interest [3—7] due to its unusual optical properties
and promising potential applications, for example, lasing with-
out inversion [8], high resolution spectroscopy [9], nonlinear
optics at low light intensities [10], and so on.

In addition to reduction of the resonant absorption, a basic
modification of the dispersive property of the EIT medium is
also interesting for both theoretical [11,12] and experimental
[6,13] studies. It is shown that very steep slopes of dispersion of
the EIT medium can slow down the group velocity of light
[14,15], and even stop and store the light pulse in an atomic
medium [16,17]. These effects deliver several applications, such
as giant Kerr nonlinearity [18-20], optical bistability [21,22],
all-optical switching [23,24], quantum memory devices, and
generation of photonic qubits [25,26].

The early studies of EIT were mainly focused on three-level
configurations, including cold [5,7] and hot [3,4] gaseous me-
dia that give rise to a single-window EIT. Recently, extension
from single- to multiwindow EIT has also been performed

0740-3224/17/061255-09 Journal © 2017 Optical Society of America

diversely [12,27-32]. In this issue, one can simultaneously
slowlight pulses at different frequencies [30,31], which has
some advantages in the production of quantum entanglement
[32]. Other studies of multiwindow EIT relate to velocity
selection [33,34], optical nanofiber for guided entangled beams
[35], and the influence of external magnetic field [36].

A promising way to create multiwindow EIT is use of closely
spaced hyperfine levels in atomic systems where a strong light
field can simultaneously couple the levels. This was first realized
by Wang et al. [37] for a five-level cascade type of cold °Rb
atoms in a magneto-optical trap. The observation was recently
simulated by an analytic model [38], which is useful for finding
related applications, such as generation of guided entangled
beams and all-optical switching in optical nanofibers [35].
Growing interest in EIT is also extended to hot gaseous media
due to its close-to-normal condition and because it has some
interesting effects, such as narrowing the EIT linewidth [39].

From the practical point of view, the number of measure-
ments on absorption EIT spectrum is huge but that of
dispersion is still very modest [6,13], particularly for multi-
window EIT. This contrasts with the fact that most applica-
tions of the EIT concern dispersive properties. As in several
related applications, an accurate control of the dispersive prop-
erty of the multiwindow EIT medium under Doppler broad-
ening is desired to optimize the related processes, for example,
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simultaneous control of group velocity of light pulses in a
quantum information system [40], high-sensitivity optical
magnetometers [41], and dispersion management in optical
communication systems. In order to partially meet these needs,
in this work, we measure the dispersive profile of multiwindow
EIT in a %Rb atomic medium under Doppler broadening.
A simple analytic model is developed to fit with observed data
for delivering related applications.

2. EXPERIMENTAL ARRANGEMENT AND
THEORETICAL MODEL

In this experiment, the ¥ Rb atomic gaseous sample is produced
in a Rb cell with a temperature controller. Two single-mode
extended-cavity diode lasers DL1 and DL2 (with 4 mm beam
diameter, ~#1 MHz linewidth, and operating around 780 nm)
are used to excite transitions on the D, manifold of the #Rb
atomic system, as shown in Fig. 1. The strong coupling beam
with a fixed frequency @, (and Rabi frequency Q,) simultane-
ously couple the hyperfine ground state 55, /, (# = 3) with the
three excited states 5P3, (F' = 2, 3, 4), whereas the weak probe
beam with frequency @, (and Rabi frequency €2,) scans over the
same transitions from the 55, /, (F = 3) state to 5P3, (F' = 2,
3, 4) states. We denote §; and &, as frequency separations
between the |2) - |3) levels and |3) - |4) levels, respectively.
The experimental arrangement for measuring absorption and
dispersion spectra is similar to that described in [42], except an
additional part here is use of the coupling laser DL2 to induce
EIT effect in the sample, as shown in Fig. 2. In a brief description
of the setup, the output light of the laser DL1 is split by the beam
splitter BS1 into a small part and then is directed to a Fabry—
Perot interferometer (FPI; with a free-spectral range, FRS =
378 MHz) for calibration of the observed spectrum, whereas the
remaining one is directed to a second beam splitter (BS2), which
is the entrance of a Mach—Zehnder interferometer (MZI). The
MZI consists of two 50% beam splitters (BS2 and BS3) and two
dielectric mirrors (M; and M,). Each mirror or beam splitter of
the MZI is mounted on a three-axis microtranslation stage to
perform precise control of optical paths. The length of each
arm of the MZI is about 20 ¢m, and both arms are arranged
so that the difference of their lengths is much smaller than
1.5 cm [42]. The Rb cell with two quarter-waveplates, QW1
and QW2 (at both ends of the cell), are placed in the second
arm of the MZI. The output beam of the DL2 laser is split
in two parts; the first one is directed to the Rb cell as the coupling
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Fig. 1. Excitation scheme of a multilevel V-type system in $Rb
atoms.
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Fig. 2. Optical layout of the experimental arrangement: two diode
lasers DL1 and DL2 are used to deliver probe and coupling lights,
respectively. The dashed border indicates a saturation spectroscopy
setup for locking frequency of the coupling laser DL2.

light to induce the EIT effect, and the second part is directed to a
saturated absorption spectroscopic setup (within the dashed bor-
der in Fig. 2) to lock the frequency of the coupling laser to a
hyperfine transition.

Whenever absorption spectrum is being measured, the first
arm of the MZI is blocked to avoid influence of interference on
the recorded absorption spectrum. We used a combination of
half-wave plates and polarizers to control the intensity of the
coupling and probe lights. In our measurements, the power
of the probe light is reduced to a few microwatts, whereas
the intensity of the coupling light is changed from a few tens
of milliwatts. The probe and FPI signals are recorded simulta-
neously by two photodiodes, PD1 and PD2, respectively.

In order to describe the experimental observations, we use the
density matrix formalism. In the electric dipole approximation,
the evolution of system is governed by the Liouville equation:

p=—lH. o+ Ap, (1)

where Ap represents the decay mechanisms inside the atomic
system. In our experiments, the probe light is scanned over tran-
sitions from the 5S;/, (F = 3) state to 5P3,, (F' =2, 3, 4)
states, and the absorption (@) and dispersion () coefficients
are determined by

4
ac Y Im(py), (2a)
j=2
4
7n Z Re(pjl). (2b)
j=2

Because the probe laser scans over transitions from the 55 /,
(F = 3) state to 5P3), (F' =2, 3, 4) states, the sums in
Egs. (2a) and (2b) are relatively lengthy for an analytical cal-
culation. Indeed, such transitions can be decomposed into three
combinations of four-level V-type excitation schemes, each of
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which gives rise to two EIT windows. However, the position of
each EIT window is determined by two photon-resonant con-
ditions that lead to three of them being coincident; that is, only
three EIT windows are observed separately. As indicated in [28],
such a three-window EIT can therefore be modeled by a five-
level excitation system in which a “virtue” level |5) represents
either level |2), |3), or |4) for the probe transitions in a manner
so that the coupling and probe transitions are not identical (see
Fig. 1). For such an equivalent model, the coupling beam still
simultaneously drives transitions between the state |1) and the
states |2), |3), and |4), whereas the probe beam only excites a
transition |1)<>|5). The replacement of the three levels in the
probe transitions is mathematically equivalent to what was done
in [43]; thus the probe response is determined via the coherence
of the term ps; as follows:

4
psi =Y Re(py). &)
j=2

From Eq. (1), using the rotating-wave approximation, the
coherent matrix elements of the five-level system are derived as

. . z
Ps1 = [ZA[) - 7s1lps1 _Egp(p55 -p11)

i i i
+ EQ‘c‘ZZIPSZ + 595431053 + ngﬂmﬂs@ @)
. . i i
ps2=[i(8,~A.+61) ~721lpss —5¢%P1 +§Qf¢21,051’ )
. . i i
ps3 = [i(A, = A) - y31lpss - EQppB + 595431;051; (6)

o , i
Pss=[i(8,=A.+82) -v41lps4 -EQme + EgcdﬂpSl) (7
where

Q, =ds E,/h, Q. =ds E./h, 8)

are Rabi frequencies for the probe and coupling light fields,

respectively;

A, =w,-o0s, A =, - w3, 9)

are the frequency detuning of the coupling and probe beams,
respectively;

ay = dy [ds, a3y = d3z [ds, ag =dg/ds,

(10)
are the relative transition strengths of the three transitions from
the three hyperfine sublevels |2), |3), and |4) to level |3); 4 is
the transition dipole moment between the states |7) and |£);
and y,;, represents the decay rates of the atomic coherence pj;,
given by [38]

1
=y (Xr+ Y (1)
E;<E; E,<E,

where I';;, is the decay rate of the population from level |7) to level
k). The laser linewidths, w, and ., are taken into account
by including them in the decay rates, y, — vy + oo,

Y31 = 31 + 00, Y4 = V4 + 00, and ys; = ys + 0w,
For our experiments, we estimate 560[, = 0w, = 1 MHz.
In a weak field limit of the probe light intensity, the matrix

element ps; can be determined at the steady regime as
i
1%

Ps1 = F (12)
where
P 1Y, A(0./2)
v31 - (8, = A)  yy -i(A, - A +5))
a5, (2./2)

. 13
va - (8, - A - 6)) a3

The linear susceptibility of the atomic medium for the probe
light field relates to the matrix element ps; as follows:

Ps1- (14)

In the presence of the Doppler effect, additional shifts of
frequency detuning of the coupling and probe light fields
should be taken into account. Because the probe and coupling
beams counterpropagate in the medium, a moving atom
with velocity v toward the probe beam will therefore “see” a
frequency upshift (by +w,v/c) and downshift (by -w,v/c)
for the probe and coupling lights, respectively. Under such
Doppler shifts, the frequency detunings are modified to

A, =w,-wsi +w,vf/c; A =0, -w; -ou/c. (19)

In a thermal equilibrium condition at temperature 7', the
number of atoms having velocity v is represented by the
Maxwell-Boltzmann distribution,

N() =

u

Y /Zk:;T (17)

is the most probable velocity and 7 is the mass of the particle;

N, is the total number of particles occupied in a volume unit.
Under these assumptions of the Doppler effect, the linear

susceptibility in Eq. (13) is integrated over the velocity v as

_ [t _ iNod§ V7 erf(z
p= [ Troa= TS k@) (19

N() _1)2/”2
NG e dv, (16)

where

where erf(z) is the error function of a complex argument z:

x F. (19)

c

z =
a)],u

According to the Kramers—Kronig relation, the imaginary
(¢"") and real (y') parts of the linear susceptibility correspond
to the absorption and dispersion coefficients, respectively,
x =)' +x". The absorption and dispersion coefficients for
the probe light are therefore given by

w n
o = ﬂ) (20)
c
w !
= %:” 1)

where 7, is the background index of refraction [13].
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Fig. 3. Experimental observations (a,b,c) and theoretical simulations (d,e,f) of the absorption (solid curve) and dispersion (dotted curve) spectra
of the probe light for various coupling intensities Q. (indicated in figures) when frequency detuning A, = 0 and 7" = 300 K.
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For a quantitative description, we often use the
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so-called trans-

parent efficiency (Rgpr), which is defined by the following relation:

Aoff

1259

where a,, and a.g denote the absorption coefficient for the cases
where the coupling light beam is on and off; respectively.
In addition to Rgyr, fullwidths at half-maxima (FWHMs) of

Repr = Poft = %on 100%, (22) the EIT windows which correspond to the coupling transitions
Xoff [1)<>]2), |[1)«<>|3), and |1)«>|4) are given by [39]
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Fig. 4. Experimental observation (a,b,c) and theoretical calculation (d,e,f) of absorption and dispersion spectra (at €, = 130 MHz and

T = 300 K) for different values of A,.
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2 02
a3,

FWHM,, = —2>%¢ (23)
T AWp+r)
a3, Q2
FWHM;, = — 21 (24)
T A(Wp +7a1)
a2, Q2
FWHM,, = — 41— (25)
AW +ra)
where W, is the Doppler width, given by
2
Wy =" uina= Bl 02 o)
c c m

3. EXPERIMENTAL RESULTS AND
THEORETICAL SIMULATIONS

In a first step, the coupling laser frequency is tuned resonantly
to the transition 5S;/,(F = 3)<5P5/,(F" = 3) while the
probe laser is scanned over the transitions 5S;,(F = 3)<
5P3,,(F" = 2,3, 4). The temperature of a rubidium vapor cell
is stabilized at 7 = 300 K. The absorption and dispersion pro-
files for various coupling intensities are shown as in Fig. 3,
where the left and right columns represent the experimental
and theoretical spectra, respectively. In our theoretical simula-
tions, the atomic parameters are chosen as follows [44]:
0, =634 MHz, 6, =120.6 MHz, vy, =vy3 =74 =
751 = 7.5 MHz. We fit the experimental data with Eqgs. (20)
and (21) for various ratios of relative coupling strengths; the
finally optimized results are @, 1a3; 144 = 0.8:1:0.3.
Figures 3(a) and 3(d) show the probe absorption and
dispersion spectra without the coupling light (Q, = 0). In this
case, we see a Lorentzian absorption and its dispersion profile.
When the coupling power is increased to 3.5 mW, which cor-
responds to a value of Rabi frequency Q. = 70 MHz [Figs. 3(b)
and 3(e)], the absorption spectrum appears as apparently two
EIT windows whereas the dispersion is modified in the region
of each EIT window. This modification of absorption and
dispersion is consistent with the Kramers—Kronig relation. By
increasing the coupling power up to 12 mW, which corresponds
to Q. = 130 MHyz, a third EIT window occurs [the window on
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the right of Figs. 3(c) and 3(f)]. The third window occurred only
at higher power of the coupling light because the relative tran-
sition strength @4, corresponding to this window is quite small.
The frequency separations between the three EIT windows are
63.4 and 120.6 MHz, the same as the separations §; and 6,,
respectively. By comparing Fig. 3(a) with Fig. 3(c) one can
see a basic modification of dispersion under the EIT effect.
Furthermore, within each EIT window there is an anoma-
lous—normal region of dispersion, which is consistent with the
Kramers—Kronig relation.

In the next step, the absorption and its dispersion spectrum
are measured at negative, zero, and positive values of the de-
tuning A, with a fixed coupling power at 12 mW (correspond-
ing to , = 130 MHz) as shown in the left column (Fig. 4).
From the observations, we see a systematic shift of EIT win-
dows and their dispersion profiles to the red or blue side when
the coupling laser frequency shifts to red or blue directions,
respectively. As explained in [45], the physics reason for these
shifts is that the positions of the EIT windows are determined
by the two-photon resonant condition, namely, A, = A,.

In order to quantitatively study the influence of the coupling
light intensity on the EIT spectrum, we measured the EIT ef-
ficiency (Rgyr) and EIT width (FWHM) of each EIT window
for several values of Rabi frequency Q,, as shown by squares in
Figs. 5 and 6, respectively. In these figures, the solid lines re-
present the calculation from Egs. (22)—(26) in accordance with
the experimental parameters. Here, one can see different slopes
of the curves, which are attributed to the different values of the
effective coupling strengths; see Eq. (10). As a result, for a given
coupling power, there is a broader EIT width corresponding the
transition |1)«>|3) and a narrower width for the transition
|1)«<>|4) (see Fig. 6). On the other hand, the width of each
EIT window is increased with increasing power of the coupling
light [see Egs. (23)—(25)]. This also leads to shadowing the
slopes of the normal and anomalous dispersive curves (power
broadening becomes significant).

Finally, the coupling laser is tuned to resonance with the
transition |1)«>|3) while its power is fixed at 42 mW (corre-
sponding to €, = 240 MHz), and measured absorption for
various values of temperature, as indicated in Fig. 7. It is shown
that growing of temperature leads to lower EIT depth and

Ty

(a)

0.8+

0.6

0.41

©

Experiment| | / 00 ss=sss Experiment | | = & = sssss Experiment
Theory 3 Theory Theory
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Q. [MHz) Q, [MHz] Q. [MHz)

Fig. 5.

Influence of Rabi frequency Q. on Rt induced by the coupling transitions (a) [1)<>]2), (b) |1)«>|3), and (c) |1)«>|4) when 7" = 300 K.

The squares and solid lines represent experiment and theory, respectively.
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Fig. 7. Absorption spectrum of atomic medium measured at Q, = 240 MHz and A, = 0 for various temperatures, (a) 298 K, (b) 303 K,

(c) 313 K, and (d) 323 K.

narrower EIT width. The physical reasons to explain this tendency
are attributed to reduction of atomic coherence as thermal atomic
motion grows, and growth of atomic density [45] as the Rb cell is
heated over the melting point of Rb (about 312 K [44]).

4. CONCLUSION

We have studied dispersion of a multiwindow EIT in a Rb
atomic gaseous medium under Doppler broadening. The dis-
persive profile of a three-window EIT spectrum has been
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measured for various values of the parameters of the coupling
light and temperature of the Rb cell. We observed multinormal
and anomalous dispersion, which is controllable by a coupling
light (intensity and/or frequency) or changing the temperature
of the medium. An analytic model including the Doppler effect
is also developed to describe the experimental observations with
a good agreement. The obtained experimental results and the
proposed analytic model can be useful for various applications
related to multiwindow EIT phenomena.

Funding. Vietnam’s Ministry of Science and Technology
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