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Abstract: In the initial part of the paper, the principles of the electromagnetically induced transparency (EIT) in basic three-level
schemes are sketched, and some applications of this phenomenon are described. Next a presentation follows of a five-level EIT
model of Bloch equations, which was developed to reconstruct multipeak cascade-EIT spectra registered in a sample of cold ¥Rb
atoms in MOT. The respective experiment is also described. The achieved good agreement between theory and performed

experiment is documented and discussed.
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I. INTRODUCTION

The subject of this paper is the electromagnetically
induced transparency (EIT), the phenomenon belonging to
the category of the coherent effects. In Sec. II we introduce
the physical foundations underlying EIT. We present three
basic three-level configurations of the atomic levels and
fields in which EIT could be observed, A-, V- and cascade-
schemes. Due to significant modification of the optical
properties of medium, being the result of EIT, this phe-
nomenon finds various interesting applications, especially
in optics and quantum physics, but also in technology.
Some of them are presented in Sec. III, with the stress on
slowing, stopping and storing of light pulses. In Sec. IV we
go beyond the three-level approximation. We describe our
theoretical model of EIT for a multilevel cascade configu-
ration, developed to explain the features of absorption
spectra observed in our experiment with cold Rb atoms.
The experiment was performed in Warsaw with the use of
the system presented in more detail in our other paper of
this issue [1]. Finally, in Sec. V we summarize the key
points of this paper and draw some conclusions.

II. PHYSICAL FOUNDATIONS OF EIT;
EIT IN THREE- LEVEL SYSTEMS

The phenomenon, which was termed electromagneti-
cally induced transparency by Harris and co-workers [2],
relies on the destructive quantum interference of the
transition amplitudes, which leads to suppression of absorp-
tion or even to complete transmission of the resonant weak
probe beam. EIT arises in the presence of a second (strong)
laser beam coupling coherently one of the states which
participate in absorption, with some other atomic state
[3-6]. In Section II, EIT in the basic three-level schemes is
explored.

I1.1. General issues

The simplest configuration in which EIT could be
observed is a three-level system as outlined in Fig. 1. Figu-
re la illustrates the cascade system, in which a weak probe
beam is tuned to the transition |1) —|2), whereas a strong
coupling beam is tuned to the transition |2) —|3). Simi-
larly, Fig. 1b and Fig. 1c illustrate the systems of levels and
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transitions involved in the A and V configurations, respec-
tively. The levels are labeled in such a way that in every
configuration the transitions between the levels |1) and
| 2), and | 3) are allowed electric dipole transitions, whereas
the |1) —|3) transition is always a dipole-forbidden tran-
sition.

(@) (b) (c)

|3> |2> |1>
I c
— c p 13>

P c
[3>

[1> 11> [2>

Fig. 1. The simplest configurations for EIT: (a) cascade (ladder),
(b) A and (c) V. The arrows denote the beams: p — probe,
¢ — strong coupling

The phenomenon of EIT was predicted in 1989 [7] and
experimentally observed in Sr vapor in 1991 [8]. EIT has
been the subject of intensive research over the past two
decades not only as a technique for stimulating transpar-
ency, but also for generating in the medium unusual
dispersive properties, which accompany transparency. In
Fig. 2 imaginary and real parts of the electromagnetic
susceptibility x(w,) of the medium (collisionless atomic
gas) are presented, plotted as a function of the frequency w,
of the weak probe beam, relative to the atomic resonance at
frequency wg. For schemes in Fig 1 (a), (b) and (c) the
frequency ) is to be identified with w9, = (E, — E,)/h,
Yy =(E,—E;)/h and ), =(E, —E,)/h, respectively,
where E; stands for the level energy. The dashed lines in
Fig. 2 are plots for the case of absence of the coupling
beam, whereas the solid lines are the modified profiles in
the presence of the additional strong resonant coupling
beam generating EIT (see e.g., [3]). The upper plot (a)
presents the imaginary part of the susceptibility Im[x(w),)],
which determines the absorptive properties of the medium
(Eq. (1)). The lower plot (b) presents the real part
Re[x(w,)] related to the refractive index n(w,) (Eq. (2)),

a(e,) = kIm[x(,)], 1)
@,) =1+ Rel (@, )], @

where a(w,) is the absorption coefficient and & = 27/ A.
Coefficient a/(®,) is related to transmission 7"

I(w,)=exp[-a(w,)L], €)

where L is the length of the absorbing medium.

For plots in Fig. 2 it is assumed that the coupling beam
frequency . is tuned to wg being atomic resonance
frequency for the coupling transition. In such a case, as
stems from Fig. 2 (a) with relations (1) and (3), a narrow
peak of increased transmission (often called “transparency
window”), centered at a)g, develops due to EIT. Simul-
taneously, as follows from Fig. 2 (b) with relation (2), in
the vicinity of the resonance frequency a)g, medium is
characterized by steep and normal dispersion (dn/dw, > 0)
strongly depending on w,, (solid line), instead of anomalous
dispersion (dn/dw, < 0) (dashed line) characteristic for the
lack of coupling.

-3 -2 -1
(0p — @p)/y

Fig. 2. Profiles of the electromagnetic susceptibility y(w),) of the
motionless atomic gas in the vicinity of the atomic resonance
) =wg. (a) imaginary part of the susceptibility Im[y(w),)]
proportional to the absorption coefficient (formula(1)); (b) real
part Re[x(w,] related to the refractive index (formula(2)). The
dashed line shows the typical profiles of the susceptibility,
whereas the solid line shows the profiles in the presence of the
strong resonant coupling beam generating EIT. y is the radiative
width of the probe resonance in the absence of coupling

There exist two ways in the literature for explaining the
physical mechanism of EIT. They are equivalent under
certain conditions. The first explanation. The excitation of
the state |2) in Fig. 3 (a) can be seen as occurring via two
routes (though more than two routes can also be consid-
ered) [9]. In the most simple case we have the direct rout
|1) —|2). However, the coupling between the states |2)
and |3) by the strong beam leads to an alternative pathway
to achieving the state |2):|1) —|2) —|3) —|2). The
destructive interference of the probability amplitudes for
these two routes leads to the transparency for the probe
beam. The second explanation. Here the dressed-atom
picture is used (Fig. 3 (b). The coupling field creates a pair
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of the equivalent closely spaced dressed states |2d) and
|2d"). An atom in the ground state |1) absorbs probe
photons hcug (nonresonantly in the dressed-atom picture,
since a)g is detuned from both |2d) and |2d') states by
half Rabi frequency) in two possible routes |1y —|2d)
and |1) —|2d"), which from the perspective of bare states
lead to excitation to the bare state |2). The destructive
interference between the transition amplitudes correspond-
ing to the two routes results in cancelation (or at least
decrease) of absorption of the probe beam, as in the first
explanation [8, 10].

(a) (b)

i3> i3> — 3>
N— |3d>
c c
— 20>
[2> =t 2> =g\ 20>
p P p

1> —— 1>

Fig. 3. Schemes for two pictures (mechanisms) of generating EIT.
Cascade configuration is used as an example. Decreasing of
absorption is due to the destructive interference of amplitudes for
two routes leading to excitation of the state ‘2) In (a) the
transitions between bare states are considered: |1y —|2). and
| 1) =] 2) —|3) —|2); in (b) transitions to closely spaced dressed-
atom states are taken into account: |1) —|2d) and |1) —|2d")
(see the explanations in the text)

Let us consider three ideal three-level systems of Fig. 1.
Properties of EIT depend on the properties of the matrix
element p;;, the two-photon coherence between the states
|1) and |3), which are not bound by the allowed dipole-
transition. All processes destroying this coherence have an
impact on the effectiveness of EIT. First we assume that
the relaxation is caused by the spontaneous emission only,
with rates I7.

If other relaxation processes (e.g. the dephasing colli-
sions) are neglected, the decay rates y; for atomic coher-
ences p; are expressed by spontaneous decay rates [11]:

I+T,
2

when dephasing processes, e.g., due to finite laser line-
widths, cannot be neglected, we should add to the right-hand
side of (4) the adequate dephasing relaxation rates [11].

According to (4), the decay rate y,; for the coherence
p3, 18 given by:

Vij “

I +7;

5 ®)

N3 =

For the configurations (a), (b) and (c) in Fig. 1, with the
lowest state identified with atomic ground state, we obtain
respectively:

(a)

@ _ 13
13 2

(in the cascade system 71 =0), (62)

1;’) =0 (in the A-system ng) =0 and ng) =0), (6b)

rio+r
O ==1___"3 _(in the V-system).

(6¢)

From (6a)-(6¢c) one may conclude that the largest
transparency can be obtained in A-system. However, other
processes than spontaneous decay also influence the
transparency. Such are the optical pumping of the level |1)
by the coupling beam in A-scheme, and saturation of the
transition |2) —|3) in V-scheme. A comparison of the
properties of the three basic three-level configurations is
performed in the papers [12-15].

In practical cases of experiments with real atoms, the
very assumption of three isolated levels itself, or other
idealizations could appear nonrealistic to the extent
depending on the conditions of a particular experiment. For
example, inhomogeneous line broadening due to atomic
collisions should be taken into account for the experiments
in a spectral cell at room temperature, but it may be
practically neglected in the case of cold atoms in MOT.
Such and similar aspects of the complexity of the problem
are important to be considered by modeling the processes
of EIT and by planning the experiments.

I1.2. Essentials of an analytical treatment of EIT
in the three-level-atom approximation

Let us return to the case of an ideal three-level scheme
in its cascade implementation (Fig. 1 (a)). As above, let w,
denote the frequency of the probe beam, w,, =a)g the
frequency at resonance for the uncoupled transition
[1) =|2), and A, = w,— w,; the detuning of w, from the
resonance. Similarly, let w,. denote the frequency of the
coupling beam, w3, the frequency at resonance for the
transition | 2) = 3), and A, = w.— w3, the detuning. In the
framework of the semiclassical approach (see Sec. 1V),
with the assumption of the weak probe beam, the expres-
sions for the matrix elements of the density operator in the
stationary regime have been obtained e.g., in [13]. The
weak probe beam solution for the matrix element p,,
related to absorption and dispersion reads:

ity /20
o2
131 —i(A+A,)

p21 = —Ep s (7)

Y21 —IA



134 K. Kowalski, V. Cao Long, K. Dinh Xuan, M. GlédZ, B. Nguyen Huy, J. Szonert

where Q.= usE /h is the Rabi frequency from the coupling
field, xo; and w3, are the matrix elements of the dipole
moment operator for the appropriate transitions, E, (E.) is
the amplitude of the probe (coupling) field. For the
considered configuration in which the state |1) is the
ground state, the decoherence rates y,; and y;, are (ac-
cording to formula (4)) 7,/2 and [I75/2, respectively.
The complex susceptibility y(w,) is related to p,; by polari-
zation P of the atomic medium, i.e. the linear polarization
with respect to £,

1 —iw),t
P =E€0Ep [x(@,)e +cc] = ©

—i@,t
=~ Npye " +cc,

where N is the atomic density. Because of the nonlinearity
due to the strong coupling field, ¥(w,) is often called the

dressed linear susceptibility (e.g., [6]). From the formulas
(7) and (8) we obtain the expression for y:

.2
i N/he
X = e ©
Yo A+
Va1 —i(A +A,)

According to considerations in Sec II.1, the imaginary
and real parts of the susceptibility y in formula (9) describe
respectively the dissipative (absorption) and dispersive
properties of the medium under the conditions of EIT, see
formulas (1) and (2). Plots of Im[y] and Re[y] (with some
realistic parameters assumed in (9) as a function of probe
detuning A;, and with the detuning A, fixed at 0 value,
would resemble plots in Fig. 2. For a nonresonant coupling
(JAy] # 0), but providing w,. is in the vicinity of the reso-
nance, the EIT dip can be still observed, but it gradually
deforms with |A|. For the cascade EIT scheme, the absorp-
tion minimum appears providing that the two detunings
satisfy condition for the two-photon resonance:

A +A, =0. (10a)

For each of the configurations A or V the minimum
appears for
A —A, =0,

what follows from a similar expression for y, as (9).

(10b)

III. APPLICATIONS OF EIT

The phenomenon of EIT gives us the possibility to
modify, in a controlled way, the optical response of an

atomic medium, therefore it finds numerous applications.
In many cases a three-level plus two-field model can be
considered to be a fairly good approximation of the
physical situation. Out of the schemes drawn in Fig. 1, the
A-configuration is perhaps most often used. Combinations
of the basic schemes are also applied.

A number of selected applications of EIT are presented
in Sec. III.1, while Sec. III.2 is entirely devoted to one
topic, namely to the modification of group velocity of light,
which may even lead the extreme of “stopping” or
“storing” light pulses.

I11.1. Some applications of EIT

The significant change in transmission of the beam
propagating through the medium by turning on another
beam has made EIT attractive in view of its prospect
applications in telecommunication. In this respect, use-
fulness of transient EIT to optical switching is investigated.
The results of basic research in this field have been
presented by Chen et al. for cold Rb atoms [16]. The
shapes of the pulses of the transmitted probe beam,
generated as a result of switching-on the coupling beam in
EIT A-system, were registered and theoretically analyzed.
This switching-on had a nonadiabatic character — it lasted
shorter than both the relaxation times and the inverse of the
Rabi frequency. A periodic optical switching in the cascade
scheme of EIT was demonstrated and discussed in another
paper [17] for the medium of Rb atomic vapor at room
temperature. Toggling on an off the infrared probe beam
(tuned to the resonance 5S;, —5P;;,) was executed by the
visible coupling beam (tuned to the resonance 5P;;, <> 8Ds)),
modulated in amplitude. Harris and Yamamoto demon-
strated a model of optical switching in a four-level scheme
with three laser beams [18]. The authors supplemented the
classical scheme of A-type EIT with an additional cou-
pling, which introduced decoherence, and thus eliminated
the transmission window.

The influence of the magnetic field on the position of
the atomic Zeeman sublevels my leads to an important
application of EIT: in the magnetometry. In this case the
strong change of the refractive index near the EIT
resonance at a)g is employed. Scully and Fleischhauer et
al. proposed a based on EIT method of the optical detection
of magnetic fields with very high sensitivity [19, 20]. Let
us assume that the change of the magnetic field B results in
a change of wg. Under EIT it may cause substantial
change of the refractive index »n and a big dn/dB value,
which provides the high sensitivity to the method. The
change in n is being detected by a comparative inter-
ferometric method. The sensitivity of a magnetometer of
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this kind is of the order of 107 T and is comparable to the
sensitivity of supersensitive SQUID magnetometers [21]
(SQUID stands for Superconducting Quantum Interference
Device).

Though in this paper we concentrate on EIT in free
atoms, it is due to mention the fast growing interest in EIT
and related coherent phenomena in solid state media.
Results of basic and/or applied research in this field have
been reported for rare earth doped insulators [22, 23],
semiconductor quantum wells and quantum dots [24-31],
optical fibres [32], silicon ring resonators [33] photonic
crystals and photonic crystal waveguides [34, 35].

An application of EIT in manipulating signals in the
optical fiber communication systems was presented by
Rostami et al. [36]. The authors proposed to make use of
EIT generated in semiconductor materials to tune the
optical filters based on ring-resonator. There also exist
reports about EIT in the semiconductor quantum wells,
whose spectral properties could be controlled electronically
(e.g., [37, 38]).

More about relevant applications of solid state materials
can be found in some papers referenced at the end of
Sec. I11.2.

IIL.2. Slow, ultraslow and stopped light pulses

The fact that along with EIT, the refractive index of the
medium n(®,) may considerably change in the vicinity of
the resonance a)g, makes up foundations for slowing
down light, in the sense of spectacular reduction of its
group velocity [3, 39].

The group velocity is given by the formula:

v = c
g dn ’
n(w,)+w, Z

(11)

where c is the vacuum speed of light.

From the formulas (11) and (2), and from Fig. 2 (b),
where steepness of the slope of Re[y] about a)f7 is shown,
one can deduce that the probe pulse at the frequency a)g
should dramatically slow down under the conditions of
EIT. This was first pointed out by Harris et al. [40].

In the first experiments the reduction of the group
velocity of light by a factor of ca 10>-10° was achieved. For
example, Kasapi ef al. obtained the velocity v, = ¢/165 in
lead vapor [41], and Schmidt’s group obtained v, = ¢/3000
in Cs vapor [42]. Hau et al. were the first to obtain
extremely small group velocity in Bose-Einstein conden-
sate of Na atoms. The sodium atoms were cooled to the
temperature varied in the range 2.5 pK-50 nK (the critical
temperature for obtaining BEC of Na atoms is 7, = 435 nK)

and EIT was generated at different powers of the coupling
beam. According to theoretical predictions, the group
velocity decreases with decreasing coupling power and
with increasing density of the atomic cloud. The lowest
group velocity 17 m/s, corresponding to v, =c/ 107, was
achieved in this condensate at the temperature of 50 nK [43].
Soon, in the same year 1999, similarly small v, value was
reported by Kash er al. [44], who reached v, =90 m/s for
“warm” *’Rb atoms in a cell at the temperature of 360 K.
Also in the same year, Budker ef al., obtained v, =8m/s
for ¥Rb at room temperature [45].

When a pulse of the probe light enters a medium charac-
terized by decreased group velocity, it becomes spatially
compressed in the propagation direction. This is due to the
fact that the front of the pulse in the “slowing down medium”
propagates much more slowly than its back end which has not
yet reached the medium. The pulse is spatially compressed by
the factor ¢ /v, (with c being the speed outside the medium),
therefore, with a big change in velocity, even very long pulses
could completely fit into as small media as MOT or BEC
(Bose-Einstein condensate). Slowing down and compression
of the light pulses to the size of a medium made it possible to
“imprison” the pulses in the medium.

In 2001, Philips et al. [46] and Liu et al. [47] de-
monstrated experimentally “stopping of light”. The latter
group managed to stop the light pulses for up to 1 ms in Na
atoms at the temperature of ca 1 pK in a magnetic trap. The
velocity of the light pulse was lowered by using EIT in
A-configuration. Next, when the compressed light pulse
was already localized within the sample of Na atoms, the
coupling beam was suddenly switched off for the time of
1 ms, which caused “freezing” the coherent information,
initially contained in the laser fields, into atoms. Thus the
information about the amplitude and phase of the pulse
became stored. After 1 ms the coupling laser was turned
back on and the probe pulse was regenerated due to
interaction of the coupling beam with the atoms. The form
of the pulse which left the medium was the same, as it was
at the input. The maximum time of the “storage” is limited
by the dissipative processes which destroy the coherence. It
is due to mention that in view of the mechanisms described
above, the terms “imprisonment”, “stopping” and “storing”
of the light pulse used to describe what happens between
switching off and switching on the coupling beam, have
only a symbolic meaning. This described process can be
used to transfer information via quantum methods. For
example, in the time when the information about the pulse
is stored in the atoms, one can modify it by acting on atoms
with magnetic or electric fields. On regenerating the pulse,
the modified information is being transferred to the pulse,
and next carried out by the “released” pulse.
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Since the early works at the end of the past and at the
beginning of the present century, investigations in the field
of slowing down (but also accelerating) and stopping light
pulses have been constantly progressing; beside atoms, also
solids have drown attention as slowing media. We provide
references to a selection of relevant theoretical and experi-
mental papers, some of them are reviews, see works [3, 48-
59] and references therein. Below we mention one of the
cited experiments.

In 2007, Ginsberg, Garner and Hau published results of
a very interesting experiment [55], in which a slow light
pulse was stopped and “stored” in one of two Bose-
Einstein condensates, and next the pulse was recreated
from the second BEC, placed initially at almost macro-
scopic distance from the first condensate (160 pm).
Information from one to the other BEC was transferred by
a material wave.

IV. FIVE-LEVEL MODEL FOR A CASCADE
SCHEME OF EIT IN COLD ATOMS
OF RUBIDIUM 85

In Section IV we deal with a case of multilevel EIT.
Authors’ investigations concerning EIT in a cascade
scheme, with dense hyperfine structure in the uppermost
level, are described. Because of the proximity of neigh-
boring Afs substates, which all participate in coupling,
a three-level approximation is not legitimate in this case.

We introduce a five-level model (with five levels and
two beams: probing and coupling), developed to explain
multiple windows of EIT registered in a cascade scheme
5S15(F) —5P3,(F") —5D,({F"}) of cold Rb atoms in
MOT. First, in Sec IV.1 we describe details of the applied
scheme(s), and performed measurements. Two examples of
registered transmission spectra with pronounced multiple
EIT peaks are presented. An outline of the model is given
in Sec. IV.2.1. The spectra of transmission of the probe
beam tuned in the vicinity of a 4fs F'— F' resonance were
modeled as depending on the coupling beam intensity or on
the coupling beam frequency-detuning from a F' «—F"
resonance. They are compared with those obtained ex-
perimentally and discussed in Sec. IV.2.2. The experimen-
tal work was performed in Warsaw by using the system
described in our other paper of this issue [1], as well as in
[61-63]. Section IV is partially based on references [63, 64].

We have been interested in multiple transparency
windows with regard to the potential use of the scheme to
simultaneous slowing down of light pulses at various
frequencies [65]. Conclusions concerning this issue are
drawn in Sec. V.

IV.1. Details of the applied scheme for generating
multiple transparency windows

In a basic EIT scheme with three levels and two fields,
as in Fig. 1, a single peak of enhanced transmission is
expected, as analyzed in Sec. II. As stated above, one way
to produce multiple transparency windows is to involve in
the scheme a manifold of close lying atomic sublevels,
which could be simultaneously coupled by a single mono-
chromatic coupling beam [65]. This was the method adopted
in our experiments and it is out of the scope of this paper to
analyze other methods. However, for a short survey of the
ones published in articles [66-69], we refer to [63].

The curly brackets enclosing F"” in the process 5S,,(F)
—5P;3(F") —5D«({F"}) symbolize a set of levels. For
¥ Rb atoms, under conditions of our experiment, up to three
hfs F" states can be simultaneously excited (as follows
from the selection rules for electric-dipole transitions), at
moderate values of Rabi frequency of the coupling
transition. Partial scheme of ¥Rb levels for J"=5/2 is
visualized in Fig. 4. Transitions are also marked. The cases
in Fig. 4 (a) and (b) differ by the ground state hfs
component used as lower state for the probe beam P
transition. The broken fragments of the arrows P indicate
the tuning ranges of beam P. The ranges are different for
(a) and (b).

In Fig. 4 (a), as well as in (b), three groups of allowed
resonant transitions, connecting the Afs components of the
states 5P3,, and 5Ds),, are marked. These are groups C,, Cs,
C4 for (a) and C;, C,, C; for (b). For each group, the
adjacent 5Ds;,(F") hfs sublevels are separated by less than
10 MHz. Therefore, in each group C,, all three sz states
can be simultaneously coupled to their proper F; state, by
a single-frequency laser beam (not present in Fig. 4) at
sufficient intensity to provide Rabi frequency comparable
to the Afs splitting. For simplicity, in the text below we use
the same symbol C; to designate a marked group of allowed
transitions, the coupling beam at a frequency fixed in the
vicinity of the relevant group C; as well as the triple
coupling caused by this beam. Obviously, each of the three
elementary E <—>F}k couplings of the coupling C; is char-
acterized with different Rabi frequency, as well as with
different detuning of the laser beam frequency from the
(unperturbed) F,-' <—>F,-: resonance.

Arrows T and R stand, respectively, for the trapping and
repumping transitions of MOT. Trapping and repumping
beam powers and detunings were selected for minimizing
their influence on the experiment, and still preserving
stable MOT operation.

In Fig. 4, two C; groups of allowed transitions are
distinguished, with thickened arrows and with enhanced C;
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Fig. 4. The partial scheme of levels of the ®Rb atom, in which
EIT in cascades 5S;,,(F)—5P5,(F")—5Ds;, ({F"}) can be gene-
rated. The ground state for probe beam P absorption is the F'=3
state (a) or F'=2 (b). The dashed part of the arrow denotes the
frequency range in which P is tuned, in respect to the allowed
transitions in the first step of a cascade. C; are groups of allowed
resonant transitions in the second step of a cascade. Values of
index i are 2, 3 or 4 for (a) and 1, 2 or 3 for (b). Due to dense hfs
structure of F'” levels, a single coupling beam (not marked in the
figures) at a frequency fixed in the vicinity of frequencies of
a group C; can simultaneously couple the three F; states to their
proper F; state. The groups C; in (a) and C, in (bs correspond to
couplings for EIT spectra shown in Fig. 5 (a) and (b), respec-
tively. The experiment is performed in a sample of cold “Rb
atoms in MOT; T is for the trapping- and R for the repumping-
transition. The numbers in ket symbols in (a) indicate the
correspondence between the *Rb levels and the levels num-
bered in the five-level model of Sec. IV.2.1 (Fig. 6)

symbols: C; in Fig. 4 (a), and C, in Fig 4 (b). Two cor-
responding exemplary spectra of registered probe trans-
mission with couplings C; and C; are shown in Fig. 5 (a)
and (b), respectively. The approximate frequency of the C;
(C)) laser beam, relative to uncoupled F'«<»F” resonance, is
given in the Fig. 4 caption. For each spectrum (in black
line) the coupling beam power was /.=400 mW/cm®
(upper limit for our experiments); the spectrum taken with
the coupling laser off (I, =0 mW/cm?, grey weak line) is
also given for reference. In spectrum (a) (spectrum (b))
transmission dips due to probe absorption from the F'= 3
(F'=2) state to F’ states with quantum numbers: 2, 3, 4 (1,
2, 3) can be seen. The dip due to absorption to the coupled
state (coupling C; (C1)) is broadened and engraved with

Coupling laser OFF
——  Coupling laser ON

400mW/cm’)

Transmission [%)]

50 T T T
0 50 100 150 200 250
Frequency [MHz]

Coupling laser OFF
—— Coupling laser ON

(b) 400mW/cm’

Transmission [%]

704

T T T
50 100 150 200
Frequency [MHz]

Fig. 5. Two examples of probe transmission spectra (black lines)
registered in EIT experiments for cold %Rb atoms in MOT. The
probe is tuned across the transitions 5S,,(F = 3) —5P;(F=2, 3,
4) (a) or 5Si,(F =2) —5P;(F’ =1, 2, 3) (b). The strong beam
couplings: for spectrum (a) the level 5P;, (F’=3) is coupled to
the three 5Ds;, (F” =4, 3, 2) levels or for spectrum (b) the level
5P, (F’=1) is coupled with the three 5SDs, (F"=3, 2, 1) levels
(see Fig. 4). The frequency of the coupling laser is set close to the
center of C; (a), or between resonances F'=1«F’" =2 and
F’=1<F"=1 (b). For reference, spectra registered with the
coupling beam off are also given (grey weak lines). Zero-
detunings are chosen arbitrarily
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the EIT features of enhanced transmission due to the Afs
components F’=4, 3, 2 (F’=2, 1, 0; though here the last
peak is hard to be observed of the 5Ds, state. The separa-
tions between the EIT peaks are close to the spacings
between respective Afs components.

Besides these presented examples, we have registered
EIT spectra for most C; couplings related to Fig. 4, as well
as for analogous ones with J"=3/2, i.e., for the 5D;/, state
in the role of the uppermost state. The quality of multiple
EIT spectra in the schemes with J”=5/2 appeared com-
parably good as this of examples in Fig. 5. The multiple
EIT peaks in the spectra, registered at the same laser
power, for the schemes to 5Ds, were far less pronounced,
due to lower transition probabilities and less dense hfs
structure of J = 3/2 fs component.

Spectra were typically registered under conditions of
operating MOT; such are the ones presented in Fig. 5, and
the experimental ones in Fig. 7. Some measurements were
also done during short periodic breaks in MOT operation
(with MOT fields switched off), followed by much longer
periods of rebuilding MOT (with MOT fields switched on),
see experimental spectra in Fig. 8. With the intention to
compare our results with those of the work [65], from here
on we are interested only in the spectra referring to the case
of C; coupling, exemplified in Fig. 5 (a). i.e. the ones
corresponding to the process 5S;,(F =3) —5P;,(F' =3)
—5Dsp(F" =4, 3, 2). In Sec. IV.2 we report the theoretical
calculations aimed at reproducing the spectra registered at
gradually varied experimental conditions.

IV.2. The theoretical model compared
with the experimental results

1V.2.1. The outline of the model

As mentioned above, a five-level model of optical
Bloch equations was developed, with two fields P and C at
optical frequencies (see Fig. 6), adopted to the experimen-
tal conditions of EIT in 5S;,(F = 3) —5P3,(F'=3) <>5Ds;,
(F" =4, 3, 2) scheme for cold **Rb atoms [63, 64]. The
model is similar to the one presented in Ref. [65].

The states of the model are assigned to the real states of
the *Rb atom, as visualized by numbering the relevant
states in Fig. 4 (a) with the same numbers in kef-symbols,
as in Fig. 6. The arrow P in Fig. 6 represents the weak
probe beam at the frequency ,, which excites the transi-
tion |1) —|2). The strong coupling beam C at the fre-
quency @, couples the level |2) with the group of three
closely spaced levels |4), |3)and |5) separated by &, and
0,, respectively. We define the beam frequency detunings
as:

Ac =0, — W5, Ap :a)p_a)Zl’ (12)

where @, and @, are frequencies at respective reso-
nances.

5>
0 A 3>
0, 4>
C
&, ¢ g 2>
P
— |1>

Fig. 6. The scheme for our five-level model, as described in the
text

Evolution equation for the density operator p [71] for
the system of a five-level atom interacting with two laser
fields, in dipole- and RWA-approximations, takes the form:

p

13
o (13)

i
=—g[H,p]+Ap,

where the Hamiltonian A is the sum of the unperturbed ato-
mic Hamiltonian H, and the interaction Hamiltonian H,,

H=H, +H,, (14)

and the term Ap accounts for the relaxation mechanisms
of the system, characterized by decay parameters.

The Hamiltonians H,; and H,, in the basis of the five
states of the model are expressed as:

Hy ==hA 05 —h(A, +A, ) oy +

(15)
— h(A, +A,+8 )0y —h(A,+A, ~5)) 0%,

Hyy =—1K,0y =182, 05, +

(16)
— 182,04y — 182,05, + H c.,

where o, =|i)(j|(i,j=1.5), A, and A, are defined as in
(12), and respective Rabi frequencies are:

Q,=Qy =1E, /T,

Quy = B/ 1,
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with £=3,4,5, and with E, (£.) being the electric field
amplitude of the probe (coupling) beam, and ; respective
transition matrix elements. We express €4, and s, by
Q. =Q:

Qp=apQ,, Q5 =aQ,, (18)
where a; are relative values:
M H
ap =", a5y =%, (19)
32 M3

Equation (13), written in the form of a set of equations
for density matrix elements p;; = <i|p|j> (i,j=1..5), was
numerically solved by assuming stationary regime (0; =0)
and realistic parameters corresponding to the conditions of
our modeled experiment.

The density matrix element p,, (w,), result of calcula-
tions, was used to compare the theory with the experiment
by using relations disclosed in Sec. II. According to
formulas (1) and (8), p,, (w,) is related to the absorption
coefficient o/(®,) via the dressed linear susceptibility y,,

2445, Nk

a(@,) = kIl 7(@,)] === 2= Tm[p, (@, )],
0=p

(20)

(while the dispersion is related to [ Re(p,,) ], see formulas
(2) and (8)). As defined in Sec. II, N is the number density
of the (cold in our case) atoms; k=, /c; & 1s the
vacuum permittivity. In the experiment, we registered
transmission spectrum 7'(@,). This is related to a(@,)
via (3): T(w,) =exp[-a(w,)L] (where L is the length of
the absorbing medium), and thus to Im[p,,(@, )], through
relation (20).

1V. 2.2. Comparison: theory — experiment

In this section a selection of results is presented and
discussed. In Figures 7 and 8 the theoretical EIT spectra
(right column) are compared with the relevant experimental
ones (left column). The probe beam was scanned in the
vicinity of the 5S,(F=3) —5P;,(F =3) transition. The
frequency axis displays detuning (A,) from the exact
resonance in the absence of the coupling field. In the course
of spectrum registration, the coupling field frequency was
fixed, detuned by a A, value from the 5P;,(F” = 3) <>5Ds;
(F’’=3) resonance.

The dependence of the EIT spectra on the coupling-
beam intensity /., or equivalently on Rabi frequency Q,, is
shown in Fig. 7. Both the experimental and assumed in
calculations detunings A, are given. For most of the
spectra, A, is close to -8 MHz.

In Fig. 8, there are the spectra with two different
detunings: A, =+8 MHz (upper ones) and A, =—-10 MHz

(lower ones). Both experimental spectra were registered
at I,= 400 mW/cm®, corresponding to Rabi frequency
Q.=7 MHz. Unlike the spectra in Fig. 7, obtained with
operating MOT, these were registered in optical molasses,
with MOT beams temporary switched off. Because of some
details of the measurement procedure, the spectra in Fig. 8
are more noisy and the EIT features appear to be more
shallow than the ones in Fig. 7 corresponding to the same I.
value.

In the theoretical simulations based on the five-level model
presented above, the value for the parameter €. =Q,, (Rabi
frequency) has to be assumed, (and from Q. the values for
Q,, and Q, are derived, since they are taken to be bound
to Q. by relations (18)). Within the model, a single value
for Q. (respective to given conditions of the experiment) is
required. However, it is not a priori obvious that the real
physical situation of our experiment, can be described by
a single, effective Rabi frequency value, which would be
representative for all elementary acts, of (nonlinear) atom-
coupling-field interactions across MOT, as well as for the
whole period of registration. This doubt comes from the
fact, that many simplifications and idealizations are in-
herent to our model. Let us list only two of them. (i) The
model does not take into account the presence of quasi-de-
generate magnetic substates with the quantum number mp,
That is, in the real atom, the polarized light is coupled to
a (F', mg) < (F', mp») transition, and not merely to a F’' <
F” transition. Every such coupling should in fact be
characterized by its own Q value which requires a new
model, largely enhanced (it should be also noted that the
probe beam polarization and magnetic states in the first
step are disregarded as well) [72]. (if) The model does not
account for nonuniformity in E, in the region of interaction,
as well as for fluctuations in E. during the time of
registration.

Nevertheless, in practice the assumption of an effective
Q., appeared successful. In the process of matching the
theoretical spectra to the relevant experimental ones,
a value of an effective )., was attributed to each spectrum
registered at a given intensity /.. The values of Q. were
taken to be proportional to (mean) £, values (thus to \/Z ).
The common proportionality factor was optimized to
obtain the best match of theoretical and experimental EIT
features, with regard to the whole series of experimental
spectra, such as the series in Fig. 7.

As can be noticed in Figures 7 and 8, the overall width
of each calculated absorption profile exceeds such a width
of the corresponding experimental absorption profile. It
seems that too big a value was assumed in the model for
the rate of excitation decay for the state |2> The rate
is related to the width of the absorption profile with the cou-
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Fig. 7. EIT spectra: theoretically simulated (right column) and experimental (left column). The pairs differ by the coupling-field

Rabi frequency (or, equivalently, by the coupling laser-field intensity /.) The probe frequency was scanned across the

5S12(F = 3)—5P;,(F’ = 3) resonance, while the coupling beam frequency was kept fixed, detuned by A, from the 5P;,(F’=3)
—5Ds,(F = 3) transition. For most of the plot pairs, the marked on the pictures detunings are ca -8 MHz
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Fig. 8. EIT spectra: theoretically simulated (right column) and experimental (left column). Both experimental spectra were registered at
the same coupling laser intensity, /.= 400 mW/cm?, for two different detunings A.=+8 MHz (upper one) and A, = — 10 MHz (lower
one). Spectra were registered during a short period of time when MOT was periodically switched off

pling beam off, and it contributes to the overall width of the
profile with the coupling beam on (the width has to be
increased in the model, as compared to the natural decay
rate, e. g. to account for the effect of the MOT fields).

Otherwise, a good agreement between theory and ex-
periment is reached. The EIT resonances, registered at
varied experimental parameters, are well reproduced via
our theoretical modeling. Some discrepancies between the
model and the experimental observations may require more
detailed analysis. In this mood would be an extension of
the model to include the semidegenerate Zeeman substates
and light polarizations. Improved control over the experi-
mental parameters, e.g., stability of laser frequency, may be
also required.

V. SUMMARY AND CONCLUSIONS

In the initial part of the paper (Sections II and III) we
review principles and applications of the phenomenon of

electromagnetically induced transparency. The phenome-
non refers to the reduction of resonant absorption of
aprobe laser field, on an otherwise optically allowed
transition, by means of a strong coupling field on a linked
transition. At first, EIT was investigated mostly for atomic
gas, cold or “warm”. More recently the study of EIT, and
of related coherent phenomena, has been extended to
solids. Though solid state media are not in the mainstream
of this paper, still we point out this fast developing
direction in which pure as well as applied research on EIT
pursues.

EIT is characterized by narrow window(s) of transpar-
ency within the absorption profile, which is accompanied
by steep, positive dispersion of the refractive index. The
latter property of EIT has found an application in
manipulating group-velocity of light, which results in
slowing, “stopping” and “storing” of light pulses, as well
as in accelerating them. By reporting applications of EIT
in Sect. III, we pay a particular attention to this fasci-
nating field of research by describing some key expe-
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riments oriented on information transfer by quantum
methods. We also refer to a couple of original articles and
reviews.

In the second part of the paper (Sec. IV) we report our
investigations of multiple windows of EIT registered in
a cascade scheme 5S;,,(F) —5P3,(F") —5D,«({F"}) of cold
®Rb atoms in MOT, where {F"} is for a dense manifold of
hfs substates. Our interest in multiple-peak EIT was
partially evoked by the fact that schemes providing EIT
with multiple densely spaced transparency windows are
seen as prospect media for slowing down simultaneously
pulses of light at different nearby wavelengths. Therefore,
we intended to get some insight into physics of multipeak
EIT generation.

We have confirmed experimentally, in agreement with
literature, that the dense Afs structure of the 85Rb(D5/2) state
well serves to create EIT with multiple transparency
windows, and their positions, shape and depth can be easily
controlled by changing the coupling field intensity and/or
detuning. Along with presenting experimental results of our
multi-peak EIT spectra, we concentrate on a five-level
model of Bloch-equations which we developed to enable
theoretical interpretation of the spectra, and we compare
the theory with the experiment.

A good agreement between theoretical and experimen-
tal EIT features was found. Therefore, we conclude that the
applied relatively simple model of five levels and two
fields, well describes the investigated EIT scheme. In view
of the stated above easiness in manipulation of positions,
shapes and depths of multiple EIT peaks, the present
scheme should be of interest for quantum information
science, e.g., by prospect manipulation of group-velocity of
light via multipeak EIT. Successful theoretical reconstruc-
tion of our observed EIT features provides us with a tool
for theoretical predictions in planning experiments and/or
interpreting registered EIT spectra in other similar schemes.
We also consider extending the model to cover more details
of the scheme and of the experiment.
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