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1. The development of new methods for controlling
optical properties of a medium and the time shape of
laser pulsesis an important physical problem of funda:
mental and applied significance. The solution of this
problem is urgently required in the areas of spectros-
copy of fast processes, quantum control of atoms and
mol ecul es, optoel ectronics and optical communication,
etc. From this standpoint, the phenomenon of e ectro-
magnetically induced transparency (EIT) presents
extremely interesting and rather unique opportunities
[1-3]. Although the magjority of studies on EIT have
been carried out for atomic media (see reviews [3-6]
and references therein), the relevant ideas have also
undergone further development in the context of solid-
state systems[7].

EIT isaquantum-interferential phenomenon arising
as a result of the interaction between two laser fields
and a three-level quantum system. The essence of the
phenomenon isthat one of thefields, called the control-
ling field, modifies the optical state of a medium at the
frequency of the other (probe) field. In the general case,
theintensity of the probe field may be comparable with
that of the controlling field. Under conditions of EIT,
the substance turns out to be in a coherent state with
unusual properties [3-6]. For example, an optically
dense medium becomes transparent for the probe field
in the single-photon resonance region, whereas the dis-
persion of the refractive index strongly increases.
Under these conditions, optical pulses can run to dis-
tances significantly exceeding the resonance length of
the single-photon absorption (see, e.g., [8, 9]). The con-
trolling field can control the group velocity of the
probe-pulse propagation and can even reduce this
velocity down to zero or to a negative value [5]. At
group velocities on the order of 1-100 m s, a spatial
compression of the probe pulse occurs. Asaresult, itis
completely localized in a medium. This phenomenon
makes it possible to write down, store, and read out
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optical pulses [5, 6, 10] and opens the door to new
approaches to the devel opment of quantum memory [6].

EIT isused for controlling characteristics of optical
radiation, for example, the generation of femtosecond
and subfemtosecond pulses (see, e.g., [11]). At present,
methods of controlling femtosecond pulses are devel-
oped sufficiently well and are applied in spectroscopy,
microscopy, and optical monitoring [12]. However, the
situation is not so good in the case of picosecond and
nanosecond pul ses.

In this paper, we discuss a new possibility for con-
trolling the shape and duration of laser pulses on the
basis of the EIT phenomenon. Using as an example the
time compression of pulses, we now consider the prin-
cipal concept of the control. Let the probe pulse propa-
gate inside a three-level medium in the presence of a
coupling pulse interacting with the adjacent transition
(Fig. 1). The envelope of the latter pulse varies with
time according to a certain law. Since, in the case of
EIT, the propagation velocity of the probe pulse
depends on the coupling-pulse intensity at a given
instant of time, different parts of the probe pulse move
at different velocities. It isimportant that one can con-
trol this velocity by variation of the coupling-pulse
shape. For example, the envel ope of the coupling pulse
at the boundary of the medium can be chosen in aman-
ner such that the propagation velocity of the trailing
edge of the probe pulse will be higher than the velocity
of itsleading edge. As aresult, the pulseis compressed
with time. Varying the shape of the coupling pulse, it is
possible to obtain various shapes for the probe-pulse
envelope.

Thus, we here propose an efficient method for con-
trolling the shape and duration of laser pulses, whichis
based on employing additional controlling radiation
that interacts with the adjacent transition under condi-
tionsof EIT.

2. We now consider the interaction between athree-
level medium and two optical pulses possessing enve-
lopes E(t) and E(t) (Fig. 1). These pulses propagate
in the same direction along the z axis. Probe pulse E,
resonantly interacts with the transition between the
ground |[0C0and excited [100states, whereas coupling
pulse E; interactswith levels|2Cand |1 L Thedipole |2300)
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Fig. 1. Energy diagram for a three-level atom resonantly
interacting with a probe (w,) and coupling (wy) pulse.

transition is forbidden. Further, we suggest that pulse
durations T, and T, are much shorter than al relaxation
timesand that T, < T...

The evolution of the probe and coupling pulses is

described by the usual self-consistent set of Maxwell—
Schrédinger equations. In the coordinate system with

thelocd timet=t— E this set is of theform

0 oa .
a—io = iGhay, a_r2 = iG*a,,
(1
da :
=2 = i(Gyag+ Geay),
. 0G, .
% = iK, a5, a_zc = iK.a,a5. )
Here, a, , , arethe amplitudes of atomic-state probabil -
E E
ities; 2G, = dl% P 2G, = dl; * are Rabi frequencies;
Kp= 1Toq,|d10|2 K = nug|d12|2— are the propagation

coefficients; d,, are the matrix elements of the electric
dipole moment for the |i(Z{j Ctransition (i, j = 0, 1, 2);
cand k, . are the carrier frequencies and wave num-
bers (in vacuum) respectively; N is the atomic concen-
tration; and c is the speed of light in vacuum.
Equations (1) for probability amplitudes are written
for zero single-photon detunings w; — 6}, = Wy, — w, = 0.
We consider all atomsto bein the ground state |0kt the
initial instant of time; i.e., a,(-»,2)=1,a, (-©,2) =&,
(=, 2) = 0, and the fields E, (t) being given at the
medium boundary z= 0: E, ((t, 2= 0) = E, ((1).
Equations (1) and (2) must be solved by a self-con-
sistent method. In the general case, this procedure can
be realized numerically. An essential simplification is
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attained in the adiabatic approximation [13]. In this
case, the solution to set (1) can be represented in the
form (see, e.g., [8, 9])

a, = —sin[8(1)],
GG _ 8 3)

ay = cos[6(1)],
5 = GGr—GGe _ .6
1~ G3 - G

The displacement angle 0 is defined by the expression

2, where G(T) = ,/|G,(1)|? + |G(1)|? isthe

G

tan@ = -é;

generalized Rabi frequency. The dot from above
denotes differentiation with respect to the local time T:

b= 00
ot

depend on the z coordinate.

The criterion of applicability for the adiabatic
approximation can be written as

GG, —GpG,
G3

A detailed analysis of the adiabaticity condition with

allowance for pulse propagation has been performed

in[9].

It follows from formulas (3) and (4) that, in the adi-
abatic limit, the population of the intermediate state in
the interaction processis close to zero, (Ja,| <€ 1). This
implies that for transitions |0E2|10 and 2310 the
absorption is small. Therefore, the pulses run to a dis-
tance that considerably exceeds the length of the reso-
nance linear absorption of probe radiation. This phe-
nomenon is also interpreted in terms of coherent popu-
lation trapping (CPT): atoms are excited into acoherent
superposition of lower states [0Cand [2Clwhichiscalled
the CPT dtate, or dark state [14]. In this state, atoms
cease to interact with optical pulses. The EIT phenom-
enon arises as aresult of this process.

Using expression (3), we can represent Eq. (2) inthe
form

G, _ 0 G, 6.

57 - —Kchose, 3 - KCGsme. (5)
In the general case, the set of Egs. (5) can be solved
only numerically.

For K, =K, itiseasy to show from (5) that the gen-
eralized Rabi frequency G isindependent of the z coor-
dinate:

, €tc. In the general case, envelopes G, and G,

< 1. 4)

G(t,2) = G(1,z=0)
= Go(T) = /|Gop(D)]” +[Goe(T)|.

From this, it follows that arbitrary variations occurring
in the probe field are compensated by corresponding

(6)

DOKLADY PHYSICS Vol.50 No.4 2005



ELECTROMAGNETICALLY INDUCED TRANSPARENCY

167

8p, ¢
L.OF (a) <k (b) o000 © e
z=0 // O0<z<L (.
//
/
/
/
/
0.5r // B
/
/
/
// P
0 1 1
-2 0 2 -2

Fig. 2. Time profile of normalized Rabi frequencies for the probe pulse g, =

G(1)

Rabi frequency) and coupling pulse g = G

max

G,V
G

(Gpax 1S the maximum value of the effective
max

(dashed curve) in the case of different values of z coordinates inside the medium:

(a) at the input of the medium, z= 0, Gy(1 =0, z= 0) T, = 20; (b) at acertain distance z and (c) at the output of the medium, z=1L.

changes in the controlling field. In this case, the set of
Egs. (5) isreduced to one equation for 6(t, 2):

96 , Go(1)a8 _
gt K oz Y 0

The solution to Eq. (7) can be written as
81,2 =8,(2'(Z(1) -2) =0, ()

T

where Z(1) = K-! I Gi(t, 0)dr, Z!' is the function

inverseto Z, and 9000: 0(t,z=0).
The function 6(t, 2) allows usto find

G, = Gy(1)sin[6(T, 2)],

_ )
G. = Gy(1)cos[O(T, 2)].

Analysis of Egs. (9) [with alowance for (8)] shows
that the evolution of the probe pulse depends on the
time shape of the coupling pulse at the boundary z=0
of the medium. Figure 2 displays the evolution
[described by solution (9)] of the Rabi frequency for the
probe and coupling pulses as afunction of the z coordi-
nate. The shape of the pulses at the boundary z = 0 of
the mediumisshownin Fig. 2a. Asis seen, atime com-
pression of the probe pulse occurs under the conditions
indicated. The probe-pulse duration significantly
decreases at the output of the medium compared to the
input duration. From a physical standpoint, this behav-
ior is associated with the fact that under the indicated
conditions in the medium, the propagation velocity of
the probe-pulse trailing edge is higher than that of the
leading edge. The constraints for the compression are
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stipulated by the finite width of the transparency win-
dow in which the probe pulse can propagate without
absorption and also by the adiabaticity conditions.

The pattern of the space-time pulse evolution is
similar to the propagation of adiabatons [8]. However,
in our case, the pulse duration and the pul se shape vary
with pulse propagation, the envelopes of both pulses
changing consistently. Therefore, they may be called
quasi-adiabatons. Thus, we can speak on the coherent
control of the probe-pulse shape by the coupling pulse
under the EIT conditions.

It is worth noting that the compression effect does
not depend on details of the coupling-pulse time struc-
ture. It is sufficient to have aregion in which the pulse
amplitude (adiabatically) increases. The narrowing
effect also arisesin the case of alinear variation law for
the coupling-pulse envelope. If the coupling-pulse
amplitude becomes constant (with respect to time),
then, asin [8], we have adiabatons at the output of the
medium.

The results obtained are highly consistent with data
obtained by the numerical solution of the self-consis-
tent set of Maxwell-Schrddinger equations (1), (2) for
the region of parameter in which the adiabaticity condi-
tion isfulfilled.

The compression of the probe pulse, which was
demonstrated above, is a specific case in which coher-
ent control of the probe pulse shape was achieved by
means of EIT. Choosing the time shape of a coupling
pulse, itispossible, e.g., to broaden the probe pulse and
to form its flat-top or two-bump shape, etc.

3. Thus, it has been theoretically demonstrated that
it is possible to control the envelope and duration of a
probe pulse on the basis of the EIT phenomenon. This
method is applicable to the control of pulsesin awide
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duration region and in a broad range of spectral wave-
length.

The method proposed for the coherent control of
| aser-pul se time shape can be useful in optical -commu-
nication technol ogies, in processing optical signals, and
in nonlinear optics.
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