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We investigate the propagation of intense probe pulses in a lifetime broadened A-type three-level atomic
system with a configuration of electromagnetically induced transparency. We find that ultraslow optical
solitons formed by a balance between dispersion and nonlinearity can be stored and retrieved in the system
by switching off and on a control field. Such pulses are robust during storage and retrieval, and hence may
have potential applications in optical and quantum information processing.
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In recent years, much attention has been paid to
the study on electromagnetically induced transparency
(EIT). Due to the quantum interference effect induced by
a control laser field, the absorption of a probe laser field
propagating in an EIT medium can be largely eliminated.
Additionally, a drastic change of dispersion of the system
occurs, leading to a significant reduction of group veloc-
ity of the probe field!l. In 2000 Fleischhauer and Lukin!?
introduced the idea of a dark state polariton, which is a
combination of atomic coherence and probe field. The
dark state polariton prominently shows atomic character
when control field is switched off and the optical charac-
ter when the control field is switched on. Consequently,
storage and retrieval of weak probe pulses are possible,
which have been verified by many experiments®=%. Gen-
eralizations to nonadiabatic switching off and on control
field® and including detunings of probe and control
fields”! have also been considered.

However, up to now most of previous works on optical
storage based on EIT are carried out in linear regime,
where probe pulse is much weaker than control field. It
is known that linear probe pulses suffer a spreading and
attenuation due to the existence of dispersion, which may
result in a serious distortion for retrieved pulses!*?!. For
applications of quantum information such as quantum
memory, it is necessary to realize robust storage and
retrieval of light pulses.

In this work, we study the propagation of an intense
probe pulse in a lifetime broadened three-level atomic
system with a configuration of EIT. We demonstrate
that the ultraslow optical soliton formed by a balance
between dispersion and nonlinearity can be stored and
retrieved in the system by switching off and on a control
field. Because the probe pulse before and after the stor-
age is shape-preserved and hence very robust, the result
obtained may have promising applications in optical and
quantum information processing. Our study is related
to Refs. [8-10]. In Ref.[8], the storage and retrieval of
a probe pulse at moderate intensity are studied, but
no ultraslow optical soliton is taken into account. In
Refs. [9,10], ultraslow optical solitons are found, but no
storage and retrieval of them are investigated.
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Fig. 1. (Color online) Energy-level diagram and excitation
scheme of the three-level A system. A weak, pulsed probe
field (strong, continuous control field) Ey (E.) couples to the
atomic states |1) (|2)) and |3). T';; denotes incoherent de-
cay rate from state |j) to state |i). Az and As are two- and
one-photon detunings, respectively.

The system under study is a resonant, life-broadened
three-state A-type atomic system with one upper state
|3) and two lower states |1) and |2), as showed in Fig. 1.
A pulsed probe field (with pulse width 7) of the cen-
ter frequency wp/(27) couples to the transition |1) — |3)
and a control field of the frequency w./(27) couples to the
transition |2) — |3), respectively. The electric field of the
system can be written as E = El:p, . e &eilkiz—wit) e e
where €;(&;) is the unit polarization vector (envelope)
of {th component and k; = w;/c is the corresponding
wavevector. For simplicity, we have assumed that both
fields propagate along z-axis. The half Rabi frequencies
of the probe and control fields are respectively defined as
2, = (ep-P13)Ep/(2h) and 2. = (ec - p23)Ec/(2h), where
p;; is the electric-dipole matrix element associated with
the transition from |é) to |j). In interaction picture and
under rotating-wave and slowly-varying envelope approx-
imations, equations of motion for atoms and the electric
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field read
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where p;; (i, = 1, 2, 3) are density matrix elements
and da1 = Ag + iy21, d31 = Az +iy31, and dzz =

(Ag — Ag) + iyse. Here A = wp — (w3 — wy) and
Ay = wp —we— (w2 —w1) are the one- and two-photon de-
tunings. v;; = (Fi—f—Fj)/Q—I—’yffl with I =37, Iy Iy
denotes the spontaneous emission decay rate from |j) to
|i) and 'yfj‘?l denotes the dephasing rate reflecting the loss
of phase coherence between |i) and |j) without changing
of population, as might occur due to elastic collisions.
The coupling constants kp. = Nawp c|P13,23*/(20ch)
with N, being the atomic concentration. Our calcula-
tions will include the dynamics of the control field, which
becomes especially important when the intensity of the
probe pulse is not weak, as shown in Ref. [11].

From the results shown in Refs.[10,12], from the
Maxwell-Bloch (MB) Eq. (1) one can derive a nonlinear
Schrédinger (NLS) equation for (2, if 2. is strong and
constant. In this case, one can obtain analytical solu-
tions of ultraslow optical solitons valid for ant time ¢.
However, in order to store and retrieve an intense probe
pulse one must manipulate (2., i.e. (2. must be time-
dependent. In this situation, an analytical solution of
the problem is not available, and hence we resort to a
numerical approach.

As is known!!l| it is possible to store and retrieve a lin-
ear probe pulse by switching off and on the control field.
When the control field is switched off, the group velocity
of the probe pulse reduces to zero. The probe pulse is
absorbed by atoms and gets stored inside the medium
in the form of atomic coherence. When the control field
is switched on, one can retrieve the stored probe pulse.
The storage time depends mainly on the life-time of the
atomic coherence. The switching off and on the control
field can be modeled by the combination of two tangent
functions with the form

2:(¢,0) = % 2 — tanh /7 = Torr)
o

+ tanh 705/7_ ; Ton) , (2)

where Tog and T,y represent the times of switching off
and on the control field, respectively.

In this work, we use the time-dependent (2. given
by Eq.(2) to explore the storage and retrieval of non-
linear probe pules by numerically simulating the MB
Eq.(1). Shown in panels (a)—(c) of Fig.2 is the result
of the storage and retrieval of a dimensionless nonlinear
probe pulse |2,7| with different intensities as functions
of z and t. The time evolution of |{2.7] is also given.
In the simulation, we take practical parameters related
to cold 8" Rb atoms as 37 = 1.76, 727 = 1.0 x 1074,
Aot = 0.2, Az = 1.15 x 10%, 207 = 40.0, 2,07 = 2.8,
and k7 = 1.0 x 103 em™!, with 7 = 1.0 x 10~7 s. For
the £2.(0,t), we assume Tog/7 = 12.0 and To, /7 = 24.0.
The waveshape of the input probe pulse is taken as a hy-
perbolic secant one, i.e. §2,(0,t) = 20sech(t/7). Lines
from 1 to 5 in panels (a) and (b) are respectively for
z=20,7.5,15,22.5, and 30 cm; lines from 1 to 6 in panel
(c) are respectively for z = 9, 13.5, 18, 22.5, 27, and 30
cm.

From the figure, we obtain the following conclusions.
(i) For weak probe pulse (Fig.2(a)) where 2,(0,t) =
2.8sech(t/7), the medium is dispersion-dominant. The
retrieved probe pulse suffers a significant distortion.
(ii) For intermediate probe pulse (Fig.2(b)) where
2,(0,t) = 20.0sech(t/7), the retrieved probe pulse has
nearly the same shape with the one before the stor-
age. The physical reason of the shape-preservation of
the probe pulse before and after the storage is due to
a balance between dispersion and nonlinearity of the
system. In this case, the probe pulse forms a ultraslow
optical soliton which is rather stable during propaga-
tion. The storage time of the soliton shown is about
1.2 ps. (iii) For strong probe pulse (Fig.2(c)) where
2,(0,t) = 28.0sech(t/7), the medium is nonlinearity-
dominant. In this situation, the amplitude (width) of
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Fig. 2. (Color online) Storage and retrieval of dimension-
less probe pulse |§2,7| with different intensities as func-
tions of z and ¢. The time evolution of |2.7| is also
shown. (a) §2,(0,t) = 2.8sech(t/7) (weak probe field);
(b) 2,(0,¢) = 20.0sech(t/7) (intermediate probe field); (c)
2,(0,t) = 28.0sech(t/7) (strong probe field). Lines from 1 to
5 in panels (a) and (b) correspond to z = 0, 7.5, 15, 22.5, and
30 cm, respectively. Lines from 1 to 6 in panel (¢) correspond
to z = 9, 13.5, 18, 22.5, 27, and 30 cm, respectively. The
parameters are given in the text.
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the retrieved pulse is much larger (narrower) than that
of the one before storage, and hence the retrieved pulse
displays also a significant distortion.

Figures 3(a)—(c) show the evolution of the atomic co-
herence p12. The initial probe pulses used in each panels
are the same as those used in Fig.2. Since the probe
pulse is stored in the form of atomic coherence when the
control field is switched off and retained until the control
field is switched on again, the atomic coherence can be
treated as an intermediary for storage and retrieval of the
probe pulse. From this figure, we see that the shape of
p12 is similar with that of the probe pulse in each panels
when the control field is switched on, and retains a con-
stant value when the control field is switched off.

Now we give a simple explanation on the above numeri-
cal results analytically. When the control field is switched

on, Eq. (1) can be reduced to the NLS equation:*?
OF Ky d*F )
= 227 WIF’F =
9 "2 e WIEPE=0 )

where F' is the envelope function of the probe pulse, i.e.
2, = FellK@z= with the linear dispersion relation
K(w) = w/c+r(w+d21)/[|2:|* = (w+dz1) (w+ds1)]. Here
Ky = [0?°K (w)/0w?]|w=0 is the dispersion coefficient and
W is the nonlinearity coefficient with its explicit expres-
sion given in Ref. [12]. For the EIT system the imaginary
part of the coefficients is much less than their real part,
and hence the Eq.(3) admits a single soliton solution.
When the control field is switched off, the probe pulse is
nearly zero. Therefore, the solution can be approximated
as

Ao gsech {1 (t — i)] eilKo—Ka/(279)]z
w

T T Ve
for ¢t < Tog
2,=20, for Tog <t<Ton
Bo K2 o F <t _ i)} oilR0—Ra/ (7).
T W T Ve
for t>T,,

(4)

where V; = 1/K; is the group velocity of the probe pulse,
which is about 6.5 x 107%¢. Thus the optical solitons
before the storage and the retrieval are ultraslowly prop-
agating ones. In Eq. (4), the tilde denotes the real part
of the corresponding quantity, K1 = [0K(w)/0w]|w=0,
Ky = K(w)|w=0, 4o and By are constants depending on
initial condition.

In conclusion, we have investigated the propagation
of intense probe pulses in a lifetime broadened A-type
three-level atomic system with a configuration of EIT.
We have found that ultraslow optical solitons formed
by the balance between dispersion and nonlinearity can
be stored and retrieved in the system by switching off
and on a control field. Because their robust character,
the storage and retrieval of the ultraslow optical solitons

may have potential applications in optical and quantum
information processing.
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Fig. 3. (Color online) Atomic coherence pi2 as functions of
distance z and time t. Initial probe pulses used in each pan-
els are the same as those used in Fig. 2. Lines from 1 to 5 in
panels (a) and (b) are respectively for z = 0, 7.5, 15, 22.5,
and 30 cm. Lines from 1 to 6 in panel (c) are respectively
for z =9, 13.5, 18, 22.5, 27, and 30 cm. The parameters are
given in the text.
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