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Abstract—The spatiotempora propagation dynamics of aweak probe pulse in an optically dense medium of
three-level atoms is studied in the adiabatic approximation under conditions of electromagnetically induced
transparency. The atomic coherence induced at the dipole-forbidden transitions is found to be spatially local-
ized. This effect is used for the analysis of the reversible writing (reading) of short optical pulses. The method
of pulsetime reversal is suggested. © 2002 MAIK “ Nauka/Interperiodica” .
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1. The phenomenon of electromagnetically induced
transparency (EIT) is caused by quantum interference.
It renders an absorbing medium transparent to the
probe resonance radiation in the presence of a control
coherent field interacting with the adjacent transition.
This effect was predicted and experimentally imple-
mented back in the late 1960s and early 1970s (nonlin-
ear interference effect; see, e.q., [1, 2]). At present, the
EIT effect is being extensively studied and widely
developed, e.g., in the context of lasing without
inversion [3], nonlinear optics, including the inter-
acting radiations with energy corresponding to sev-
eral photons (“one photon for one atom”) [4, 5], sub-
femtosecond pulse generation [6], atomic coherence
control [3, 7], etc.

EIT givesrise to unusual propagation laws for reso-
nant pulses in a medium: matched pulses [8, 9], field-
dressed pulses [10], and adiabatons [11] propagating
without absorption and changing their shape at a dis-
tance exceeding linear absorption length by several
orders of magnitude (see also [12-15]). EIT aso leads
to agiant (by 107 times or more) decrease in the group
velocity of an optical pulse (“slow light”). In recent
experiments, ultraslow propagation was observed inthe
Bose-Einstein condensate of sodium atoms (~17 m/s
[16] and ~1 m/s[17]), in ruby vapor (~90 m/s[18] and
~8m/s[19]), andinaPr:Y,SiO; crystal (~45 m/s[20]).

Moreover, the optical pulse can be “stopped” [21]
(dynamic EIT); the possibility of obtaining negative
group velocity has also been the subject of discussion
[22]. At low velocities (tens of m/s and lower), the
probe pulse is spatially compressed and localized in a
medium. Based on this fact, the authors of [23] sug-
gested and experimentally demonstrated a method of
writing, storing, and reconstructing (reading) optical

pulses in ruby vapor in the situation where the pulse
switching-on and switching-off times are much longer
than the lifetime of the intermediate state. In [24], this
ideawas implemented in the Bose—Einstein condensate
of sodium atoms.

In this work, the possibility of writing, storing, and
reading light is considered for the case where the pulse
duration is shorter than all relaxation timesin amedium
(short pulses). It is not assumed from the outset that the
signal pulseisspatially localized. We consider the case
where the propagation of a weak probe (signal) pulse
with frequency w, in a three-level optically dense
medium occurs in the presence of a strong control
(write) pulse with frequency w, resonant with the fre-
quency of an adjacent |2[3{10transition (Fig. 1). The
lower state |OCis the atomic ground state and state |200s
metastable. The pulses are assumed to be plane waves
Ep, c = V2E, cexp[-i(w, .t — K, c2)] + c.c. propagating
in one direction along the z axis (k;, . are the moduli of
wavevectors of the probe and control pulse, respec-
tively). The intensity of the probe pulse is much lower
than the intensity of the control pulse and has virtually
no effect on the population of levels with which the
pulse interacts. At the medium input, the pulses may
have various shapes, but their duration satisfies the con-
dition T, > T, where T; and T, are the durations of the
control and probe pulse, respectively.

In this work, the spatiotempora evolution of the
probe pulse and atomic (Raman) coherence induced at
the [O[H2O transition in an opticaly dense medium
under EIT conditionsis analyzed. The spatial localiza-
tion of atomic coherence is demonstrated and, on this
basis, the possibility of writing, storing, and reading
optical pulses through their transformation into atomic
coherence and vice versais considered.
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2. We first consider the spatiotemporal evolution of
atomic coherence under EIT conditions. The interac-
tion of optical fields with athree-level quantum system
is described by the standard system of Maxwell-Bloch
equations, which is solved self-consistently. To thefirst
order in probe field G,, it has the following form in the
coordinate system with local timet =t —Z/c:

0 .
%) = i1(Gppo + Gcpo),

op 0G @)
PO i P
01 1GePo
Here, p;; and d; are nondiagonal elements of the density
matrix and the dipole transition moment, respectively;
2G,, = dyoEy(1)% and 2G, = dy,E.() are the Rabi fre-
quencies; K, = (Twy,N|d,|%/c) is the propagation con-
stant; and N is the atomic concentration.

The system of Egs. (1) iswritten on the assumption
that the pulse carrier frequencies are resonant with the
corresponding atomic transitions. At the instant the
fields are switched on, all atoms are in the ground state
|0C(po = 1 and p, ,= 0, wherep, ; , arethe populations
of corresponding levels), and the pulse durations satisfy

the following conditions: T, < Mo, To < Ty, Fio >
I (M40 @nd Iy are, respectively, the halfwidths of the
|1[HO0Cand [2[30transitions), T, > T, and the adiaba-
ticity condition G{ T, > 1 (see, eg., [25]).

We will assume hereafter that the Rabi frequency G,
of the control pulseis a given time-dependent function
and that it does not depend explicitly on the coordinate z
Numerical calculationswill be carried out with the Gaus-

sian input (2= 0) pulses G,(t) = G, exp(-In2tZ/2T% ) and
G(t) = Ggexp(Hn2tZ2T2) (G) < GY).

In the adiabatic approximation (with allowance for
the leading nonadiabatic correction to p,g), the solu-
tionsfor p,p and p,, in Egs. (1) can berepresented inthe
form

=i KpplO'

_ Gy1,2 i

0
P = W' P = B0

Gi(r) Ot
By differentiating p,o, with respect to z and using the
third equationin (1), one can obtain the equation for the

spatial evolution of the nondiagonal density matrix ele-
ments Poy:

)

0Pz + Gi(T) 0Pz

ot Kp 0z

When deriving Eq. (3), it was assumed that G isareal
guantity and that it does not depend explicitly on z. The

parameter Gi /K, has the meaning of the coherence
(p20) propagation velocity in a medium. The boundary

= 0. 3)
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Fig. 1. Scheme of atomic levels and the configuration of
interacting optical pulses at the medium input z= 0.

Fig. 2. Time dependences of (a) atomic coherence pyg and
(b) normalized Rabi frequency g, = G, T, of the probe field
at different points of the medium. Gg Tp,=10and TJT, =

10. Time is measured in units of probe pulse duration and
length isin units of linear absorption length.

condition is written as pgo = Px(T,2=0) =-Gy(1, 2=
0)/G(1).

Equation (3) can be solved, e.g., by the method of
characteristics. The solution has the form

Px(T, 2) = p(Z (Z() -2), @)

-1

where Z(1) = K
the function Z(1).

The spatiotemporal evolution of atomic coherence
P2 and probe pulse g, = G,T,, isillustrated in Fig. 2.
One can see that, as the pulse propagates through the

medium, it decelerates and its energy gradually
decreases because of the energy transfer to the control

G(1')dt' and Z* isthe inverse of

—o0
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Fig. 3. (a) Signal (Gp), write (Gy), and read (G;,) pulses at
the medium input z= 0. (b) Writing (circled figure 1) of the
signal pulse Gy and (circled figure 2) itsreading by the pulse
G;. . Conditions asin Fig. 2.

pulse. The coherence described by the nondiagonal ele-
ment p, of the density matrix is spatially localized and
its spatial profileissimilar to the shape of theinput sig-
nal pulse. This can also be considered as a pulse-
induced phase grating in the medium. A comparison of
the numerical results for p,, with the data obtained
using Eq. (4) shows that the agreement is good.

The results obtained have a certain relevance to the
predictions of [21] but present the problem in a differ-
ent aspect. The difference is that, first, we consider
short pulses with duration shorter than the medium
relaxation time. Second, what is more important, the
boundary conditions are specified. With such an
approach, it is not assumed from the outset that the
probe pulseis spatialy localized in the medium, aswas
donein [21], where the spatial distribution of the probe
pulse in a medium was specified at zero time. By con-
trast, we specify the pulse time distribution at the
boundary z=0, i.e., solve the boundary-val ue problem.
In our opinion, this formulation of the problem is more
natural and allows one to trace the pulse deceleration
and the spatial localization of atomic coherence.

3. The spatial distribution of atomic coherencein a
medium contains information on the probe pulse. This
can be used for writing and storing the probe optical
pulse in a medium followed by its reading. The term
“writing” implies the conversion of a probe (signal)

Fig. 4. Double readout of awritten pulse. (&) Signal (Gp),
write (G), and read (G, ) pulses at the medium input z=0.

(b) Time dependences of the signal pulse G, in the course

of (circled figure 1) writing and (circled figures 2 and 3)
reading at different points of the medium. Condition are as
inFig. 2.

pulse into the atomic coherence p,, Whose lifetime is
determined by its relaxation time and can be aslong as
severa milliseconds or longer. If a“read” optical pulse
isfed into the medium with atime delay relative to the
control pulse, the output pulse will arise as a result of
read pulse scattering by the atomic coherence; i.e., the
atomic coherence converts back into light (reading pro-
cess).

The properties of the reconstructed pulse depend on
the read pulse. In the case when the read pulseisiden-
tical with the control (write) pulse and propagatesin the
same direction, the reconstructed (red) pulse will bethe
exact copy of the signal pulse, asillustrated in Fig. 3.
During the atomic coherence lifetime, reading can be
performed repeatedly (see Fig. 4). The curvesin Fig. 4
were calculated numerically using Egs. (1), where G,
and G, imply the red (reconstructed) and read pulses,
respectively. The initial and boundary conditions were
takenintheform G, =0, G, = G, = G(1) at the bound-
ary z= 0, and p, = Py(2) at the instant of time 1, cor-
responding to the onset of reading.

For the close transition frequencies w,, and w;,, the
written pulse can be reconstructed by sending the read
pulse in the direction opposite to the initial writing
direction. Thereading processis described by the equa-
tionsof type (1), inwhich G, and G, should be regarded
asthe reconstructed and read pul ses, respectively, and T
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Fig. 5. Time-reversal reading. The read and write pulses
propagate in opposite directions. (a) Signal (Gp) and write
(G¢) pulses at the medium input z= 0. (b) Time dependence
of the signal pulse at different points of the medium in the
course of writing (circled figure 1), and the same for the
pulse reconstruction (circled figure 2).

and z should bereplaced by ' =t—Z/cand Z = L — z,
respectively, where L isthe medium length. The bound-
ary conditionsfor fieldsare specified at the output plane
z =L of the medium: the red field is zero, and the write
field reflected from amirror can betaken asaread field.
The initial condition for p,g is specified by the spatial
distribution p,y(T, 2) induced in the course of reading. It
should be written in the 1" and Z coordinates. The result
of reading is demonstrated in Fig. 5. It is worth noting
that the reconstructed pulse is time-inverted; i.e., its
leading and trailing edges are reversed, asis seenin the
figure. The time reversal is caused by the fact that the
information about the pulse leading edge is carried by
the leading (spatial) front of atomic coherence, which
penetrates into the medium deeper than the trailing
front that carries information on the trailing (temporal)
edge of the probe pulse (see Fig. 2b). Evidently, the
pulse portion scattered at the tail of atomic coherence
will escape the medium earlier than the portion scat-
tered at theleading part, because the propagation vel oc-
ity of the reconstructed pulse is lower than that of the
read pulse. Similar results are obtained for the case
TJT, < 10, with the only difference that the coherence
P, islocalized in alarger part of the medium.
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Since the read pul se scattering by atomic coherence
isindependent of the pul se frequency, one can use read
pulses with the carrier frequency w, differing from the
frequency of the control (write) field. In this case, the
frequency of the reconstructed pulse will be shifted to
Ws = 0y — W + 00y

4. In this work, the spatiotemporal evolution of a
weak probe pulse with a duration shorter than all the
relaxation times in a medium has been studied under
conditions of electromagnetically induced transpar-
ency. The atomic (Raman) coherence was shown to be
spatially localized in a medium. Its spatial profile con-
tains information on the signal pulse. These facts were
used to demonstrate the possibility of writing and read-
ing short optical pulses. The results obtained are com-
plementary to theresultsin [21] and extend the range of
their applicability. Various variants of read signal pulse
were considered. It was shown that the pulses can be
time-reversed. Interestingly, the pulses with steep
edges, including rectangular ones, can be used as write
and read pulses. Similar effects also arise in the case
when the signal Rabi frequency is comparable with the
control Rabi frequency, aswell asif the counterintuitive
pulse sequenceis used (the control pulseisswitched on
and off before the signal pulse, and the pulses partially
overlap). These results will be reported in a separate
publication.

Theresults obtained may be of interest for the quan-
tum processing of optical signals and images.
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