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Storage and retrieval of light pulses at moderate powers
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We investigate whether it is possible to store and retrieve an intense probe pulse using a medium that can be
modeled as a set of atoms with the relevant energy levels éonfiguration. We demonstrate that it is indeed
possible to store and retrieve the probe pulses that are not necessarily weak. We find that the retrieved pulse
remains a replica of the original pulse, although there is overall broadening and loss of the intensity. The loss
of intensity can be understood in terms of the dependence of absorption on the intensity of the probe. Our
calculations include the dynamics of the control field, which becomes especially important as the intensity of
the probe pulse increases. We use the adiabatic theory of @tcadde[Phys. Rev. Lett73, 3183(1994] to
understand our numerical results on the storage and retrieval of light pulses at moderate powers.
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I. INTRODUCTION Ep(z,t)=5p(z,t) g i(eat=ki2) 4 ¢ (1)
Electromagnetically induced transparen®&IT) [1] con-
tinues to lead to newer applications in optical physics. It wa

shown how EIT can lead to ultraslow ligi2—6]. There are
proposals where EIT and other ideas are used to produce . R _

light with zero group velocity[7—15]. Fleischhauer and Ed(zt)=E(zt) e '(v27? + ¢, 2
Lukin [11] introduced the idea of a dark state polariton

which is a combination of atomic coherence and the probavill act as a control on the propagation of the probe pulse.
pulse. The relative weightage of the dark state polariton deWWe assume a medium whose atomic transitions are as shown
pends on the temporal shape of the control field. On switchin Fig. 1. The probe pulse is tuned close to the transition
ing off the control field, the polariton prominently has atomic |1)«<|3). The control field is tuned to the transition
character. On switching on the control field, the polariton|1)«—|2). We further assume that the staf@$ and|3) are
starts acquiring the field character that eventually dominategnetastable states. We work with the density-matrix equations
The storage and retrieval of weak pulses thus become po#er the medium as we fully take into account the radiative
sible. Matskoet al. [14] extended this analysis to consider decay of the excited state. For the case when the fields are in
the storage and retrieval for nonadiabatic switching of theesonance with their respective transitions, the density-
control field. Further generalizations to include the detuninggnatrix equations are

of the probe and pump fields have appedr&sl. Previous .

works[9,11-15 on this problem have been carried out in the p,,=—2(vi+y2)p, TiGp, Tigp, — iG*plZ— ig*p13,

linear regime, i.e., where the probe pulse is much weaker

than the control field. The natural question then is: whether it

§-|ere<‘?p is the slowly varying envelope of the probe field. We
assume that a pump pulse defined by

N _ . * s
is still possible to store and retrieve an intense probe pulse. Py~ 2720, F1G™p ~1Gp,,
Here, the nonlinearity of the medium with respect to the
probe pulse amplitude becomes quite significant and this plzz_[71+ 'yz]p12+iGp22+igp32—iGpll, (©)]

might lead to the distortion in the pulses. In this paper, we

address this question by characterizing the probe pulse . ) . i
propagation for different types of pulses in a medium that p=~Lyat vl +iGp, Figp, —igp
can be modeled as an ensemble of atoms with the relevant
energy levels inA configuration. The paper is organized as
follows: In Sec. Il, we present the Maxwell-Bloch equations
governing the propagation dynamics of optical pulses at

TP
Py 1GT P =19p,,

moderate power. In Sec. I, we present the results obtained K I1>
by numerical solutions of the relevant Maxwell-Bloch equa- 27,
tions. We include the radiative decay of the atoms as well as __~ Control
the dynamical evolution of the control field. In Sec. IV, we ; g'e'(i’)

s 2

describe how the adiabatic theory of Gradteal.[17] can be
used for understanding the storage and retrieval of probe

pulses at moderate power. 2>

II. DYNAMICS OF PULSE PROPAGATION

Consider the propagation of a pulealled probg¢defined FIG. 1. Three-levelA-type medium resonantly coupled to a
by the electric field control field with Rabi frequency @ and probe field 3.
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FIG. 2. The probe field intensity in the medium is plotted against retarded time at different propagation distances within the(@edium
and(c) show the probe pulse propagation with nondiminishing amplitude, for small intenglifiemd (d) depict the broadening and loss of
intensity in the case of an intense probe pulse. In all the cases, the control field is taken as a G Bifl6y.

Here 2y, (27v,) is the rate of decay of the statd) to
|3)(]2)). The Rabi frequencieszand 2G are defined by

where&ij is the dipole-matrix element. The induced polar-

2d15-&,

e (4
2d,- &

o 5)

ization, say at the frequency,, is given in terms of the

density-matrix elemenps:

P=Ndj3013,

whereN is the density of the medium. It should be borne in
mind thatg and G are dependent on both space and timeand the wavelength of the atomic transitiong=\;,=A\.

(6)

coordinates. Therefore, the polarizatiénis also a slowly
varying function of both space and time coordinates. We can
now obtain the equations for the propagation of both probe
and control pulses. We work in the slowly varying envelope
approximation to obtain the temporal and spatial evolution of
the pulses. On converting the equations for the Rabi frequen-

cies, we obtain
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where 7 is the coupling constant

Jg N g

gz " act P

G 96 _ ,

27 T et Py (7)
7=3\2Ny/87, (8)
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0.015 T - T any significant absorption and broadening inside the me-
Vo T dium. Figures ) and Zd) show that the intense probe
Vol g=oay ": / pulse suffers absorption and broadening. This is one of our
\Aboe=0s 1 key results. The shape of the pulse remains almost identical
= I Car—-g=tey ) | y res P P :
= 0.010 VA e=1sy ; to the input pulse. This behavior of the intense probe pulse
E \ \\‘\ il can be explained using the form of steady-state probe ab-
2 \'\ ! i sorption spectra. In Fig. 3, we show the behavior of the
= 0.005 | A I.’/ | probe absorption as a function of the probe detuning when
E \‘\ i the control field is on resonance. It is clear from Fig. 3 that
N i an increase of the probe field intensity results in the in-
Y ,,//,/ creased absorption of the probe for a given frequency in the
0.000 - W - neighborhood of the frequency satisfying the two-photon
-2 -1 0 1 2 resonance condition. Note that the width of the transparency
(")1_(')13)/7

window depends on the intensities of the control and probe
FIG. 3. Imaginary part of susceptibilifyy_#c/NA|dyd?] as a fields. For a fixed intensity of the control field, the width of

. . 13 . the transparency window becomes smaller when the probe
function of probe frequency, in the presence of a cw control field . . L .. .

i _ : , field intensity is increased. Note that the condition for distor-
with G=3.16y. The width of the transparency window decreasest. | | tion is that th tral width of th
with increase in the intensity of the probe field. loniess pulse propagation 1S - a e. spec ral wi of the

probe pulse should be contained within the transparency
window of the medium. If the pulse becomes too short, or its
For simplicity we will assume the same coupling constant forSPECtrum too broad relative to the transparency window of
the two transitions. The solutions of Eq8) and(7) give the ~ the medium, absorption and also the higher order dispersion
complete evolution of the atom-field system. The analytica’®€d t0 be taken into account. The dispersion of the medium
solutions of the Maxwell-Bloch equations are not known ex-2/S0 causes the distortion of the probe pulse.
cept under very special conditiofs6]. Therefore, we study

the pulse-propagation problem numerically. B. Storage and retrieval of electromagnetic fields
at moderate powers
ll. NUMERICAL SIMULATIONS Fleischhauer and Lukifil1] showed that it is possible to
. . . store and retrieve weak pulses of the electromagnetic radia-
A. Pulse propagation: Effect of nonlinearities

tion by using atomic coherences. They demonstrated how a
We solve the propagation problem numerically for a ho-control pulse and a probe pulse create atomic coherence and

mogeneously broadened gas of cold atoms. We will use ththat by slowly switching off the control pulse, the probe

traveling coordinatesir=t—z/c and {=z. We consider pulse disappears and gets stored in the form of atomic coher-

propagation of the probe pulse with two different shapesence. Switching on the control field can retrieve the stored

namely, a Gaussian pulse probe pulse. The smooth switch off and on of the control
field is made possible by gradually varying the intensity of

9(0,7)=g% [~ 7o)/ ]2 9 f[he control field with respect to f[ime. Therefore, the switch-

ing off and on of the control field can be modeled by a

super-Gaussian shape given by

and a combination of Sech pulses

G(0,7) =G 1—e [(T=m/0" "], (11)

0 — TO) |{ T Tl” where the parameter determines how the pulse is switched
sec +fsec . 10
9 VG o o (10 on. Fora=4 (100), we will have adiabatitnonadiabatig

switching. Figure &) shows the adiabatic switching of the
Here,g° is a real constant characterizing the peak amplitudeontrol field. Switching off of the control field can give rise

of the Rabi frequency before the pulse enters the homogae the absorption of the probe pulse when the entire probe
neous atomic mediumy is the temporal width of the input pulse is inside the medium. The group velocity of the probe
pulse andr;(i=0,1) gives the location of the peaks. All the pulse is reduced to zero and its propagation is stopped by
atoms are initially in the state) and thusps3(£,0)=1 with  switching off the control field. The stored probe pulse can be
all other density-matrix elements equal to zero. retrieved by switching on the control field. The time differ-
In order to appreciate the effect of nonlinearities due toence between switching off and on is dependent on the life-
the moderate power of the probe pulse, we first consider thtme of the atomic coherence between the stg2esand|3).
control field as a continuous wavdcw): G(0,y7) As seen from Figs. @) and 4d), for weaker probe pulse, the
= constart(G/y)2=10]. We work under the condition of shape of the retrieved pulse is the same as the original one
EIT, i.e., w1— wy= w3~ wq. Figures 2a) and 2Zb) [2(c) because the width of the probe pulse spectrum is very much
and 2d)] display the propagation of a Gaussian pulSech less than the width of the EIT window. Therefore, almost
combination pulsgthrough the medium. From Figs(&2 and  perfect storage and retrieval of light is possible by adiabatic
2(c), we see that the weak probe pulse propagates withowwitching of the control field as pointed out by Fleischhauer
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FIG. 4. (a) Shows the intensity of the control field as a function of retarded time at the entry surface of the mediaf. &witching
mode of the super-Gaussian control field is adiabatic. The frdmesmd(d) show the time evolution of the weaker probe pulse at different
propagation distances; and the frantelsand (e) depict the temporal profile of the intense probe pulse at different propagation distances.
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. 5. (a—(d) show the temporal profile of atomic cohereneg@s, against retarded time at different propagation distances.

et al. [11]. When the probe field intensity is large, we ob- ample, forz¢/y=3200 andyr<550, the negligible amount
serve from Figs. &) and 4e) that the retrieved probe pulse of coherence leads to very little pulse power. Similar obser-
suffers absorption as well as broadening because of a navations apply to the storage and retrieval of pulses at higher
rowing of the width of the EIT window. Remarkably, the powers. On comparison of Figs(eb [Fig. 5(c)] with 5(b)
probe pulse can be retrieved even for a probe that is ndFig. 5d)], we find that the generated atomic coherepgge
necessarily weak. Figure 5 shows the behavior of the atomiis much more significant for larger values of the intensity of
coherenceps, as a function of retarded time at different dis- the probe.

tances. The switching off of the control field gives rise to a

probe pulse that is stored inside the medium in the form of

atomic coherencep;,. The atomic coherence retains the

C. Nonadiabatic results
value that it attains before switching off. The atomic coher-

Matskoet al.[14] have shown that for any switching time
ence starts generating the replica of the probe pulse at thef the control field, an almost perfect storage and retrieval of
moment the control field is switched on. Therefore, thethe weak probe pulse is possible. We have found that their
atomic coherence is responsible for storage and retrieval aksults can be extended to probe pulses with moderate pow-
the probe pulse. In the presence of the control field, the temers. We show the results in Fig. 6 for an intense probe pulse
poral shape of the atomic coherengg is same as the shape and nonadiabatic switching of the control field. For both
of the input probe pulse. A comparison of Figghand §a)  adiabatic and nonadiabatic switching, the retrieved intense
shows very close connection between the probe pulse at difrobe pulse is the same as the original one. However, there is
ferent points in the medium and atomic coherence. For exa overall broadening and loss in the intensity of the retrieved
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even for nonadiabatic switching of the control field. Nonadiabatic
switching is shown in the insetb) Drop in the intensity ratio of the
probe retrieved to the input pulse as a function of the input probe FiG. 7. (a), (b) Show temporal profiles of the controG(y)2
intensity for the case of nonadiabatic switching of the control field; 5nq probe field ¢/ y)? at different propagation distances within the
lout is measured ay{/y=3200 andyr=1000. medium. Temporal shape o¥/(y)? as shown in the inset does not
depend ort. In (a) the input control field is a cw. litb) the input
probe pulse. We show in Fig(i§) the drop in the intensity of contro,l field is a super-Gaussian shape with parameters75/y
the output pulse as the intensity of the input pulse increase&nd’ =200%. Jhe common parameters of the above two graphs
are chosen a&”=3.16y, g°=1.414y, 7,=200/y, and o=90/y.
The results of simulations using Maxwell-Bloch equations are in-
D. Dynamical evolution of the control field distinguishable from the results based on the adiabatic theory.

Retarded time yt

Tthetdyﬂam't%al .e"tO'”t'.‘t’.” of ;htf] Comrct" f'leld gecort?esf."lrg IV. ADIABATIC THEORY OF GROBE, HIOE, AND EBERLY
portant wnen e intensities o € control and prope tields AND ITS RELATION TO LIGHT STORAGE

are comparable. Figure 7 depicts time evolution of the con-
trol field at different distances. It is evident from this figure  In a remarkable paper Grole al. [17] discovered pulse
that a dip and a bump develop in the amplitude of the contropair solutions that they called as adiabatons. These are the
field as it propagates through the medium. The shape of thpulse pairs that are generated i asystem under conditions
bump and dip in the control field depends on the initial shapef adiabaticity. We show the deep connection of the problem
of the probe pulse at the entry of the medium. The changes iof storage and retrieval of pulses to the adiabatic theory. The
the control field are quite significant. Even for the cw controlcontrol field is switched on before the probe field. This is to
field, the output control field is a combination of both cw andkeep the system in the dark state, which is an essential con-
a pulse. dition for the formation of the adiabatic pulse pair. Under
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conditions of negligible damping, Grots al. [27] find that e \/[goze‘z(”‘ “”0)2/(7")2+G°2]
the response of the medium can be very well approximated g(—,VT) = _
by the solutions Y Vg0 20 y70- yni1e®)2H(r0)? | 507
i 99 x gle~ (17 1% (y0)?,
P13 (VFERVIE
i d(G — y7|= GO
plzmvﬁ—T(v), (12) Y 7 \/[goze—zwr—yro—wg/eoz)z/(w>2+ Goz]
t=T. (17
gG
Ps== "2 For the case when the control field is taken as a super-

Gaussian pulse and the probe field is taken as a Gaussian
whereV?=(G?+g?). The approximate solutiofi2) holds  pulse, itis not possible to evaluate the functianalytically.
provided the following adiabaticity condition is satisfied by In Fig. 7, the solution of Eqst14) for both these cases is
the two fields: superimposed on the numerical results obtained from the
density-matrix equations. It is remarkable that the solution of
Egs. (14) obtained under the adiabatic approximation
matches extremely well with the numerical solution of the
complete set of density-matrix equations. As shown in Fig. 5,
By inserting solutior(12) into the Maxwell equationé7), we  the adiabatic approximation for the atomic coherepggof

le
G——g—T<V3. (13

obtain a pair of coupled nonlinear wave equations the Eq.(12) is also indistinguishable from the result obtained
from the density-matrix equation&8]. It is evident from the
‘9_9: _m i 9) temporal profiles of the control and probe fields at different
al Vaor\V)’ propagation distances that a dip and a bump develop in the

control field intensity as it propagates through the medium.
Figure 7 confirms unambiguously that the adiabatic pair
pulse(consisting of the dip in the pump and the broadened
probe travels loss-free distances that exceed the weak probe
This pair of one-dimensional partial differential equationsabsorption lengththere typical value ofpZ/y=2400) by
are nonlinearly coupled through the variableWith the help  several orders of magnitude with an unaltered shape. In prin-
of Egs.(14), one can easily show thatdoes not depend on ciple, V could have both space and time dependences. Within
the space variable, i.€/, during the propagatiorV/ satisfies  the adiabatic approximatio¥, does not depend on the space
the relation coordinate as shown in the inset of Fig. 7. From Fig. 7, it is
very much clear that the temporal shapé/alepends on the
’7_5 T) =V(0,y7) (15) input shape of the control and probe fields and it propagates
Y Rt inside the medium with unaltered shape. To kdegonstant

in the space domain, any change in the temporal shape of the

Thus the conservation law would imply that any change inconirol field is compensated by a change in the temporal
the probe field is compensated by a corresponding change ehane of the probe field. Wher? and the control field are

the control field forV to remain independent of the spatial zero, then the probe field is also zero that suggests that the
coordinates. The input fields determine the temporal shape (H

X ) ) robe field gets stored inside the medium. The retrieved
V. Analytical solution of Eqs(14) can be obtained by chang- ,ope pulse that is a replica of the input probe pulse is a part

ing the variabler to z(y7)=(1/y?) [ Y.V*(0,y7)d(y7): of the adiabatic-pulse pair. The numerical results on the stor-
age and retrieval of light obtained from density-matrix for-
malism match extremely well with those obtained from the
adiabatic approximation. Clearly, the propagation of the
pulse pair in adiabatic approximation is quite important for
2(y7)— 77_5} (16) understanding the storage and retrieval of light.

G nd

Frat (14)

\Y

g

%gw) =V(0,y7)Fg| z(y7)— %g

G(%g,w') =V(0,y7)F¢g
whereF [x]=g(0,z"*(x))/V(0,z" }(x)) andz™*(x) denotes V- CONCLUSIONS
the inverse function oz. We have chosen the initial fields We have investigated the possibility of storage and re-
strong enough to ensure the formation of an adiabatic pulstieval of moderately intense probe pulses in a system with
pair. The input fieldsg and G are chosen such that is  relevant atomic transition in A configuration. We integrate
constant after a certain time Therefore, forr=T, the in-  numerically the full set of the density-matrix equations and
tegralz(y7) can be analytically performed. For a cw control the Maxwell equations for both control and probe fields. The
field and a Gaussian probe pulse, we find the explicit resultsumerical results show that the storage and retrieval of probe
for the probe and control fields: pulses with moderate powers are possible. The dynamical
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evolution of the control field is important. It may be worth However the absorption and broadening are not very signifi-
noting that a cw control field becomes pulsed due to its coueant. This behavior is explained in terms of the narrowing of
pling to the probe pulse via the atomic polarization. We findthe EIT window as the power of the probe increases. We
that even though the storage and retrieval at larger powerfsirther show how the theory of Grolet al. [17] enables us
are possible, the probe field gets absorbed and broadendd.understand the storage and retrieval of pulses.
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