
Manipulating the retrieval of stored light pulses

Anil K. Patnaik,* Fam Le Kien, and K. Hakuta
Department of Applied Physics and Chemistry, University of Electro-Communications, Chofu, Tokyo 182-8585, Japan

(Received 25 July 2003; published 18 March 2004)

We consider storage and retrieval of light based on electromagnetically induced transparency in an atomic
medium using nonadiabatic switching of a control field. We derive various conditions for writing(and reading)
the light information to(and from) the atomic coherence. We obtain an analytical solution for the retrieval of
the stored pulse that is in excellent agreement with the full numerical results. We identify the origin of
distortion at the output and derive a condition to correct the distortions by manipulating the retrieval process.
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A weak signal pulse when passes through a three-levelL
system, along with a strong control field, generates a coher-
ence between the ground states of the system that follows the
field evolution under certain conditions. Therefore, if the me-
dium is lossless for the signal, due to electromagnetically
induced transparency(EIT) [1], the ground-state coherence
along the propagation direction of the probe field is a spatial
map of the time evolution of the signal pulse. It has been
demonstrated that this map can be preserved to store the
information of the signal by dynamically turning off the con-
trol field [2–5]. Later, the control field is turned on to beat
with the coherence of the medium, which maps back the
information written in the medium into an output pulse[6]
that resembles the signal pulse shape[2]. It has been dem-
onstrated that the light storage and retrieval is possible by
switching the control field both adiabatically[7] and nonadi-
batically [8,9]. EIT based storage has attracted so much at-
tention due to its potential application to store a quantum
state[6–8], unlike the earlier light storage proposals based
on photon echo[10].

In this Brief Report, we consider the light storage via
nonadiabatic switching of the control field[8] to manipulate
the retrieval process. We obtain an analytical expression for
the retrieved pulse that gives deep insight into the retrieval
process and determines the crucial parameters of the field
and medium that cause distortion in the output pulse shape.
We derive a condition which shows that the best retrieval is
possible if a ramp field is used as the reading control field,
see Fig. 1(b)}.

We consider propagation of a weak probe(signal) pulse
Epsz,td, in the presence of a strong control fieldEcsz,td in-
side a medium consisting of atoms havingL configuration,
shown in Fig. 1(a)}. Here Easz,td=Easz,tdeikaz−ivat+c.c.,
with Easz,td being the slowly varying amplitude of the pulse
envelop andka the propagation constant with central fre-
quencyva; a=p,c refers to the probe and control field, re-
spectively. Both the fields are on resonance with their respec-
tive transitions, see Fig. 1(a)}. Assuming the amplitude and
phase of the fields and that of the medium polarization are

slowly varying, and the fields do not have any transverse
dependence, the Maxwell equations for the Rabi frequencies
Vp=d13Ep/" and Vc=d12Ec/" of the probe and control
fields, respectively, are

c]zVp + ]tVp = ichpr13, s1d

c]zVc + ]tVc = ichcr12. s2d

Here, ]j;] /]j and, hp=kpNd13
2 / s2"e0d and hc

=kcNd12
2 / s2"e0d are the coupling constants that depend on

the atomic densityN, the dipole matrix elementdij . The
induced polarizations of the medium, determined by the
coherencesri j , are obtained from the equationsf8g

]tr12 = − gr12 − iVcsr11 − r22d + iVpr32, s3ad

]tr13 = − gr13 + iVcr23 − iVpsr11 − r33d, s3bd

]tr23 = iVc
*r13 − iVpr21. s3cd

Here we have the spontaneous decaysg1=g2=g /2, equality
taken for simplicity;rii is the population ofuil.

To determine the evolution of the probe field, we make
the following assumptions:uVpu!g and r33<1. Thus the
coherencer12<0, and hence the control field propagation is
unaffected by the medium state. In the presence of the con-
trol field VcÞ0, from Eq.(3c), the coherencer13 has a for-
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FIG. 1. (a) The level diagram of the three levelL scheme under
consideration. Heregi’s are the spontaneous decay rates andVa

represents the Rabi frequency of the control(probe) field with a
→c spd. (b) The amplitude of the writing(reading) control fields
Vc

WsVc
Rd, and the amplitude of input probe pulseVp

W and the re-
trieved signalVp

R. Note thatVc
RÞVc

W for the exact retrieval of the
signal.
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mal solution r13=−si /Vc
*d]tr23, which governs the probe

evolution. Clearly, from Eq.(1), the ground-state coherence
r23 plays a vital role in the evolution process. Substituting
the abover13 into Eq. (3b) and assuming that]tVc is negli-
gible, we get

]t
2r23 + g]tr23 + uVcu2r23 + VpVc

* = 0. s4d

Next we describe the light storage and retrieval process using
the above basic equations. The three phases involved in this
process are writing, storage, and reading of the signal—
denoted as theW, S, andR phase, respectively. We consider
that the control field is abruptly turned off after theW phase
and turned on after theS phase. The probe and control fields
in W and R phases are distinguished by using the notation
Vp→Vp

m andVc→Vc
m, respectively,m→W,R. We consider

that the control field has different values of constant or ex-
tremely slowly varying amplitudes in each phase of the pro-
cess.

W phase: For the probe field to be written to the atomic
coherencer23, the first two terms in the left-hand side of Eq.
(4) should be small, so thatr23~Vp

W. The required conditions
are

Tp @ g/uVc
Wu2, Tp

2 @ 1/uVc
Wu2, s5d

where,Tp is the characteristic width of the probe pulse. Thus,
clearly the ground-state coherence, that becomesr23std
=−Vp

Wstd /Vc
W, can adiabatically follow the evolution of the

probe field, if the conditions in Eq.s5d are satisfied. Un-
der EIT condition, however, the second condition is re-
dundant, becauseuVc

Wu&g and broad pulsessTp@g−1d are
used to limit the spectral width of the probe field within
the transparency window.

Using the abover23, we obtain the evolution equation for
the probe in theW phase asvg]zVp

W+]tVp
W=0. The solution

can be easily evaluated asVp
Wsz,td=Vp

Ws0,t−z/vgd—that is,
the probe pulse inside the medium having group velocity
vg=c/ s1+chp/ uVc

Wu2d. The group velocity is drastically re-
duced inside the medium. The slow group velocity and the
resulting spatial compression of the probe pulse[11] are
critically important for a complete mapping of the signal
pulse onto the coherence. The coherencer23sz,td in the W
phase is calculated using the above solution ofVp

Wsz,td.
S phase: In this phase of the process, the mapped coher-

ence in theW phase is frozen by abruptly turning offVc
W.

Obviously, there is no adiabatic following at the moment of
turning off. OnceVc

W is turned off, we numerically observe
(not presented here) that the probe pulse is absorbed by the
medium, transferring its residual energy back and forth be-
tween the probe and control transitions. However, as the
switching time is too short and probe field is weak, the me-
dium state is almost unchanged and thus the coherencer23 is
frozen at its previous value(i.e., at the value just beforeVc

W

was turned off att= tw)—sayr̃23. We emphasize that such an
approximation is valid only if the probe field is weaksVp

W

!gd, unlike in the adiabatic turning off of the control field,
where even a relatively strong probe field can also be used
[12]. The typical storage timescale is limited by the ground-
state dephasing, which we have neglected in our calculation.

R phase: The signal pulse is retrieved in this phase by
beating the frozen coherencer̃23, with a reading control field
Vc

R. Thus the initial conditions in theR phase arer23= r̃23
andVp

R=0 at t8=0; wheret8= t−stw+ tsd. The equations that
govern the retrieval of the probe pulse are obtained as fol-
lows: from Eq.(4), neglecting]t

2r23 in the R phase we get

]t8r23 = − sVc
R* /gdsVc

Rr23 + Vp
Rd. s6d

Using the above, the evolution equations1d becomes

c]zVp
R + ]t8Vp

R = − schp/gdsVc
Rr23 + Vp

Rd. s7d

The above two coupled equations determine the retrieval of
the stored pulse. To solve, we follow Matskoet al. [8] to
Fourier decompose the spatial components ofVp

R and r23
using the definitionasz,t8d=e−`

` akst8deikzdk. Hereak;Vk,p
R

(and rk,23) correspond to the Fourier transform ofVp
R (and

r23), with k being the Fourier conjugate variable ofz. From
the above definition, Eqs.(6) and(7) for a single component
k reduce to

]t8Xst8d = MXst8d, s8d

where Xst8d=fVk,p
R st8d ,rk,23st8dgT,M =s a11

a21

a12

a22
d, with a11

=−schp+ ikcgd /g ,a12=−chpVc
R/g ,a21=−Vc

R* /g, and a22

=−uVc
Ru2/g. The general solution of the above equation is

Xst8d=C+el+t8c++C−el−t8c−. Here C± are arbitrary con-
stants,l± are the eigenvalues of the matrixM. Assumingk
to be small such thatkcg!chp. Physically this condition
means that the pulse lengthk−1 is much larger than the
linear absorption lengthshp/gd−1. Taylor expandingl±

around the small parametera= ikcg / shpcd<0 and keeping
up to second order ina, the eigenvalues are evaluated as

l+ = − ikc
uVc

Ru2

uVc
Ru2 + chp

− 2k2c2g
uVc

Ru2chp

suVc
Ru2 + chpd3 , s9d

andl−=−suVc
Ru2+chpd /g+Osad. Herel+ is the slow compo-

nent at the output having group velocityvg8=cuVc
Ru2/ schp

+ uVc
Ru2d. Substituting the abovel− in the solutionXst8d, it is

clear that thel− component suffers a large absorption inside
the medium, contributes little to the output field, and hence
is dropped hereafter. Note that, by truncating the series ata2,
we have limited the spatial variation of the field inside the
medium upto]z

2. However, our calculation takes into account
all orders of variation in time, subject to the slowly varying
approximation. The eigenfunctions corresponding tol± are
c±=sf± ,1dT, where f±=−fl±g+ uVc

Ru2g /Vc
R* . The constants

C± in Xst8d are obtained using the initial conditionsVk,p
R =0

and rk,23= r̃k,23 at t8=0. Here r̃k,23 is the spatial Fourier
transform of r̃23 in the S phase, obtained asr̃k,23

=−Ṽk,p
W /Vc

W. Here

Ṽk,p
W =

1

2p
E

0

L

Vp
Ws0,tw − z/vgde−ikzdz s10d

is the value ofVk,p
W at t= tw. Note that the above integration

limits are changed tof0,Lg using an important condition in
theW phase: whenVc

W is turned off att= tw, the whole pulse
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should be present inside the medium. HereL is the length of
the medium.

With these initial conditions, the generated output field is
calculated fromXst8d as

Vk,p
R st8d =

Ṽk,p
W

Vc
W expfl+t8 + ln Ag, s11d

where A=sf+f−d / sf+−f−d. To the second order ina, the
amplitude partA is calculated as

ln A ; lnS Vc
Rchp

chp + uVc
Ru2
D −

ikcgschp − uVc
Ru2d

schp + uVc
Ru2d2

−
k2c2g2

schp + uVc
Ru2d2F2

schp − uVc
Ru2d2

schp + uVc
Ru2d2 − 1G . s12d

Equations11d, along with Eqs.s9d and s12d, determines the
retrieved field for a single Fourier componentk. The evolu-
tion of the retrieved field in the real space can be calculated
by assuming a specific profile for the input signal pulseVp

W.
Equations11d will reduce to the result of Matskoet al. [8]
whenl+ and lnA are considered to their lowest order ink.

Next, we consider a definite input pulse shape, a Gaussian

as input probe, given byVp
Wstd=Vp0

We−st− t0d2/Tp
2
, having its

peakVp0
W at t= t0 and pulse width 2Tp. The probe field inside

the medium in theW phase isVp
Wsz,td=Vp0

We−st− t0−z/vgd2/Tp
2
.

We substitute the above into Eq.(10) and evaluate the
Gaussian integral, which on simplification, we get

Ṽk,p
W =

vgTpVp0
W

2Îp
expF−

k2vg
2Tp

2

4
− ikvgtwG . s13d

The above simplification is obtained by imposing the follow-
ing conditions:L@vgtw,tw@Tp,k,2/svgTpd; here tw= tw
− t0. Here the first two conditions ensure that the whole pulse
is there inside the medium whenVc

W is switched off. The
third condition determines the limit of the maximum value of
Fourier variablek, that validates the assumption of smalla. It
is important to note that, the coefficient ofk2 in Eq. s13d is
associated with the pulse widthTp, and hence, it carries all
the information of the pulse shape modification during the
writing and reading process.

Substituting Eqs.(9), (12), and (13) into Eq. (11) and
transforming back toz space, the retrieved probe pulse is
obtained as

Vp
Rsz,t8d =

Vc
RchpsVp0

W/pst8dd
Vc

Wschp + uVc
Ru2d

expF − st8 − qd2

hTppst8dvg/vg8j
2G ,

s14d

where

pst8d2 = 1 +
8ghpvg8

3t8

uVc
Ru4vg

2Tp
2

+
2g2vg8

2

uVc
Ru4vg

2Tp
2F schp − uVc

Ru2d2 − 4chpuVc
Ru2

schp + uVc
Ru2d2 G ,

q =
z

vg8
−

vg

vg8
tw −

gc

vg8

chp − uVc
Ru2

schp + uVc
Ru2d2 . s15d

Assuming chp@ uVc
mu2, we have vg/vg8<uVc

Wu2/ uVc
Ru2 and

hence

Vp
Rsz,t8d =

Vc
RVp0

W

pst8dVc
WexpF − st8 − qd2

hTppst8duVc
Wu2/uVc

Ru2j2G , s16d

with pst8d2=1+h8guVc
Ru2/ suVc

Wu4Tp
2djht8+g / s4uVc

Ru2dj, and q
=z/vg8−g / uVc

Ru2−suVc
Wu2/ uVc

Ru2dtw. As seen clearly from Eq.
s16d, the amplitude of the generated pulse is increasedsde-
creasedd and pulse width is compressedsbroadenedd when
uVc

Ru. uVc
Wu suVc

Ru, uVc
Wud, which was reported in the experi-

ment of Liu et al. [2]. In Fig. 2, we have plotted both nu-
merical and analytical results ofVp

R for different Vc
R

values—that shows an excellent agreement between the two.
All numerical calculations are performed using Eqs.(1)–(3),
andhc=hp is used for simplicity.

If we drop the second order term containingk2 in Eq.
(11), and with Vc

R=Vc
W=Vc, we getp=1 andq=z/vg−tw.

Thus it would appear as if input signal field is retrieved ex-
actly at the output[8], which is true whenTp→`. However,
from Eq. (16), the probe pulse would experience absorption
and broadening, ifpÞ1—that can happen when 1/Tp

2Þ0.
Thus finite spectral width of the input probe pulse is the
origin of pulseshape distortion in the retrieved output. Such
distortions could be analytically described almost exactly, by
taking into account the second orderk2 correction, as de-
picted in Eq.(16) and Fig. 2(b). From Eq.(16), the generated
pulseVp

R is broadened by the factorpuVc
Wu2/ uVc

Ru2 and has an
elongated tail due to the time dependence ofpst8d, though
numerically the elongation is insignificant. We derive a con-
dition for its correction as

FIG. 2. The storage and retrieval of a Gaussian field. Both nu-
merical and analytical results are shown forVc

R=2Vc
W (a),

Vc
W (b), and 0.7Vc

W (c). Here zhp/c=320, Tp=50/g, Vc
W=g, tw

=300/g, andtw+ ts=600/g. The numerical value of switching time
of the control field is 0.12/g.
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uVc
Ru2 = SuVc

Wu4 +
2g2

Tp
2 +

16g2t82

Tp
4 D1/2

+
4gt8

Tp
2 s17d

by equatingp= uVc
Ru2/ uVc

Wu2. For moderately long pulses used
in the experimentsf2–5g, for Tp=x/g, x@1 stypically x
,10 to 100d. Thus with uVc

Wu,g, s2g2/Tp
2

+16g2t82/Tp
4d, uVc

Wu4. Tayler expanding the first term in
the right-hand side and keeping terms upto first order,

uVc
Ru2 < uVc

Wu2 +
g2

uVc
Wu2Tp

2 +
8g2t82

uVc
Wu2Tp

4 +
4gt8

Tp
2 . s18d

However, since maxst8d,OsTpd, considering the terms
only upto 1/x in the expansion, Eq.s17d can be reduced to
uVc

Ru2<uVc
Wu2+bt8, i.e., a ramp field, withb=4g /Tp

2. We
demonstrate in the Fig. 3sfrom full numerical calculationd
that such a ramp as the reading control field could recover
a near replica of the input pulseshape of a probe having
width Tp=50/g. Note that, since a part of the signal filed
is irrecoverably lost due to absorption in the medium, the
total energysarea under the curve ofuVp

mu2d of the re-
trieved pulse is less than that of the original signal pulse.
Hence what we show in Fig. 3sbd is the best possible
output one can retrieve using the ramp field. As the tail
elongation is insignificant, one can also use a constant
reading fieldVc

R.Vc
W to approximately correct the shape

of the output pulse. The value of the constantVc
R could be

choosen, for example, as the value of the ramp field at
which the peak of the retrieved pulse appears. For very
long input pulse,b<0, i.e., the retrieved pulseshape can
be preserved even foruVc

Wu= uVc
Ru. For too short pulse

sTp,10/gd, k becomes large and hence this calculation
fails. This calculation can also be generalized for a two-
or multi-peak structure to obtain a condition for the best
retrieval of the input pulse shape.

In summary, we have discussed light pulse storage and
retrieval in an EIT based storage medium via nonadibatic
switching of the control field. We have obtained an analytical

solution of the retrieved pulse, identified the source of the
distortion in the retrieved pulse and obtained a condition for
its remedy. We have substantiated the analytical results with
the full numerical calculation—that shows excellent agree-
ment. We have demonstrated analytically that a ramp field as
the reading control field can retrieve an output pulse with a
shape that is a near replica of the input pulse shape. We hope
such a correction of the distortion can make nonadiabatic
switching based light storage an efficient method and may
find useful applications to extend the light storage to other
potential systems, such as in thin optical fiber[13], etc.
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FIG. 3. The correction of distortion by a ramp field(see inset)
given by the condition(17). (a) The input pulse shape at the en-
trance of the medium, shifted bygt=600; (b) the retrieved field
using a ramp field shown as dotted line in the inset;(c) the retrieved
field using the constant reading fieldVc

R=Vc
W. Herezhp/g=300 and

all other parameters are same as in Fig. 2. Here the value ofb
<0.0016g2.
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