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Nonadiabatic approach to quantum optical information storage

A. B. Matsko,1 Y. V. Rostovtsev,1 O. Kocharovskaya,1,2 A. S. Zibrov,1,3 and M. O. Scully1,4

1Department of Physics and Institute of Quantum Studies, Texas A&M University, College Station, Texas 77843-4242
2Institute of Applied Physics, RAS, Nizhny Novgorod, Russia
3P. N. Lebedev Institute of Physics, Moscow 117924, Russia

4Max-Planck-Institut fu¨r Quantenoptik, D-85748 Garching, Germany
~Received 17 May 2001; revised manuscript received 11 July 2001; published 17 September 2001!

We show that there is no need for adiabatic passage in the storage and retrieval of information in the
optically thick vapor of Lambda-type atoms. This information can be mapped into and retrieved out of
long-lived atomic coherence with nearly perfect efficiency by strong writing and reading pulses with steep
rising and falling edges. We elucidate similarities and differences between the ‘‘adiabatic’’ and ‘‘instant’’ light
storage techniques, and conclude that for any switching time, an almost perfect information storage is possible
if the group velocity of the signal pulse is much less than the speed of light in the vacuumc and the bandwidth
of the signal pulse is much less then the width of the two-photon resonance. The maximum loss of the
information appears in the case of instantaneous switching of the writing and reading fields compared with
adiabatic switching, and is determined by the ratio of the initial group velocity of the signal pulse in the
medium and speed of light in the vacuumc, which can be very small. Quantum restrictions to the storage
efficiency are also discussed.
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I. INTRODUCTION

A possibility of classical storage of optical information b
employing atomic coherence was recognized early on
stimulated photon-echo experiments in two-level systems@1#
and multilevel media@2–4#. Storage of optical information
here means that one seeks to ‘‘store’’ and ‘‘retrieve’’ an o
tical pulse on demand without distortion of the pulse sha

Usually, the photon-echo technique does not provide co
plete quantum information about a signal pulse, i.e., the
trieved light pulse has a different shape compared with
initial shape. However, two- and three- excitation-pulse p
ton echoes can be used@5#, but the decay time of the storag
of information is determined by the transverse relaxat
time, which is quite short.

To increase the storage time, photon echo based on
man transitions has been realized@6,7#. By using stimulated
photon echo via spectrally ordered long-lived Zeeman coh
ences@2# not only has the storage time been elegantly
creased, but also a pulse-shape storage has been achie

Quite recently, it has been predicted that coherent ato
media are capable of demonstrating nonlinear optical eff
at the few-photon level@8,10,11# and this gives an opportu
nity to store and retrieve quantum states of light@12,13#.
Proof-of-principle experiments confirm this theoretical p
diction @14–16# in the classical light limit.

The basic idea of light storage via atomic coherence
be understood in terms of light interaction withL-type at-
oms. Strong ‘‘writing’’ and weak ‘‘signal’’ light pulses propa
gate in a gas of three-levelL type atoms and excite a spati
profile of a long-lived coherence between ground statesuc&
and ub& of the atom~Fig. 1!. This coherence profile store
information about these pulses after they have left or h
been absorbed by the medium. Subsequently, sendin
strong ‘‘reading’’ pulse into the medium results in its Ram
scattering off the atomic coherence and generation of a
1050-2947/2001/64~4!/043809~11!/$20.00 64 0438
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trieved’’ pulse. Ideally, the retrieved pulse can be identica
the signal pulse, i.e., it possesses:~i! the same carrying fre-
quency,~ii ! the same profile and quantum statistics, and~iii !
propagates in the same direction as the signal pulse@12#.
That is why the term ‘‘light storage’’ instead of the term
‘‘information storage’’ sometimes is used in the literature.

Concerning the issue of how we should think abo
‘‘stored light,’’ we point to a similar situation in quantum
teleportation. There, we are sending information from o
point in space to another and claim that by using a lig
beam we may, in fact, teleport an atom having one s
vector to an atom some place else in space having the i
tical state vector. One could argue that we are not telepor
atoms, we are simply teleporting information. However,
atoms are the same and so, as one argues in the telepor
game, once we have prepared any atom in a state identic
any other atom, we have indeed, teleported the atom. N
the same sort of logic could be applied to the ‘‘stopped ligh
experiments. If the ‘‘readout’’ in experiments@15,14# is, in
principle, identical to the incident light and the quantum st
of the light can be reproduced precisely in the spirit of t
teleportation, then we might say that the light was ‘‘store
in the medium and released after that.

However, generally speaking, the properties of the
trieved pulse depend on the reading pulse. For exampl
the reading field pulse is centered about a frequency o
than that of the the writing field, and propagates in the o
posite direction to the writing field, then the retrieved pul
propagates in the same direction as the reading field and
indeed a different frequency from the incident writing fie
@16#. This is impossible if the light is really stored in th
medium. Therefore, the exchange of the terms ‘‘stored inf
mation’’ and ‘‘stored light’’ is not always valid.

As was pointed out in Refs.@12#, the necessary condition
for the retrieved pulse to resemble the signal pulse is
adiabaticity. The switching time for the reading and writin
©2001 The American Physical Society09-1



of

A. B. MATSKO et al. PHYSICAL REVIEW A 64 043809
FIG. 1. Energy-level scheme and diagram
optical information storage experiment.
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pulses should be long enough to avoid population of
excited atomic stateua& and subsequent spontaneous em
sion, that destroy the coherence and erode the stored si
However, it has been noted in Ref.@15# that the adiabaticity
condition can be relaxed. The importance of the ques
concerning the role of the adiabaticity in the process of qu
tum information storage was also recognized in@17#.

In this paper, we show by numerical simulations that s
nal pulse information can be stored and retrieved even if
writing and reading pulses have rectangular shapes, i.e.,
small rising and falling times. We also present simple a
lytical calculations that confirm our numerical simulation
The ‘‘instantaneous’’ switching is possible because stro
fields are applied to the transitionuc&→ua& with a nearly
empty ground state so the atomic medium is not able to s
down the switching time. It is worth noting here that th
switching time is less than the time of the light travel throu
the distance equal to the length of the sampleL used for the
information storage.

Our analytical calculations prove that storage of quant
information due to instantaneous switching of the writi
and reading fields has features both similar to and essent
different from the properties of the storage based on the a
batic passage. The common feature of both techniques is
coherence between atomic levels created by the electrom
netic fields. It is this coherence that is responsible for
signal pulse ‘‘storage’’ and restoration.

The difference lies in the energy exchange mechani
between the fields and the medium. The case of adiab
passage is more flexible. The complete pulse restoration
pears for any field strength. It works for very strong writin
and reading fields, analyzed in@12#, such that the so-called
‘‘dark polariton’’ transforms to the signal field almost com
pletely. For such strong fields, the signal pulse initially h
group velocityvg comparable with the speed of light in th
vacuumc. However, as we show, even for weaker writin
fields, adiabatic passage allows lossless storage of the s
light if the signal pulse is long enough and does not exp
ence absorption in the coherent medium.

On the other hand, both the initial amplitude of the wr
ing field and the group velocity should be small in the non
diabatic case to store information effectively. The abru
switching of the driving field leads to the absorption of t
‘‘free field’’ part of the ‘‘dark polariton.’’ Only the ‘‘bound
part,’’ i.e., low-frequency atomic coherence, survives. T
ratio between ‘‘free’’ and ‘‘bound’’ parts of the polariton i
equal tovg /c. Therefore, the smaller the initial group velo
ity of the signal pulse, the better the writing-reading qual

It is instructive to mention here that thevg /c ratio be-
tween ‘‘free’’ and ‘‘bound’’ parts of the polariton is of a
general nature. It is true for any kind of slow propagation
a light pulse inL-type media, in two-level media, in periodi
heterostructures, etc.@18#. The signal electromagnetic energ
04380
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is always depleted once it is inside the medium. Howev
for a two-level medium, the energy is transferred to t
atomic degrees of freedom@19# on the entrance to the me
dium, while in aL medium, the signal pulse is transferring
lion’s share of its energy to the writing field. This part of th
signal energy leaves the medium with the speed of ligh
the vacuumc. To restore the signal, the coupling field sca
ters on the atomic coherence on the exit of the medium.
delay between these stimulated absorption and scatterin
determined by the group velocity.

As a result of our study of the adiabatic and nonadiaba
information storage techniques, we conclude that forany
switching time, almost perfect information storage is po
sible if ~i! the group velocity of the signal pulse is much le
than c, ~ii ! the bandwidth of the signal pulse is much le
than the width of the two-photon resonance, i.e., the sig
pulse enters the medium without reflection and absorpt
The maximum absorption appears in the case of insta
neous switching of the writing and reading fields and is d
termined by the ratiovg /c.

We show that the quantum efficiency of information sto
age is almost perfect, i.e., any nonclassical state of light
be stored and retrieved without destroying it. It is this asp
of the process that allows one to say that system can ‘‘sto
light.

Finally, we numerically simulate the possibility of ‘‘time
reversing’’ the stored light, wherein the reading field appli
to the original signal transition generates a temporally
verted pulse compared with the signal pulse@16#.

II. BASIC EQUATIONS

Let us consider the interaction of two copropagating pla
electromagnetic waves Ep(z,t)exp@2i(npt2kpz)# and
Ed(z,t)exp@2i(ndt2kdz)# with a gas of three-levelL-type
atoms shown in Fig. 1, whereEp(z,t) and Ed(z,t) are the
slowly varying envelops,np andnd are the carrier frequen
cies, andkp andkd are the wave numbers of the fields. Fie
Ep interacts with the transitionua&→ub&, while field Ed in-
teracts with the transitionua&→uc&. We consider the case o
the resonant tuning, i.e., the carrier frequencies of the wa
coincide with the frequencies of the corresponding atom
transitionsnp5vab andnd5vac .

To describe the propagation of the light pulses through
atomic vapor, we use Maxwell-Bloch equations in the slow
varying amplitude and phase approximation. In this appro
mation, the Maxwell equations can be written as

]a

]z
1

]a

]ct
5 ihrab , ~1!

]V

]z
1

]V

]ct
5 ihrac , ~2!
9-2
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FIG. 2. Adiabatic ‘‘storage of light.’’ Intensity
of the signal field vs retarded time. The prob
pulse denoted as ‘‘in’’ enters the medium. Switch-
ing off the writing field ~shown by the dotted
line! leads to the signal absorption. Subseque
switching on of the reading field leads to sign
restoration. The retrieved pulse is denoted
‘‘ out.’’ Intermediate profiles of signal and re
trieved pulses~signal pulse not yet entirely ab
sorbed and retrieved pulse not yet entirely em
ted! are plotted as a dashed line. The full-sca
drive field is shown in the inset. Retarded tim
and Rabi frequencies are presented in units ofg.
Switching time is about 200/g.
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where a5`abEp /\ and V5`acEd /\ are the Rabi fre-
quency of the probe and drive fields,`ab and `ac are the
dipole moments,rab andrac are the matrix elements of th
corresponding atomic transitions, andc is the vacuum speed
of the light. The coupling constanth53l2Ng/8p depends
on the density of the atomic vaporN and the wavelength o
the atomic transitionslac.lab5l.

The Bloch equations for the matrix elements of the po
lations and polarizations of the atoms are

ṙcc52gacraa1 iV~rac2rca!, ~3!

ṙbb52gabraa1 ia~rab2rba!, ~4!

ṙab52~gab1gac!rab2 ia~raa2rbb!1 iVrcb , ~5!

ṙca52~gab1gac!rca1 iV* ~raa2rcc!2 ia* rcb , ~6!
04380
-

ṙcb52gcbrcb2 iarca1 iVrab . ~7!

These equations are to be supplemented by the popula
conservation law

raa1rbb1rcc51. ~8!

The solution of Eqs.~1!–~8! gives the complete evolution o
the atom-field system at any moment of time. Because
general analytical study of the set is difficult, we first sol
the problem numerically and make simple analytical cal
lations in order to better understand the physics. In the
lowing, we assume that the coherence decay rategbc50,
while gac.gab5g/2.

III. NUMERICAL SIMULATIONS

We solve the propagation problem numerically for a h
mogeneously broadened gas ofL atoms. The results for
the

e
he
FIG. 3. ‘‘Storage of light’’ without adiabatic
passage. All is the same as in Fig. 1 except
writing field is switching off and the reading field
is switching on immediately. Numerically, th
switching time was determined by the step of t
grid dt.0.1/g. There is no adiabaticity in this
case.
9-3
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A. B. MATSKO et al. PHYSICAL REVIEW A 64 043809
adiabatic and instantaneous switching times are show
Figs. 2 and 3, respectively.

In the numerical simulations, we first consider the case
slow switching times for the writing and reading pulses
teracting withua&→uc& atomic transitions so that the adiab
ticity condition is fulfilled, i.e., the switching timeT is much
longer thanAhgL/uVu2 @9,10#, g/uVu2, and 1/g @12#, where
V is the initial Rabi frequency of the writing pulse, andg is
the decay rate of both allowed atomic transitions.

The signal pulse enters the medium that has intera
with the driving field for a long time so that all atomic pop
lation is optically pumped into the stateub&. When the entire
signal pulse enters into the medium, we switch off the w
ing field, and this leads to the absorption of the signal. T
energy associated with the signal pulse leaves the med
with the writing field. Really, our calculations show that
the adiabatic approximation the population of the exci
state ua& is almost zero at any arbitrary moment of tim
Therefore, the energy of internal degrees of freedom of
medium is vanishingly small. The absorption of the pro
pulse appears via adiabatic passageub&→ua&→uc& during
which the writing field is amplified and the signal field
deamplified. Because the speed of the writing field in
medium is nearly equal to the speed of light in the vacuu
the energy transferred from the signal pulse to the writ
field due to this stimulated quasi-Raman process, leaves
medium almost immediately.

After some delay, we launch the reading pulse probing
uc&→ua& transition and look for the pulse emitted on th
frequency of theub&→ua& transition. The shape of this re
trieved pulse coincides with the shape of the signal pu
Hence, our exact numerical simulations confirm the appro
mate calculations presented in@12#.

We should mention here that in our numerical simu
tions, the pulse is always in the medium. We assume that
long probe pulse is not absorbed or distorted passing a
herently driven atomic medium because of electromagn
cally induced transparency@21#, so instead of solving a
boundary-value problem, we solve an initial problem.

Let us consider now short switching timesT, much less
than AhgL/uVu2, g/uVu2, and 1/g, such that there is no
adiabatic following of atomic coherence to the driving fie
However, as can be easily seen from Fig. 3, the shape o
retrieved pulse is the same as the shape of the signal p
Therefore, nonadiabatic writing and reading processes le
to the same results as the adiabatic ones. To understand
result, we now turn to simple analytical calculations.

To compare how behavior of the atomic coherencerbc

depends on the behavior of the signal/retrieved light,
present Fig. 4. It is easy to see that the temporal shape o
coherence resembles the shape of the signal pulse w
writing/reading fields are present. At the moment of sig
pulse absorption~switching off the writing field! the coher-
ence ‘‘freezes’’ on its value that it had had just a mome
before the absorption process started. The spatial shap
the stored coherence is similar to the shape of the sig
pulse@shown by dots in Fig. 4~b!#.
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IV. ADIABATIC FIELD SWITCHING

To consider the case of adiabatic field switching, we
sume that the signal field is much weaker than the drive fi
at any point of time and at any point of space. This assum
tion follows from the exact numeric simulation discuss
above. In this case, almost all atomic population is in
stateub& and the writing and reading fields propagate in t
medium as in the vacuum, i.e.,

]V

]z
1

]V

]ct
50. ~9!

Because of adiabaticity, the atoms stay in the ‘‘dark sta
with respect to the fields and, therefore, the atomic cohere
is

FIG. 4. ~a! Normalized intensity of the signal field vs norma
ized retarded time and vs normalized propagation distance.
probe pulse denoted as ‘‘in’’ enters the medium. Switching off the
writing field ~not shown here, see Fig. 1 inset! leads to the signal
absorption. Subsequent switching on of the reading field lead
signal restoration. The retrieved pulse is denoted as ‘‘out.’’ ~b!
Atomic coherence2rbc vs normalized retarded time and vs no
malized propagation distance. Because writing/reading field p
intensity is (V/g)251 here, it is easy to see that2rbc5a/V. The
dependence of the spatial coherence profile for a fixed retarded
where the electromagnetic field is equal to zero is shown by do
9-4
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rcb52
a

V
. ~10!

Following @12#, we construct a function

C5rcb2
V*

hc
a ~11!

that obeys the wave equation

]C

]z
1

uVu21hc

uVu2c

]C

]t
50, ~12!

which introduces the group velocityvg5cuVu2/(uVu21hc).
Equation ~11! represents a ‘‘dark polariton.’’ The firs

term in the right-hand side~rhs! of the equation is the
‘‘bound’’ part of the polariton, while the second term is th
‘‘free’’ part of the polariton. The polariton is a normal mod
of the propagation problem. Once created, it propaga
without absorption and distortion.

It is easy to see from Eq.~11! that if the maximum am-
plitude of the writing and reading pulses is large enou
uVu2@hc, the process of the storage of the information
the medium is almost perfect. Really, the signal pulse en
the medium, adiabatically slows down with decreasing w
ing field, and disappears, transferring all its properties to
medium. The reading field leads to the adiabatic transfe
the medium properties back to the retrieved pulse, whic
the same as the signal pulse.

However, when the signal pulse is long enough so tha
spectral width is narrower than the width of the resonance
the electromagnetically induced transparency, there is
need for very strong writing-reading fields and the inequa
uVu2@hc is redundant. In other words, when each spec
harmonic of the probe pulse is in the transparency wind
the probe pulse propagates without absorption. This pro
gation occurs for moderate drive intensities, much less t
the intensities determined by inequalityuVu2@hc. The same
logic is applicable for the writing-reading process. The sig
pulse enters the medium, transferring its energy to the d
ing field without absorption or reflection, and the restor
pulse leaves the medium without absorption too, that ma
lossless information storage possible.

V. NONADIABATIC FIELD SWITCHING

To study the light ‘‘storing’’ process using abrupt switc
ing of the writing and reading pulses, we start with the si
plified coupled Maxwell and density-matrix Eqs.~1!–~8! for
the probe pulse propagation that can be rewritten as

]a

]z
1

]a

]ct
52

h

g
@a1Vrcb#, ~13!

]rcb

]t
52

V

g
@a1Vrcb#, ~14!

where we assume thatrbb.1, while rcc5raa50, and
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g
rcb . ~15!

For simplicity, we also assume here that writing and read
pulses are applied to the same transition and that both t
pulses are produced by the same laser with the same
frequencyV.

The set of equations~13!, ~14! is linear in the probe field.
Therefore, we can use Fourier decomposition to solve
problem

a~z,t !5E
2`

`

ak eikzdk, ~16!

rcb~z,t !5E
2`

`

rk,cb eikzdk. ~17!

The k modes of the probe fieldak and coherencerk,cb obey
the ordinary differential equations

ikak1
]ak

]ct
52

h

g
@ak1Vrk,cb#, ~18!

]rk,cb

]t
52

V

g
@ak1Vrk,cb#. ~19!

If the signal pulse duration is much longer thang/V2(t
50), i.e., the spectrum of the signal fits the electromagn
cally induced transparency~EIT! window, the relation be-
tweenrk,cb andak is

rk,cb52
ak

V
. ~20!

Switching the driving field off, we write a probe pulse on
mediumrk,cb . The coherencepreservesthe value that it has
before the switching, i.e.,rk,cb

0 52ak
0/V, where ak

0 de-
scribes the signal pulse at the moment of switching off
writing field.

Now let us find out the condition under which we ca
restore the probe field. To do so we solve the initial va
problem Eqs.~18!, ~19!, wherein the initial value of the co
herence is left after switching off the write pulse and there
no initial probe fieldak

0 .
The general solution of Eqs.~18!, ~19! can be written as

~ak ,rk,cb!5C1eW1el1t1C2eW2el2t, ~21!

where eW15(b1 ,1), eW25(b2 ,1), b152(l1kg1V2)/V,
b252(l2kg1V2)/V, andl1k,2k are the eigenvalues

FIG. 5. Energy-level scheme and diagram of the ‘‘phase con
gated’’ optical information storage experiment.
9-5
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FIG. 6. ‘‘Time reversing’’ of the signal pulse. Intensity of the fields vs retarded time.~a! The signal pulse denoted as ‘‘in’’ enters the
medium. Following switching off of the writing field, shown by the dotted line, leads to the signal absorption.~b! Subsequent switching on
of the reading field leads to probe restoration in the channel of the writing field. Restored pulse, denoted as ‘‘out,’’ is time reversed and
amplified. The full scale writing and reading pulses are as in Fig. 2.
n-

e

h
m
e

oe
si

m
ta

th

ear

g
-
end
ial
d-

es
the
he
case

the
is

for
pro-

ase
uce
he
d-
-
ac-
nce
rent
p-
ing
re,

eld

ion
re-
l1k,2k52

Gk1
V2

g

2
6
AS Gk2

V2

g

2
D 2

1
hcV2

g2 , ~22!

Gk5 ikc1hc/g, C1 and C2 are some dimensionless co
stants.

The solution of Eqs.~18!, ~19! with the initial condition
rk,cb

0 52ak
0/V, thus, has the form

rcb52rk,cb
0 S b2

b12b2
el1kt1

b1

b22b1
el2ktD , ~23!

ak5
b1b2

b22b1
rk,cb

0 ~el1kt2el2kt!. ~24!

For small values ofk, the eigenvalues can be simplified

l1k52 ikc
V2

hc1V2 , l2k52 ikc
hc

hc1V2 2
hc1V2

g
.

~25!

It is easy to see thatl1k52 iv1k describes the slow wav
and l2k52 iv2k describes the fast wave:v1k5kvg and
v2k5kc2 i (hc1V2)/g, respectively, wherevg5cV2/(hc
1V2)!c.

The maximum value of wave-numberk5dk that should
be taken into account is determined by the smallest lengt
the system. Because the length of the pulse in the mediu
shorter than the length of the medium, otherwise storag
the pulse is impossible, we havedk'(vgt)21, wheret is
duration of the pulse.

The fast wave, which has large absorption, almost d
not introduce any input to the restored pulse, the expres
for the Fourier amplitude of which is

ak52rk,cb
0 ~V22 igkvg!~ igkc1hc!

V~ igkc1hc1V2!
el1kt. ~26!

It is clear that, in general, the restored field is distorted co
pared with the signal pulse. However, if we meet simul
neously two conditions, namelyV2@gkvg and hc@gkc
~the last condition has the simple physical meaning that
04380
in
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of
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e

length of the pulse should be much larger than the lin
absorption lengthLp@Labs) there is no distortion, and the
signal pulse can be restored,

ake
ikz52

Vhc

hc1V2rk,cb
0 eik(z2vgt), ~27!

and propagate without absorption,

a~z,t !.a0~z2vgt !. ~28!

VI. TIME-REVERSING LIGHT

Let us turn now to the possibility of ‘‘time-reversin
light’’ pointed out in @16#. There are two ways to do it. Leav
ing the writing procedure the same as above, we either s
the reading pulse in the backward direction to the init
direction of the signal and writing pulses, or apply the rea
ing pulse to the transitionub&→ua& instead of the transition
uc&→ua& ~Fig. 5!. In the first case, the retrieved pulse go
out of the medium reversed in time, i.e., the head follows
tail. The result of the numerical simulations here looks t
same as the result shown in Figs. 2 and 3. In the second,
the new-born field appears on theuc&→ua& transition and the
shape of the restored pulse is time reversed compared to
initial signal pulse and, moreover, the retrieved pulse
phase conjugated to the signal pulse~see Figs. 6 and 7!.

The difference between the signal and retrieved pulses
the phase conjugated time reversal appears because the
cess of reading here is different from the reading in the c
of light restoration, which was discussed before. To prod
the ‘‘time-reversed’’ pulse, we apply the reading field to t
transition populated by the writing field. Hence, the ‘‘rea
ing’’ field populates the leveluc& and is absorbed in the me
dium. This mostly incoherent optical pumping process is
companied by the scattering on the atomic cohere
generated in the writing procedure. Because the cohe
scattering isuV/gu2@1 times faster than the incoherent o
tical pumping, the field restored by the coherent scatter
interacts with an essentially empty transition and, therefo
leaves the medium almost instantly, while the reading fi
continues to populate leveluc&.

The time-reversing problem without phase conjugat
can be easily solved analytically. The writing procedure c
9-6
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FIG. 7. ‘‘Time reversing’’ without adiabaticity. The full-scale writing and reading pulses are as in Fig. 3.
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0/V. The retrieved pulse

propagating in the opposite direction to the writing field, a
the atomic coherence obey the equations

]a

]z
2

]a

]ct
5

h

g
@a1Vrcb#, ~29!

]rcb

]t
52

V

g
@a1Vrcb#, ~30!

which are similar to Eqs.~13!, ~14!. Presenting the probe
field and the coherence in the form

a~z,t !5E
2`

`

ãk e2 ikzdk, rcb~z,t !5E
2`

`

r̃k,cb e2 ikzdk,

~31!

and substituting them into Eqs.~29!, ~30!, we derive a set of
equations one-to-one resembling Eqs.~18!, ~19! with change
a→ã and rcb→ r̃cb . Keeping in mind that the initial con
ditions here look liker̃k,cb5r2k,cb52a2k

0 /V, we proceed
with the solution and finally get

ãke
2 ikz52

Vhc

hc1V2r̃k,cb
0 e2 ik(z1vgt)5a2k

0 e2 ik(z1vgt),

~32!

or

a~z,t !.a0~z1vgt !. ~33!

Equation~33! means that the envelope of the retrieved pu
is the same as the envelope of the signal pulse, but the
trieved pulse propagates in the direction opposite to the
nal.

VII. QUANTUM INFORMATION STORAGE

We have been shown that the abrupt switching off and
of the writing-reading laser gives us also the way to store
to restore the signal pulse. Because the initial set of eq
tions for the signal field islinear and there is almost no
absorption in the medium, the above classical calculati
remain true in the quantum case. We simply have to cha
the mean value of the field by the field operator and, the
fore, it is possible to store and retrieve any quantum stat
light without destroying it.
04380
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Let us calculate the quantum fluctuations for the proble
We enumerate all atoms in the cell and write quant
Langevin equations for the operatorsŝkl

j 5uk&^ l u j of the j th
atom,

ṡ̂cc
j 5gŝaa

j 1 iV~ŝac
j 2ŝca

j !1F̂cc
j , ~34!

ṡ̂bb
j 5gŝaa

j 1 i â~ ŝab
j 2ŝba

j !1F̂bb
j , ~35!

ṡ̂ba
j 52gŝba

j 2 i â~ ŝaa
j 2ŝbb

j !1 iVŝbc
j 1F̂ba

j , ~36!

ṡ̂ac
j 52gŝac

j 1 iV* ~ ŝaa
j 2ŝcc

j !2 i â†ŝbc
j 1F̂ac

j , ~37!

ṡ̂bc
j 52 i âŝac

j 1 iV* ŝba
j 1F̂bc

j . ~38!

These equations are to be supplied by the population con
vation law

ŝaa
j 1ŝbb

j 1ŝcc
j 51. ~39!

Here,F̂mn
j are the quantum Langevin forces.

For the sake of simplicity, we assume that the class
reading and writing fields are much stronger than the qu
tum probe fielduVu@u^â&u. Then, almost all atomic popula
tion is in the stateub&. We also assume that the quantu
signal still is quasiclassical, i.e., its expectation value
ceeds its fluctuations. We restrict ourselves to the case
Gaussian statistics for the probe field, to be able to desc
the system using statistical moments up to the second o
~Fokker-Planck approximation!.

We get from the set of equations~34!–~38! for the atomic
coherence

ṡ̂bc
j 1

uVu21u^â&u2

g
ŝbc

j 52
âV*

g
1F̂ bc

j , ~40!

where

F̂ bc
j 52

i

g
~^â&F̂ac

j 2V* F̂ba
j !, ~41!

and
9-7
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^F̂ca
j F̂ac

j &52g
u^â&u2

uVu2
d~ t2t8!,

^F̂ba
j F̂ab

j &52gS 12
u^â&u2

uVu2
D d~ t2t8!,

^F̂ba
j F̂ac

j &522g
^â&
V

d~ t2t8!,

^F̂ca
j F̂ab

j &522g
^â†&

V*
d~ t2t8!.

The other moments are negligibly small. The above exp
sions immediately give

^F̂ bc
j F̂ cb

j &5
2

g
~ uVu22u^â&u2!d~ t2t8!, ~42!

^F̂ cb
j F̂ bc

j &50, ~43!

^F̂ bc
j F̂ bc

j &5^F̂ cb
j F̂ cb

j &* 52
2^â&2V*

gV
d~ t2t8!. ~44!

To describe the interaction of the fields with the atoms,
introduce collective atomic operators

ŝ ik~z,t !5
1

NADz (
j

ŝ ik
j , ~45!

whereA is the laser beams cross-section area,Dz is a quan-
tization length that exceeds the optical wavelength, bu
small compared with the length scale determined by
fields change due to the absorption and dispersion of
medium. Collective fluctuation forces can be derived as
@20#. Neglecting terms of the order of an higher thanuâ/Vu2,
we rewrite Eq.~40! as

ṡ̂bc1
uVu2

g
ŝbc52

âV*

g
1F̂bc , ~46!

where

^F̂bcF̂cb&5
2uVu2

gNA d~ t2t8!d~z2z8!. ~47!

On the other hand, for the probe field we have

]â

]z
1

]â

]ct
52

h

g
@â1Vŝbc2 i F̂ba#, ~48!

where

F̂ba52 i
g

V*
F̂bc . ~49!
04380
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The set of Eqs.~46!, ~48!, similar to Eqs.~13!, ~14!, is
linear in relation to the probe field. Therefore, we can u
Fourier decomposition to solve the problem

â~z,t !5E
2`

`

âk eikz dk,

ŝbc~z,t !5E
2`

`

ŝk,bc eikz dk,

F̂bc~z,t !5E
2`

`

F̂k,bc eikz dk,

where we assumeV5V* , and

^F̂k,bcF̂k8,cb&5
4puVu2

gNA d~ t2t8!d~k2k8!.

Thek modes of the probe fieldâk and coherencesk,bc obey
the ordinary differential equations

ikâk1
]âk

]ct
5

h

V

]ŝk,bc

]t
, ~50!

]ŝk,bc

]t
52

V

g
@âk1Vŝk,cb#1F̂k,bc , ~51!

which have the general solution

ŝk,bc5
ŝk,bc

0 b22âk
0

b22b1
el1kt2

ŝk,bc
0 b12âk

0

b22b1
el2kt

2E
0

tFb22hc/V

b12b2
el1k(t2t8)

2
b12hc/V

b12b2
el2k(t2t8)GF̂k,bcdt8,

âk5b1

ŝk,bc
0 b22âk

0

b22b1
el1kt2b2

ŝk,bc
0 b12âk

0

b22b1
el2kt

2E
0

tF ~b22hc/V!b1

b12b2
el1k(t2t8)

2
~b12hc/V!b2

b12b2
el2k(t2t8)GF̂k,bcdt8,

whereŝk,bc
0 and âk

0 are the initial values of the atomic an
field operators.

There are two kinds of propagation problems: the initi
value problem and the boundary-value problem. Physica
the light ‘‘storage’’ should be described by the solution
both of them. In the first step, the signal pulse enters
medium. This is the boundary-value problem. In the seco
step, we switch off the writing field and, after some dela
switch on the reading field~actual light ‘‘storage’’ and ‘‘re-
trieving’’ !. This is the initial-value problem. Finally, in the
9-8
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third step, the restored pulse leaves the medium. Thi
again the boundary-value problem.

The boundary problem was solved in@21#. In particular, it
was shown there that a long probe pulse is not absor
entering and leaving a coherently driven atomic mediu
This is the essence of the phenomenon of electromag
cally induced transparency.

Our goal here is to show that manipulations by the writi
and reading fields do not destroy the matter-field state, wh
automatically means that we are able to retrieve the sig
pulse from the medium without distortion. We have solv
the initial-value problem, not the boundary-value proble
We assume that the pulses are already in the medium.
initial conditions here does not describe the fields on
entrance on the medium, but rather, the values of the ato
and field operators at an arbitrary chosen moment of t
when we start manipulating of the writing field. Therefor
âk

0 andŝk,bc
0 are not independent, but depend on the bou

ary conditions.
The solution of the initial-value problem can be repr

sented in the form of two normal modes

Ĉk[ŝk,bc2
âk

b2

5Ĉk
0el1kt1E

0

t

dt8F̂k,bcS 12
hc

b2V Del1k(t2t8), ~52!

F̂k[ŝk,bc2
âk

b1

5F̂k
0el2kt1E

0

t

dt8F̂k,bcS 12
hc

b1V Del2k(t2t8). ~53!

Let us note thatĈ is a slow propagating polaritonic mod
without decay;F̂ is a fast propagating and fast decayi
mode. Neglecting fast decaying terms;el2kt in Eq. ~53!, we
obtain @cf. ~10!#

ŝk,bc5
âk

b1
1E

0

tS 12
hc

Vb1
Del2k(t2t8)F̂k,bcdt8. ~54!

To study light propagation in the medium, it is instructive
introduce the polaritonic mode as in Eq.~11!,

Ĉ5E
2dk/2

dk/2

Ĉke
ikzdk5E

2dk/2

dk/2 F ŝk,bc2
âk

b2
Geikzdk. ~55!

This polaritonic mode obeys a wave equation

]Ĉ

]z
1

1

vgr

]Ĉ

]t
5E

2dk/2

dk/2 ikg

V2
F̂k,bce

ikzdk ~56!

that can be easily solved by substitution (z,t)→(z,t), where

z5z2E
0

t

vgr~ t8!dt8.
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The solution of Eq.~56! is

Ĉ~z,t !5ĈS z2E
0

t

vgr~ t8!dt8,t50D
1E

0

tE
2dk/2

dk/2 ikcg

V21hc
F̂k,bc

3expF ikS z2E
0

t

vgr~ t8!dt8D Gdkdt9. ~57!

We change infinite boundaries of the integration over wa
number k by finite values because Eq.~60! is derived in
approximation of smallk ~long pulses!. Generally, dk
'(vgrt)21, wheret is the pulse duration. The noise term
Eq. ~57! scales asg/(V2t); that means that the fluctuatio
forces are negligibly small for long signal and retriev
pulses. Therefore, we get an unchanging state of the po
tonic quantum state in the medium.

The above result directly follows from Eq.~57!, if we
note that the lhs of the equation does not contain any de
herence terms. Such terms have been neglected due to
vanishing values under electromagnetically induced trans
ency conditions. Therefore, according to the fluctuatio
dissipation theorem, there should not be any fluctuati
larger than the negligible dissipation. This point of view
completely confirmed by our calculations.

With the above technique in hand, we are able to stud
possibility of writing and retrieving quantum information
Let us do it first for the adiabatic case. Using Eq.~54! we
rewrite Eq.~52! as

Ĉk[ŝk,bc2
âk

b2
.2

âk

V

hc1V2

hc

1E
0

thc1V2

V2
el2k(t2t8)F̂k,bcdt8. ~58!

In the simplest case, when the initial and final Rabi frequ
cies of the writing and reading pulses are largeV2(t50)
5V2(t5T)@hc andV(t) is a slow function of time com-
pared with exp(l2kt), we get âk(t50).âk(t5T), which
means that the signal pulse can be stored and retrieved w
out distortion. This confirms the result obtained in@12#.

It is very difficult to satisfy the conditionV2@hc in a
real experiment. Usually, the opposite conditionhc@V2 is
valid, which means that the group velocity of the signal pu
in the medium is always less than the speed of light in
vacuumc@vg . Under this condition, the basic part of th
‘‘dark polariton’’ coincides with the atomic degree of free
dom, i.e.,

Ĉk[ŝk,bc2
âk

b2
.ŝk,bc . ~59!

Hence, the atomic coherence is not destroyed by the a
batic change of the writing and reading fields. On the ot
hand, an abrupt switching of the fields does not destroy
9-9
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coherence, too. Therefore, both adiabatic and nonadiab
switching of the writing and reading fields allows us to sto
quantum information ifhc@V2.

We have considered a one-dimensional problem co
pletely neglecting the transverse spatial structure of the e
tromagnetic fields. The transverse spatial structure would
validate our claim that complete quantum optical informat
can be stored at least because the transverse effects m
destroy the writing/reading procedure via interference of
ages with differentkW of the writing/reading fields. The prob
lem is to be solved in the future to understand real abilities
the coherent information storage technique.

Finally, to compare the light ‘‘storage’’ technique wit
studies presented in@13# it is useful to rewrite equations
~46!–~49! as

d

dt
Q̂52 ik1ÊpEd* 2GQ̂1F̂, ~60!

]Êp

]z
1

]Êp

]ct
5 i

k2g

uVu2
Ed

d

dt
Q̂, ~61!

where Q̂5 i ŝbc , Êp5\â/`, Ed5\V/`, k15`2/g\2, k2

5h/g, G5uVu2/g, andF̂5 i F̂bc . The set of equations~60!,
~61! is very similar to the set of equations derived in@13# for
the Raman-type scheme with the difference being that the

of Eq. ~61! depends onQ̇̂, not Q̂, as is in@13#. If we would

assume that in the rhs of Eq.~61! Q̇̂'2uVu2Q̂/g and ex-
changeD↔g (D is one-photon detuning in the Raman co
figuration!, we could have one-to-one correspondence w
the Raman scheme; however, this assumption is not co
J

an

h

nd
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hs
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ct

because for the EIT regimeuVu2Q̂/g@ Q̇̂. Therefore, infor-
mation storage via EIT is quite different from the Ram
technique.

VIII. CONCLUSION

In conclusion, we propose an approach of storing coh
ent information in a vapor ofL-type atoms. Our proposal i
based on the instantaneous switching off and on of the w
ing and reading fields. This modification is complimentary
the light ‘‘storage’’ based on adiabatic passage techniq
Our method allows us to reach the same results as it is
sible to do with adiabatic passage and significantly broad
application ranges of the method.

The slowly varying amplitude approximation of th
Maxwell-Bloch equations that describe the information st
age process does not include actual optical frequencies
only one- and two-photon detunings of the fields from t
relevant atomic transitions. As a result, there is no differe
as to which one-photon transition the reading pulse is
plied. The scattering of the reading pulse by the atomic
herence excited by the writing pulses is independent of
frequency of the writing pulse. This phenomenon could p
sibly be used as an effective multichannel optical switch,
image storage system.
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