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Nonadiabatic approach to quantum optical information storage
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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 vacandthe 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 vacuuwmnwhich can be very small. Quantum restrictions to the storage
efficiency are also discussed.
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I. INTRODUCTION trieved” pulse. Ideally, the retrieved pulse can be identical to
the signal pulse, i.e., it possessé@s:the same carrying fre-

A possibility of classical storage of optical information by quency,(ii) the same profile and quantum statistics, &rd
employing atomic coherence was recognized early on ipropagates in the same direction as the signal pllgé
stimulated photon-echo experiments in two-level systelhs That is why the term “light storage” instead of the term
and multilevel medig2—4]. Storage of optical information *“information storage” sometimes is used in the literature.
here means that one seeks to “store” and “retrieve” an op- Concerning the issue of how we should think about
tical pulse on demand without distortion of the pulse shapetstored light,” we point to a similar situation in quantum

Usually, the photon-echo technique does not provide comteleportation. There, we are sending information from one
plete quantum information about a signal pulse, i.e., the repoint in space to another and claim that by using a light
trieved light pulse has a different shape compared with thégeam we may, in fact, teleport an atom having one state
initial shape. However, two- and three- excitation-pulse phovector to an atom some place else in space having the iden-
ton echoes can be usgsl, but the decay time of the storage tical state vector. One could argue that we are not teleporting
of information is determined by the transverse relaxatioratoms, we are simply teleporting information. However, all
time, which is quite short. atoms are the same and so, as one argues in the teleportation

To increase the storage time, photon echo based on Rgame, once we have prepared any atom in a state identical to
man transitions has been realiZ&j7]. By using stimulated any other atom, we have indeed, teleported the atom. Now
photon echo via spectrally ordered long-lived Zeeman coherthe same sort of logic could be applied to the “stopped light”
ences[2] not only has the storage time been elegantly in-experiments. If the “readout” in experimenfd5,14 is, in
creased, but also a pulse-shape storage has been achievegrinciple, identical to the incident light and the quantum state

Quite recently, it has been predicted that coherent atomief the light can be reproduced precisely in the spirit of the
media are capable of demonstrating nonlinear optical effectgleportation, then we might say that the light was “stored”
at the few-photon levdl8,10,1] and this gives an opportu- in the medium and released after that.

nity to store and retrieve quantum states of ligh2,13. However, generally speaking, the properties of the re-
Proof-of-principle experiments confirm this theoretical pre-trieved pulse depend on the reading pulse. For example, if
diction[14-1§ in the classical light limit. the reading field pulse is centered about a frequency other

The basic idea of light storage via atomic coherence carthan that of the the writing field, and propagates in the op-
be understood in terms of light interaction with+type at-  posite direction to the writing field, then the retrieved pulse
oms. Strong “writing” and weak “signal” light pulses propa- propagates in the same direction as the reading field and has
gate in a gas of three-levél type atoms and excite a spatial indeed a different frequency from the incident writing field
profile of a long-lived coherence between ground stétés [16]. This is impossible if the light is really stored in the
and|b) of the atom(Fig. 1). This coherence profile stores medium. Therefore, the exchange of the terms “stored infor-
information about these pulses after they have left or havenation” and “stored light” is not always valid.
been absorbed by the medium. Subsequently, sending a As was pointed out in Ref$12], the necessary condition
strong “reading” pulse into the medium results in its Ramanfor the retrieved pulse to resemble the signal pulse is the
scattering off the atomic coherence and generation of a “readiabaticity. The switching time for the reading and writing
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pulses should be long enough to avoid population of thés always depleted once it is inside the medium. However,
excited atomic stat¢a) and subsequent spontaneous emisfor a two-level medium, the energy is transferred to the
sion, that destroy the coherence and erode the stored signatomic degrees of freedofi9] on the entrance to the me-
However, it has been noted in R¢L5] that the adiabaticity dium, while in aA medium, the signal pulse is transferring a
condition can be relaxed. The importance of the questioion’s share of its energy to the writing field. This part of the
concerning the role of the adiabaticity in the process of quansignal energy leaves the medium with the speed of light in
tum information storage was also recognized1i]. the vacuunc. To restore the signal, the coupling field scat-

In this paper, we show by numerical simulations that sig-ters on the atomic coherence on the exit of the medium. The
nal pulse information can be stored and retrieved even if thelelay between these stimulated absorption and scattering is
writing and reading pulses have rectangular shapes, i.e., vedetermined by the group velocity.
small rising and falling times. We also present simple ana- As a result of our study of the adiabatic and nonadiabatic
lytical calculations that confirm our numerical simulations.information storage techniques, we conclude that day
The “instantaneous” switching is possible because strongwitching time, almost perfect information storage is pos-
fields are applied to the transitiqe)—|a) with a nearly  sible if (i) the group velocity of the signal pulse is much less
empty ground state so the atomic medium is not able to slowhanc, (ii) the bandwidth of the signal pulse is much less
down the switching time. It is worth noting here that the than the width of the two-photon resonance, i.e., the signal
switching time is less than the time of the light travel throughpulse enters the medium without reflection and absorption.
the distance equal to the length of the saniplesed for the The maximum absorption appears in the case of instanta-
information storage. neous switching of the writing and reading fields and is de-

Our analytical calculations prove that storage of quantunmermined by the ratioy/c.
information due to instantaneous switching of the writing We show that the quantum efficiency of information stor-
and reading fields has features both similar to and essentiallgge is almost perfect, i.e., any nonclassical state of light can
different from the properties of the storage based on the adide stored and retrieved without destroying it. It is this aspect
batic passage. The common feature of both techniques is thed the process that allows one to say that system can “store”
coherence between atomic levels created by the electromaltight.
netic fields. It is this coherence that is responsible for the Finally, we numerically simulate the possibility of “time
signal pulse “storage” and restoration. reversing” the stored light, wherein the reading field applied

The difference lies in the energy exchange mechanism® the original signal transition generates a temporally in-
between the fields and the medium. The case of adiabaticerted pulse compared with the signal pul&é].
passage is more flexible. The complete pulse restoration ap-
pears for any field strength. It works for very strong writing Il. BASIC EQUATIONS
and reading fields, analyzed [d2], such that the so-called ) ) ) )

“dark polariton” transforms to the signal field almost com-  Letus consider the interaction of two copropagating plane
pletely. For such strong fields, the signal pulse initially hasélectromagnetic ~ waves Ey(z,t)exd —i(»t—k:2)] and
group velocityv, comparable with the speed of light in the Ea(z.)exd —i(vit—k2)] with a gas of three-level -type
vacuumc. However, as we show, even for weaker writing 8loms shown in Fig. 1, whergy(z,t) and Eq(z,t) are the
fields, adiabatic passage allows lossless storage of the sigr@lPWly varying envelopsy, and vq are the carrier frequen-
||ght if the Signa| pu|se is |0ng enough and does not experi.CieS, a.nd(p andkd are the wave numbers of the fields. Field
ence absorption in the coherent medium. Ep interacts with the tranSitiOtﬁ>*>|b>, while field Ed in-

On the other hand, both the initial amplitude of the writ- teracts with the transitiofa)— |c). We consider the case of
ing field and the group velocity should be small in the nonathe resonant tuning, i.e., the carrier frequencies of the waves
diabatic case to store information effectively. The abruptcoincide with the frequencies of the corresponding atomic
switching of the driving field leads to the absorption of thetransitionsvy,= w,, and v4= wxc.

“free field” part of the “dark polariton.” Only the “bound To describe the propagation of the light pulses through the
part,” i.e., low-frequency atomic coherence, survives. Theatomic vapor, we use Maxwell-Bloch equations in the slowly
ratio between “free” and “bound” parts of the polariton is varying amplitude and phase approximation. In this approxi-
equal tovy/c. Therefore, the smaller the initial group veloc- mation, the Maxwell equations can be written as

ity of the signal pulse, the better the writing-reading quality.

It is instructive to mention here that thg/c ratio be- a_a+ a_a:i NPab (1)
tween “free” and “bound” parts of the polariton is of a dz  dct anr
general nature. It is true for any kind of slow propagation of
a light pulse inA -type media, in two-level media, in periodic @+ Q—i @
heterostructures, etfl8]. The signal electromagnetic energy gz = act | TPac
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where a=gp,,E,/h and Q=gp,Eq/h are the Rabi fre-
qguency of the probe and drive fieldgg, and ¢, are the
dipole momentsp,, andp,. are the matrix elements of the

Intensity, (a/y)
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FIG. 2. Adiabatic “storage of light.” Intensity
ﬂ of the signal field vs retarded time. The probe
pulse denoted asiti” enters the medium. Switch-
ing off the writing field (shown by the dotted
line) leads to the signal absorption. Subsequent
switching on of the reading field leads to signal
restoration. The retrieved pulse is denoted as
“out.” Intermediate profiles of signal and re-
trieved pulseqsignal pulse not yet entirely ab-
sorbed and retrieved pulse not yet entirely emit-
ted) are plotted as a dashed line. The full-scale
drive field is shown in the inset. Retarded time
and Rabi frequencies are presented in unity.of
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These equations are to be supplemented by the population

Pcb= ~ YebPcb— 1 apcatiQpap.

corresponding atomic transitions, aads the vacuum speed conservation law
of the light. The coupling constanj=3\?Ny/8m depends

on the density of the atomic vapbdl and the wavelength of

the atomic transition& ;.=\ zp=A\.

lations and polarizations of the atoms are

Q1]

Intensity, (o/y)

PaaT Pobt pec=1. €)

The Bloch equations for the matrix elements of the popu-The solution of Eqs(1)—(8) gives the complete evolution of

the atom-field system at any moment of time. Because the
general analytical study of the set is difficult, we first solve

=2 +i0 _ , 3 the problem numerically and make simple analytical calcu-
Poc=2YacPaa  1{H(Pac™ pea) ® lations in order to better understand the physics. In the fol-
. _ lowing, we assume that the coherence decay sate=0,
Pbb=2VabPaat 1 @(Pap~ Pba)s (4 while yaec=vap=y/2.
bab: - ( ')’ab+ ')’ac)pab_ [ a(paa_pbb) +i Qpcb, (5) ll. NUMERICAL SIMULATIONS
_ We solve the propagation problem numerically for a ho-
pea=— (Yabt Yac)Peat 1 Q* (Paa—pcc) —ia@*pep, (6)  mogeneously broadened gas &f atoms. The results for
0.012 T r T r
in ) . out
N '
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. o8 '
MO ‘ P 000 FIG. 3. “Storage of light” without adiabatic
0.006 : . passage. All is the same as in Fig. 1 except the
: [ ' . writing field is switching off and the reading field
\ . is switching on immediately. Numerically, the
: intermediate ' switching time was determined by the step of the
0.003 } . ' grid 8t=0.1/y. There is no adiabaticity in this
’ . NN case.
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adiabatic and instantaneous switching times are shown in {a) out

Figs. 2 and 3, respectively.
In the numerical simulations, we first consider the case of
slow switching times for the writing and reading pulses in-
A A

teracting with|a)—|c) atomic transitions so that the adiaba-
ticity condition is fulfilled, i.e., the switching tim& is much
longer thany7yL/|Q|? [9,10], y/|Q|?, and 1k [12], where g0
Q) is the initial Rabi frequency of the writing pulse, ands ﬂ(
the decay rate of both allowed atomic transitions. |

The signal pulse enters the medium that has interactec JVU(\ AL
with the driving field for a long time so that all atomic popu- \ 7 °
lation is optically pumped into the stalie). When the entire 174N VAN ‘@90
signal pulse enters into the medium, we switch off the writ- A &
ing field, and this leads to the absorption of the signal. The

energy associated with the signal pulse leaves the mediun © Retarded time, ty 1000 ©
with the writing field. Really, our calculations show that in (b)
the adiabatic approximation the population of the excited
state|a) is almost zero at any arbitrary moment of time.
Therefore, the energy of internal degrees of freedom of the
A

]
Al Y
1\

Intensity, (oy) 2

medium is vanishingly small. The absorption of the probe
pulse appears via adiabatic passdlge—|a)—|c) during
which the writing field is amplified and the signal field is
deamplified. Because the speed of the writing field in the
medium is nearly equal to the speed of light in the vacuum,
the energy transferred from the signal pulse to the writing
field due to this stimulated quasi-Raman process, leaves the
medium almost immediately.

After some delay, we launch the reading pulse probing the
|c)—|a) transition and look for the pulse emitted on the
frequency of thdb)—|a) transition. The shape of this re-  FIG. 4. (a) Normalized intensity of the signal field vs normal-
trieved pulse coincides with the shape of the signal pulseized retarded time and vs normalized propagation distance. The
Hence, our exact numerical simulations confirm the approxiprobe pulse denoted asn” enters the medium. Switching off the
mate calculations presented [ih2]. writing field (not shown here, see Fig. 1 insétads to the signal

We should mention here that in our numerical simula-absorption. Subsequent switching on of the reading field leads to
tions, the pulse is always in the medium. We assume that algyg”a_' restoration. The retrieved pulse is denoted est.” (b)
ong probe puise is ot absorbed or distored passig a cATIE e e A el e e o
herently driven atomic medium because of electromagnetli-ntensity is (1/7)2=1 here, it is easy to see thatpp.— a/Q. The

cally induced transparencj2l], so instead of solving a dependence of the spatial coherence profile for a fixed retarded time

0.

—_

Coherence, —p,.

Retarded time, ty 1000 °

o

boundary-value problem, we solve an initial problem. where the electromagnetic field is equal to zero is shown by dots.
Let us consider now short switching timé&s much less

adiabatic following of atomic coherence to the driving field.

However, as can be easily seen from Fig. 3, the shape of the To consider the case of adiabatic field switching, we as-
retrieved pulse is the same as the shape of the signal pulsgime that the signal field is much weaker than the drive field
Therefore, nonadiabatic writing and reading processes lead¥ any point of time and at any point of space. This assump-

to the same results as the adiabatic ones. To understand tiign follows from the exact numeric simulation discussed
result, we now turn to simple analytical calculations. above. In this case, almost all atomic population is in the

To compare how behavior of the atomic coherepge state|b) and the writing and reading fields propagate in the

depends on the behavior of the signal/retrieved light, wé“ed'um as in the vacuum, i.e.,

present Fig. 4. It is easy to see that the temporal shape of the

coherence resembles the shape of the signal pulse when ETOR:10)

writing/reading fields are present. At the moment of signal EJF EZO' 9
pulse absorptioriswitching off the writing field the coher-

ence “freezes” on its value that it had had just a moment

before the absorption process started. The spatial shape Because of adiabaticity, the atoms stay in the “dark state”
the stored coherence is similar to the shape of the signalith respect to the fields and, therefore, the atomic coherence
pulse[shown by dots in Fig. @)]. is
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a ia Q)
Pcb= — o (10 Pab:7 + 7Pcb- (15
Following [12], we construct a function For simplicity, we also assume here that writing and reading
pulses are applied to the same transition and that both these
Q* pulses are produced by the same laser with the same Rabi
W=pep— @ (1D frequency().
The set of equation€l3), (14) is linear in the probe field.
that obeys the wave equation Therefore, we can use Fourier decomposition to solve the
problem

v Q)+ e oV

9z Q)2c a7 (12

a(z,t)= J oy ek, (16)

which introduces the group velocity,= c|Q|/(|Q|*+ 7c).

Equation (11) represents a “dark polariton.” The first _ [~ ikz
term in the right-hand siddérhs) of the equation is the Pep(2t) f Pl ® dk. an
“bound” part of the polariton, while the second term is the
“free” part of the polariton. The polariton is a normal mode Thek modes of the probe field, and coherencgy ., obey
of the propagation problem. Once created, it propagatethe ordinary differential equations
without absorption and distortion.

It is easy to see from Ed11) that if the maximum am- . day 7
plitude of the writing and reading pulses is large enough kan+ E:_;[aﬁﬂpk'w]’ (18)
|Q|?> 5c, the process of the storage of the information in
the medium is almost perfect. Really, the signal pulse enters IPi.cb Q
the medium, adiabatically slows down with decreasing writ- o ;[aﬁ Qp cbl- (19

ing field, and disappears, transferring all its properties to the
medium. The reading field leads to the adiabatic transfer of; 1, signal pulse duration is much longer thafQ2(t
the medium properties back to the retrieved pulse, which is_ 0), i.e., the spectrum of the signal fits the electromagneti-

the same as tr;]e S|ghnal .'OUISF' lse is | h hat | cally induced transparencfEIT) window, the relation be-
However, when the signal pulse is long enough so that it eenpy cp and ay is

spectral width is narrower than the width of the resonance o
the electromagnetically induced transparency, there is no a

need for very strong writing-reading fields and the inequality Preb™ " g - (20)
|Q|2> e is redundant. In other words, when each spectral
harmonic of the probe pulse IS In the transpgrency .W'ndOWSWitching the driving field off, we write a probe pulse onto
the probe pulse propagates without absorption. This propa:

. o o amediumpk cb- The coherencpreserveghe value that it has
gation occurs for moderate drive intensities, much less thaB : o Y Y 0
efore the switching, i.e.p, .p=— /), where oy de-

the intensities determined by inequaljfy|?> nc. The same . . o
logic is applicable for the writing-reading process. The Signa'\?v(i?tlibnegsfitglz signal pulse at the moment of switching off the
pulse enters the medium, transferring its energy to the driv- Now let us find out the condition under which we can

ing field without absorption or reflection, and the restoredrestore the probe field. To do so we solve the initial value

E)uslilee sliai\r/l?c?rrt;]aeti?r?2;gggg\gtggggi?)tl)esorptl0n too, that makeS’roblem Eqs(18), (19), wherein the initial value of the co-

herence is left after switching off the write pulse and there is
no initial probe fielday .

V. NONADIABATIC FIELD SWITCHING The general solution of Eq$18), (19) can be written as

To study the light “storing” process using abrupt switch-

ing of the writing and reading pulses, we start with the sim- (@, p,co) =Cre,€M'+ Creet?, (21)
plified coupled Maxwell and density-matrix Eq4)—(8) for . .
the probe pulse propagation that can be rewritten as where e;=(B1,1), &=(B2,1), Bi=—(\wy+Q?/Q,
Bo=—(Nay+Q?)/Q, and\y » are the eigenvalues
da Jda n Q 13
—t—=—— + writi readin;
9z gct ,y[a' Pebl, (13 g uiting e e o pu&lises
d Q o Pn;\ VAR IS
Pcb ‘ime 3 'ime
a - ylat@pel, (14 e eh o dy, T
FIG. 5. Energy-level scheme and diagram of the “phase conju-
where we assume that,=1, while p..=p,,=0, and gated” optical information storage experiment.
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FIG. 6. “Time reversing” of the signal pulse. Intensity of the fields vs retarded ti@eThe signal pulse denoted as" enters the
medium. Following switching off of the writing field, shown by the dotted line, leads to the signal absofi@ubsequent switching on
of the reading field leads to probe restoration in the channel of the writing field. Restored pulse, denatet"as time reversed and
amplified. The full scale writing and reading pulses are as in Fig. 2.

02 02\ 2 length of the pulse should be much larger than the linear
Iy+— ry—— 02 absorption length_,>L,;,J there is no distortion, and the
Nk ox=— Tyi 5 Y + U —, (22) signal pulse can be restored,
' Y
: . . e T o ik
I'.=ikc+ nc/y, C; and C, are some dimensionless con- ae ™ =— nc+92pk,cbe S (27)
stants.

The solution of Eqs(18), (19) with the initial condition  and propagate without absorption,
Py cp=— ap/Q, thus, has the form

a(Z,t)=aO(Z—vgt). (28
B2 B1
__ 0 Aqit Aot
Peb="Piob| g — g €T e, (29 VI. TIME-REVERSING LIGHT
Let us turn now to the possibility of “time-reversing
@ = B1B2 0 (MKt — ghaity (24) light” pointed out in[16]. There are two ways to do it. Leav-
Ba=pB1 " '

ing the writing procedure the same as above, we either send
the reading pulse in the backward direction to the initial
For small values ok, the eigenvalues can be simplified direction of the signal and writing pulses, or apply the read-
5 ing pl|J|Se to the transitiofb)—|a) instead of the transition
_ _ _ c)—|a) (Fig. 5. In the first case, the retrieved pulse goes
M= —ike nc+Q? M= —ike nc+0? y ou>t of tr>1e medium reversed in time, i.e., the head follows the
(25  tail. The result of the numerical simulations here looks the
same as the result shown in Figs. 2 and 3. In the second, case
It is easy to see that; = —iwy describes the slow wave the new-born field appears on the—|a) transition and the
and A= —iwy describes the fast waveo, =kvgq and  shape of the restored pulse is time reversed compared to the
j)_zéj)lg_'(nﬁﬂz)/% respectively, where,=cQ/(7C  jnitial signal pulse and, moreover, the retrieved pulse is
<C.

_ phase conjugated to the signal pulsee Figs. 6 and)7
The maximum value of wave-numbgr= &k that should The difference between the signal and retrieved pulses for

be taken into account is determined by the smallest length ithe phase conjugated time reversal appears because the pro-
the system. Because the length of the pulse in the medium igess of reading here is different from the reading in the case
shorter than the length of the medium, otherwise storage off light restoration, which was discussed before. To produce
the pulse is impossible, we havik~(vy7) %, Wherer is  the “time-reversed” pulse, we apply the reading field to the
duration of the pulse. transition populated by the writing field. Hence, the “read-
The fast wave, which has large absorption, almost doefg” field populates the levelc) and is absorbed in the me-

not introduce any input to the restored pulse, the expressiogium. This mostly incoherent optical pumping process is ac-
for the Fourier amplitude of which is companied by the scattering on the atomic coherence

b, ) generated in the writing procedure. Because the coherent
o — 0 (Q7—iykvg) (i yket ne) it (26 scattering igQ)/y|?>>1 times faster than the incoherent op-
k= 7 Pkeb ™ O (Tykc+ e+ Q2) ' tical pumping, the field restored by the coherent scattering

interacts with an essentially empty transition and, therefore,
It is clear that, in general, the restored field is distorted comieaves the medium almost instantly, while the reading field

pared with the signal pulse. However, if we meet simulta-continues to populate levét).
neously two conditions, namelf?> ykvg and nc>yke The time-reversing problem without phase conjugation
(the last condition has the simple physical meaning that thean be easily solved analytically. The writing procedure cre-

7nC nc+ Q2
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FIG. 7. “Time reversing” without adiabaticity. The full-scale writing and reading pulses are as in Fig. 3.

ates the coherencak,cb=—a(k’/9. The retrieved pulse, Let us calculate the quantum fluctuations for the problem.
propagating in the opposite direction to the writing field, andWe enumerate all atoms in the cell and write quantum
the atomic coherence obey the equations Langevin equations for the operatarg,=|k)(I|’ of the jth
atom,
Jda  Jda 17[ Q] 29
-~ o= —lat Qpepl,
dz Jct G A
Y ol.=yol ti Q((r )+ FCC, (39
apcb_ _
a ;[CH_QPCD]’ (30 O'bb yaaa+la( Jab O'ba) +Fl, (35

which are similar to Eqs(13), (14). Presenting the probe -»j

field and the coherence in the form o=~ Y0ha—ia(ol,— oby) Q0+ Fl,, (36

a(z,t)ZJm ace kdk,  pep(zt)= ) Prepe kadk, The= = yohtiQ* (0ha— ol —iatol+FL, (37)

i (31)

(A)'jb =—Iao'J +IQ* O'ba Filc. (39

and substituting them into Eq&29), (30), we derive a set of

equations one-to-one resembling E(B), (19) with change  These equations are to be supplied by the population conser-
a—a and poy— pep. Keeping in mind that the initial con- Vation law

ditions here look likepy cp=p_ b= —a° /€, we proceed

. . : - ~ ol
with the solution and finally get Oaat Oppt =1 (39)
= ik Qne -, e k(gD 40 o ket g0 Here,Fl  are the quantum Langevin forces. .
k e+ Q2Pkep - ' For the sake of simplicity, we assume that the classical

(32 reading and writing fields are much stronger than the quan-
tum probe field Q|>|(a)|. Then, almost all atomic popula-
tion is in the statgb). We also assume that the quantum
a(z,t)zao(z+vgt). (33) signal _stiII is qua;iclassical, i.e:, its expectation value ex-

ceeds its fluctuations. We restrict ourselves to the case of
Equation(33) means that the envelope of the retrieved pulseGaussian statistics for the probe field, to be able to describe
is the same as the envelope of the signal pulse, but the réae system using statistical moments up to the second order
trieved pulse propagates in the direction opposite to the sigdFokker-Planck approximation

or

nal. We get from the set of equatioi34)—(38) for the atomic
coherence
VIl. QUANTUM INFORMATION STORAGE R R
- o QP+ ald* .
We have been shown that the abrupt switching off and on ot ———oh.=— —+Fl., (40)
of the writing-reading laser gives us also the way to store and Y Y

to restore the signal pulse. Because the initial set of equa-
tions for the signal field idinear and there is almost no where

absorption in the medium, the above classical calculations .

remain true in the quantum case. We simply have to change Fl o= I_(<2Y>|Ej —Q*El ) (41)
the mean value of the field by the field operator and, there- b ac bal»

fore, it is possible to store and retrieve any quantum state of

light without destroying it. and
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()l
|02
()|
|02

(@)

y—ﬁt t’),

(FLFlo=2y o(t—t’),

<ﬁLaﬁLb>=2v(1— )6<t—t'>,

<|A:jbar:jac> ==

ELEL =27 a1,
Q*
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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 use
Fourier decomposition to solve the problem

&(z,t)=f a, e*2dk,

(}bc(z,t)zj a’k'bceikzdk,

Jfbc(z,t):f Fipce ?dk,

where we assum@ =Q*, and

The other moments are negligibly small. The above expres-

sions immediately give

47|

(FvcFur o) = INA S(t—t")s(k—k').
a oA 2 R
I TiyN=" 2_ 2 ) X

(Focl e 7(|Q| K% at=t"), (42) Thek modes of the probe field, and coherence, ,. obey

the ordinary differential equations

(FenFbo =0, (43 2 i

~ Ak _ 7 90k,bc
U 2(a)20* >2 kot Gt T a 0
(FoeFbey =(FepFen) ™ =— —t'). (49
doype )~ - .

To describe the interaction of the fields with the atoms, we gt 7[“k+ Qoyepl + Fpes (51)

introduce collective atomic operators

~ 1 .
Uik(Z,t)=m 2 ol (45)

where A is the laser beams cross-section afeajs a quan-
tization length that exceeds the optical wavelength, but is
small compared with the length scale determined by the

which have the general solution

~0 ~0 ~0 ~0
~ Oy pcB2— ay Oy b1~ ay
Ope=— M ———— —lad
' Ba—B1 Bo— B
t — QO
_f [Mem(tt’)
ol B1—B2

fields change due to the absorption and dispersion of the
medium. Collective fluctuation forces can be derived as of B1— nclQ

[20]. Neglecting terms of the order of an higher tHanQ|?,
we rewrite Eq.(40) as

0 +|Q|2‘ &Q*Jr% (46)
g Ope= — s
bc ¥ bc ¥ bc
where
FooFep)= ||2(tt)5(z z'). (47)
bcY ch NA

On the other hand, for the probe field we have

da  da

521 3ct i Foal, (48)

[/ ~
=- ;[a—i—Qa’bc—
where

A .Y
fbaz —1 E}—bc . (49)

_We)qk(tt/)}j:k,bcdt"

~0 ~0 ~0 ~0
~ Tk b2~ ag R Uk,chl_ake)\Zkt

P g g, Bo— B:
J |:(B2 WC/Q)Bl )\ (t t)
0

B1—
_(B WC/Q)ﬂz )‘2k(t t')

B1= B>

- B>

]:k,bcdt’,

where oy, . and ay, are the initial values of the atomic and
field operators.

There are two kinds of propagation problems: the initial-
value problem and the boundary-value problem. Physically,
the light “storage” should be described by the solution of
both of them. In the first step, the signal pulse enters the
medium. This is the boundary-value problem. In the second
step, we switch off the writing field and, after some delay,
switch on the reading fiel@actual light “storage” and “re
trieving”). This is the initial-value problem. Finally, in the
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third step, the restored pulse leaves the medium. This i$he solution of Eq(56) is
again the boundary-value problem.
The boundary problem was solved[&1]. In particular, it
was shown there that a long probe pulse is not absorbed
entering and leaving a coherently driven atomic medium.
This is the essence of the phenomenon of electromagneti- t feki2 jkcy .
cally induced transparency. + fo fﬁ 5k/2m]:k’b°
Our goal here is to show that manipulations by the writing K
and reading fields do not destroy the matter-field state, which t
automatically means that we are able to retrieve the signal Xex;{ik(z—f Ugr(t')dt')
pulse from the medium without distortion. We have solved 0

the initial-value problem, not the boundgry—value IOr‘)blem'We change infinite boundaries of the integration over wave

We assume that the pulses are already in the medium. Tnﬁjmberk by finite values because E@60) is derived in

initial conditions here does not describe the fields on theapproximation of smallk (long pulses Generally, 5k

entrance on the medium, but rather, the values of the atomig(v 1)~ 1, wherer is the pulse duration. The noise ,term in
gr 1 .

and field operators at an arbitrary ch_o_sen ‘moment of tim%q_ (57) scales asy/(Q27); that means that the fluctuation
when we start manipulating of the writing field. Therefore,forces are negligibly small for long signal and retrieved

~0 ~0 H . .
a, andoy ,c are not independent, but depend on the boundpy|ses. Therefore, we get an unchanging state of the polari-

N N t
\If(z,t)=\lf(z— Jovgr(t’)dt’,t=0)

dkdt’.  (57)

ary conditions. tonic quantum state in the medium.
The solution of the initial-value problem can be repre- The above result directly follows from Eq57), if we
sented in the form of two normal modes note that the |hs of the equation does not contain any deco-
- herence terms. Such terms have been neglected due to their
Vo=, — Ak vanishing values under electromagnetically induced transpar-
k= Zkbe 3, ency conditions. Therefore, according to the fluctuation-

dissipation theorem, there should not be any fluctuations

N to C larger than the negligible dissipation. This point of view is
— A1r0 AN ’ 7 \ —t! g ghg p p
=Wtk + fodt ]:kvbC( 1 Bzﬂ)e udt=6, (52 completely confirmed by our calculations.
With the above technique in hand, we are able to study a
o possibility of writing and retrieving quantum information.
D =0y pe— Zk Let us do it first for the adiabatic case. Using E§4) we
B rewrite Eq.(52) as
t ~ ~
=<i>2e”2k‘+J At Fi el 1— | a1, (53) Goop G axmet @’
0 ' B14) k= Tkbe B, Q g
Let us note that¥ is a slow propagating polaritonic mode tyc+ 0?2 o
without decay;® i i i T pedt”. (58)
y;® is a fast propagating and fast decaying o 02 ;
mode. Neglecting fast decaying terms*2< in Eq. (53), we
obtain[cf. (10)] In the simplest case, when the initial and final Rabi frequen-
- t cies of the writing and reading pulses are lafQé(t=0)
&k’bC:ﬂJrJ' 1— nc )e}\zk(tt’)}-k’bcdtr. (54) zﬂz(tz_T)> nc and Q(t) is aAsIow func}ion of time com-
B1 Jol© QB pared with exp(xl), we get a,(t=0)=a,(t=T), which

means that the signal pulse can be stored and retrieved with-
out distortion. This confirms the result obtained ir2].

It is very difficult to satisfy the conditio2?> ¢ in a
real experiment. Usually, the opposite conditigo=>Q? is

To study light propagation in the medium, it is instructive to
introduce the polaritonic mode as in EdJ),

i 5kI2 \ifke‘kzdk= fﬁk/Z S b ol ekzdk. (55) valid, which means that the group velocity of the signal pulse
— 5k/2 okl B2 in the medium is always less than the speed of light in the
i o . vacuumc>v4. Under this condition, the basic part of the
This polaritonic mode obeys a wave equation “dark polariton” coincides with the atomic degree of free-
- . ) dom, i.e.,
av o1 gV f&k/z Ikyj__ ke 56
0z vy ) aaq2” k0E (56) o e
Y =0kbe— B, Tkbe: (59
that can be easily solved by substitutiantj— (¢£,t), where 2
. Hence, the atomic coherence is not destroyed by the adia-
gzz_f Vo (1)t batic change of the writing and reading fields. On the other
o ¥ hand, an abrupt switching of the fields does not destroy the
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coherence, too. Therefore, both adiabatic and nonadiabat'tg‘ecause for the EIT regim|é)|ZQ/y>é. Therefore. infor-

switching of the writing and reading fields allows us to store,+iqn storage via EIT is quite different from the Raman
quantum information ifpc> Q2. technique.

We have considered a one-dimensional problem com-
pletely neglecting the transverse spatial structure of the elec-
tromagnetic fields. The transverse spatial structure would in-
validate our claim that complete quantum optical information  In conclusion, we propose an approach of storing coher-
can be stored at least because the transverse effects mighit information in a vapor oA -type atoms. Our proposal is
destroy the writing/reading procedure via interference of im-based on the instantaneous switching off and on of the writ-
ages with differenk of the writing/reading fields. The prob- ing and reading fields. This modification is complimentary to
lem is to be solved in the future to understand real abilities othe light “storage” based on adiabatic passage technique.
the coherent information storage technique. Our method allows us to reach the same results as it is pos-

Finally, to compare the light “storage” technique with sible to do with adiabatic passage and significantly broadens
studies presented ifil3] it is useful to rewrite equations application ranges of the method.

(46)—(49) as The slowly varying amplitude approximation of the
Maxwell-Bloch equations that describe the information stor-
age process does not include actual optical frequencies but

d. only one- and two-photon detunings of the fields from the

VIIl. CONCLUSION

e i, EE*_TALE
&Q_ ik EpEg —TQ+F, (60) relevant atomic transitions. As a result, there is no difference
as to which one-photon transition the reading pulse is ap-
ﬁl%p ﬁép Ky d plied. The scattering of the reading pulse by the atomic co-

Q, (61) herence excited by the writing pulses is independent of the
frequency of the writing pulse. This phenomenon could pos-
sibly be used as an effective multichannel optical switch, or
image storage system.

_J’____ J—
gz ' dct I|Q|2Eddt

where Q=ioy, E,=talp, Eq=hQlp, ki=p% yh?, K,
=yly, T=|Q|?*y, andF =i F,.. The set of equation&0), ACKNOWLEDGMENTS
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