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Atomic quantum memory: Cavity versus single-pass schemes
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We present a quantum mechanical treatment for both atomic and field fluctuations of an atomic ensemble
interacting with propagating fields, either in electromagnetically induced transpaf&hfByor in a Raman
situation. The atomic spin noise spectra and the outgoing field spectra are calculated in both situations. For
suitable parameters both EIT and Raman schemes efficiently preserve the quantum state of the incident probe
field in the transfer process with the atoms, although a single-pass scheme is shown to be intrinsically less
efficient than a cavity scheme.
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[. INTRODUCTION field and atoms. In the present paper we extend these cavity

, ) results to single-pass interactions and show that good-quality

There has recently been a lot of interest in quantum comgantum-state transfers are also possible in either resonant
munication at the light-atom interface, with the prospect ofyq off-resonant situations. We first present a general method
realizing quantum information networks composed of nodegy, calculate both the field and atomic noise spectra in a one-
of atomic ensembles connected by lighit2]. A basic re-  gimensional propagation problem. We then apply it to the

quirement of such networks is the ability to perform caqe of a squeezed-vacuum input-field state and derive the
quantum-state exchanges between fields and atoms. Theggiqoing-field spectrum as well as the atomic variances, first
have been various proposals to write, store, and read out;g resonant EIT and then in off-resonant EIT. For some pa-

field state onto a long-lived atomic spin, and several experizameters the atoms may be spin squeezed by the same
ments have already demonstratgd the possibility to manipusmount as the incident field. We analyze the mapping effi-
late quantum states between field and atoms: on the ongencies and the effect of ground-state decoherence, and

hand, “slow-light” experiments based on electromagnetically.ompare the results obtained in the single-pass schemes with
induced transparenciEIT) [3] have shown that a pulse of hoge of the cavity schemes. An important result is that, in
light could be stored and retrieved inside an atomic cloudy,y sjtyation, the efficiency increases faster with the number

[4]. In the weak-probe regime conservation of the quantuny¢ atoms in a cavity scheméxN) than in a single-pass
character of the pulse was predicted using the concept Qafcheme(ow’ﬁ).

“dark-state polaritons]5], but remains to be demonstrated
experimentally. On the other hand, off-resonant interactions
have been used to entangle two atomic ensembles and map a
polarization state of light onto an atomic sgi@], and the
mapping and storage of coherent states have been reported

very recently by 'Julsgaardt al. [7]. There are also several dimensional field propagation through a dilute atomic cloud
proposals to realize a quantum memory using such a schemg \ongh | | cross sectionS, and containingN atoms uni-
[8]. In recent works we studied how nonclassical light State%jrmly distributed. We assume that the atomic cloud is elon-

II. SINGLE-PASS SCHEME

In the following sections we address the issue of one-

could be transferrefd tg atomsf_alrljd péed|cted (?uas:;_de ated with Fresnel number of order unity, so that the emis-
quantum-state transfer between field and atoms placed in &}, -4n e considered one dimensidddl. In order to take

optical cavity, in both resonant and off-resonant EIT configusi account transverse effects a three-dimensional theory

rations[9,10]. In particular we showed that squeezed states,,ould be required 12], which is beyond the scope of the

and Einste_in-PodoIsky-RoséEPR) states C_OUId b_e _mapped present paper. In the first section we introduce continuous
onto atomic ground-state spins with a high efficiency. We

. . “~operators by dividing the atomic medium into transverse
also developed a method to read out the atomic state in thgices a5 if13], and we give the atom-field evolution equa-
f|eId_ exiting the cavity, thus allpv_vmg quantum memory Op-tions | the next sections we study the continuous interac-
erations in a controlled and efficient manner. In these Calcuﬁon of a coherent pump field and a squeezed-vacuum probe
lations the cavity plays an important part to improve thege iy with the atoms, and calculate the spectra of the field
collective atom-field coupling which scales linearly with the exiting the cloud in two situations: in “resonant EIT"—both
number of atoms. Moreover, the intrinsic noise coming fromf'elds are one- and two-photon .resonant—and in an off-
spontaneous emission or grpupd-statg deCOheYe”C.e IS SYBsonant EIT or “Raman” configuration—large one-photon
stantially damped by the cavity interaction, allowing in prin- 4oy nings, but two-photon resonance is maintained. These
ciple quasireversible quantum-state exchanges between tQg ations have been shown to be the most favorable to the

conservation of quantum states during atom-field transfer op-
erations[9,10,15. For each configuration we also calculate
*Electronic address: dantan@spectro.jussieu.fr the atomic ground-state coherence variances and show that
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the incident-field state can be perfectly mapped onto the athe two-photon detuningy the optical dipole decay rate

oms.

A. Atom-field evolution equations

(taken equal on both transitions for simpligityand y, the
decay of the ground-state coherence, modeling collisions or
accounting for the transit of the atoms outside the interaction
area with the light beams. Th&'s are chosen to maintain

In order to treat the paraxial propagation problem wethe total number of atoms constantly equalNoThe f,,’s
write the positive frequency component of the copropagating'eé-correlated Langevin operators, the correlation functions

electric fields E; (j=1,2 as E}”(z,t):EO-A-(z,t)e‘(kZ‘wj”,
where w; is the laser frequency&y=\%w;/26SL, and
Ai(z,1) is a dimensionless slowly varying envelope operator,

satisfying

[Az1),Al(Z t)] = %5[t ~t' = (z-27)/c].

From the single-atom operatomziy(t) (in the rotating frame
of their laser frequengyone can define continuous operators

at positionz by averaging on a slice of lengthz [13]:

L i
Tz = lim —— > ol (1.

az-0 N Zzs d<z+Az

Denoting the control field byA; and the probe field b}, the

interaction Hamiltonian can then be expressed as

H=-% >,

dz
fN[ngj(Z,t)Usj(Z,t) +H.c],
j=1,2

of which are of the form

L
(f(ZDf (2 ,1) = NDMMﬁ(t -t")8(z- 7).

The diffusion coefficientd,,,,, can be calculated via the

quantum regression theorem.

B. EIT interaction

In the resonant EIT situatiof\;=A,=45=0), the presence

of the control field allows the probe field to propagate with
little dissipation. Correlations between pump and probe
fields have been investigatéti3,14] and observefi16], and,
recently, the quantum character of a squeezed-vacuum probe
has been shown to be partially conserved in ELT], but

little attention has been paid to the atomic variables. We will
focus on the case of a coherent pump field and a zero-mean-
valued probe field with some quantum fluctuations over a
broad bandwidth—e.g., squeezed vacuum. In such a situation
all the atoms are pumped into level 2 in steady state and the

with g;=d;&o;/7: the atom-field coupling constants. The field flyctuations of both fields are decouplg@l. Moreover, the
evolution equations are obtained from Maxwell's propaga-luctuations of the probe field are only coupled to the atomic
tion equations in the SlOWIy varying envelope apprOXImatlonground-state coherence and the Optica| Cohere‘}geun_

ot oz

(i + c£>Aj(z,t) =igjNoj5(zt) (j=1,2). 1)

The evolution equations for the atomic variables are given by

a set of Heisenberg-Langevin equations

5013: —(y+iA)013+19:A1(011 ~ 033) +192A2071 + f13,

Jd . . .
50'23: — (Y +1A2) 093+ 19Ax(022— 033) +191A1012+ T3,

J . TR
50'21= — (0= 10)021 +191A1093 ~ 10,A2051 + f51,

d . .
5011: = Y011+ Yozt A+ '91A1013‘ i91A1031 + f13,

d . .
E‘Tzzz = Y022+ YO33t+ Ayt '92A5023‘ i92A203,+ f2o,
J T
5033: — 2y033= (i91A1013~ 191A1031)

- (ing;Tza_ i92A203p) + fa,

where theA;'s are the detunings from resonané=A;—A,

earizing around this steady state one obtains, for the fluctua-
tions of the probe field amplitude quadratt)(eA2+A£,

J J
(E + ca—Z>X(z,t) =-2gNoy(z1), (2
d .
02 == g0y + O+ DX, @®
J . .
EJX(Z-t) =" Ylx~ Q0'y+ fjxr (4)

where()=g,(A,) is assumed real, ang, = (0,3~ 03,)/2i and
ix=(op1+ 0,12 are the fluctuations of the optical-dipole and
ground-state coherence. Similar equations relate the field-
phase quadrature, the other atomic componepiand j,.

Fourier transforming these equations, one derives the
outgoing-field spectrun$youl(w), defined by

L
(XU )X w")) = 278w + w')ES(out(w). (5)

Assuming that the incident-amplitude squeezing spectrum is
constant and equal ®n over the frequency bandwidth con-
sidered, one gets

Seou(@) = 1 —[1 — SnJe @), (6)
with
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Syou(®) ous emission rates, can be responsible for a substantial
1.1

A squeezing reduction at low frequency when the number of
atoms is largésee Fig. 1 and Ed7)].

It is also very interesting to look at what happens to the
atoms. As conjectured by Fleischhauer and Luléfh and
predicted in a cavity configuration {®], the atomic coher-
ence may be squeezed by almost the same amount as the
incident field for a good choice of the interaction parameters.
The atoms are said to be spin squeezed when the variance of
one spin component in the plane orthogonal to the mean spin
is less than its coherent-state value. More precisely, we de-
fine collective atomic observables by integrating the continu-

0.4 ous operators over the cloud length:
FIG. 1. Outgoing-field squeezing spectrum in EIT for different J,(=N d_ZJ. 1)
values ofyy: (a) 0, (b) ¥/1000, (c) ¥/100, and(d) y/10. Param- ® LA

eters:I'e=10y, C=100. ) o .
In our case the collective mean spin is completely polarized

. along z, (J,)=N/2, and, for a coherent-spin state, one has
alw) = et e : 7(70_'_‘") = AJX=AJ;=N/4. A spin-squeezed ensemble will hawel;
(y=io)(y~-iw) +Q <N/4 for some componenl, in the (x,y) plane[18].
From Egs.(2)—(4) it is possible to compute the variances
of the ground-state spin coherence. The general method to
perform these calculations is detailed in the Appendix. It

We have denoted bg=0?/y the optical pumping at reso-
nance and introduced a cooperativity paramgdér

C_gZ_NE yields the spectrum of the collective spin-squeezed coher-
Ty enceJ, of the squeezed componef; (w), defined as
The term iniwL/c corresponds to the field dephasing due to (K@) (")) =20 + ") ().

the propagation in vacuum. However, in EIT conditions, th
propagation is strongly modified: expandirgw) around
zero frequency yields the well-known result

®The atomic spectrum is found to be the sum of three contri-
butions:

N
alw)=A- ia)L + O(wz)' SJX(CU) = Z[Bf(w)S('n +Beon(w) + Bspin(w)]- 9
1%
’ The first term in Eq.(9) is the coupling with the incident
squeezed-vacuum fluctuations and quantifies how much of

Yo the incident-field squeezing is transferred to the spin,

where

A=C , (7)  whereasB,,, and By, give the contribution of, respectively,
Y0 + FE . . p . ..
the atomic noise resulting from spontaneous emission and
the atomic noise due to the loss of coherence in the ground
vg= 5 c (8) state. Integrating over frequency yields the sought variance
g'N I'e-%
1+=——F——— 2 dw
y e+ ) AJ = ETSJX(G)),

represent the absorption of the field and group velocity , o
change in EIT, which is drastically reduced wheg<Tg the exact expression of which is not reproduced here. How-
<N/ [5]. ever, when the incident field is @oherent vacuum state—

A typical spectrum is plotted in Fig. 1 for an initial- Sxm.:l—the aFoms are in a coherent—spin state. This implies
amplitude squeezing of 3 dB and different valuesygfthe @ Simple relation between the integrals of &ie:

interesting result is that the outgoing field is squeezed only in dow
a certain transparency window, of width J Z[Bf((v) + Beon(w) + Bgpin(@)] = 1.
Aw=TgA /E(l_%), In the case of an amplitude-squeezed input one can then
2C I'e measure the efficiency of the squeezing transfer by compar-

whenC> 1 andI'z> y,. Outside this window the outgoing- ing the atomic squeezing to that of the incident field:

field fluctuations are “absorbed” by the atoms and the field is 1- (AJf()/(N/4)

at the shot noise. Besides, the more atoms, the l&@gamnd 7 1_—3(”1

the narrower the transparency bandwidth is. Last, an impor-

tant parameter iy, which, although it can be made very %=1 thus corresponds to perfect transfer,0 to no transfer
small with respect to the optical pumping and the spontaneat all. Using the previous relations the efficiency is equal to
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SON
1.1

1.5 of 0.4

FIG. 2. Noise spectrum of the component of the spin in EIT FIG. 3. Outgoing-field noise spectrum in a Raman situation for
when the incident field is in a coherent sté&in=1, dashed line  the same values ofj as in Fig. 1. Parameterdig=7/100, C
and squeezed by 3 d,in=0.5, solid ling, under the same pump- =100.
ing conditions(C=100, 'e=10y, y9=7/1000. The transfer effi-
ciency is»=0.91 in the second case.

J. . .9
EJy(Zat) == (70+ I‘R)Jy"' EX+ ij,

dw dw CT'ey? |1 -€79?
ﬂ:J Py C) :f 27 D a2 (10 whereI'y=702/A2 is the Raman optical pumping ratas-
sumed much smaller thap) andg=gQ/A is the effective
atom-field coupling constant. Note that in this case the am-
plitude fluctuations are coupled to those jof Following a
{Bethod analogous to the previous section the outgoing-field
noise spectrum can be written as

with D=(y—iw)(y—iw)+Q2 For most relevant situations,
however, the field and optical dipole evolve rapidly com-
pared to the ground-state coherence, so that it is possible
adiabatically eliminate them in Eq$2)—(4) and retrieve
simple analytical expressions for the atomic spectrum and Seou(w) =1-[1 —S@n]e‘(“'*“'*), (12)
variance. In Fig. 2 we represent a typical atomic noise spec-
trum for typical experimental parameters. The atomic specwith
trum has a width proportional t6/\C for largeC. In order

to maximize the transfer efficiency the pumping must be a’(w)z_iw—L+LR'.
chosen in the regime,<I'g/VC<1v. The efficiency can c Irty-ie
then be shown to be The spectrum, plotted in Fig. 3, is radically different from

the EIT one; the squeezing is now absorbed around zero

s”2/ C f H th
7]21_\’__7T_i) (C>1y0< 7). (11) requency on a wid
VC I'e | ;o
Ao’ = EVCFR(FR+70),

A very good efficiency can thus be reached for a large coop-
erative behavior, and, as in the cavity scheme, the cooperaénd the spectrum broadens when the number of atonthe
ivity is again the relevant parameter to quantify the transfepropagation lengthis increased. For higher frequencies the
efficiency. Note also that the ground-state decay rate can algield comes out unchanged. Note also that, the optical pump-
contribute to degrade the squeezing when the number of aing rate being kept constant, the width of the spectrum no-
oms grows large. ticeably depends on the value of the ground-state decay rate:
as can be seen from Fig. 3 the central absorption peak width
increases withyy as soon agy~ 1.
Concerning the atoms, one finds an atomic spectrum for
We now consider a situation in which both fields arethe spin component coupled X" as represented in Fig. 4.
strongly detuned with respect to the one-photon resonanceSthough it is rather different from the EIT spectrum, the
(A;> 1), but the two-photon resonance is maintaittéd0),  transfer efficiency is remarkably similar:
using a small longitudinal magnetic field, for instance. In this a2
off-resonant EIT or “Raman” interaction one can eliminate 7 :f do Cl'r [1-e] (13)
the optical dipole and write simplified equations for the 27 (Tr+ y)?+ 0? /|2
ground-state coherence and field:

C. Raman interaction

In_this case the atomic noise spectrum width depends on

VCI'g, soO that the good regime for quantum-state transfer is

(ﬁ + ci)x(z,t) = - ZGNj,(z1), this time Vo< VCIg<y. Thg gfficiep;/:g, as in EIT, incrgases
a9z to 100% with the cooperativity a8 <, but shows a differ-

043801-4



ATOMIC QUANTUM MEMORY: CAVITY VERSUS... PHYSICAL REVIEW A 71, 043801(2005

single-pass scheme, this reflected-field contribution to the
output field is of course not present, so that the squeezing
disappears outside the transparency window.

If we now compare with the Raman situation, this fre-
quency dependence is opposite. The intracavity-field fluctua-
tions can be written as

X= %ER_Finn+~ F’_ ,
VT v~ lw Yo~ lo

where the effective atomic decay rate is noy=1y,

+(1+2C)I'g and, againfF’ some atomic noise operator. At

low frequencies, one has=0, so that the output fluctua-

tions are those of the reflected fiekP"'~-x". On the con-

-1 0.5 0.5 1 oy trary, for frequenciesw>%, X~2/VTX" and X°Ut~ X,
This is again in good agreement with what was found for the
FIG. 4. Noise spectrum of thg component of the spin for a single-pass scheme.

Raman interaction is in a coherent sté&in=1, dashed lineand Coming now to the atoms, a noticeable difference is the

squeezed by 3 dBSn=0.5, solid ling. ParametersC=100,I'r  transfer efficiency: in the cavity scheme the efficiency in-

=¥/100, yo=y/1000. The transfer efficiency ig’=0.91 for a 3-  creases to 1 as T/ whereas, in the single-pass scheme, the

dB-squeezed input, as in EIT. increase is slower—in X/C. Physically, it means that the
atom-field interaction in a cavity witN atoms and an output
ent sensitivity to the ground-state decoherence: mirror transmissiorT is not equivalent to a single-pass inter-
action withN/T atoms, even though the cooperativities are
7 =1 _ﬂ\m (14) then equal in both cas€€=g?N/Ty in a cavity[9]). This is
\C naturally due to the fact that the incident squeezing is re-

cycled inside the cavity on each round trip, whereas, in the
single-pass scheme, the atoms “see” less and less squeezing
along the propagation pass. This accounts for the fact that the
lll. SINGLE-PASS vs CAVITY cavity scheme intrinsic atomic noise decreases &sdnd as

1/\N in a single-pass scheme. First, in an EIT cavity con-
figuration and forC> 1, I'e> y,, the efficiency can be writ-

for C>1 andy,<y.

It was shown in[9] that, if the atomic cloud was placed

inside a single-ended optical cavity, with an output coupllngt

; - . . e en as[9]
mirror transmissiorT, a quasi-ideal mapping of the incident
field is possible either in EIT or Raman. If we first consider 2C  Tg(1+20) 1 (1+2C0),
the EIT situation, the atomic spectrum is Lorentzian shaped 7= 1+ 2C yo+ /(1 +2C) =1- 1+20 T
with width 5,=y,+ '/ (1+2C), whereas the field exiting the YoTle E
cavity is squeezed by approximately the same amount as the (15)

incident field for all frequencies. This is a strong difference

h th | h hich th fiel
with the single-pass scheme in which the outgoing field is ence in efficiency comes from the sensitivity to noise coming

squeezed only in the transparency window—i.e., for low fre- from spontaneous emission, damped by a fagter2C) in a
quencies. This is clearer when looking at the intracavity-field P u ISsi P y '

fluctuationsX and relating them to those of the output field, cavity configuration and by(C in single pass. Note, how-

Comparing Eq(15) with Eq. (11) it is clear that the differ-

out— in. ever, that the robustness of the mapping operation with re-
XoUt= [T X~ Xin:
spect to the ground-state decoherence is the same in the cav-
2 1 2Cy |ouin iw ity and single pass, because the absorption is then linear in
X(w) = \_T'l +2C 1 +% —iw X S0 - in’ the number of atoms effectively seen by the field—i.e., pro-

portional toC in both cases. This drawback can be overcome
with F some atomic noise operator. For frequencies®y,  with the use of a buffer gas, which can significantly reduce
X~2/\TX" and the output-field fluctuations are those of thethe ground-state decay rate and increase the transfer effi-
incident field:X°“'~ X", This means that, the medium being ciency[4].

transparent in this frequency window, the intracavity field is For a Raman interaction this sensitivity is less crucial,
simply the incident field, and since there is no field radiatedsince its effect is to reduce the cooperativity frdthto

by the atoms, the output field is the same as the input. How€l'r/ (I'r+ vp), as can be seen from E(4). This difference
ever, at high frequencies, the intracavity-field fluctuations aravith EIT comes from the fact that the range of frequencies
in O(1/C) and the output field is equal to the reflected field:involved in the Raman interaction is broadsee Fig. 4than
XoUl~ —Xin " Indeed, outside the transparency window thein EIT (Fig. 2). In the latter the atomic noise reduction is
incident-field fluctuations are absorbed by the atoms whiclyreater around zero frequency where the effect of ground-
radiate a field interacting destructively with the incidentstate decoherence is the most important. In Fig. 5 is plotted
field, X,~-X", so thatX«X,+X"=0. In contrast, in the the transfer efficiency in both schemes when the cooperativ-
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LR APPENDIX: ATOMIC SPECTRUM CALCULATION

From Eqgs.(2)—(4) it is possible to compute the variances
of the ground-state coherence. We would like to stress the
method to solve these space- and time-dependent coupled
differential equations, a method which is actually quite gen-
eral and may be applied to other situations. The idea is to
perform a Fourier transform in time and a Laplace transform
in space, in order to have a simple linear system. We stan-
dardly define the Laplace transform fifz) as

0.9

0.8

0.7

0.6

5 10 50 100 500 1000>C f[s]= fo e 4(2)dz,

FIG. 5. Mapping efficiency versus cooperativity in a cavity and the Fourier transform af(t) as
scheme(a) and a single-pass interactigtb) Raman,(c) EIT], for

¥o=7/1000. g(w) = f e“g(t)dw.

ity is varied. It is worth noticing that, even though the in-

crease in efficiency is slower in a single pass than in a cavit The system2)—4) then becomes

an excellent mapping-s~ 100%—can be achieved for all (—iw+cg)X[s,w] = cX(0,w) — 2gNoy[s, w],
these schemes when the cooperativity is high enough.

IV. DISCUSSION AND CONCLUSION (y—iw)oy[s o] = Qjs o] + gx[s, o]+ f(,y[s,w],
It is therefore possible to map almost perfectly a
squeezed-vacuum field state onto a ground-state spin coher- (Yo-i0)j s 0] = - Qoy[s 0] +f; [5,0].

ence, results already predicted for a cavity schemgin

The same decrease in transfer efficiency is found in EIT oFrom these equations one dedug¢gs, w]:
Raman schemes as compared to the cavity schemes under the s—b s—b
same conditions. However, good-quality transfer remains [s o] = —2-X"(w) + B,——=f, [s,w] + Bs 3fj [s,0],
possible for very realistic parameters. Most properties rela- S+& St+s Y St§

tive to the transfer processes stress the importance of thg, XN()=X(0,0), B,=-gQ/2/D, B,=-Q/D, Bs=(y
cooperative behavior of the atoms. If qualitatively the con-_; \/p. b =i(u/C, b’:ial)/c—gzN/c(;—ici) D:(a’/ —ii))(y
clusions drawn in the cavity scheme remain valid in a single-_iw)JrQ’2 Zand So,=a3(w)/L Using inverse Laplaoce rans-

pass approach, quantitatively, however, the difference o - )
scaling with the cooperativity shows that the cavity schem orms one then gets the fluctuations of the atomic operators
at positionz:

is more efficient in many ways: writing and readout time,

mapping efficiency, robustness with respect to spontaneoug(z, ) = B,;e"?X"(w)

emission, etc. It is also interesting to note the differences and 4

similarities between Raman and EIT interactions in terms of + lef” (z0) - (S + bz)f dz e o2 (Z',w)]

noise spectra, for instance. Good tests of this theory could be y 0 y

provided by outgoing-field noise measurements, such as ,

those performed ifi17]. We note that limitations may arise ¥ Ba[fj () - (5o + bs)f dzfe—so(z—zwfj (Z’,w):|.

from the imperfections of the one-dimensional theory. For X 0 X

instance, diffraction effects or the issue of matching between . . . . . .

the field and atomic modes are expected to play an importarﬁ'na”y' integrating over yields the collective spin fluctua-

role [12,19,2Q when the Fresnel number is not unity and 1ONS

when the plane-wave approximation for the field is no longer 1-e¢

valid. In[10] it was shown that this quantum-state exchangelx(®@) =BiN

mechanism also extends to EPR-entangled fields interacting

with two ensembles in cavities. The calculations of this paper N - dz f ) Zd &S EDf (5

naturally extend to such states in single-pass interactions, B, o L ‘Ty(z’w) 2 0 z€ ‘Ty(z @)

provided suitable interaction parameters are chosen. Most i ,

ideas developed if9,10,13 are also transposable to single + NBsf dfz{fix(z’ w) - )\3'[ dz/e-%(z—z')fjx(zfyw)],
0

Xin(w)
a

pass interactions, which should simplify the manipulation
and storage of quantum states in atom-field quantum com-
munication networks. with \j=sy+b; (i=2,3). Using the correlation functions of

Note addedWe recently became aware of similar work the f's and of the incident field one deduces the expressions
on EIT by Penget al. [21], who reach the same conclusions of the functionsBy, B, andBgp, of the atomic-field spec-
about the outgoing-field spectrum in EIT. trum (9).

0
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