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Einstein-Podolsky-Rosen-correlated atomic ensembles
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A method for generating two entangled macroscopic ensembles of atoms via interaction with Einstein-
Podolsky-Rosen-correlated light is proposed. The method is directly applicable for creating entanglement
between, e.g., two distant atom traps. The proposed special type of partial entanglement is analyzed.
[S1050-294{@9)09706-1

PACS numbgs): 03.65.Bz, 03.67a, 42.50.Ct, 42.50.Lc

The realization of quantum-correlated physical systemshe otherlensemble-) (Fig. 1). Such a selective interaction
has become one of the most exciting playgrounds for thean be easily achieved for atoms by, e.g., choosing two ap-
demonstration of the weirdness of physical reality. Entanglegbropriate hyperfine transitions. We also assume that the
Einstein-Podolsky-RosefEPR) quantum stateEl—4] quan- fields are completely absorbed by atoms; againa, are
tum teleportatiori6], and quantum logic gatd§] are prime  absorbed in the first cloud amal_ ,«_ in the second. As
examples of such systems. Most of the results to date involvdemonstrated if9], a quantum property of light such as
demonstrations of such correlations either between the stategueezing can be efficiently transferred onto atomic degrees
of the electromagnetiée.m) field [1,2,6) or between quan- of freedom when the optical depth of the atomic ensemble
tum states within an atom or a molec(ild. One exception for relevant frequency components of the input squeezed
where entangled single pairs of atoms are generated via itight is > 1.

teraction with a microwave cavity field is Rdf3]. Another As shown in[9], a Fourier component of the collective
recent achievement is the demonstration of the entanglemeatomic operatorF; _,(t)==|1);"(—1|;", of one of the ex-
between two trapped iorjg]. cited atomic ensemblesummed over all atoms of the en-

In the present paper we propose a method for the genergemblé obeys the following equation:
tion of the distant EPR-correlated macroscopatomic en-
sembles. Our method uses free propagating EPR-correlated . a e e
light to produce entangled atoms and can be viewed as a F]Tﬁl(A):,y_T{at(A)_th(A)}' (1)
method of mapping the nonlocal correlations transmitted by
the light onto atom$5]. The proposed method does not re- yere the indices+ and — refer to each of the atomic en-
quire any action on the entire vacuum reservoir, a formidabl%emmes, respectivelyd(A) and a(A) denote the Fourier
experimental challenge, but merely utilizes Gaussian-s,hap<=15{)mponemS of the vacuum field operator and the input quan-

entangled beams. tum field, whileA is the detuning from the atomic resonance.

We consider a subthreshold optical parametric oscillat0|=|—he vacuum field in Eq(1) describes the effect of spontane-
(OPO as a source of the EPR-correlated lig&{8]. EPR o5 emission. Its presence limits the degree of quantum noise
correlations in orthogonally polarized components of thereqyction as discussed below. The field is in resonance
OPO output generated via a type-Il parametric process havii, the atomic transition frequency of the ensembte
been demonstrated experimentdl®]. Below we discuss a Iso, y is the spontaneous decay rate of the upper states

type—l process where correlations are generated b(_atWt_-:‘en He spectral envelope af A) varies slowly across the band-
different frequency components of the same polarization as

in the original proposa[8].

Consider two output modes, anda_ of the subthresh-
old OPO with central frequencies, and w_. Here w,
+o_=w, wherew, is the pump frequency. According to
[8], these modes possess EPR correlations between quadra-
ture phase amplitudesX.(¢.)=2%[a.e'¢=+ale ¢=].
Namely, [X.(¢)—X_(—¢)]*=0 and [X,(¢)+X (7
—¢)]?>—0 as the OPO approaches the threshold, meaning
that the amplitudes and phases of the two field modes are
guantum copies of each other.

The mapping of the entanglement of the field modes onto
the two atomic ensembles proceeds as follows. The OPO
output modes a.,a- and two classical fields FIG. 1. Entangling two atomic clouds with EPR light. Level
a,e "%+, a_e ¢, where the subscripts refer to the central schemes of atoms in the two clouds and the four optical fields are
frequenciesw, and w_, propagate through two separate shown(see comments in the téxtProjections of the ensembles’
clouds of V-type three level atomsy, ,a. interact only collective spinsF, andF_ on any pair of symmetric axgs and
with one cloud(ensemblet) anda_ ,a_ interact only with  y” are entangled.
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width v, i.e., quantum correlations are broadband. Equatiofiied in [11]. For the vacuum input modes. , the equality

(1) holds under the assumption of the complete absorption of{ X +X_}?)=% holds true, independent of the choice of
the fielda.. in the = atomic ensemble. For an ensemble ofthe phases. ThereforeiFiz 5F§=%<FZ> which indicates
atoms in statefl)* and|—1)*, the(quas)spin components that the total spin of the two atomic ensembles is in a coher-
can be defined agzxi: %(Ff_1+ FEl,D' Fyi: %i(Ffl,l ent state (_:iue to the statistical independence o_f the individual
~Fi ), FX=4(F;;—F*,_,). The fields are normalized &tomic spins of the two ensembles, as one might expect.

‘ 5 ‘ . If, however, the fields.. are the EPR-correlated output
so that|a|® is th? photon flux. Under th? assgmphon of fields of the parametric amplifier, and if the phases of the
cqmpletg absorption the number of atqms in excited states coherent fields are chosen properly, we obtain, from E3)s.
will be given byN.=|a.|?/y. The spin componertt) is g (4)
therefore proportional to the square root of the number of '

atoms as expected, and the variances of the low-frequency 6F§:5{FX*+F;}2:%<FZ> (5)
(A<y) x components of the collective spin of each of the _
ensembles are or ¢, +¢_=m and

SFi=6{F, +F }*=i(F,) (6)

S{Fx1?=(iF;[{a.e '*=+ale'*=}*+{d+d"}?])
for ¢, + ¢_=0. The above equations prove that thacro-

=(F)[(X%(¢))+3], scopic ensembles and— are entangledThe entanglement
' . is evidenced by the fact that the variance of the sum of the
SIF, Y2 =(iF, [{a.e '(e= "Dy gl gllostmi22 quantities belonging to the- and — ensembles is lesén
2 this case a factor of 2 lesshan the quantum limit corre-
+{d+d"}7]) sponding to the uncorrelated ensembles. Imperfect entangle-
—(FO[(X2(@+m/2))+1]. 2 ment, i.e., the nonzero variances, is due to spontaneous de-

cay of atomic states.

In the last equations we used the fact that the vacuum AS shown in[11], the quantum spin noise of a collection
noised is phase insensitive, white and independent for bottPf cold atoms in a magneto-optical trajp1OT) can be

ensembles. Compared to the coherent spin state for whicigadily observed in the probe noise spectrum. To demon-
SF2 —L(F,)=1N, the spin state¢2) are more noisy be- Strate the entanglement described in the present paper two
X,y !

| atom clouds precooled in separate MOT's can be excited

cause each of the fields. taken separately is in a thermal < Lok ; X
2 P y with the EPR beams, as in Fig. (the trapping fields may

2 =1
gztg[lg]r:n:a ?ti%eéorzzﬁirgfe)shélgorg&g ( Ir)1 {gcgbfgr;iz have to be turned off The probe resonant with a transition
pump b A with the state~ as the lower one can be used to measure the

greater than for the coherent state. It is, therefore, ev'derguitable projections of the collective spin of the two clouds.

that a probe interacting solely with either of the atomic €MWhile each of the clouds has a rather uncertain projection of

se;}r_r;%lesre;rﬂ a(:dcee;s t\;]vgl Onabr/n r?%/er?é.;geoﬁ'r?e nc%f]eere its collective spin on any axis perpendicular to the direction
\;vpiln stgte y ex quantu ! f the excitation, the projections of the two spins>oandy

axes are entangled. This entanglement will manifest itself in

Consider now the probe light which propagates throug : ; :
both ensembles and interacts with the total spisF* r}ir:sitr?g:gﬁgg i(r){ltg]e quantum spin noise below the quantum

+F~ (Fig. 1). The probe is resonant with transitions from An additional insight into the proposed multiatom en-

the =1 state§ to some upper state...Aszdemoqstratéﬁi]l]j tanglement can be gained by considering a Stern-Gerlach
the probe will measure the quantitié¥ ,, which can be e of spin measurement performed on atoms of the two

written using Eqs(2) as ensembles. By neglecting spontaneous emission in this state
analysis we assume perfect correlations, 1855 (or 5F>2()

=0.

We will now trace the connection between the individual
atomic spin states of the and — atoms, on the one hand,
. n 1 and the collective spin state on the other. Suppose the spins

=3 (Fl{{X(e)+ X (@)} +3], (3 are projected along the axis corresponding to the maximal
, , entanglemengzero collective spin variangee.g.,x, with the
SFi=o8{F ) +F Y2=(5F [{a e e+ "™y al elle+*72)  cpoice of phases, + ¢ =r. For N uncorrelated atoms of
which N belongs to each of the: and — ensembles, the
state can be written 8% )..=(|3)+|— 3))". Here we con-
sider, for simplicity, spiny atoms. The resulting collective
spin is characterized by a binomial distribution with zero
mean value and a variané&2=:N=1(F,). A value of the
variance less than that suggests correlations between the in-

It is assumed in Eqg3) and (4) that the two ensembles dividual spins of the two ensembles. In particulaFy=0

have equal meamspin components. Hencér,)=2(F, ) is  implies that the number of atoms in stdte in both en-

the total mean spin of the ensembles. The conditions undesembles is equal to the number of atoms in state). Such
which the probe is sensitive to eithEr or to Fy are speci- a state ofN atoms can be written as

0= o{F; +F 2= (3F f{ae 1% +ale¥ +a_ee

+alele-}2+2{d+d"}?])

+a_ e He—+m2) aiei(¢_+w/2)}2
+2{d+d"}?])

=3 (FIL({Xs (@4 + m2)+ X (@ +@l2)}?)+3]. (4)
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|W)epr=ao|3, 5, ... By =1, =%, ... 1) absorption of the entangled ligtaptical depth OB:1) will
also lead to degradation of the atomic entanglement propor-
tag| =53, . 8L -5 L = +ay) tionally to 1—exp(~OD), in a way similar to the spin
squeezing degradation described[®]. However, with the
YR L =D rayy curtrent trapping technology this factor can be very close to
unity.
1y- Entanglement of the kind described above is robust
2 against decoherence. As evidenced by @9, the spectral

plus all possible permutations within each bracket. Eachvidth of the spin noise is of the order gf Consequently,
bracket containgN terms; the first bracket of each term the decoherence time of the entangled state is of the order of

. . . 71 . . . .
describes the- ensemble while the second bracket describedn€ lifétime of the atomic state” ~. This is because it is
essentially a pairwise entanglement, although it involves

the — ensemble. The number b¥) and| - ;) atoms in each many particles. Therefore, it decays much slower than a
term is the same. The state has to be averaged over the Sigaximal multiparticle entanglement of the kihdo . . . 00
tistical distributionp(N). Note, however, that fluctuations of +]11...12, and can serve as an example of a partial en-
N of the order of /N affect the entanglement only to the tanglement which is optimal for particular applications.
order of 14/N. As the entangled ensembles are prepared byote, for example, that the stalt® )zpg bears some similar-
addressing atoms collectively, there is no way to identifyity to the “optimal spectroscopic partially entangled state”
which particular pairs of atoms in the two ensembles araliscussed in13].
entangled. Therefore, the spin measurement of a randomly In summary, we propose a way to entangle two atomic
picked pair of atoms from the two ensembles will produce aensembles. Three features of the proposal should be empha-
small degree of entanglement, of the ordeNof'. However,  sized: the atomic entanglement is nonlocal, it is produced via
if we measure theollective spin®f the ensemblegount all  mapping of the propagating light onto atoms, and finally the
the atomy we obtain, using|¥)gpg, the equalityF, = entangled ensembles are macroscopic. Our mapping strategy
—F, , as a result of the individual spin entanglement. uses weak coupling of a free propagating field with an opti-
The quantum character of the above described entangl&ally thick multiatom ensemble as opposed to the strong cou-
ment as opposed to the “Bertimann socks”—type classicapling between a cavity field and a single atom used before
correlationg 12] is supported by the following argument. Let [3,14]. Recently, multiatom nonclassical staf€15 have
us choose the phases of the atomic excitation in Bjsand  attracted considerable attention. The present proposal consid-
(4) to bep, =¢_=0. Then, according to Ed6), they spin  ers the generation of yet another type of such states. The
projections of thet and — ensembles are entangled. How- mapping of the entanglement carried by light onto atoms is
ever, we can also devise an experiment witardom choice  relevant for various quantum information protocols, for over-
of the projection axesSuppose one measures the spin pro£oming quantum limits in atomic time standards, and for the
jection of the+ ensemble on the axig tilted at some angle development of quantum memory. Such mapping is a natural
.. with regard to they axis (Fig. 1). If the spin of the—  development of quantum cryptography with EPR photons
ensemble is projected on the axié tilted at an anglen_ [l6]_towards the realization of the storage of quantum infor-
with regard toy, the result of the measuremdﬁ§,+F;,, is  Mmation. Observation of this entanglement for short-lived

still described by Eq(4) with the substitutions. — a-. . We atomic states looks experimentally feasible in view of the
conclude from Eq(6) that with an arbitrary chf)ice (;,' the recent spectroscopic detection of multiatom spin noise at the

entanglement between the spins of the two ensembles &uanitftiml Ievel[fll]r;tAAtf]lOlrJnghntlnirt]hlsrirﬁ)a?pfar Wercr;)ntskl]dzr an
present provided thay” is chosen according te, +a_ Specilic type ot entangiement, in principie, our method ca

— . i.e., provided thay’ andy” are symmetric around be generalized to map other types of entanglement of light
(Fig’ i) " onto atoms.

If the entanglement is not perfgaue, for example, to the | am grateful to H. J. Kimble and K. Mmer for stimu-
spontaneous emission as in E(®.and(6)], an admixture of lating discussions. This research has been supported by the
uncorrelated states should be added¥)gpg. Imperfect Danish Natural Sciences Research Council.
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