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Einstein-Podolsky-Rosen-correlated atomic ensembles

E. S. Polzik
Institute of Physics and Astronomy, Aarhus University, Aarhus 8000, Denmark

~Received 22 May 1998!

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.
@S1050-2947~99!09706-1#

PACS number~s!: 03.65.Bz, 03.67.2a, 42.50.Ct, 42.50.Lc
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The realization of quantum-correlated physical syste
has become one of the most exciting playgrounds for
demonstration of the weirdness of physical reality. Entang
Einstein-Podolsky-Rosen~EPR! quantum states@1–4# quan-
tum teleportation@6#, and quantum logic gates@7# are prime
examples of such systems. Most of the results to date inv
demonstrations of such correlations either between the s
of the electromagnetic~e.m.! field @1,2,6# or between quan-
tum states within an atom or a molecule@7#. One exception
where entangled single pairs of atoms are generated via
teraction with a microwave cavity field is Ref.@3#. Another
recent achievement is the demonstration of the entanglem
between two trapped ions@4#.

In the present paper we propose a method for the gen
tion of the distant EPR-correlated macroscopicatomic en-
sembles. Our method uses free propagating EPR-corre
light to produce entangled atoms and can be viewed a
method of mapping the nonlocal correlations transmitted
the light onto atoms@5#. The proposed method does not r
quire any action on the entire vacuum reservoir, a formida
experimental challenge, but merely utilizes Gaussian-sha
entangled beams.

We consider a subthreshold optical parametric oscilla
~OPO! as a source of the EPR-correlated light@2,8#. EPR
correlations in orthogonally polarized components of
OPO output generated via a type-II parametric process h
been demonstrated experimentally@2#. Below we discuss a
type-I process where correlations are generated betwee
different frequency components of the same polarization
in the original proposal@8#.

Consider two output modesa1 anda2 of the subthresh-
old OPO with central frequenciesv1 and v2 . Here v1

1v25vp wherevp is the pump frequency. According t
@8#, these modes possess EPR correlations between qu
ture phase amplitudesX6(w6)5 1

2 @a6eiw61a6
† e2 iw6#.

Namely, @X1(w)2X2(2w)#2→0 and @X1(w)1X2(p
2w)#2→0 as the OPO approaches the threshold, mean
that the amplitudes and phases of the two field modes
quantum copies of each other.

The mapping of the entanglement of the field modes o
the two atomic ensembles proceeds as follows. The O
output modes a1 ,a2 and two classical fields
a1e2 iw1,a2e2 iw2, where the subscripts refer to the cent
frequenciesv1 and v2 , propagate through two separa
clouds of V-type three level atoms.a1 ,a1 interact only
with one cloud~ensemble1! anda2 ,a2 interact only with
PRA 591050-2947/99/59~6!/4202~4!/$15.00
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the other~ensemble2) ~Fig. 1!. Such a selective interactio
can be easily achieved for atoms by, e.g., choosing two
propriate hyperfine transitions. We also assume that
fields are completely absorbed by atoms; againa1 ,a1 are
absorbed in the first cloud anda2 ,a2 in the second. As
demonstrated in@9#, a quantum property of light such a
squeezing can be efficiently transferred onto atomic deg
of freedom when the optical depth of the atomic ensem
for relevant frequency components of the input squee
light is @1.

As shown in@9#, a Fourier component of the collectiv
atomic operator,F1,21

6 (t)5(u1& i
6^21u i

6 , of one of the ex-
cited atomic ensembles~summed over all atoms of the en
semble! obeys the following equation:

F1,21
6 ~D!5

a6e2 iw6

g2 iD
$a6~D!1d6~D!%. ~1!

Here the indices1 and 2 refer to each of the atomic en
sembles, respectively.d(D) and a(D) denote the Fourier
components of the vacuum field operator and the input qu
tum field, whileD is the detuning from the atomic resonanc
The vacuum field in Eq.~1! describes the effect of spontan
ous emission. Its presence limits the degree of quantum n
reduction as discussed below. The fielda6 is in resonance
with the atomic transition frequency of the ensemble6.
Also, g is the spontaneous decay rate of the upper states6.
The spectral envelope ofa(D) varies slowly across the band

FIG. 1. Entangling two atomic clouds with EPR light. Lev
schemes of atoms in the two clouds and the four optical fields
shown ~see comments in the text!. Projections of the ensembles
collective spinsF1 andF2 on any pair of symmetric axesy8 and
y9 are entangled.
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width g, i.e., quantum correlations are broadband. Equa
~1! holds under the assumption of the complete absorptio
the fielda6 in the 6 atomic ensemble. For an ensemble
atoms in statesu1&6 andu21&6, the~quasi!spin components
can be defined asFx

65 1
2 (F1,21

6 1F21,1
6 ), Fy

65 1
2 i (F21,1

6

2F1,21
6 ), Fz

65 1
2 (F11

6 2F21,21
6 ). The fields are normalized

so that uau2 is the photon flux. Under the assumption
complete absorption the number of atoms in excited state6
will be given by N65ua6u2/g. The spin component~1! is
therefore proportional to the square root of the number
atoms as expected, and the variances of the low-freque
(D!g) x components of the collective spin of each of t
ensembles are

d$Fx
6%25^ 1

4 Fz
6@$a6e2 iw61a6

† eiw6%21$d1d†%2#&

5^Fz
6&@^X6

2 ~w!&1 1
4 #,

d$Fy
6%25^ 1

4 Fz
6@$a6e2 i (w61p/2)1a6

† ei (w61p/2)%2

1$d1d†%2#&

5^Fz
6&@^X6

2 ~w1p/2!&1 1
4 #. ~2!

In the last equations we used the fact that the vacu
noised is phase insensitive, white and independent for b
ensembles. Compared to the coherent spin state for w
dFx,y

2 5 1
2 ^Fz&5 1

4 N, the spin states~2! are more noisy be-
cause each of the fieldsa6 taken separately is in a therm
state@10# and, therefore,X6

2 (w)> 1
4 for anyw. In fact, for an

OPO pumped at the half-threshold power,X6
2 (w) is 30 times

greater than for the coherent state. It is, therefore, evid
that a probe interacting solely with either of the atomic e
sembles ‘‘1’’ and ‘‘ 2 ’’ will only reveal the spin noise
which greatly exceeds the quantum noise of the cohe
spin state.

Consider now the probe light which propagates throu
both ensembles and interacts with the total spinF5F1

1F2 ~Fig. 1!. The probe is resonant with transitions fro
the 61 states to some upper state. As demonstrated in@11#,
the probe will measure the quantitiesdFx,y

2 , which can be
written using Eqs.~2! as

dFx
25d$Fx

11Fx
2%25^ 1

8 Fz@$a1e2 iw11a1
† eiw11a2e2 iw2

1a2
† eiw2%212$d1d†%2] &

5 1
2 ^Fz&@^$X1~w1!1X2~w2!%2&1 1

2 #, ~3!

dFy
25d$Fy

11Fy
2%25^ 1

8 Fz@$a1e2 i (w11p/2)1a1
† ei (w11p/2)

1a2e2 i (w21p/2)1a2
† ei (w21p/2)%2

12$d1d†%2] &

5 1
2 ^Fz&@^$X1~w11p/2!1X2~w21p/2!%2&1 1

2 #. ~4!

It is assumed in Eqs.~3! and ~4! that the two ensemble
have equal meanz spin components. Hence,^Fz&52^Fz

6& is
the total mean spin of the ensembles. The conditions un
which the probe is sensitive to eitherFx or to Fy are speci-
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fied in @11#. For the vacuum input modesa6 , the equality
^$X11X2%2&5 1

2 holds true, independent of the choice
the phases. Therefore,dFx

25dFy
25 1

2 ^Fz& which indicates
that the total spin of the two atomic ensembles is in a coh
ent state due to the statistical independence of the individ
atomic spins of the two ensembles, as one might expect

If, however, the fieldsa6 are the EPR-correlated outpu
fields of the parametric amplifier, and if the phases of
coherent fields are chosen properly, we obtain, from Eqs.~3!
and ~4!,

dFx
25d$Fx

11Fx
2%25 1

4 ^Fz& ~5!

for w11w25p and

dFy
25d$Fy

11Fy
2%25 1

4 ^Fz& ~6!

for w11w250. The above equations prove that themacro-
scopic ensembles1 and2 are entangled.The entanglemen
is evidenced by the fact that the variance of the sum of
quantities belonging to the1 and 2 ensembles is less~in
this case a factor of 2 less! than the quantum limit corre
sponding to the uncorrelated ensembles. Imperfect entan
ment, i.e., the nonzero variances, is due to spontaneous
cay of atomic states.

As shown in@11#, the quantum spin noise of a collectio
of cold atoms in a magneto-optical trap~MOT! can be
readily observed in the probe noise spectrum. To dem
strate the entanglement described in the present paper
atom clouds precooled in separate MOT’s can be exc
with the EPR beams, as in Fig. 1~the trapping fields may
have to be turned off!. The probe resonant with a transitio
with the stateF as the lower one can be used to measure
suitable projections of the collective spin of the two cloud
While each of the clouds has a rather uncertain projection
its collective spin on any axis perpendicular to the direct
of the excitation, the projections of the two spins onx andy
axes are entangled. This entanglement will manifest itsel
the reduction of the quantum spin noise below the quan
limit reached in@11#.

An additional insight into the proposed multiatom e
tanglement can be gained by considering a Stern-Ger
type of spin measurement performed on atoms of the
ensembles. By neglecting spontaneous emission in this s
analysis we assume perfect correlations, i.e.,dFy

2 ~or dFx
2)

50.
We will now trace the connection between the individu

atomic spin states of the1 and2 atoms, on the one hand
and the collective spin state on the other. Suppose the s
are projected along the axis corresponding to the maxi
entanglement~zero collective spin variance!, e.g.,x, with the
choice of phasesw11w25p. For N uncorrelated atoms o
which 1

2 N belongs to each of the1 and 2 ensembles, the

state can be written asuC&coh5(u 1
2 &1u2 1

2 &)N. Here we con-
sider, for simplicity, spin-12 atoms. The resulting collective
spin is characterized by a binomial distribution with ze
mean value and a variancedFx

25 1
4 N5 1

2 ^Fz&. A value of the
variance less than that suggests correlations between th
dividual spins of the two ensembles. In particular,dFy

250

implies that the number of atoms in stateu 1
2 & in both en-

sembles is equal to the number of atoms in stateu2 1
2 &. Such

a state ofN atoms can be written as
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uC&EPR5a0u 1
2 , 1

2 , . . . ,1
2 &1* u2 1

2 ,2 1
2 , . . . ,2 1

2 &2

1a1u2 1
2 , 1

2 , . . . ,1
2 &1* u 1

2 ,2 1
2 , . . . ,2 1

2 &21a2u

2 1
2 ,2 1

2 , . . . ,1
2 &1* u 1

2 , 1
2 , . . . ,2 1

2 &21•••1aN/2u

2 1
2 ,2 1

2 , . . . ,2 1
2 &1* u 1

2 , 1
2 , . . . ,1

2 &2

plus all possible permutations within each bracket. Ea
bracket contains1

2 N terms; the first bracket of each ter
describes the1 ensemble while the second bracket descri

the2 ensemble. The number ofu 1
2 & andu2 1

2 & atoms in each
term is the same. The state has to be averaged over the
tistical distributionp(N). Note, however, that fluctuations o
N of the order ofAN affect the entanglement only to th
order of 1/AN. As the entangled ensembles are prepared
addressing atoms collectively, there is no way to iden
which particular pairs of atoms in the two ensembles
entangled. Therefore, the spin measurement of a rando
picked pair of atoms from the two ensembles will produc
small degree of entanglement, of the order ofN21. However,
if we measure thecollective spinsof the ensembles~count all
the atoms!, we obtain, usinguC&EPR, the equalityFx

15

2Fx
2 , as a result of the individual spin entanglement.

The quantum character of the above described entan
ment as opposed to the ‘‘Bertlmann socks’’–type class
correlations@12# is supported by the following argument. Le
us choose the phases of the atomic excitation in Eqs.~3! and
~4! to bew15w250. Then, according to Eq.~6!, they spin
projections of the1 and2 ensembles are entangled. How
ever, we can also devise an experiment with arandom choice
of the projection axes. Suppose one measures the spin p
jection of the1 ensemble on the axisy8 tilted at some angle
a1 with regard to they axis ~Fig. 1!. If the spin of the2
ensemble is projected on the axisy9 tilted at an anglea2

with regard toy, the result of the measurementFy8
1

1Fy9
2 is

still described by Eq.~4! with the substitutionw6→a6 . We
conclude from Eq.~6! that with an arbitrary choice ofy8, the
entanglement between the spins of the two ensemble
present provided thaty9 is chosen according toa11a2

5p, i.e., provided thaty8 and y9 are symmetric aroundx
~Fig. 1!.

If the entanglement is not perfect@due, for example, to the
spontaneous emission as in Eqs.~5! and~6!#, an admixture of
uncorrelated states should be added touC&EPR. Imperfect
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absorption of the entangled light~optical depth OD*1! will
also lead to degradation of the atomic entanglement pro
tionally to 12exp(2OD), in a way similar to the spin
squeezing degradation described in@9#. However, with the
current trapping technology this factor can be very close
unity.

Entanglement of the kind described above is rob
against decoherence. As evidenced by Eq.~1!, the spectral
width of the spin noise is of the order ofg. Consequently,
the decoherence time of the entangled state is of the orde
the lifetime of the atomic stateg21. This is because it is
essentially a pairwise entanglement, although it involv
many particles. Therefore, it decays much slower than
maximal multiparticle entanglement of the kindu00 . . . 00&
1u11 . . . 11&, and can serve as an example of a partial
tanglement which is optimal for particular application
Note, for example, that the stateuC&EPR bears some similar-
ity to the ‘‘optimal spectroscopic partially entangled state
discussed in@13#.

In summary, we propose a way to entangle two atom
ensembles. Three features of the proposal should be em
sized: the atomic entanglement is nonlocal, it is produced
mapping of the propagating light onto atoms, and finally t
entangled ensembles are macroscopic. Our mapping stra
uses weak coupling of a free propagating field with an op
cally thick multiatom ensemble as opposed to the strong c
pling between a cavity field and a single atom used bef
@3,14#. Recently, multiatom nonclassical states@9,15# have
attracted considerable attention. The present proposal con
ers the generation of yet another type of such states.
mapping of the entanglement carried by light onto atoms
relevant for various quantum information protocols, for ove
coming quantum limits in atomic time standards, and for
development of quantum memory. Such mapping is a nat
development of quantum cryptography with EPR photo
@16# towards the realization of the storage of quantum inf
mation. Observation of this entanglement for short-liv
atomic states looks experimentally feasible in view of t
recent spectroscopic detection of multiatom spin noise at
quantum level@11#. Although in this paper we consider
specific type of entanglement, in principle, our method c
be generalized to map other types of entanglement of l
onto atoms.

I am grateful to H. J. Kimble and K. Mo” lmer for stimu-
lating discussions. This research has been supported by
Danish Natural Sciences Research Council.
e

the
d in
le,

sent

-

@1# A. Aspect, J. Dalibard, and G. Roger, Phys. Rev. Lett.49,
1804 ~1982!.

@2# Z. Ou, S. Pereira, H. J. Kimble, and K. C. Peng, Phys. R
Lett. 68, 3663~1992!; Appl. Phys. B: Photophys. Laser Chem
55, 265 ~1989!.

@3# E. Hagley, X. Maitre, G. Nogues, C. Wunderlich, M. Brune,
M. Raimond, and S. Haroche, Phys. Rev. Lett.79, 1 ~1997!.

@4# Q. A. Turchette, C. S. Wood, B. E. King, C. J. Myatt, D
Liebfried, W. M. Itano, C. Monroe, and D. J. Wineland, Phy
Rev. Lett.81, 3631~1998!.

@5# Correlations in the two-atom Dicke system~two atoms sepa-
.

rated by less than a wavelength! obtained by squeezing th
vacuum reservoir over the entire 4p solid angle were dis-
cussed in M. Palma and P. Knight, Phys. Rev. A39, 1962
~1989!; A. Ekert et al., ibid. 39, 6026~1989!. Quantum corre-
lations between the two dipoles of the ladder transition in
equivalent system of a three-level atom have been observe
N. Ph. Georgiades, E. S. Polzik, K. Edamatsu, H. J. Kimb
and A. S. Parkins, Phys. Rev. Lett.75, 3426~1995!. Compared
to these local effects, entanglement considered in the pre
paper is manifestly nonlocal.

@6# D. Bouwmeester, J.-W. Pan, K. Mattle, M. Eibl, H. Wein



cu

ik

ev

ics

.

le,

D.

PRA 59 4205EINSTEIN-PODOLSKY-ROSEN-CORRELATED ATOMIC . . .
furter, and A. Zeilinger, Nature~London! 390, 575 ~1997!; D.
Boschi, S. Branca, F. De Martini, L. Hardy, and S. Popes
Phys. Rev. Lett.80, 1121~1998!; A. Furusawa, J. L. So”rensen,
S. L. Braunstein, C. A. Fuchs, H. J. Kimble, and E. S. Polz
Science282, 706 ~1998!.

@7# I. L. Chuang, N. Gershenfeld, and M. Kubinec, Phys. R
Lett. 80, 3408~1998!.

@8# M. Reid and P. D. Drummond, Phys. Rev. Lett.60, 2731
~1988!; M. Reid, Phys. Rev. A40, 913 ~1989!.

@9# A. Kuzmich, K. Mo” lmer, and E. S. Polzik, Phys. Rev. Lett.79,
4782 ~1997!.

@10# S. M. Barnett and P. L. Knight, J. Opt. Soc. Am. B2, 467
~1985!.
,

,

.

@11# J. L. So”rensen, J. Hald, and E. S. Polzik, Phys. Rev. Lett.80,
3487 ~1998!.

@12# J. Bell, Speakable and Unspeakable in Quantum Mechan
~Cambridge University Press, Cambridge, England, 1988!, p.
139.

@13# S. F. Huelga, C. Macciavello, T. Pellizzari, A. K. Ekert, M. B
Plenio, and J. I. Cirac, Phys. Rev. Lett.79, 3865~1997!.

@14# A. S. Parkins, P. Marte, P. Zoller, O. Carnal, and H. J. Kimb
Phys. Rev. A51, 1578~1995!.

@15# M. Kitagawa and M. Ueda, Phys. Rev. A47, 5138~1993!; D.
J. Wineland, J. J. Bolinger, W. M. Itano, F. L. Moore, and
J. Heinzen,ibid. 46, R6797~1992!; A. Kuzmich, N. P. Big-
elow, and L. Mandel, Europhys. Lett.42, 481 ~1998!.

@16# A. Ekert, Phys. Rev. Lett.67, 661 ~1991!.


