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Scheme for preparation of mulipartite entanglement of atomic ensembles
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We describe an experimental scheme of preparing multipartiteW class of maximally entangled states be-
tween many atomic ensembles. The scheme is based on laser manipulation of atomic ensembles and single-
photon detection, and well fits the status of the current experimental technology. In addition, we show one of
the applications of the kind ofW class states, teleporting an entangled state of atomic ensembles with unknown
coefficients to more than one distant parties, either one of which equally likely receives the transmitted state.
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Quantum entanglement is one of the most striking f
tures of quantum mechanics. The recent surge of interest
progress in quantum information theory allows one to tak
more positive view of entanglement and regard it as an
sential resource for many ingenious applications such
quantum computation@1–3#, quantum teleportation@4,5#, su-
perdense coding@6#, and quantum cryptography@7–9#. The
technology of generation and manipulation of bipartite e
tangled states has been realized in some systems@10–13#.
Recently, there has been much interest in using quantum
source to get more and more subsystems entangled@14–17#
for more useful applications@18,19#. In most of the above
schemes, the subsystems are taken as single-particle sys
Remarkably, Lukin and co-workers have proposed so
schemes@20–23# for preparation of entanglement, which u
atomic ensembles with a large number of identical atoms
the basic system. For example, one can use atomic
sembles for generation of substantial spin squeezing@24# and
continuous variable entanglement@21,25#, and for efficient
preparation of the Einstein-Podolsky-Rosen~EPR! @22# and
the Greenberger-Horne-Zeilinger~GHZ! type of maximally
entangled states@23#. The schemes have some special adv
tages compared with other quantum information schem
based on the control of single particles@26#. However, there
is not any scheme for experimental realization ofW class
states in this system.

It is well known that there are two different kinds of gen
ine tripartite entanglement: the GHZ state and theW state
@27#. Indeed, any~nontrivial! tripartite entangled state can b
converted, by means of stochastic local operations and c
sical communication, into one of two standard form
namely, either the GHZ state or theW state, and that this
splits the set of the genuinely trifold entangled states i
two sets that are unrelated under local operations and cl
cal communication~LOCC!. That is, theW state cannot be
obtained from a GHZ state by means of LOCC and thus
could expect, in principle, that it has some interesting, ch
acteristic properties. The entanglement of theW class state is
maximally robust under disposal of any one of three qub
in the sense that the remaining reduced density matrice
tain, according to several criteria, the greatest poss
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amount of entanglement, compared to any other state
three qubits, either pure or mixed. So it is important to p
pare theW class of entangled state experimentally.

In this Brief Report, we describe an experimental sche
of preparing multipartiteW class of maximal entanglemen
between atomic ensembles. The scheme involves laser
nipulation of atomic ensembles, beam splitters, and sin
photon detection, and well fits the status of the current
perimental technology. The first step of this scheme is
entangle two atomic ensembles in an EPR state, whic
based on the techniques proposed in Ref.@22#. To prepare the
W class of maximally entangled states, two laser pul
~pumping laser and repumping laser! are applied to the
atomic ensembles and the corresponding Raman trans
ug&→us& and anti-Raman transitionus&→ug& occur for sev-
eral times. In addition, we show one of the applications
the kind of W class states, teleporting an entangled state
atomic ensembles with unknown coefficients to many dist
parties, either one of which equally likely receives the tra
mitted state.

Let us have a look at the generalized formuWM& of theW
class state in multiqubit systems. In Ref.@27#, the state is
defined as

uWM&5~1/AM !uM21,1&, ~1!

where uM21,1& denotes the totally symmetric state inclu
ing M21 zeros and 1 one. For example, we obtainM53,

uW3&5~1/A3!~ u001&1u010&1u100&). ~2!

The basic element of this scheme is an ensemble of m
identical alkali-metal atoms with a Raman-typeL-level con-
figuration coupled by a pair of optical fields with the Ra
frequenciesV andv, respectively, shown as Fig. 1, the e
perimental realization of which can be either a roo
temperature dilute atomic gas@25,28# or a sample of cold
trapped atoms@29,30#. We continue to use the symbols an
corresponding definitions shown in Refs.@22,23#. A pair of
metastable lower statesug& and us& can be achieved, for ex
ample, in hyperfine or Zeeman sublevels of electro
ground states of alkali-metal atoms. The atoms in the
sembles are initially prepared to the ground stateug& through
optical pumping. The transitionug&→ue& is coupled by the
classical laser with the Rabi frequencyV and the forward-
©2003 The American Physical Society02-1
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scattering Stokes light comes from the transitionue&→us&
@22#. The pumping laser is directed to all atoms so that e
atom has an equal small probability to be excited into
stateus& through the Raman transition. After the atomic g
interacts with a weak pumping laser, there will be a spe
atomic modes called the symmetric collective atomic mod

s5~1/ANa!(
i 51

Na

ug& i^su, ~3!

whereNa@1 is the total atom number. In particular, an em
sion of the single Stokes photon in a forward direction
sults in the state of atomic ensembles given bys1uvac&,
where the ensemble ground stateuvac&5 ^ i ug& i . The scheme
for preparation of theW class of maximally entangled state
between atomic ensembles works in the following way~see
Fig. 2!.

~1! The first step is to share an EPR type of entang
state between two distant ensembles 1 and 2 using
scheme shown in Ref.@22#. The ensembles are illuminate
by a weak pumping laser pulse that couples resonantly
transitionug&→ue& and we look at the spontaneous emiss
light from the transitionue&→us&, whose frequency is as
sumed to be different from the pumping laser. There are
pulses with frequenciesvpump and v repump, respectively,
which correspond to the pumping and repumping proce
Here two pumping laser pulses excite both ensembles sim
taneously and with probabilitypc the projected state of th
ensembles 1 and 2 is an EPR state with the form

uc&125@~s1
11eif12s2

1!/A2#uvac&12, ~4!

wheref125f22f1 is a difference of the phase shift, whic
is fixed by the optical channel connecting the two ensemb
and uvac&12 denotes that both ensembles are in the gro
stateug&.

~2! We then connect the other two distant ensemble
and 3. Since ensemble 3 is prepared in the ground stateug&,
the whole system is described by the stateuc&12^ uvac&3.
Here two pumping pulses excite both ensembles simu
neously and the forward-scattering Stokes light from b
ensembles is combined at the 50-50 beam splitter~BS! after
some filters that filter out the pumping laser pulses with

FIG. 1. The relevant-typeL-level structure of the alkali-meta
atoms in the ensembles. A pair of metastable lower statesug& and
us& can be achieved, for example, in hyperfine or Zeeman suble
of electronic ground states, andue& is the excited state.
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outputs detected by the two single-photon detectorsD1 and
D2, respectively. If one photon is detected by either of
detectors, we obtain the state

uc&1235@~s2
11eif23s3

1!/A2#uc&12^ uvac&3 . ~5!

Otherwise, we need to manipulate repumping pulses to
transitionus&→ue& on the three ensembles and set them b
to the ground state. Then, we repeat steps 1 and 2 unt
nally we obtain a click in either of the two detectors.

~3! A repumping laser pulse with frequencyv repump is
applied to ensemble 2. If one excitation is registered from
we succeed and go on with the next step. Otherwise, we n
to repeat the above steps til we get the three ensembles i
entangled stateuW8&123 successfully:

uW8&1235s2~s2
11eif23s3

1!~s1
11eif12s2

1!uvac&123

5~s1
112eif12s2

11eif13s3
1!uvac&123, ~6!

where s2s2
1s2

1uvac&252(Na21)/Nas2
1uvac&2.2s2

1uvac&2

(Na@1).
~4! However, it is evident that stateuW8&123 above does

not belong to theW class of maximally entangled state
shown in Eqs.~1! and~2!. Then we connect ensembles 1 a
3 using the same way as in step~2!, and apply a repumping
laser pulse to the ensemble 1 after a click inD4 or D5. If
there is one excitation registered byD6, we obtain theW
class of maximally entangled state,

ls
FIG. 2. Schematic setup for entangling three ensembles 1

and 3 in theW class state. The two ensembles 1 and 2 are in
EPR stateuc&12, and the ensemble 3 is prepared in the ground s
ug&. Ensembles 2 and 3 are illuminated by the synchronized pu
ing laser pulses and the forward-scattering Stokes pulses are
lected after the filters. The shutterS1 is on, and to avoid destroying
the single-photon detectors the other shutters must be off. If the
a click in D1 or D2, we openS2 and apply a repumping laser puls
to the ensemble 2. When we connect ensembles 1 and 3, the
nipulation ofS3 andS4 is the same. The dashed line represents
pumping laser pulses with the transition frequencyvpump and the
solid line represents the Stokes pulses that come from the trans
ue&→us&.
2-2
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uW&1235@s1~s1
11eif13s3

1!/2A3#uW8&1235@~s1
11eif12s2

1

1eif13s3
1!/A3#uvac&123. ~7!

~5! Similarly, suppose that ensembles 1 and 2 are in
EPR stateuc&12, to entanglen ensembles in theW class
state, first we connect ensemblesi andi 11 and then repump
ensemblei ( i from 2 to n21) after a right click orderly. It
needs to repeat steps 2 and 3 forn22 times to obtain the
n-party W class of nonmaximally entangled state

uW8&1, . . . ,n5 )
i 52

n21

si~si
11eif i ,i 11si 11

1 !~s1
1

1eif12s2
1!uvac&1, . . . ,n

5S s1
112(

i 52

n21

eif1isi
11eif1nsn

1D uvac&1, . . . ,n .

~8!

The difference of phase shiftf1i is fixed by the possible
asymmetry of the setup, and in principle, can be measu
So we can put some suitable phase shifters with rela
phase shift to counteract it. Then we need to repeat the ab
manipulation to ensembles 1 andn. Thus, we can entanglen
ensembles in theW class of maximally entangled states,

uW&1, . . . ,n5
1

2An
s1~s1

11eif1nsn
1!uW8&1, . . . ,n

5
1

An
(
i 51

n

eif1isi
1uvac&1, . . . ,n . ~9!

Note uW8& in Eqs. ~6! and ~8! are not normalized. The nor
malization constant for Eq.~8! is 1/A4n26.

Now, we consider the efficiency of this scheme, which
usually described by the total generation time. Since
probability for getting a click of either of two detectors
given by pc , we entanglen ensembles in theW class state
with the probability (pc)

n. In the generation process, th
dominant noise is the photon loss, which includes the con
butions from the channel attenuation, the spontaneous e
sions in the atomic ensembles, the coupling inefficiency
Stokes light into and out of the channel, and the inefficien
of the single-photon detectors that can not perfectly dis
guish between one and two photons. All the above nois
described by an overall loss probabilityh. Due to the noise,
the total generation time is represented byT;t0 /@(1
2h)2n21pc

n#, where t0 is the light-atom interaction time
And the generation time increases with the number of
sembles exponentially by the factor 1/@(12h)2pc#.

Also with the noise, the state of the ensembles is actu
described by

rn5
1

cn11
~cnrvac1uW&1, . . . ,n^Wu!, ~10!
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where the vacuum coefficientcn is basically given by the
conditional probability for the inherent mode-mismatchi
noise contribution~see Ref.@26# for details! andrvac stands
for the vacuum component with no excitation in ensemb
n21 andn.

Now we would like to use thisW class state in one of the
communication protocols. Imagine that we need to spread
entangled state between atomic ensembles with unknown
efficients to more than one parties. We choose a three-p
protocol by way of example and it will become evident th
there are many users that will work equally well.

Suppose there are three parties, the sender Alice, the
ceivers Bob and Carol. Alice entangles ensembles 1, 2,
3 (4, 5, and 6) in theW class stateuW&123(uW&456). The pair
of ensemblesi and i 13 (i from 1 to 3) are put in the sam
place so that the ensembles 1, 2, 3 and 4, 5, 6 can
connected through the same optical channel that fixed
phase shifts to be the same. So statesuW&123 and uW&456 can
be shown using Eq.~7!, wheref135f46 andf125f45. The
ensembles 2 and 5 are sent to Bob, 3 and 6 to Carol, an
and 4 are left for herself.

Alice wants to teleport an atomic ‘‘polarization’’ stat
uw&un5(asL

11bsR
1)uvac& @22#, with unknown coefficientsa

and b, uau21ubu251. Then she connects ensemblesL and
1, R and 4 by manipulating the repumping laser pulses w
frequencyv repump on them synchronistically~shown in Fig.
3!. If the ensemble is in the metastable state after the
pumping pulse, the transitionue&→us& will occur determi-
nately. The forward-scattering Stokes pulses are interfere
the beam splitters after the filters. If Alice get two clicks, o
in D1 or D2 and the other inD3 or D4, the process is
finished and the state of the ensembles of Bob and Caro
shown as

@eif13~as3
11bs6

1!1eif12~as2
11bs5

1!#uvac&2356. ~11!

Otherwise, they should prepare theW class states and repe
the above steps until there are two correct clicks. Thus
state is teleported to the two receivers, either one of wh
equally likely receives the transmitted state, and similar
the scheme shown in Ref.@22#, the teleportation fidelity
would be nearly perfect.

FIG. 3. Schematic setup for the realization of quantum telep
tation using theW class states. The two ensemblesL andR are in an
entangled stateuw&un , and the ensembles 1, 2, and 3 (4, 5, and
are prepared in theW class stateuW&. The solid line represents th
repumping laser pulses with the transition frequencyv repump and
the dashed line represents the Stokes pulses that come from
transitionue&→ug&.
2-3



m
w
o
la
l-

l
-
e
iv

an
bl

ser
nt
he
n-
oef-
lly

.
an
a-

va-

BRIEF REPORTS PHYSICAL REVIEW A67, 034302 ~2003!
It may be worth mentioning that if Bob and Carol perfor
a measurement, then one of them can recover the state
unit fidelity in a probabilistic manner. For example, Car
measures her ensembles 3 and 6 using two repumping
pulses~see Fig. 3 for details!, and the Stokes pulses are co
lected by detectorsD5 andD6. If she obtains the origina
stateuw&un , there will be one click in either of the two de
tectors. Else, one excitation is registered from each
sembles, the original state is obtained by the other rece
Bob.

Finally, in conclusion, in this Brief Report, we describe
experimental scheme of entangling many atomic ensem
on
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in the W class of maximally entangled states through la
manipulation. This protocol fits well the status of the curre
experimental technology. In addition, we show one of t
applications of the kind ofW class states, teleporting an e
tangled state between atomic ensembles with unknown c
ficients to two distant parties, either one of which equa
likely receives the transmitted state.
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