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Scheme for preparation of mulipartite entanglement of atomic ensembles
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We describe an experimental scheme of preparing multipaititdass 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 &V 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 feaamount of entanglement, compared to any other state of
tures of quantum mechanics. The recent surge of interest aritiree qubits, either pure or mixed. So it is important to pre-
progress in quantum information theory allows one to take gare theW class of entangled state experimentally.
more positive view of entanglement and regard it as an es- In this Brief Report, we describe an experimental scheme
sential resource for many ingenious applications such a8f preparing multipartitéV class of maximal entanglement
guantum computatiofiL—3], quantum teleportatiops,5], su- ~ between atomic ensembles. The scheme involves laser ma-
perdense codinf6], and quantum cryptograpHy—9]. The  nipulation of atomic ensembles, beam splitters, and single-
technology of generation and manipulation of bipartite enhoton detection, and well fits the status of the current ex-
tangled states has been realized in some sysfafs13. perimental technology. The first step of this scheme is to
Recently, there has been much interest in using quantum ré@ntangle two atomic ensembles in an EPR state, which is
source to get more and more subsystems entariged17]  based on the techniques proposed in R&d]. To prepare the
for more useful applicationgl8,19. In most of the above W class of maximally entangled states, two laser pulses
schemes, the subsystems are taken as single-particle systef@imping laser and repumping laseare applied to the
Remarkably, Lukin and co-workers have proposed somé@tomic ensembles and the corresponding Raman transition
scheme$20—23 for preparation of entanglement, which use |9)—s) and anti-Raman transitios) —|g) occur for sev-
atomic ensembles with a large number of identical atoms agral times. In addition, we show one of the applications of
the basic system. For example, one can use atomic efthe kind of W class states, teleporting an entangled state of
sembles for generation of substantial spin squedZldpand  atomic ensembles with unknown coefficients to many distant
continuous variable entanglemd®1,25, and for efficient parties, either one of which equally likely receives the trans-
preparation of the Einstein-Podolsky-Rog@&PR) [22] and  Mitted state.
the Greenberger-Horne-ZeilingéBHZ) type of maximally Let us have a look at the generalized fojv ) of the W
entangled statg®3]. The schemes have some special advanclass state in multiqubit systems. In Rg27], the state is
tages compared with other quantum information schemegefined as
based on the control of single particlg6]. However, there
is not any scheme for experimental realizationVifclass |Wi)=(1\M)|M—1,1), 1)
states in this system.

It is well known that there are two different kinds of genu- where|M —1,1) denotes the totally symmetric state includ-
ine tripartite entanglement: the GHZ state and Westate ing M—1 zeros and 1 one. For example, we obtslir-3,

[27]. Indeed, anynontrivial) tripartite entangled state can be
converted, by means of stochastic local operations and clas- |W3>=(1/\/§)(|00]>+ |010) +|100). 2
sical communication, into one of two standard forms,
namely, either the GHZ state or thW state, and that this The basic element of this scheme is an ensemble of many
splits the set of the genuinely trifold entangled states intddentical alkali-metal atoms with a Raman-tyfielevel con-
two sets that are unrelated under local operations and clasdiguration coupled by a pair of optical fields with the Rabi
cal communicatioLOCC). That is, theW state cannot be frequencied) andw, respectively, shown as Fig. 1, the ex-
obtained from a GHZ state by means of LOCC and thus on@erimental realization of which can be either a room-
could expect, in principle, that it has some interesting, chartemperature dilute atomic gd25,28 or a sample of cold
acteristic properties. The entanglement of tielass state is trapped atom$29,30. We continue to use the symbols and
maximally robust under disposal of any one of three qubitsgorresponding definitions shown in Ref22,23. A pair of
in the sense that the remaining reduced density matrices reaetastable lower statég) and|s) can be achieved, for ex-
tain, according to several criteria, the greatest possiblample, in hyperfine or Zeeman sublevels of electronic
ground states of alkali-metal atoms. The atoms in the en-
sembles are initially prepared to the ground stgdethrough
*Email address: xuepeng@mail.ustc.edu.cn optical pumping. The transitiofg)—|e) is coupled by the
"Email address: gcguo@ustc.edu.cn classical laser with the Rabi frequen€y and the forward-
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FIG. 1. The relevant-typd -level structure of the alkali-metal
atoms in the ensembles. A pair of metastable lower stgesnd
|s) can be achieved, for example, in hyperfine or Zeeman sublevels
of electronic ground states, ame) is the excited state.

FIG. 2. Schematic setup for entangling three ensembles 1, 2,
and 3 in theW class state. The two ensembles 1 and 2 are in the
EPR staté),,, and the ensemble 3 is prepared in the ground state
IL|g>' Ensembles 2 and 3 are illuminated by the synchronized pump-
ing laser pulses and the forward-scattering Stokes pulses are col-

o . Sected after the filters. The shuttst is on, and to avoid destroying
State|s> through the Raman transition. After the atomic gas he single-photon detectors the other shutters must be off. If there is

intere_lcts with a weak pumping Ia;er, therg will be a special jick inD1 orD2, we operS2 and apply a repumping laser pulse
atomic modes called the symmetric collective atomic mode 5 the ensemble 2. When we connect ensembles 1 and 3. the ma-

scattering Stokes light comes from the transiti@h— |s)
[22]. The pumping laser is directed to all atoms so that eac

nipulation ofS3 and$4 is the same. The dashed line represents the

Na ! : n
= (1/VN- ) pumping laser pulses with the transition frequengy,,, and the N
s=( a)Z‘l |g>,<s|, ©) solid line represents the Stokes pulses that come from the transition
e)—Is).

whereN,>1 is the total atom number. In particular, an emis-

sion of the single Stokes photon in a forward direction re-outputs detected by the two single-photon deteditsand

sults in the state of atomic ensembles givensijvag, po respectively. If one photon is detected by either of the
where the ensemble ground statag = ®;|g); . The scheme  jatectors. we obtain the state

for preparation of th&V class of maximally entangled states

between atomic ensembles works in the following wsge .

Fig. 2). W) 12=[ (55 +€*287)1N2] ) 10[vads.  (5)

(1) The first step is to share an EPR type of entangled

state between two distant ensembles 1 and 2 using t
scheme shown in Ref22]. The ensembles are illuminated
by a weak pumping laser pulse that couples resonantly th
transition|g)—|e) and we look at the spontaneous emission . S
light from the transitione)—|s), whose frequency is as- nally we obtain a click in either of the two detectors.

sumed to be different from the pumping laser. There are two (?) dAtrepumpilggl; |ZSP]fI‘ pulse V\.’titrt]. freguen(_zy{epugpfis it
pulses with frequencies pump and wyepump: respectively, applied to ensemble 2. If one excitation is registered from it,

which correspond to the pumping and repumping proces ve succeed and go on with the next step. Otherwise, we need

Here two pumping laser pulses excite both ensembles simufo repeat the above steps til we get the three ensembles in the

taneously and with probabilitp. the projected state of the entangled statpi'); o3 successfully:
ensembles 1 and 2 is an EPR state with the form

|)12=[ (5] +€'?1287)/\[2]|vad),, (4)

where¢q,= ¢,— ¢ is a difference of the phase shift, which

is fixed by the optical channel connecting the two ensembles,

and |vac);, denotes that both ensembles are in the grounavhere s,s;'s; |vag,=2(N,— 1)/N,s; |[vag,=2s; |vac,
state|g). (N>1).

(2) We then connect the other two distant ensembles 2 (4) However, it is evident that statéV'),,; above does
and 3. Since ensemble 3 is prepared in the ground [gate not belong to theW class of maximally entangled states
the whole system is described by the sthte;,®|vacs. shown in Eqs(1) and(2). Then we connect ensembles 1 and
Here two pumping pulses excite both ensembles simulta3 using the same way as in st&}), and apply a repumping
neously and the forward-scattering Stokes light from botHaser pulse to the ensemble 1 after a clickbd or D5. If
ensembles is combined at the 50-50 beam spliB&) after  there is one excitation registered b6, we obtain thew
some filters that filter out the pumping laser pulses with theclass of maximally entangled state,

h . . .

StherW|se, we need to manipulate repumping pulses to the
gansition|s}—>|e) on the three ensembles and set them back
to the ground state. Then, we repeat steps 1 and 2 until fi-

|W)155=S,(s; +€' %2355 ) (s] +€' 1257 ) [vac 53

=(s] +2€'%125] + €' %1357 ) [vac) 1,3, (6)
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[Wy1o5=[51(5] +€'#1353)/2y3]|W' ) 1p5=[ (5] +€' 225, ps
SR PR TR
+€'%1357)/1/3]|vag) 1. (7 . _A'H'A_
1 .
L. . - filter D1 D2 filter 4
(5) Similarly, suppose that ensembles 1 and 2 are in the \. > <A
EPR state|),,, to entanglen ensembles in th&V class I_—_IR |‘f ﬂ
state, first we connect ensembieandi + 1 and then repump *-" ‘-*
ensembléa (i from 2 ton—1) after a right click orderly. It ‘o3 BS ™
needs to repeat steps 2 and 3 for 2 times to obtain the
n-party W class of nonmaximally entangled state FIG. 3. Schematic setup for the realization of quantum telepor-
tation using thé/\ class states. The two ensembleandR are in an
n—1 entangled stathp),,, and the ensembles 1, 2, and 3 (4, 5, and 6)
|W’>1 ’’’’’ = H Si(si+ +él ¢i~i+1si++ 1)(SI are prepared in the/ class _stat¢W>. Tht_a_solld line represents the
i=2 repumping laser pulses with the transition frequeagy,,m, and
- the dashed line represents the Stokes pulses that come from the
+e'%1s5)|vag, ., transition|e)—|g).
n-1
— 51++22 st +eitist |jvag, . wherg_ the vacuum _coefficiemin_ is basically givep by th(_a
=2 )T conditional probability for the inherent mode-mismatching
) noise contributior(see Ref[26] for detaily andp, 5. Stands

for the vacuum component with no excitation in ensembles

. . L . n—1 andn.
The difference of phase shifpy; is fixed by the possible Now we would like to use thi§V class state in one of the

asymmetry of the setup, and in principle, can be meas'ure%‘ommunication protocols. Imagine that we need to spread an

Sr?a;veesﬁﬁtntopgéuslstrgr?ac?lijtlt?r?llgn?/\r/]:?leees dhltfct)erres ;V;ithgé'gséntangled state between atomic ensembles with unknown co-
phas . ) P Etficients to more than one parties. We choose a three-party
manipulation to ensembles 1 andThus, we can entangte

ensembles in theV class of maximally entanaled states protocol by way of example and it will become evident that
y 9 ' there are many users that will work equally well.

Suppose there are three parties, the sender Alice, the re-

W 1 + 4 aibing™) W/ ceivers Bob and Carol. Alice entangles ensembles 1, 2, and
Wi, =5 oS Hemms)IWL 3 (4, 5, and 6) in thaV class StatéW);,o|W),s9. The pair
of ensembles andi+3 (i from 1 to 3) are put in the same
no place so that the ensembles 1, 2, 3 and 4, 5, 6 can be
:_n IZl e'us’|vagy, ., (9 connected through the same optical channel that fixed the

phase shifts to be the same. So st&t$,,; and | W) 5 can
" ) be shown using E(7), whereg 3= ¢4 and ¢p1o= 5. The
Note [W’) in Egs.(6) and(8) are not normalized. The nor- gnsembles 2 and 5 are sent to Bob, 3 and 6 to Carol, and 1
malization constant for Eq8) is 1/1/4n—6. and 4 are left for herself.

Now, we consider the efficiency of this scheme, whichis  Alice wants to teleport an atomic “polarization” state
usually described by the total generation time. Since th ©)un=(as; + Bst)|vac) [22], with unknown coefficients:
probability for getting a click of either of two detectors is and 3, |a|?+|B|?=1. Then she connects ensembleand
given byp., we lgntanglﬁn ensembles in th&V class state 1 R and 4 by manipulating the repumping laser pulses with
with the probability fc)". In the generation process, the frequencyw;qp,mpon them synchronisticalljshown in Fig.
dominant noise is the photon loss, which includes the contr|3)_ If the ensemble is in the metastable state after the re-
butions from the channel attenuation, the spontaneous emiE‘umping pulse, the transitiofe)—|s) will occur determi-

sions in the atomic ensembles, the coupling inefficiency ofa¢ely The forward-scattering Stokes pulses are interfered at
Stokes light into and out of the channel, and the inefficiencyne heam splitters after the filters. If Alice get two clicks, one

of the single-photon detectors that can not perfectly distiny, b1 or D2 and the other irD3 or D4. the process is

guish between one and two photons. All the above noise ifipished and the state of the ensembles of Bob and Carol is
described by an overall loss probability Due to the noise, ghown as

the total generation time is represented By-tq/[(1

—7)?""1p?], wheret, is the light-atom interaction time. (613 ast + Bst) +e 12 as) + Bsd)][vadaass: (1)
And the generation time increases with the number of en-

: _ 2
sembles exponentially by the factof (¥ —»)“pc]. Otherwise, they should prepare téclass states and repeat

g AIS’.Ob Véitg the noise, the state of the ensembles is actuall,e apove steps until there are two correct clicks. Thus the
escribed by state is teleported to the two receivers, either one of which
1 equally likely receives the transmitted state, and similar to
_ the scheme shown in Ref22], the teleportation fidelity

Pn cn+1(6”’)’“"°+|V\/>1 """ (WD, 10 ould be nearly perfect.
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It may be worth mentioning that if Bob and Carol perform in the W class of maximally entangled states through laser
a measurement, then one of them can recover the state withanipulation. This protocol fits well the status of the current
unit fidelity in a probabilistic manner. For example, Carol €xperimental technology. In addition, we show one of the
measures her ensembles 3 and 6 using two repumping las@pplications of the kind oV plass states, tel_eporting an en-
pulses(see Fig. 3 for details and the Stokes pulses are col- tangled state between atomic ensembles with unknown coef-

lected by detector®5 andD6. If she obtains the original ficients to two distant parties, either one of which equally

: T likely receives the transmitted state.
state|)un, there will be one click in either of the two de- We thank L.-M. Duan for helpful discussion and Y.-S.

tectors. Else, one excitation is registered from each enzpang and z.-w. Zhou for their stimulating comments on an
sembles, the original state is obtained by the other receivesarlier version. This work was funded by National Funda-

Bob.
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