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Preparation of a four-atom Greenberger-Horne-Zeilinger state
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| propose a method to prepare four atoms in an entangled state of the type discussed by Greenberger, Horne,
and Zeilinger[in Bell’s Theorem, Quantum Theory and Conceptions of the Univexdieed by M. Kafatos
(Kluwer Academic, Dordrecht, 1989p. 107. The method involves two micromaser cavities, each supporting
two modes initially prepared in a nonlocalized two-photon state by an atom undergoing a two-photon transi-
tion. Subsequently, two atoms pass through each cavity, becoming entangled in a Greenberger-Horne-Zeilinger
state leaving the cavities in the vacuu81050-29476)04906-3

PACS numbgs): 03.65.Bz, 32.80-t, 12.20.Fv

Recently, there has been considerable interest in the gesehemes for such purposes have been propf@edPrevi-
eration of multiparticle entangled states for the purpose obusly, I[10] have discussed another cavity QED method for
testing local hidden variabl.HV) theories against quantum generating these states, but involving a dispersive atom-field
mechanicg1]. Many of the tests carried out experimentally interaction in which the cavity initially contains a coherent
have involved two-particle entangled states of the féim  state. But this method requires a measurement of the cavity

the language of spig-particles field in order to reduce the atomic states into the GHZ form.
In this paper | present another method for producing a

1 GHZ state, this time involving four atoms and two microma-
)= E[Hh'_)zil_h'ﬂﬂ' D cer cavities, each capable of supporting two modes of the

quantized electromagnetic field. Cavity dissipation effects
where the subscripts 1 and 2 refer to the particles and are assumed to be small during the atom-field interaction
refer to the spin being up or dow2]. This state violates times.
Bell's [3] inequality in contrast to predictions of LHV theo-  The setup for the proposed method is pictured in Fig. 1.
ries. However, the contradictions between quantum mecharGavities 1 and 2 are assumed to each support modes of fre-
ics and LHV theory are of a statistical nature. On the othemuenciesw; and w,, which are sufficiently different in a
hand, Greenberger, Horne, and Zeilingdl showed that way to be discussed below. We let the modes of cavity 1 be
much stronger refutations of local realism can be providedabeled modes 1 and 2 and those of cavity 2 as modes 3 and
by entangled states involving three or more particles. Fon, We further assume that initially the cavity fields are in the

example, they investigated the four-particle spin state vacuum state, i.e., the initial field state|8;,0,050,). Now
an atom, which we call the preparation atom, capable of
1 making a nondegenerate two-photon transition at exact reso-

|‘r”>:E[|+>l|+>2|_>3|_>4i|_>1|_>2|+>3|+>4] (2} nancew,+w, as indicated in Fig. 2 passes through both
cavities. The atom-field dynamics can be described by the

and showed that a contradiction with LHV theory can berfeCtiVe Hamiltonian of the Jaynes-Cummings typé]

obtained from a single set of measurements.
However, it is apparently not as easy to manufacture mul-
tiparticle Greenberger-Horne-ZeilingéGHZ) states as it is ‘91> lgy> —

for two-particle states of the form of E¢l). Some proposals R, R3
have been made. For example, Reid and Mubiand Kly-
shko[6] have discussed realizations of a GHZ state involv-

ing three “particles.” On the other hand, Wodkiewicz,
Wang, and Eberly7] have studied the perfect correlations of 1ep> C1 C, N —
a three-particle entangled state in the context of cavity QED. / \ /L 4
However, the entanglement involves a single cavity support-

ing four modes interacting with a single three-level atom 2
with interfering transition pathways. Cirac and Zollg]

have proposed a much simpler three-particle GHZ state in-
volving only two-level atoms. The state is prepared by in-

jecting the atoms sequentially through a suitably prepared FiG. 1. Proposed experimental arrangement for generating a
single-mode resonant cavity. The velocities of the atomsour-atom GHZ state. Cavitie€, and C, each support modes at
must be carefully selected, but a more imposing obstacle ifequenciesw; and w,. The boxes labeled are the ionization
that the cavity field must first be engineered into a superpodetectors and th&, refer to the Ramsey zones used in analyzing
sition of photon number statef0) and |3), although the atomic states.

lg3> lg,>
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a) | ep> If, after leaving the second cavity, the atom is detected in the
@y | ground statég,), the cavity fields are projected into the state
/T\ lip> 1
@1 |he) = —=[11112050,4) +010,151,)]. (8)
’ | gp> V2
|e > Thus we obtain a GHZ state in which two correlated photons
b) 1,3 are delocalized between two cavities. As said above, the
® atomic velocityv, should be very fast so that,t<1 or
1 vp>A\,pL, wherel is the length of the cavity. Beyond that,
however, the velocity need not be precisely determined; all
| 91,3 that is required is that the atom be detected in sigge in
order to generate E@8). Thus the use of fast atoms reduces
the need for precise timing and eliminates the effects of the
c le2, 4 Stark shifts.
However, it is not clear how one could probe the cavity
@2 fields directly to obtain the relevant measurements needed to
demonstrate nonlocality. One solution is to replicate this
‘92,4> state onto four atoms where two atoms pass through each

cavity as indicated in Fig. 1. We assume that atoms 1 and 3
FIG. 2. (a) Energy levels of the preparing atom undergoing thehave pairs of levels resonant with frequeney and that
two-photon transitions is the detuning with an intermediate state. atoms 2 and 4 are likewise resonant with frequengy The
(b) Atoms 1 and 3 are resonant at frequengy. (c) Atoms 2 and 4  practical issues regarding how this could be realized are dis-

are resonant at frequenay, . cussed below.
Now we assume that all four atoms are initially in their
Hi5=hl Brohgal A1 3t B208a5 0.4 ground states so that the new initial state is
|4e)|919-9394). The dynamics for each atom-field state is
+\p(81,82,40541 a1 A 4056 ], (3)  governed by the single photon Jaynes-Cummings middg!
where a; 3, a,4, etc.,, are the field operators assumingfor which
modes 1 and 3 are of frequency,; and 2 and 4 |g)|0)—|g)|0),
of wy, Ugg:|ep><gp|v G'Se:|gp><ep|1 ‘Tge:|ep><ep|: Ugg (9)
:|gp><gp|a and o
, , |9)|1)—cosnt)|g)[1) —i sin(At)[€)[0).
A1 A2 AN
Bi=75. Ba=75, MN=—5 . (49 Thus, if\, and\, are the coupling constants associated with
the modes of frequencies 1 and 2 and;ifi=1,...,4 are

Here\, and\, are the dipole moments for transitions to thethe interaction times of atoms 1-4, then with
intermediate state of Fig. 2 frofe,) and|g,) and 8 is the ~ Nit1,3=Aatz 4= /2 the final state of the atom-field system is
indicated detuning. The first two terms of E§) contain the

intensity-dependent Stark shifts. Our strategy will be to as- _ i

sume that a high-velocity atom passes through the cavities in )= \/§[|e1ezg3g4>+ 1919283€4)11010,030,),  (10)

a timet short enough so that the time evolution may be

approximated by the atomic part of which is obviously a GHZ state of the
) form of Eq.(1). The cavities are left in the vacuum state so
— . M that cavity dissipation effects can be ignored after the pas-
|9(1)=9(0))—iH "Eﬁhw(o»' ©) sage of the atoms. The atomic state can be analyzed to test

for nonlocality by the use of classical microwave fields
Suppose |#(0))=|e;)|0,0,050,. Then after passage (Ramsey zonesollowed by selective ionization.

through the first cavity the state vector is It is necessary to address the practical matters regarding
. the experimental realization of the proposed scheme. First
| 1) =1€p)|010,0304) — i t|gp)[11150,05), ®  we examine a possible scheme to generate the nonlocal two-

photon state of Eq(8). Previously, GoJ11] has suggested

mhere\yi\f[e aﬁstmlﬁ t??r%titlyrtkberm? tthr?ntranqst t|rr111e acrz?r?s that a two-photon transition, as used here to prepare the cavi-
ne cavily. Note that the Stark shift lerms make no co Yties could be realized with the Rb Rydberg stateB £3and
tion to order\t owing to the initial vacuum states of the

- ) > 62P ), as the statefe,) and|g,), respectively, and @,
qavmes. After passing through the second cavity in the SaMEr the intermediate state,). The transition frequencies for
time t, we have P

lepy—lip) and |i,)<|g,) are, respectively, 21.111 and
; 9.591 GHz. These are millimeter waves. The atomic dipole
=|e,)|0,05030,4) — i\t 1,1,050
[1/2)=19)101020504) = iXptlgp)[[11120504) moments for these transitions are on the order of 3000 a.u.
+10,0,131,4)]. (7)  On the other hand, a rectangular cavity of dimensions 2.20,
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2.20, and 3.40 cm can be constructed to support the frequen- Thus we have shown how a four-particle GHZ state of the
cies 9.6 and 21.12 GHz in the T and TE,, modes, re- form of Eq. (1) can be produced in the context of cavity
spectively. Thus the detuning between the statefe,),  QED. The advantages of using atoms in tests of nonlocality
lgp), and|i,), as indicated in Fig. @), is §=0.009 GHz. are twofold: the directions_ of the atomic beams are easily
With these choices the two-photon transition rate betweefontrolled and the detection of the atomic state is nearly
e,y and|g,) can be large, as required. Thus a two-photonl00% efficient. Furthermore, our procedure does not require
state of the form of Eq(8) can be prepared. In order to probe & Carefully engineered superposition state of the form
the cavity it is necessary to employ atoms presumably of twd®) ~ M), Which requwehs ?%ny atoms pasangftrlwoulgh_a cav-
different species, where one species has a pair of levels resﬁy' However, our method does require careful velocity se-
nant at frequencys; and the other a pair resonant at fre- ection for the atoms in order to achieve the precise interac-
quencye Furtherrlnore we require that for a given specie tion times indicated above. But this is also true of the Cirac-
2. y . . .
there are no adjacent levels resonant at the other cavity fr Coller method 8] and of the two-cavity test of nonlocality in
guency such that no competition between the modes can o he form Of. Hard_y[13] as recently discussed by Freyberger
cur. This may be difficult to realize in practice, but could 14). Even if the. ideal state of Eq8) cannot be_ produced, I
possibly be achieved by using a single atomic species th ould be possible to .demonstrate nonlocality since, as has
can be brought into resonance with or w, by Stark shift- een shown by _Mer_mn[nlS], the GHZ-_type state produces
ing with an applied electric field. Stark shifting could be much stronger violations of Bell-type inequalities than does

applied sequentially, first tuning a set of atoms, one in eaclghe traditional two-particle state.
cavity, atw, followed by a second set tuned @}, all prior | wish to thank P. K. Aravind for stimulating discussions
to selective ionization of any of the atoms. on the GHZ states.
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