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Two schemes are proposed for the generation of multiatom entangled states with a single
cavity. In the schemes the cavity is always in the vacuum state and thus the cavity decay is
suppressed. The scheme can be used to teleport an atomic state with a single vacuum cavity.

PACS. 03.65.Bz — Foundations, theory of measurement, miscellaneous theories.

PACS. 03.67.Lx — Quantum computation.

PACS. 42.50.Dv — Nonclassical field states; squeezed, antibunched, and sub-Poissonian states;
operational definitions of the phase of the fidd; phase measurements.

Entanglement is one of the most striking features of quantum mechanics, which can not be
explained in classcd terms. Recently, much interest has been pad to the generation of entangled
dates of two partides, which provide for the possibility of tesing local hidden theory agang
guantum mechanics [1]. Furthermore, such entangled states are ussful in quantum information
processing, e.g., quantum cryptography [2] and quantum teleportation [3]. Recently, two-partice
entangled sates have been redized within a cavity [4] and an ion trgp [5].

On the other hand, much interest has been paid to entangled states involving three or more
particles, referred to as Greenberger-Horne-Zelinger (GHZ) dates [6]. With such states, a st of
measurements is sufficient for demolishing local hidden theories, in contrast with the case using
two-particle dates where the contradictions with locdity is of a datigicd neture [1]. Mermin
[7] haes derived a Bell inequality for states and has shown that quantum mechanics violates this
inequdity by an amount that grows exponentially with the number of particles. Apat from
fundamentd tests of quantum mechanics GHZ dates have gpplications in quantum information
processing such as cryptographic conference, multiparticle generalization of superdense coding
[8], reducing communicaion complexity [9], and quantum secret sharing [10]. Recently, three-
photon GHZ states have been observed [11]. Entanglement of four trapped ions has also been
demondrated [12], using the technique proposed by M¢Imer and Sgrensen [13]. In the context
of cavity QED, many schemes have been presented for the generation of multi-atom GHZ states
[14]. A three-particle entangled state has been succesfully produced within a cavity [15]. We
have proposed a scheme for the generation of entangled dates for n aioms using n-1 cavities [16].
The first cavity is dlowed to exchange energy with the environment, and the other n-2 cavities are
dways in vacuum states and thus the cavity decay is suppressed. In this contribution, we propose
two alternative schemes for the generation of multiatom entangled states within the framework
of microwave cavity QED. This time we only require one cavity dways in the vacuum state and
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thus the procedureis greatly smplified. We note that our schemes can dso be used to teeport an
unknown atomic state with a sngle vacuum cavity.

We first condder two identical two-level atoms smultaneously interacting with a Sngle-
mode cavity field. The Hamiltonian for the sysem is given by

H = Ho + H;j; 1)
where
>
j=12
X
Hi=g (a's] +aS}); ©)
j=12

where S;;j = %(jejihejj i J9jihg;j), SJTF = jejihg;j and Sﬁ' = jgjihej, with jeji and jgji (j =1,
2) being the excited and ground sates of the jth aom, a* and a are the creation and annihilation
operators for the cavity mode, !y is the aomic trangtion frequency, ! is the cavity frequency, and
g is the atom-cavity coupling strength. Inthecase+ = 19j ! A g, thereis no energy exchange
between the atomic system and the cavity. The energy conserving trangtions are between je;gani
and jgiezni. TheRabi frequency , for the transitions between these gaes, mediated by jgi1g2n+1i
and jeseon j 1i isgiven by [16]

he1g2njHijg192n + 1lihgigon + 1jHijgzexni
> +

+helgznjHije1e2n i liheje,n i 1jHjjgiexni (4)
it

g2
= T
Since the two trangtion paths interfere desructively the Rabi frequency is independent of the
photon-number of the cavity mode. Then the effective Hamiltonian is
2 3
< _ _
He=.4  (jejihejjaa™ i jgjihgjja*a) + (S;'Si +Sj S7)S; (5)
i=L2

where |, = % The first and second terms describe the photon-number dependent Stark shifts

and the third and fourth terms describe the dipole coupling between the two atoms induced by the

cavity mode. Assume the cavity fied isinitidly in the vacuum gate; the Hamiltonian reduces to
2 3

<
H=_4  jejihejj+(S;ySi +SiS;)>: (6)
j=1;2

We send three ladder-type three-levd atoms across a vacuum cavity sequentidly. The
highest, mediate, and lowest levels are denoted by jii, jei, and jgi, respectivdy. The transition
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frequency between the gates jei and jii is highly detuned from the cavity frequency and thus the
date jii is not affected during the atom-cavity interaction. Set L to be the length of the cavity, v
to be the atomic velocity. Let the second atom enters the cavity L=2v later than the fird aom,
and L=2v sooner than the third atom. In this case the first atom exits the cavity when the third
aom enters the cavity and thus there is no interaction between these two aoms The effective
Hamiltonian for the first and second aoms is given by Eq. (6). Assume that the three atoms are
initially in the states jgs, éa(jizi + jeoi), and jesi, respectivey. After the first aom exits the
cavity the firg and second atoms are in the entangled state

AM®i= Bgflglmzl +ei LYcos(, Hjorijeqi i isin(, Hjerijgzilg; (7)

where t = L=2v: Choose the atomic veocity appropriady 0 that ,t = %=2: Then we obtain a
two-atom maximally entangled Sate, i.e., Einstein-Podol sky-Rosen (EPR) pair [17]

B3 (g1ijizi i jesijgai): )
After the second atom exits the cavity the whole system is in the state

- 9
= %(ijglijizijegi +jesi jeoi josi):

In this way we obtain a three-atlom maximdly entangled state.

We now describe the second scheme. We send n atoms across the cavity sequentidly. This
time we do not use the state jii. Let the (j + 1)th aom enter the cavity L=2v later than the jth
aom. In thiscase there isno interaction between the jth atom and (j + 2)th aom. Assume that the
fird @om isinitidly in the state é;(jgli + ije11) and the jth atom isin the state é;(jgj 1+jeji)
(J = 1). When the firg atom arrives a the center of the cavity it is in the Sate

%(jgli +iel LYesi): (10)
Choose the atomic ve ocity gppropriately so that |t = %=2: Then we have

1

P(o1i +jeai): (11)
When the first aom enters the cavity the first and second atoms are in the state

509110021 + jez1) +jexi(jgzi +jez1)]: (12)
When the first aom exits the cavity we obtain the transformation

jo1i(g2i +jezi) i ¥ jgiijgoi + el ' [cos(, Djguijeai i isin(, Hjesijgai]

13
= (joi i jesi)igzi; (13



VOL. 40 SHI-BIAO ZHENG 145

jeri(jo21 +jexi) j ¥ ei i>t[cos(=t)je1ijgzi i isin(, t)jgsijezi] +ei 2i>tj61ij82i

o (14)

=i (jo1i + jeri)jeoi:
In this way the first and second atoms are prepared in the maximaly entangled Sate

SlGoi i jesiigai i (g1i +jesi)jezil: (15)

When the third atom enters the cavity atoms 1, 2, and 3 are in the state

553[(191- i je1i)jg2i(jgsi + jesi) i (joui + jeri)je2i(jgsi + jesi)]: (16)
When the second atom exits the cavity we have

jo2i (jgsi + jesi) i ¥ (ig2i i je2i)jgsi; (17)

je2i (jgzi +jesl) i ¥ j (jo2i +jeqi)jesi: (18)
Thus the state of the three atoms are

ﬁ[(jgll i jedi)(921i jezi)josi + (joui + jeri)(jgzi + jezi) jesi]: (19)

In this way we obtain a three-atom GHZ state. When the (n j 1)th aom exits the cavity the n
aoms are in the maximdly entangled date

1912=n[(1'91ii je1i)(gal i je2i)::(jgn; 11 i jen; 1i) jgni
(20)

+(i DM (gai +je1i)(jo2i + je2i):i(jgn; 10 + jen; 1i) jenil:

We now make a comparison between the above mentioned two schemes The first scheme
can not be usad to generate maximdly entangled states for more than three atoms while the
second scheme can. The first scheme only requires tha the second atom be initidly prepared
in a superpositon state while the second scheme requires tha all atoms be initially prepared in
uperposition states

We now turn to the problem of aomic state teleportation. Quantum teleportetion has been
demongdrated using optical systems[18] and NMR [19]. A scheme has been proposed to te eport
the interd state of a trapped ion [20]. In the opticd regime, Bose & al. [21] have proposed
a novel scheme for tdeportation of an aomic state via cavity decay. The scheme requires the
ability to tragp a single three-level aom in a cavity. In the context of microwave cavity QED,
sverd schemes have been proposed for the tdeportation of an unknown aomic gae [22]. In
these schemes the cavities act as memories which sore the information of an aom and then
transfer it to another atom after the conditiona dynamics. Thus these schemes reguire that the
cavities be initidly cooled to the vacuum states and have a very high quality factor, which is
experimentaly problematic. We have proposed two alternative schemes, insensitive to the cavity
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decay, for redizing atomic date td eportation [16, 23]. However, these two schemes require two
cavities. We note that the aomic state teleportation can also be achieved using only one cavity
adways in the vacuum date.

Assume that aom 1, which is to be teleported, is initidly in a superposition stae

jA1i = cejeri + cgjoai; (21)

where ¢, and ¢y are unknown coefficients. Atoms 2 and 3 areinitidly in the state je,ijgsi. Atom
2 enters the cavity L=2v later than atom 3, but L=2v sooner than atom 1. When aom 3 exits the
cavity, atoms 2 and 3 are in the entangled stae

JA" ()i = cos(, V) jeaijgsi i isin(gt) joijesi: (22)
With the choice of , t = %=4; we obtain the maximaly two-aom entangled state
%oez ijgsi i ijgzijesi); ()

where we have discarded the common phase factor ei #=4:
The state for the whole system can be expanded as

Rrzal = S0 i(Celesi + cigsd) + T i(Celesi i Cojdsi)

(24)
+jO i (Cejgsi i Cgjesi) +]jO i i(Cejgsi + Cgjesi)];
wherej2 8 i and jo8 i are the Bell states [24]
—s®_ 1
a :p?(i ije1ijozi § jouijesi); (29
N
© =195(leluezl§ug1ugzl)- (26)
When aom 2 exits the cavity we obtain the evolution of j2 8 i
ja§i 1 i 1Jewnjgal . (27)

i Jouijeqi

Again, the common phase factor ei % is discarded. On the other hand jO8 i involve two
terms jejijeoi and jg ijgoi; which do not undergo transitions but impart phase shifts during the
interaction.

Then the sender (Alice) performs a joint measurement on aoms 1 and 2 separately. The
outcomes je1ijgoi and jgiijesi correspond to j@ *i and j@ 1 i, respectively. If Alice obtans
outcome je; 1jg» 1, she can tdl the receiver (Bob) that atom 3 has been prepared in theinitid dae
of aom 1. While if Alice obtains jgiije2i shetells Bob to perform the following transformation
on aom 3

H 1 0 )l '

0 1 (28)
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In this way Bob can exactly convert @om 3 into a replica of the origind state of atom 1. On
the other hand, Alice can not distinguish j© i from jO i i. Thus, if she obtains outcome je; ijezi
or jg1ijgz1 the procedure fals. Therefore the present scheme is a probabilistic one with the
probability of success being 50%.

In summary, we have proposed two schemes to prepare multiatom maximally entangled
gates with only one empty cavity. In the schemes severd gppropriately prepared atoms are sent
through an empty cavity one by one If the distances between two adjacent aoms are chosen
gopropiaely we can obtain a maximaly entangled date for these atoms. Futhermore, we note that
the teleportation of atomic states can also be achieved using only one vacuum cavity.

This work was supported by the National Natura Science Foundation of China under Grant
No. 60008003, Fujian Provincial Natural Science Foundation of China under Grant Nos K20004
and FO110027, and Funds from Fuzhou University.
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