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Scheme for the implementation of a universal quantum cloning machine via cavity-assisted atomic
collisions in cavity QED
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We propose a scheme to implement the:2 universal quantum cloning machine of Buzek and Hillery
[Phys. Rev. A54, 1844(1996)] in the context of cavity QED. The scheme requires cavity-assisted collision
processes between atoms, which cross through nonresonant cavity fields in the vacuum states. The cavity fields
are only virtually excited to face the decoherence problem. That's why the requirements on the cavity quality
factor can be loosened.
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In the last decade, considerable progress in the field ofies, which store the information of an electric system and
guantum information processing has been made. New progransfer it back to this electric system after the conditional
pects in computation and communication technology arelynamics. But, the decoherence of the cavity field becomes
very challenging. Basic questions on this kind of informationone of the main obstacles for the experimental realization of
transfer have been raised. Quantum information differs fronthe universal quantum cloning machine.
classical information in a fundamental way. For instance, itis In this paper, we propose a scheme to implement the 1
not possible to construct a device that produces an exaet:2 universal quantum cloning machine of Buzek and Hil-
copy of the state of a simple quantum sysfdrh This state-  lery [2] within cavity QED. In contrast to the scheme pro-
ment is a consequence of the linearity of quantum mecharposed in Ref[19], our scheme requires a cavity-assisted col-
ics. It constitutes one of the most significant differences belisions between atomdq20]. This technique has been
tween classical information and quantum information. Theexperimentally demonstraté@1]. In order to overcome the
seminal paper of Buzek and Hillef] put a strong impulse main problem of decoherence a virtual excitation of the cav-
on quantum cloning. This problem was extensively studiedty field is chosen. That's why this kind of implementation
in the example of discrete quantum variable systems, such d&&comes essentially insensitive to cavity losses and to ther-
quantum qubitd3] or d-level systemg4]. Bounds on the mal cavity excitations. The cavity-assisted collision pro-
maximum possible fidelity of the clones produced by univer-cesses have been used for the generation of entangled atomic
sal quantum cloning machine were derived and an optimastates[22] and the implementation of a quantum search al-
universal quantum cloning transformation was discoveredjorithm[14].

[3,4]. In order to make new applications in this field possible, At first, we consider the interaction &f two-level atoms

an appropriate guantum system is needed, which can be vewith a single-mode cavity field. In the interaction picture the
well isolated from the environment to suppress decoherencdamiltonian is

processes. Several physical systems were suggested to imple-

ment the concept of quantum information processing: cavity N _ _ _ _

QED [5], trapped ion systemf6], and nuclear-magnetic- H:gz (e "alo) +eagl,), D
resonancegNMR) systems[7]. Cavity QED with Rydberg =1

atoms, which cross superconducting cavities, are nearly ideal . . _

systems for this purpose. Various entangled states such ¥4ere ol =[g;)(ej| and o, =|e;)(g;|, with [g;) and |e;)
Einstein-Podolsky RosefEPR) pairs[8] and GHZ statef9] (j=1,... N) are the ground states and the excited states of
have been successfully produced by a successive interactiéh€ jth atom. The annihilation and creation operator of the
of a series of atoms with the cavity field. An experimentalCavity field area anda’. We useg as the atom-cavity cou-
implementation of the quantum logic gafdé0] and the pling strength ands as the detuning between the atomic
absorption-free detection of a single phofdri] have been transition frequency and the cavity frequency. We consider
reported by using a resonant atom-cavity interaction. A numthe case’>g+/n+ 1, with the mean photon numberof the

ber of schemes have been proposed for the teleportation efvity field. With this restriction, it is convenient to consider
atomic stateg12], the implementation of quantum algo- the interaction(1) in terms of a coarse-grained Hamiltonian,
rithms[13,14], and the realization of entanglement purifica- which neglects the effect of rapidly oscillating terms. We use
tion [15]. Recently, quantum cloning of a single-photon statethe time-averaging method of RéR3] to derive the effec-
was demonstrated experimentaly] by using the scheme, tive Hamiltonian[20,22]

which was proposed in Reff17]. An alternative experimen-

tal implementation of the cloning network, which is based on N N

the NMR system, has been reportg8]. More recently, a H=\| X (le))(ejlaa’—|g;)(gjla’a)+ X ol " |,

cavity QED scheme is proposed to implement-a 2 uni- =1 k=1

versal quantum cloning machine by using a resonant atom-

cavity interactior{19]. In this scheme, cavities act as memo- i #k, 2
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TN where we have discarded the common phase factor. After the
@ E atoms 2 and 3 emit from the cavity, these two atoms and
the atom 1, which carries the information, will simulta-
o) T~ @ T~ @ neously be sent to another caviBy But before, a classical
=2 = field is applied to rotate atom 1 and atom 2 along zfeis
@ @ by the anglesf, and 6,, respectively. The corresponding
m m transformation is given by
~—— .
Cavity B Uj=exd —io;(le;) (el —[9;){g;D]. (8)

FIG. 1. This is the schematic diagram of the optimal-2 Thus, the stat¢¥;,) becomes
quantum cloning process, which copies the quantum state of the _ )
atom 1 to the atoms 2 and 3. Three cavitigsB, and C are in- |W! ) =ae'?1|g,)+ Be ' 1]e,), 9
volved, which are prepared in the vacuum state. The abbreviations
R; denote the Ramsey zones, in which a classical field rotates thethere 6; will be determined later. If we choose the param-
atoms along the axis by 6, . At first the atoms 2 and 3 enter the eter §,= /4, the two-atom quantum stat®,3;) becomes
cavity A, where they are prepared in a maximally entangled state.
After the atoms 1 and 2 have been manipulated by classical fields, 1
the three atoms are simultaneously sent into the caBjtwhere |V, )= E[|ez>|93>+ 92)[e3)]. (10)
they interact with each other via cavity-assisted atomic collision

processes. After the atoms 2 and 3 have crossed through the Ca"%e state of the total systefi/ >®|q, ) can directly be
B, the cavityC and two classical fields are used to perform phase- n M

used to implement the-% 2 universal quantum cloning ma-
shift operations on the quantum states of the atoms 2 and 3.

chine. Now we send three atoms into the cau&yThese
three atoms interact with each other via cavity-assisted

with the abbreviation, =g/ o. If the cavity field is initially atomic collision processes according to the effective Hamil-

in the vacuum state, the effective Hamiltonian reduces to

tonian (3):
N 3
_ e ik :
H=x\ 1'21|el><ej|+j,k2:1 ool |, J#k. ©) H:)\(]_Zl|e]-><ej|+o-ia-z_—i—0'1_0'1+o'%ro"?i—1—0'1_0'34’r
Now we present the scheme to implement the 2 univer-
sal quantum cloning machine of Buzek and Hill¢8}. The +olod+o2ad . (11)

experimental setup, which we suggest to use, is depicted in
Fig. 1. Three two-level atoms are needed to implement ou
scheme. Furthermore, we assume that all cavities are pr
pared in the vacuum state. The atoms interact with each othe
via cavity-assisted atomic collision proces$Es|. (3)]. We [

[f the atoms are in the statlgy,)|¥,) or |e))| ¥, ), the
luantum state evolves as follows:

co{%)\t) - |§ Sin(gkt”|91>|‘l’+>

Wiy =algn) + Bley, @ _i12v2 LNt m)|el>|gz>|g3>]

where« and B8 are complex coefficients. The other atoms 2

assume that atom 1 carries the quantum state, which will be|g,)| ¥, )—e ™ 13\/2
cloned. It is prepared in an arbitrary pure state of the form

and 3 are prepared in the sta#)|gs). They are sent into Cisntf2 3.y b /3
the first cavityA. The effective interactiori3) between the e[V )—e co ZM 3 sin 2)\t e ¥
atoms 2 and 3 can be written as
|2\/_
H=X(lex)(eol +|es)(es| + 2o +020%). (5 — g s M |90)lez)les) - (12)
The evolution of the quantum state of the atoms 2 and 3 isf we choose the interaction time to satisfg=2=/9, the
given by state of the total systefW )®|¥ ) evolves into
le2)|gs)—e M cog\t)|e;)|gs) —i sin(A)[g,)es)].
© |Pm=ae"™ |el>|92>|93>+ '”’3lgl>|‘l'+>
If we choose the interaction time to satisfy= /4, the state - 2
of the system becomes +Be "’1*'”’18[\[ |g1)|e)es)
1 . 1
W) = E[|ez>|93>_'|92>|e3>], (@) +V3 e™le)| W, ). (13
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After the three atoms have crossed through the cajitye
send the atoms 2 and 3 again into the third caGtyThe

effective interaction between the atoms can be described by

Eq. (5). After the interaction timer, the quantum statél3)

evolves into
2
3 le1)|92)]gs)

1 :
+\/%elw/32|)\r|gl>|\l,+>

+Be”! €1+|7T/18|:\/; e 2|M’| gl)|e2>|es>

1 )
+\/%e|7r/32|)w|el>|\[,+>

We will determine the interaction timelater. After the atom
2 and the atom 3 have crossed through the ca@jtyhese
two atoms are rotated along teaxis by the angleg,; and

|\If >= a,ei 0, +i7/6)
n

. (14
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\E |e1)[92)[g3) + \/% gn[¥)
\/g |91)|ez)[es) + \[%|91>|‘1’+>

if the common phase factor is discarded. This equation dem-
onstrates, that the optimal-22 cloning process is imple-
mented[2].

In summary, a scheme for the implementation of the op-
timal 1—2 cloning process is proposed. In contrast to the
scheme[19], only simple two-level atoms are required,
which interact with the cavity fields. This might simplify the
experimental implementation of the scheme of Buzek and
Hillery. In contrast to the scheme of Milmaat al. [19], our
scheme requires a cavity-assisted collisions between atoms
[20]. This technique has been experimentally demonstrated
[21]. In this scheme, the cavity field is only virtually excited.
There is no transfer of quantum information between atoms
and cavity fields. That's why the requirement on the quality
factor of the cavity can be loosened. This scheme is essen-
tially insensitive to cavity losses and to thermal cavity exci-

)=«

+8 , (16)

0,. Therefore a classical microwave pulse is used. The cortations. It should be pointed out that the presented scheme

responding transformation is described by E§). If we
choose the conditiord;= 6,, the quantum statél4) be-

comes
2 g
3¢ 3le1)|92)|93)

1 . .
+\/;elw/3—2|>\r|gl>|\l,+>

+ Be_i 61+i7r/18[\/§ e—2i>\r+ 2i 03|91>|92>|e3>

1 .
+\/;elﬂ'/3—2l)\7'|e1>|\1,+>

We choose the parameter$;, 63, and A7 to satisfy
0,=— /18, 6;= /6, and\7= /3. In this case the state
(15) reduces to

|\I, >:aei¢91+i77/6
(o]

. (15

involves three cavities, which might make the experimental
implementation of the present scheme more complicated.

Finally we give a brief discussion on the experimental
feasibility of the presented scheme. To implement the
scheme, we need to preserve the coherence of the cavity field
before the atoms are flying out of the cavity. For the Rydberg
atoms with principle quantum number 50 and 51, the radia-
tive time is aboufl,=3x 10 2 sec. The coupling of the at-
oms and the cavity field ig/27=50 kHz[21]. In order to
control the entanglement in the cavity-assisted collision pro-
cess, the detuning should be much greater thgnWith the
choices=10g the interaction time between the atom and the
cavity field is of the orderrs/g?=10 4 sec. At this scale
the time, which is needed to rotate the single qubit, is negli-
gible. Thus, the interaction time, which is needed to perform
the total procedure is shorter than the time, which is needed
by the schem¢19]. This time interval is much shorter than
T, and the photon lifetime 1 ms in the present cavity. There-
fore, based on the cavity QED technique the presented
scheme is realizable.
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