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Scheme for the implementation of a universal quantum cloning machine via cavity-assisted atom
collisions in cavity QED
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We propose a scheme to implement the 1→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.

DOI: 10.1103/PhysRevA.67.024304 PACS number~s!: 03.67.2a, 03.65.2w, 42.50.2p
ro
ar
on
om
t i
xa

a
be
h

ie
h

er
m
re
le
ve
n

vit
-

de
h

ct
ta

m
n
-
a-
at
,
-
o

om
o-

nd
nal

es
of

e 1
il-

o-
ol-
n

av-
n
her-
o-
tomic
al-

he

s of
he
-
ic
der

er
n,
se
In the last decade, considerable progress in the field
quantum information processing has been made. New p
pects in computation and communication technology
very challenging. Basic questions on this kind of informati
transfer have been raised. Quantum information differs fr
classical information in a fundamental way. For instance, i
not possible to construct a device that produces an e
copy of the state of a simple quantum system@1#. This state-
ment is a consequence of the linearity of quantum mech
ics. It constitutes one of the most significant differences
tween classical information and quantum information. T
seminal paper of Buzek and Hillery@2# put a strong impulse
on quantum cloning. This problem was extensively stud
in the example of discrete quantum variable systems, suc
quantum qubits@3# or d-level systems@4#. Bounds on the
maximum possible fidelity of the clones produced by univ
sal quantum cloning machine were derived and an opti
universal quantum cloning transformation was discove
@3,4#. In order to make new applications in this field possib
an appropriate quantum system is needed, which can be
well isolated from the environment to suppress decohere
processes. Several physical systems were suggested to im
ment the concept of quantum information processing: ca
QED @5#, trapped ion systems@6#, and nuclear-magnetic
resonance~NMR! systems@7#. Cavity QED with Rydberg
atoms, which cross superconducting cavities, are nearly i
systems for this purpose. Various entangled states suc
Einstein-Podolsky Rosen~EPR! pairs@8# and GHZ states@9#
have been successfully produced by a successive intera
of a series of atoms with the cavity field. An experimen
implementation of the quantum logic gate@10# and the
absorption-free detection of a single photon@11# have been
reported by using a resonant atom-cavity interaction. A nu
ber of schemes have been proposed for the teleportatio
atomic states@12#, the implementation of quantum algo
rithms @13,14#, and the realization of entanglement purific
tion @15#. Recently, quantum cloning of a single-photon st
was demonstrated experimentally@16# by using the scheme
which was proposed in Ref.@17#. An alternative experimen
tal implementation of the cloning network, which is based
the NMR system, has been reported@18#. More recently, a
cavity QED scheme is proposed to implement a 1→2 uni-
versal quantum cloning machine by using a resonant at
cavity interaction@19#. In this scheme, cavities act as mem
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ries, which store the information of an electric system a
transfer it back to this electric system after the conditio
dynamics. But, the decoherence of the cavity field becom
one of the main obstacles for the experimental realization
the universal quantum cloning machine.

In this paper, we propose a scheme to implement th
→2 universal quantum cloning machine of Buzek and H
lery @2# within cavity QED. In contrast to the scheme pr
posed in Ref.@19#, our scheme requires a cavity-assisted c
lisions between atoms@20#. This technique has bee
experimentally demonstrated@21#. In order to overcome the
main problem of decoherence a virtual excitation of the c
ity field is chosen. That’s why this kind of implementatio
becomes essentially insensitive to cavity losses and to t
mal cavity excitations. The cavity-assisted collision pr
cesses have been used for the generation of entangled a
states@22# and the implementation of a quantum search
gorithm @14#.

At first, we consider the interaction ofN two-level atoms
with a single-mode cavity field. In the interaction picture t
Hamiltonian is

H5g(
j 51

N

~e2 idta†s2
j 1eidtas1

j !, ~1!

where s2
j 5ugj&^ej u and s1

j 5uej&^gj u, with ugj& and uej&
( j 51, . . . ,N) are the ground states and the excited state
the j th atom. The annihilation and creation operator of t
cavity field area anda†. We useg as the atom-cavity cou
pling strength andd as the detuning between the atom
transition frequency and the cavity frequency. We consi

the cased@gAn̄11, with the mean photon numbern̄ of the
cavity field. With this restriction, it is convenient to consid
the interaction~1! in terms of a coarse-grained Hamiltonia
which neglects the effect of rapidly oscillating terms. We u
the time-averaging method of Ref.@23# to derive the effec-
tive Hamiltonian@20,22#

H5lF (
j 51

N

~ uej&^ej uaa†2ugj&^gj ua†a!1 (
j ,k51

N

s1
j s2

k G ,

j Þk, ~2!
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with the abbreviationl5g2/d. If the cavity field is initially
in the vacuum state, the effective Hamiltonian reduces to

H5lS (
j 51

N

uej&^ej u1 (
j ,k51

N

s1
j s2

k D , j Þk. ~3!

Now we present the scheme to implement the 1→2 univer-
sal quantum cloning machine of Buzek and Hillery@2#. The
experimental setup, which we suggest to use, is depicte
Fig. 1. Three two-level atoms are needed to implement
scheme. Furthermore, we assume that all cavities are
pared in the vacuum state. The atoms interact with each o
via cavity-assisted atomic collision processes@Eq. ~3!#. We
assume that atom 1 carries the quantum state, which wi
cloned. It is prepared in an arbitrary pure state of the for

uC in&5aug1&1bue1&, ~4!

wherea andb are complex coefficients. The other atoms
and 3 are prepared in the stateue2&ug3&. They are sent into
the first cavityA. The effective interaction~3! between the
atoms 2 and 3 can be written as

H5l~ ue2&^e2u1ue3&^e3u1s1
2 s2

3 1s2
2 s1

3 !. ~5!

The evolution of the quantum state of the atoms 2 and 3
given by

ue2&ug3&→e2 ilt@cos~lt !ue2&ug3&2 i sin~lt !ug2&ue3&].
~6!

If we choose the interaction time to satisfylt5p/4, the state
of the system becomes

uC23&5
1

A2
@ ue2&ug3&2 i ug2&ue3&], ~7!

FIG. 1. This is the schematic diagram of the optimal 1→2
quantum cloning process, which copies the quantum state of
atom 1 to the atoms 2 and 3. Three cavitiesA, B, and C are in-
volved, which are prepared in the vacuum state. The abbreviat
Ri denote the Ramsey zones, in which a classical field rotates
atoms along thez axis byu i . At first the atoms 2 and 3 enter th
cavity A, where they are prepared in a maximally entangled st
After the atoms 1 and 2 have been manipulated by classical fie
the three atoms are simultaneously sent into the cavityB, where
they interact with each other via cavity-assisted atomic collis
processes. After the atoms 2 and 3 have crossed through the c
B, the cavityC and two classical fields are used to perform pha
shift operations on the quantum states of the atoms 2 and 3.
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where we have discarded the common phase factor. After
atoms 2 and 3 emit from the cavityA, these two atoms and
the atom 1, which carries the information, will simulta
neously be sent to another cavityB. But before, a classica
field is applied to rotate atom 1 and atom 2 along thez axis
by the anglesu1 and u2, respectively. The correspondin
transformation is given by

U j5exp@2 iu j~ uej&^ej u2ugj&^gj u!#. ~8!

Thus, the stateuC in& becomes

uC in8 &5aeiu1ug1&1be2 iu1ue1&, ~9!

whereu1 will be determined later. If we choose the param
eteru25p/4, the two-atom quantum stateuC23& becomes

uC1&5
1

A2
@ ue2&ug3&1ug2&ue3&]. ~10!

The state of the total systemuC in8 & ^ uC1& can directly be
used to implement the 1→2 universal quantum cloning ma
chine. Now we send three atoms into the cavityB. These
three atoms interact with each other via cavity-assis
atomic collision processes according to the effective Ham
tonian ~3!:

H5lS (
j 51

3

uej&^ej u1s1
1 s2

2 1s2
1 s1

2 1s1
1 s2

3 1s2
1 s1

3

1s1
2 s2

3 1s2
2 s1

3 D . ~11!

If the atoms are in the stateug1&uC1& or ue1&uC1&, the
quantum state evolves as follows:

ug1&uC1&→e2 i3lt/2H FcosS 3

2
lt D2

i

3
sinS 3

2
lt D G ug1&uC1&

2
i2A2

3
sinS 3

2
lt D ue1&ug2&ug3&J ,

ue1&uC1&→e2 i5lt/2H FcosS 3

2
lt D2

i

3
sinS 3

2
lt D G ue1&uC1&

2
i2A2

3
sinS 3

2
lt D ug1&ue2&ue3&J . ~12!

If we choose the interaction time to satisfylt52p/9, the
state of the total systemuCc8& ^ uC1& evolves into

uCm&5aeiu11 ip/6FA2

3
ue1&ug2&ug3&1A1

3
eip/3ug1&uC1&G

1be2 iu11 ip/18FA2

3
ug1&ue2&ue3&

1A1

3
eip/3ue1&uC1&G . ~13!
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After the three atoms have crossed through the cavityB, we
send the atoms 2 and 3 again into the third cavityC. The
effective interaction between the atoms can be describe
Eq. ~5!. After the interaction timet, the quantum state~13!
evolves into

uCn&5aeiu11 ip/6FA2

3
ue1&ug2&ug3&

1A1

3
eip/322iltug1&uC1&G

1be2 iu11 ip/18FA2

3
e22iltug1&ue2&ue3&

1A1

3
eip/322iltue1&uC1&G . ~14!

We will determine the interaction timet later. After the atom
2 and the atom 3 have crossed through the cavityC, these
two atoms are rotated along thez axis by the anglesu3 and
u4. Therefore a classical microwave pulse is used. The
responding transformation is described by Eq.~8!. If we
choose the conditionu35u4, the quantum state~14! be-
comes

uCo&5aeiu11 ip/6FA2

3
e22iu3ue1&ug2&ug3&

1A1

3
eip/322iltug1&uC1&G

1be2 iu11 ip/18FA2

3
e22ilt12iu3ug1&ue2&ue3&

1A1

3
eip/322iltue1&uC1&G . ~15!

We choose the parametersu1 , u3, and lt to satisfy
u152p/18, u35p/6, andlt5p/3. In this case the stat
~15! reduces to
ia-

-

.J
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uC f&5aFA2

3
ue1&ug2&ug3&1A1

3
ug1&uC1&G

1bFA2

3
ug1&ue2&ue3&1A1

3
ue1&uC1&G , ~16!

if the common phase factor is discarded. This equation d
onstrates, that the optimal 1→2 cloning process is imple
mented@2#.

In summary, a scheme for the implementation of the o
timal 1→2 cloning process is proposed. In contrast to t
scheme @19#, only simple two-level atoms are require
which interact with the cavity fields. This might simplify th
experimental implementation of the scheme of Buzek a
Hillery. In contrast to the scheme of Milmanet al. @19#, our
scheme requires a cavity-assisted collisions between at
@20#. This technique has been experimentally demonstra
@21#. In this scheme, the cavity field is only virtually excite
There is no transfer of quantum information between ato
and cavity fields. That’s why the requirement on the qua
factor of the cavity can be loosened. This scheme is es
tially insensitive to cavity losses and to thermal cavity ex
tations. It should be pointed out that the presented sch
involves three cavities, which might make the experimen
implementation of the present scheme more complicated

Finally we give a brief discussion on the experimen
feasibility of the presented scheme. To implement
scheme, we need to preserve the coherence of the cavity
before the atoms are flying out of the cavity. For the Rydb
atoms with principle quantum number 50 and 51, the rad
tive time is aboutTr5331022 sec. The coupling of the at
oms and the cavity field isg/2p550 kHz @21#. In order to
control the entanglement in the cavity-assisted collision p
cess, the detuningd should be much greater thang. With the
choiced510g the interaction time between the atom and t
cavity field is of the orderpd/g251024 sec. At this scale
the time, which is needed to rotate the single qubit, is ne
gible. Thus, the interaction time, which is needed to perfo
the total procedure is shorter than the time, which is nee
by the scheme@19#. This time interval is much shorter tha
Tr and the photon lifetime 1 ms in the present cavity. The
fore, based on the cavity QED technique the presen
scheme is realizable.
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