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We explore the possibility of an N-qubit (N > 3) Grover search in cavity QED, based on a fast operation of

an N-qubit controlled phase-flip with atoms in resonance with the cavity mode. We demonstrate both analytically

and numerically that our scheme can be achieved efficiently to find a marked state with high fidelity and high success

probability. As an example, a ten-qubit Grover search is simulated specifically under the discussion of experimental

feasibility and challenge. We argue that our scheme is applicable to the case involving an arbitrary number of qubits.

As cavity decay is involved in our quantum trajectory treatment, we can analytically understand the implementation

of a Grover search subject to dissipation, which will be very helpful for relevant experiments.
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1. Introduction

Cavity quantum electrodynamics (QED) has seen
much progress over the past several years.[!=3! Peo-
ple have achieved various optical and microwave cav-
ities, with which some remarkable quantum phenom-
ena have been demonstrated, such as strong coupling
of a single atom with a single photon,*, quantum
logic gating between two atomic qubits,!®) photonic
blocking, 6 efficient generation of single photons,!”
and even an observation of the birth and death of a
single microwave photon. 8!

In the present work, we will investigate how to
realize a Grover search with more than three qubits
by cavity QED. The Grover search,!”) as one of
the most frequently mentioned quantum algorithms,
can effectively exemplify the potential speed-up of-
fered by quantum computers.['?) Recently, many au-
thors have dedicated themselves to the search al-
gorithm by adiabatic evolution methods!''~13 or a
non-adiabatic scheme.'*1% Although achievement of
these schemes needs stringent conditions and demand-
ing techniques,['9! they are really wonderful ideas.

On the other hand, some authors have addressed

the effects of decoherence,!7-18 noise,™

(20]

and gate
imperfection or errors on the efficiency of quan-
We also noticed that there has
been intensive interest in achieving a Grover search

tum algorithms.

algorithm theoretically and experimentally by us-
ing NMR systems,m] trapped ions, 22724 linear op-
tical elements,?>20] cavity QED,[27=31 and super-
conducting meso-circuits.3?

Our interest is in the experimental feasibility of
the Grover search by a microwave cavity. A recent
work,?) with which two of the present authors joined
in, showed a three-qubit Grover search implementa-
tion in a microwave cavity. As it makes use of the res-
onant interaction of the atoms with the cavity mode
and considers the detrimental influence of cavity de-
cay, the implementation of Ref.[29] is close to the reach
of the current technique. However, that scheme is
hard to extend to the case with more than three qubits
due to the limitation of the method!*3! used there. Our
present work will show that, after some modification
of the method in Ref.[33], we could accomplish a high-
fidelity conditional phase flip (CPF) for many atomic
qubits flying through a microwave cavity, based on
which an N-qubit (N > 3) Grover search might be
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achieved in a straightforward way. The main idea is
that we make a smart qubit encoding on the atomic
levels, and send the atoms through a microwave cav-
ity for resonant interaction. As long as we can exactly
control the interaction time and the trajectories of the
flying atoms, we may accomplish the N-qubit CPF
gate by a one-step implementation, based on which we
could efficiently carry out an N-qubit Grover search
with high fidelity. However, as the Grover search with
more than two qubits works only probabilistically and
also as our one-step implementation of a many-qubit
CPF gate intrinsically has imperfections, the situa-
tion in our case is much more complicated than in
the two-qubit case. To make our scheme more realis-
tic, cavity decay is involved in our treatment, and as
done in Ref.[29], we will try to present some analytical
expressions for the state evolution during our imple-

mentation. As a result, we can explicitly assess how
well a Grover search is made subject to these disad-
vantageous factors.

2. N—qubit CPF gate subject to

cavity decay

As described in Refs.[29] and [33], we consider
the resonant interaction of N three-level atoms with a
single-mode cavity. As shown in Fig.1, the three levels
can be described by |i;), |g;), and |e;), in which the
subscript j means the jth atom, the states |e;) are
excited states and |i;), |g;) are ground states. As |g;)
and |e;) are coupled in resonance by the cavity mode,
the states |i;) are not involved in the interaction with
the cavity mode throughout our treatment.

atom 1 atom 2 atom n
o)1 )2 o) z
)1 )2 " lin
lg)1 l9)2 lg)n Y
X
i i tom 1
—> @ @ . atom } by
m _ atom 2 b
U \{I/ U \}'I/ i atom 3 } ’
— Sz,3 @ @ @ * } D3
: tom 4
— Sz,4 @ @ @ - = } Dy
E E : : atom 10
— = (——— o

where ten atoms are simultaneously sent through the cavity with proper speed. The ten state-selective

field ionization detectors Dy, ..

., D1g are settled at the end of the passage for checking the states of the

qubits. The operations U<10), H®10, Sz,3, and Sz 4 are defined in the text. The inset shows the atomic
level configuration, with bold lines for the states encoding qubits and arrows for the coupling between

the atoms and the standing wave of the cavity.

We encode the first qubit |0); (|1);) on |e1) (Jg1)), and other qubits |0), (|1),) on |ix) (|gr)) with k =
2,3,...,N. Considering a cavity with weak decay, which implies no photon actually leaking out of the cavity

during our implementation, we may write the Hamiltonian in units of & =1 as,

N

H= Z 2 (a'o; +ao}) —i gaTa,

i=1

(1)
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where (2; is the coupling constant of the ith atom to the cavity mode, and the atomic spin operators for raising
and lowering are o;” = |e;) (g;| and o; = |g;) {e;|, respectively. a' (a) is the creation (annihilation) operator
of the cavity mode. We will first consider an implementation of N-qubit CPF under weak cavity dissipation,
based on which an N-qubit Grover search will be achieved in the next section. The weak dissipation condition
K < §2; makes sure that we can analytically obtain the time evolution of the state by the quantum trajectory

notion. Figure 2 shows the variations of the fidelity F' and probability P of success with respect to both n and
I

100

Fig.2. The variations of the fidelity F' and probability P of success with respect to both n and p.

Assuming the initial atomic state is in |eq) Hfj:z, 145 l91) |i;) and the cavity is initially in the vacuum state
|0), we can deduce the evolved state by directly solving the Schrédinger equation regarding Eq.(1), which yields

N

, 02 G2, — 22
) TL 1) 10) — | G oxm (ot x € S
1,j=2,1#] m m
N Q%
xley T 1o lig) 0) + - lexp (—st/4) x € — 1
G
1,j=2,l#7 m
m—+1 N
< lg1) > 2ilery  T[  lao) lis)10)
k=2 1,j=2,1#j#k
N
— (1 20/ Amyre) sin (Amirat) l91) [ 1o 145) 1), (2)
1,j=2,1%#]

where € — (COS (A ot) + ko (Am+1,nt)), volvement of the dissipative factor. But as Eq.(1) is

4Am 11, non-Hermitian, we have obtained Eq.(2) by using the
time evolution of the norm of the state over an effec-
tive normalization factor /(|(e=iHt)fe~iHt]) with |)

the initial state of the system. Equation (2) could be

d justified either by putting N = 3 to return to the ex-
an

1 pressions in Ref.[33] or by putting other values of N
Amiie= | > 22— K2/16
j=1

to check the corresponding Schrodinger equation by
Mathematica software.

with m the number of the atoms initially in the ground
state |g). We emphasize that no strict normalization
is made here and hereafter, like in Ref.[33], due to in-

In order to accomplish an N-qubit CPF gate, we
should also pay attention to the evolution with the
initial state |eq) H;VZZ ;) |0), which is
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N
len) T 1i5) 10)
j=2

— [exp (—kt/4) x £] x

le1) H li;) [0)
= (i£21/As1,) sin (A1) |g1) H ;) 1)
i=2 (3)

with A; , = /2% — k2/16. Equation (3

time evolution due to interaction only with the first

) implies the

qubit, and is thereby easily understood. Assuming
that the coupling constants satisfy the condition 2 =
5 = (23 = ... = 02y > (4 making sin (4; .t) <€
cos (A1 xt) and sin (A 41,4t) <K cos (Apmt1,xt) (M =
1,2,3...
regarding sin functions in Egs.(2) and (3). In order to

N — 1), we may effectively delete the terms

achieve a CPF gating, we try to set the evolution time
to = w/\/§2% — k?/16, which yields sin (A4; xto) = 0
and cos (Aj ,to) = —1. Meanwhile, if the condition
Am+1,,{t0 = A17Kt0 + (2$ — 1)’/T
teger) is met, we may have sin (A,,+1.,%) = 0 and

(z is an arbitrary in-
cos (Am+1,.to) = 1. As a result, the conditions given

above are completely satisfied and thereby Eqgs.(2) and
(3) are reduced to

ler) TT 19x) 183 10) — B lex) T low) i) 10), (4)

3 k=2, 3 k=2,
J#k J#k
N
le1) H i) 10) — aler) H /i) 10) (5)
Jj=2 j=2
with
a = exp (—kto/4) cos (A1,to)
and
2?2 G? — 22
B = [G2 exp(—kto/4) cos (A(m+1),€t0)+G21}

To obtain Eq.(4), we have also used an approximation
exp (—kto/4) =~ 1 in the case of kK < 2;. Putting the
value of ¢y in Egs.(4) and (5), we have

a = —exp (fwu/\/ 16 — u2> ) (6)

B = T:W(cosﬂJrusinﬂ/\/lGJr 16mn? — pu?)
2
mn

— 7

+ 1+ mn? (7)

with u = k/1, ¥ = m/1+ 16mn?/(16 — p2) and

We may take N =

show more

4 as an example to
CPF gate we de-
signed.  Following the deduction above, we have
the four-qubit CPF written as U® Joooo =
diag {a, 1, B1, 1, B2, B2, B, B3,1,1,1,1,1,1,1,1}

with respect to the bases |ejizizia), |€1i2i3g4),
le1i2g3ia), |€1g2i3ia), [€1129394), |€192i394), [€19293%4),
le1929394), |g1i2i314), |g1121394), |91029374), |91921314),
l91929394), |91929394), |919293i4), and [g192939a)
respectively, where the latter eight states do not

explicitly the

evolve under the Hamiltonian of Eq.(1) in the case
of the vacuum cavity state. To assess the CPF gat-
ing, we assume the atoms to be initially in |¥p) =
1/V2(lg1) +len)) (lg2) + i) - (Ign) + lin))-

We may calculate the fidelity and the suc-
cess probability by employing the relations
F = (UM @) (G| UM [@)BY and P =
(W |0).12933] As shown in Fig.2, we can reach consid-

erably high fidelity F' and high probability of success
P as long as n approaches 10, even in the case of a
relatively large decay rate. In what follows, to show
the potential application of our CPF gating, we will
carry out a Grover search under weak dissipation.

3. N—qubit Grover search

Generally speaking, provided that the initial state
of the system has been prepared in an average super-

(1/V2N) Z i), a Grover search

position state |¥) =

can be depicted as the 1terat1ve operation DW )J. by
at least V2N /4 times for finding the marked state
|7) with an optimal probability, where the quantum
phase gate J, = I —2|7) (7| (with I being the identity
matrix) plays an important role to invert the ampli-
tude of the marked state, and the diffusion transform
DW) ig defined as ﬁij =2/K—0d;; (i,j =1,2,... K,
K = 2%). Considering the qubit subspace spanned by
{|61>, |gl>v |i2>7 |92> |Z'N*1>a |9N71>; |iN>7 |9N>},
to make a Grover search, we could construct the fol-

lowing transformation,

Q(N) W®NJ(N) W®NJ
= W®NJ§\2. inW®NJp
D™ g, (8)

where

Joo o =diag{—-1,1,...,1}
=1™ —2)00...
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(with superscript (N) denoting the N-qubit case and
... denoting N elements) and the Hadamard gate in
our computational subspace is given by

v == (35) [1 Aol

@...®E _11} ()

In the case of N qubits, Eq.(8) implies that the
diffusion transform D) 7W®NJe(f\£2)minW®N
is always unchanged no matter which state is to
be searched. The only change is the operator J,
Based on the CPF

gate constructed in last section, we have Jéé\_] .).0 ~

for different marked states.

diag{-1,1,...,1} = Ug;)F, from which we could
7

achieve the gate J;; /' as,

Jl(iv) 1= Sw,NSz,Nfl . O'mﬁlJ(g(])\_fi)_OO'wﬁl . Sw’n,lsﬂn,
(10)
where Sy ; = |i;)(g;] + |g;)(i;| with j # 1, and
oz1 = lei){g1] + |g1){e1]. To achieve Q) we will
construct the CPF gate J, =1 —2|p) (p|.
As an example, we may consider the qubit num-
ber N = 10.
volved quantum states is 2'°, and the operation is to
label a marked state by J, with p one of the states
from {|0000000000), 0000000001}, |0000000010), ...,
[1111111111)}. To carry out the ten-qubit Grover
search, we need two ten-qubit Hadamard gates
W®10  Based on the CPF gate marking the state
|919293949596979s99g10) , We could construct other
210 _ 1 gates for the marking job by single-qubit rota-
tions. For example,

In this case, the number of the in-

J 919293919596 9798 99910
= Ji1111111
= Jc,1051,9595,8Sx,’?Sac,6Sx,55z,4szt,351,20'x,1

J000000000002,152,252,352,452,5 52,6 52,752,8 52,052, 10.

(11)

So with a state marked, and with the ten-qubit dif-
fusion transform D19 which is generated by com-
bining two Hadamard gates W®0 with Jy000000000
a full Grover search for ten qubits is available.
Specifically, we may consider the marked state
1st to the 10th are input, as shown in Fig.1, with
principal quantum numbers 49, 50 and 51 denoting
lg;j), |i;) and |e;), respectively. Suppose the atoms ini-
tially prepared in a superposition |Wg) = 275 x (|ey) +
l91))(li2) +192))(lis) +[g3)) - - - (li10) +[g10))- We plot

in Fig.3 the success rate of the Grover search in differ-
ent cases. As the Grover search involving more than
two qubits is intrinsically probabilistic, how to obtain
an optimal search is a problem of interest. In contrast
to the previous study for an ideal Grover search, !
our analytical expressions along with some numerics
could identify the optimal search under cavity decay
and other imperfections due to gating. We know from
Fig.3 that, because of the cavity decay, the more iter-
ation steps, the more detrimental the effect from the
cavity decay is. As a result, we prefer to have fewer
iteration steps for an optimal search. The detrimen-
tal effect from the cavity decay is also reflected in the
figure that the maximum value of P is slightly lower
in the case of a larger decay rate.

4. Discussion

Our CPF gating plays an essential role in our
Grover search scheme, as it significantly reduces the
implementation time compared to that by a series of
two-qubit conditional gates and single-qubit gates. 3!
Section 2 has shown that the CPF gating time only
depends on the weakest coupling {2, and the cavity de-
cay rate k, but is irrelevant to the qubit number. So
the CPF gating in our scheme could keep a constant
implementation time no matter how many atoms are
involved, which favours a large-scale QIP. As a result,
if we suppose the single-qubit rotation takes a negligi-
ble time compared to the CPF gating, then one itera-
tion of our Grover search could also be carried out by
a constant time irrelevant to the qubit number. The
lifetime of the photon in the superconducting cavity
could reach half a second with the current technique.!®!
Here what we consider is a cavity with photon lifetime
0.2 s, which should be easily achievable. So, assum-
ing 2 = 27 x 51 kHz,® 2, = 27 x 5.1 kHz, and
k = 107302y, we have tg = 7/\/02? — k2/16 ~ 98 us,
which is much shorter than either the cavity decay
time, i.e., 2m/k =~ 0.2 s, or the Rydberg atomic life-
time 30 ms.!!) Therefore, our assumption of no photon
actually leaking out of the cavity during our imple-
mentation is reasonable and our quantum trajectory
treatment is valid.

For a full consideration of a Grover search, how-
ever, the operation QY) has to be made for several
times depending on the specific search task. In the
case of N = 10, the total required time for a Grover
search could be simply calculated as 2[mv/2N /4]x
to ~ 5 ms, which is still much shorter than the cavity
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decay time. Consequently, in view of the cavity decay
rate, we may consider that our scheme is in the reach
of current super-conducting microwave cavity technol-
ogy.

For a realistic implementation with unavoidable
dissipation, we prefer fewer iteration steps in order
to suppress the detrimental effect from the cavity de-
cay to the best. Our numerics in Fig.3 show that
the iteration steps for an optimal search are 25, 24,
18, in the case of p = 0, 0.001 and 0.1 respectively.
Since these cavity decay rates are very small com-
pared to the coupling constant, the operation time
to = m/\/$2% — k2/16 only varies very little in differ-
ent cases of cavity dissipation. Considering the search
steps, the photon lifetime and the operation time alto-
gether, we certainly prefer the case of p = 0.001 with
24 iteration steps.

(a) p=0

0.8
0.6
0.4
0.2

ol

Tteration number

0.8 (b) 1#=0.001
0.6

||II\“||\ ““NIII
oz _ il I

Iteration number

0.8 (c) p=0.1
0.6
™ 04
0.2
0
10 20 30 40

Iteration number

Fig.3. The search probability of ten-qubit with respect
to the iteration number under the cavity decay rate (a)
pn =0, (b) p=0.001 —0.01, and (c) p = 0.1, respectively.

In current microwave cavity experiments,t) we
may consider the interaction between atoms and
the cavity mode by 2 cos(2mz/)\) exp(—r?/w?) ~
2 cos(2mz/ o), where 2 is the coupling strength
at the cavity centre, r is the distance of the atom away
from the cavity centre, and A\g and w are the wave-
length and the waist of the cavity mode, respectively.
To meet the condition of 2 = 10421, we may send the
first atom going through the cavity along y axis de-
viating from the nodes by (A\g/27) arccos(1/10), but
other atoms through the antinodes. Specifically, for
the N input atoms (suppose N is an even number for
simplicity), we should have the tracks of the atomic
movement as z; = —(N/2)Ag + (Ag/27) arccos(1/10),
zo = =(N/2=1)Ao, ... ., 2xv = (N/2)Xo. This is of

course highly challenging with current experimental
technology. Moreover, with current cavity QED tech-
niques, the design in Fig.1 should be realized by 50
separate microwave cavities with each Ramsey zone
in between the neighbouring cavities. Since each mi-
crowave cavity is employed to carry out a ten-qubit
phase gate Jé(l)f).)lo, the cavities should be identical.
This is also a challenge at present. Fortunately, if N is
smaller, the repetition for Grover searching would be
significantly decreased. For example, for N = 4, we
will only need six separate microwave cavities. Fur-
thermore, for searching different states, we employ dif-
ferent single-qubit operations. So the Ramsey zones
should be long enough to finish the necessary single-
qubit operations.

Now we make a simple estimate for experimen-
tal imperfection in simultaneously sending many Ry-
dberg atoms through a cavity with precise tracks and
velocities. We know that two Rydberg atoms going
through a microwave cavity simultaneously have been
achieved,®”) but no experiment has been reported so
far for more than two atoms going through a mi-
crowave cavity simultaneously due to the difficulty in
the exact control of tracks and velocities of the atoms.
Here we assess the infidelity due to the imperfection
in atomic velocity by a simple example below. Con-
sider that the first atom moves a little bit more slowly
in the cavity than other atoms, that is, t; = tg + Jt,
to =t3 = ... =t, = tg, with tg = 7/\/2? — k2/16.
As shown in Fig.4 with n = 10, we can see that the
infidelity increases with both d¢ and p. In actual ex-
periments, the situation is much more complicated.
Besides the diversity of atomic velocity, there will be
other imperfections such as classical pulse imperfec-
tion, differences of the cavities, deflected atomic tra-
jectories and so on. Anyway, our simple estimate has
shown explicitly the importance of highly controllable
movement of the atoms in implementing our scheme.

1.2
1.0
0.8
0.6
0.4

Infidelity /103

0.2

0.02 0.04 0.06 0.08 0.10
5t/t0

Fig.4. Infidelity of ten-qubit phase gate versus time delay
in the case of n = 10, where p = 0.001 and p = 0.1 are
plotted by solid and dashed curves, respectively.
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5. Conclusion

In conclusion, we have studied a many-qubit CPF
gate in cavity QED under weak cavity dissipation, and
explored the possibility of a many-qubit Grover search
in a dissipative cavity QED system. As a theoreti-
cal work, like previous publications in cavity QED,
e.g.,’”l we have simplified the complexity in the re-
alistic system, and tried to present some analytical
expressions for the state evolution subject to cavity
decay. Although we took the ten-qubit case as an ex-
ample, our approach could actually be used for arbi-
trary numbers of atomic qubits in cavity QED. On the
other hand, we have noticed experimentally achieved
entanglement of six photons, ¥ eight trapped ions!*”!
and twelve NMR ensemble qubits.[*?! So we also hope
that our idea could be extended to other systems, such

as trapped ions. In particular, we have just found

a very recent experimental report to realize a Tof-
foli gate with two trapped-ion qubits plus a qubit by
the quantized vibration mode.[*!] With slight modifi-
cation, our scheme could be applied to a line of ions
as qubits using the vibrational mode as a quantum
data bus. Furthermore, from the above discussion, we
have shown the experimental difficulty for ten atomic
qubits to be entangled and used for a Grover search
by the current cavity QED technique. As the cavity Q
factor could high enough with current techniques, we
argue that our study could be useful for future QIP
experiments by microwave cavity.

Acknowledgements

One of the authors (H.Q.F) would like to thank
Xu Zhen-Yu, He Xiao-Dong and Professor Gao Ke-Lin
for helpful discussions.

References

[1] Raimond J M, Brune M and Haroche S 2001 Rev. Mod.
Phys. 73 565

[2] Chen Z H and Lin X M 2005 Chin. Phys. 14 1821

[3] Zhang X L, Feng M and Gao K L 2008 Chin. Phys. B 17
43

[4] Wilk T, Webster S C, Kuhn A and Rempe G 2007 Science
317 488

[5] Rauschenbeutel A, Nogues G, Osnaghi S, Bertet P, Brune
M, Raimond J M and Haroche S 1999 Phys. Rev. Lett. 83
5166
Osnaghi S, Bertet P, Auffeves A, Maioli P, Brune M, Rai-
mond J M and Haroche S 2001 Phys. Rev. Lett. 87 037902

[6] Birnbaum K M, Boca A, Miller R, Boozer A D, Northup
T E and Kimble H J 2005 Nature (London) 436 87

[7] Keller M, Lange B, Hayasaka K, Lange W and Walther H
2004 Nature (London) 431 1075
Hijlkema M, Weber B, Specht H P, Webster S C, Kuhn A
and Rempe G 2007 Nat. Phys. 3 253

[8] Gleyzes S, Kuhr S, Guerlin C, Bernu J, Delelise S, Hoff U

B, Brune M, Raimond J M and Haroche S 2007 Nature

(London) 446 297

] Zheng S B 2005 Chin. Phys. 14 2222

| Grover L K 1997 Phys. Rev. Lett. 79 325

1] Daems D and Guerin S 2007 Phys. Rev. Lett. 99 170503

] Roland J and Cerf N J 2002 Phys. Rev. A 65 042308
Roland J and Cerf N J 2003 Phys. Rev. A 68 062312

[13] Schiitzhold R and Schaller G 2006 Phys. Rev. A 74 060304
(®)
Stewart Siu M 2007 Phys. Rev. A 75 062337

4] Perez A and Romanelli A 2007 Phys. Rev. A 76 052318

5] Hu Z F, Du C G and Li S Q 2003 Chin. Phys. 12 708

6] Tong D M, Singh K, Kwek L C and Oh C H 2007 Phys.
Rev. Lett. 98 150402
Wei Z H and Ying M S 2007 Phys. Rev. A 76 024304

[17] Azuma H 2005 Phys. Rev. A 72 042305
Tiersch M and Schiitzhold R 2007 Phys. Rev. A 75 062313
Zhirov O V and Shepelyansky D L 2006 Eur. Phys. J. D
38 405

[18] Hou X W, Hui Z, Ding R M, Chen X Y and Gao Y 2006
Chin. Phys. 15 2510

[19] Pablo-Norman B and Ruiz-Altaba M 1999 Phys. Rev. A
61 012301
Shapira D, Mozes S and Biham O 2003 quant-ph/0307142
Salas P J 2008 quant-ph/0801.1261

[20] Long G L, Li Y S, Zhang W L and Tu C C 2000 Phys.
Rev. A 61 042305

[21] Jones J A, Mosca M and Hansen R H 1998 Nature (Lon-
don) 393 344
Chuang I L, Gershenfeld N and Kubinec M 1998 Phys.
Rev. Lett. 80 3408

[22] Feng M 2001 Phys. Rev. A 63 052308

[23] Fujiwara S and Hasegawa S 2005 Phys. Rev. A 71 012337

[24] Brickman K A, Haljan P C, Lee P J, Acton M, Deslauriers
L and Monroe C 2005 Phys. Rev. A 72 050306(R)

[25] Walther P, Resch K J, Rudolph T, Schenck E, Weinfurter
H, Vedral V, Aspelmeyer M and Zeilinger A 2005 Nature
(London) 434 169
Kwiat P G, Mitchell J R, Schwindt P D and White A G
2000 J. Mod. Opt. 47 257

[26] Dodd J L, Ralph T C and Milburn G J 2003 Phys. Rev.
A 68 042328

[27] Osnaghi S, Bertet P, Auffeves A, Maioli P, Brune M, Rai-
mond J M and Haroche S 2001 Phys. Rev. Lett. 87 037902

[28] Yamaguchi F, Milman P, Brune M, Raimond J M and
Haroche S 2002 Phys. Rev. A 66 010302(R)

[29] Yang W L, Chen C Y and Feng M 2007 Phys. Rev. A 76
054301

[30] Deng Z J, Feng M and Gao K L 2005 Phys. Rev. A 72
034306

[31] Joshi A and Xiao M 2006 Phys. Rev. A 74 052318



4900 Fan Hao-Quan et al Vol.18
[32] Nakamura Y, Pashkin Y A and Tsai J S 1999 Nature [37] Wei H, Yang W L, Deng Z J and Feng M 2008 Phys. Rev.
(London) 398 786 A 78 014304
Vion D, Aassime A and Cottet A 2002 Science 296 886 [38] Lu C Y, Zhou X Q, Guhne O, Gao W B, Zhang J, Yuan
Anwar M S, Blazina D, Carteret H A, Duckett S B and Z S, Goebel A, Yang T and Pan J W 2007 Nature Phys.
Jones J A 2004 Chem. Phys. Lett. 400 94 391
[33] Chen C Y, Feng M and Gao K L 2006 Phys. Rev. A 73 [39] Héaffner H, Hansel W, Roos C F, Benhelm J, Chek-alkar
064304 D, Chwalla M, Kérber T, Rapol U D, Riebe M, Schmidt P
[34] Poyatos J F, Cirac J I and Zoller P 1997 Phys. Rev. Lett. O, Becher C, Giihne O, Diir W and Blatt R 2005 Nature
78 390 (London) 438 643
[40] Negrevergne C, Mahesh T S, Ryan C A, Ditty M, Cyr-
[35] Boyer M, Brassard G, Hoyer P and Tapp A 1999 Fort. Racine F, Power W, Boulant N, Havel T, Cory D G and
Phys. 46 493 Laflamme R 2006 Phys. Rev. Lett. 96 170501
[36] Barenco A, Bennett C H, Cleve R, DiVincenzo D P, Mar- [41] Monz T, Kim K, Hansel W, Riebe M, Villar A S, Schindler

golus N, Shor P, Sleator T, Smolin J A and Weinfurter H
1995 Phys. Rev. A 52 3457

P, Chwalla M, Hennrich M and Blatt R 2009 Phys. Rev.
Lett. 102 040501



