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This paper proposes schemes for generating multiple-photon and multiple-atom cluster states, respectively. The

schemes are based on the cavity input—output process and atomic or photonic states measurement, and the successful

probabilities approach unity in the ideal case. The numerical simulations show that the produced multiple-particle

cluster states have high fidelity even if the Lamb—Dicke condition is not satisfied. Some practical imperfections, such

as atomic spontaneous emission and output coupling inefficiency, only decrease the success probability but exert no

influence on the fidelity of generated multiple-particle cluster states. From the experimental point of view, smaller

operation number and lack of need for individual addressing keeps the schemes easy to implement. These schemes may

offer a promising approach to the generation of a large-scale cluster state.
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1. Introduction

The entangled state not only provides possibili-
ties to test quantum nonlocality without inequality,!!

but also plays a key role in quantum-information pro-

cessing, such as quantum cryptography,?

(3]

quantum
teleportation,® and quantum secret sharing.!*) Re-
cently, a special type of entangled state, the so-called
cluster state,l®) has moved into the centre of inter-
est. It has been shown that cluster states can be re-
garded as a resource for Greenberger—Horne—Zeilinger
(GHZ) states and are more immune to decoherence
than GHZ states.[®l A new Bell inequality is maxi-
mally violated by four-particle cluster state but not
violated by the four-qubit GHZ state.l”) More impor-
tantly, cluster states have been shown to constitute a
universal resource for quantum computation via local,
single-qubit projective measurements and feedforward
of their outcomes.[®!

It is well known that optics system and cavity
QED system are two of the ideal candidates for quan-
tum communication and quantum computation. For
the optics system, much effort has been made towards

the preparation of photon cluster states encoded in

polarization,[®='2 in which two-photon polarization
entangled resources are required. All of them take the
spontaneous parametric down-conversion as photon
entangled resources. However, the down-conversion
process becomes exponentially inefficient for gener-
ating larger cluster states due to its intrinsically
probabilistic nature. In addition the success prob-
ability of ‘“fusion’ mechanisms!'""'? to construct the
multiple-photon cluster state exponentially decreases
with number increase even if the entangled photons
have been prepared. Therefore, only small photon
cluster states encoded in polarization have been ex-
perimentally implemented.3=15] We note that Su et
al have recently presented the first experimental re-
sult generating continuous variable quadripartite clus-
ter state of electromagnetic fields.['8] For the cavity
QED system, Zou et al proposed probabilistic schemes
for generating cluster states of four distant trapped
atoms in leaky cavities.['”) Dong et al proposed a pro-
tocol for the generation of cluster states through res-
onant interactions between two atoms and a single-

(18] and so on.l'”) However, high-speed

mode cavity,
realization of cluster states on demand still remains

challenge in experiment.
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Very recently, based on the input—output relation
of the cavity, Duan and Kimble proposed a new in-
teresting scheme to realize quantum controlled phase
flip (CPF) gate between two single-photon pulses.(2”!
Lin et al proposed schemes for robustly generating
a multiple-atom graph state and a n-photon GHZ
state.?) Cho et al proposed a scheme for prepar-
ing an atomic cluster state via performing the CPF

(22 Tn this pa-

gate between every neighbouring qubit.
per, we show that with the similar unitary opera-
tions the multiple-photon and the multiple-atom clus-
ter states can be prepared. Compared with previous

9-15] the successful probability for generat-

protocol, [
ing a multiple-photon cluster state approaches unity
in the ideal case and there is no need of two-photon
Contrasted with

Ref.[18], our scheme does not require that the atoms

polarization entangled resources.

are localized in the Lamb-Dicke regime. Some prac-
tical imperfections, such as atomic spontaneous emis-
sion and output coupling inefficiency, only decrease
the success probability but exert no influence on the
fidelity of prepared cluster state. Less operation num-
ber and no need for individually addressing keep the
schemes easy to experimentally implement.

2. The fundamental model and

theoretical analysis

The basic component concerned in our proposal is
a single three-level atom trapped in a one-sided optical
cavity, as shown in Fig.1. The relatively atomic levels
and transition are illustrated in Fig.2, where the states
|0) and |1) are two different ground-state hyperfine
levels while |e) is an excited state, and the transi-
tion from |1) to |e) is resonantly coupled to the cavity
mode ap with horizontal (h) polarization. According

to quantum Langevin equation, we have,[20—27]

an (1) = —ilay (), Hy] — (m + g) an (t)
—VEE(t), (1)

and
() = S (1) + Vean (1) (2)

where the Hamiltonian Hy = g(ay |e) (1| + a; |1) (e])
characterizes the interaction between the atom and
the cavity mode ay, x is the cavity decay rate, A de-
notes the detuning of the cavity field mode ay from

the atomic transition, g represents the coupling rate
of the atom to the cavity field, and S (t) (Z2"° ())
depicts the cavity input (output) operator. In the case
of the input single-photon pulse duration T' > 1/k, we
obtain

E ()~ G T (). ®)
When the atom is in the state |0), the Hamiltonian
H; does not operate and results in A = 0. So we
have 50" (t) ~ —Z/" (t). However, when the atom

1
is in the state |1), for the case of g > (T’ ﬁ,y),[%l
(here  is the atomic spontaneous rate), the effective
detunings of two dressed cavity modes from the in-
put pulse are A = +g, respectively, so that we have
—out ~ —in
E () ~ E0 (1),

true even if ¢ ~ £.29726] In a word, after the pho-

In practice, the result is still

ton pulse is reflected by the cavity, a CPF operation
U = exp(im|0) (0| ® |h) (h]) is achieved between the
atom and the photon pulse.

cavity

—~in

—out

V>

Fig.1. Schematic setup to reflect a single-photon pulse
from one-sided cavity with a trapped atom.

le)

Fig.2. The relevant atomic level structure and transitions.

3. Generation of n-photon cluster

state

Next we describe in detail how to prepare an n-
photon cluster state. As shown in Fig.3, a one-sided
optical cavity traps a three-level atom (the relative
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atomic levels and transition are shown in Fig.2) with
initial state |9p), = %OO} +|1)). The polarization
beam splitter (PBS) transmits only the h polariza-
tion component and reflects the vertical (v) polariza-
tion component. When the jth input photon pulse
is reflected by the cavity or mirror M, based on the
result above, an operation U,; = exp(ir|0), (0] ®
|h); (h]) is applied on the atom and the jth input
photon pulse. Then the half-wave plate (HWP) per-
forms a Hadamard operation R; on the jth single-

1
photon pulse: i.e., Rj|h>j = ﬁ (|v>j—|h>j) or

Rjv); = —\}5 (|v>j + |h)j). A Hadamard transforma-
: (4) _ 1 1
tion Ry’ |0) = 0)—|1

is performed on the atom via Raman pulses.??! The

(|0)+[1)) or R |1) =

net effect of these three subprocesses is that the op-

erations RY )Rj U,; are accomplished on the jth input

photon pulse and the atom. Let n single-photon pulses
1

with initial state |{2p) = 2—%H;-‘:1(|v>j +|h);) undergo

successively the three subprocesses above, the state of

the system of n photons and the atom evolves into

@) = TI7_, RY) R;Ua; |20) @ |®0),
oc [0) @ I, (1) + [v); 027F) + 1)
@I (Ih); + [v); 027 @ (h),, = [0),,), (4)
where oJt! = (k) (h] = |v);,, (v]) and o277 = 1.
Finally the atomic state is measured in the bases {|0),

[1)}. If the measurement outcome is |0), the state of
n-photon is projected into

|2) o T3y (J0); + |h); 02*), (5)

which is the n-photon line cluster state.l! If the mea-
surement outcome is |1), the state of n-photon is pro-
jected into

|2)" o IGZ1 ([R); + [v); 0771) @ (IR),, — v),,), (6)

which can be changed into the state |£2) by performing
local operation ¢, on the nth photon pulse.

cavity

PBS
A-©«—/\

|/ HWP

v

Fig.3. Schematic setup for generation of n-photon cluster

M

state. The wide arrow denotes the classical field. The opti-
cal paths from PBS— M and PBS— Cavity are assumed
to be equal.

4. Generation of n-atom cluster

state

Now we show how to construct a multiple-atom
cluster state. As shown in Fig.4, n one-sided cavities
are unidirectionally coupled by circulator (C). n atoms
(Fig.2) with initial state |¢o), = 2721, (|0), + [1),)
are trapped in n cavities, where the subscript ¢ denotes
the atom ¢ trapped in the ith cavity. The HWP; be-
tween the ith cavity and the (i 4 1)th cavity performs
a Hadamard operation on the single-photon pulse, i.e.,

1
R; |hYy = — (|v) — |h)) or R; |[v) = — (|v) + |R)). An
h) \/5(|>|>) |v) \/5(|>|>)
operation U; = exp(im [0), (0| ® |h) (h|) is applied on
the atom 7 and the single-photon pulse after the pulse
is reflected by the ith cavity. Let a single-photon pulse

with initial state |¢g) = 7 (Jv) + |h)) be successively

reflected by n cavities and performed n Hadamard op-
erations. The state of the system of n atoms and the
single-photon pulse evolves into

|W) = I RiUi [vo) @ |¢o),
o o) @ Ty (|4); + =), 027h)
+[h) ® H?:_11(|+>i + =) U?_l)
(), — [=)n); (7)

where [£) = (0) % [1), ot = (|4, (+] -
|=)is1 (—]) and o2"! = 1. Then the single-photon
pulse passes through a PBS, and make a click on the
single-photon detectors D, or Dy,. If the detector D,
is triggered, the atomic state is collided into

|p) o H?:1(|+>i + |_>iai+1), (8)

which is the n-atom line cluster state.[5! If the detector
Dy, is triggered, the atomic state is collided into

|0) o I (|4 + =) 02 ) @ (1), = 1)), (9)
which can be changed into the state |¢) by perform-
ing local operation o, on the nth atom. If the qubit is
encoded with the bases {|0), |1)}, the corresponding
cluster state can be achieved by applying a filter op-

eration 11 |0); (+| + |1); (—| on each atom via

i=1,2,3,,n

Raman pulses.!?”) We note that Cho and Lee have pro-
posed a scheme for robust generation of atomic cluster
states via performing controlled-phase operations be-
tween every neighbouring qubit,[??! in which to obtain
n-atom cluster state need n-1 times measurement on
photonic state at least. Here we need only once mea-
surement on photonic state. The decrease of opera-
tion number is very important on account of current
experimental technology.
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Fig.4. Schematic setup for generation of n-atom cluster state. Dj,) denotes the single-photon detector.

5. Numerical simulations and

brief discussion

In the following, we quantify the quality of
the four-particle cluster state through the numer-
ical simulation method.  Assuming that the in-

put single-photon pulse is a Gaussian pulse f (t)

T\° T\°
— t - —
o l ( 2> / (5)
ration, we take the practical parameter in Ref.[30],

ie. go = 4k, (K,7) /27 = (8.2,5.2) MHz. Numerical
simulation results show that the fidelity of the four-

where T is the pulse du-

particle cluster state is very high when T > 1/k. Fig-
ure 5 shows the fidelity F' associated with different
pulse duration 7. In our estimations, the fidelity F'
is up to 0.9979 for T' = 5 us.
shows that the variation of the fidelity is smaller than

The simulation also

1 x 1075 when the coupling rate g varying from g
to go/2, which means that the schemes are insensi-
tive to randomness in the coupling rates caused by
fluctuations of atomic position. The other dominant
noise arises from photon loss due to atomic sponta-
neous emission, which leads to a vacuum-state output
when the input is a single-photon pulse and yields a
the leakage error. Figure 6 shows that the probability
P, of the leakage error for generation of four-particle
cluster state is well simulated by empirical formula
P, =~ 1/(1+79.29%/vk). In the scheme for generating
multiple-photon cluster state, if each photon pulse is
registered through quantum nondemolition measure-
ment, the photon loss due to atomic spontaneous emis-
sion and output coupling inefficiency has no influence
on the fidelity of generated cluster state. Similarly,
in the scheme for generating a multiple-atom cluster
state the photon loss only affects the successful prob-
ability but has no influence on fidelity of the state

since single-photon detection will never occur when

the photon is lost.

1.000 T T T T T T
0.995F ]
= 0.990F E
0.985F E
0.980 T T T T T T
2 3 4 5 6 7
T/us

Fig.5. The fidelity of the four-particle cluster state for
different pulse duration T, assuming go = 4k and
(k,7) /27 = (8.2,5.2)MHz.

0.03F 5
N 0.02F .
0.01F 3
0.5 0.6 0.7 0.8 0.9 1.0
9/90
Fig.6. The probability Pe of photon loss as a func-

tion of g/go. The dots denote the results of numerical
simulation, and the solid curve describes the empirical
formula P. ~ 1/(1 + 79.29%/vk). Here, we have taken
(k,7) /27 = (8.2,5.2)MHz, go = 4k, and T = 5 ps.

Next we briefly address the experiment feasibil-
ity of the proposed schemes. We consider a Cs atom
trapped in a one-sided Fabry Perot cavity.**) The
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states |0) and |1) correspond to |F = 3,m = 3) and
|FF=4,m = 4) of 65,5, respectively, while |e) cor-
responds to |F'=5,m =5) of 6P;),.
tion from |1) to |e) is resonantly coupled to a sin-
gle TEMyy mode of the cavity. The Cs hyperfine
splitting between the F' = 3 and F' = 4 manifolds
is § ~ 9.2GHz>> go, thus the state |0) is not af-
fected by the TEMyy mode of the cavity. For pho-
tonic qubits are initially assumed to encode in h and

The transi-

v polarizations in above schemes, we need a QWP in-
serted between the PBSs and cavities in Figs.3 and
4 to perform the transformation between h polarized
photons and right-circularly (R) polarized photons.
Trapping time for single Cs atom is about several
milliseconds,®!] which is much larger than the dura-
tion of the single-photon pulse T' ~ 5us. Of course,
our schemes require a perfect single photon source.
Remarkably, there have been significant experimental
advances in the realization of the single-photon source
using a variety of physical systems including paramet-
ric down conversion,? single quantum dots,®3 and

high-Q cavities.** Thus our schemes may be imple-
mented in the near future.

6. Conclusion

In summary, we propose schemes for generating
multiple-photon and multiple-atom cluster states, re-
spectively. The numerical simulations show that the
produced multiple-particle cluster state has high fi-
delity even if the atoms are not localized in the Lamb—
Dicke regime. Some practical imperfections, such as
atomic spontaneous emission and output coupling in-
efficiency, only decrease the success probability but
exert no influence on the fidelity of prepared cluster
state. The successful probability of our protocol ap-
proaches unity in the ideal case. In addition, the de-
crease of operation number and lack of need for in-
dividual addressing keeps the schemes easy to imple-
ment from the experimental point of view. Hence, our
schemes may offer a promising approach to generation
of large-scale cluster state.
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