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Generation of n-Atom GHZ State via Two-sided Cavity QED"
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Abstract;: The scheme was proposed to generate multiple-atom GHZ state via the state-of-the-art

two-sided cavities. A single-photon pulse could not only be reflected but also be transmitted

through the two-sided cavity with a single trapped atom, which is in certain state. Entanglement

between the trapped atom and the input field was resulted in this property. The numerical

simulations showed that the produced multiple- particle GHZ state had high fidelity and success

probability. The intrinsic noise, such as the atomic spontaneous emission, only led to the error

probability and had no influence on the fidelity. In addition, the high-Q cavity and the Lamb-

Dicke condition of atom were not required, which expanded the possibility of experimental

realization.
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0 Introduction

Quantum entanglement plays an important

role in quantum information"’* and quantum

computationt,

Greenberger-Horne-Zeilinger
(GHZ) state, which is one of the most important
kinds of multipartite entangled states, was firstly
proposed by Greenberger, Horne and Zeilinger to
test quantum mechanics versus local realism™. The

(010J of entangled states has become an

Ref. [ 8]

system of

preparation
attractive research subject nowadays.
generation

gave an experimental

quadripartite entangled states for continuous
variables. Ref. [ 9] show that multi-photon W state
was generated from EPR pairs via measurement
and follow-up local operation. There have been
many protocols to prepare multi-particle GHZ state
in many physical systems!%,

Among them. the cavity QED system is an
ideal system to generate entangled states!'™.
Various studies have been carried out on the field.

L8] proposed a scheme for generating

Zou et al
GHZ state of many distant atoms trapped in
cavities, while the fidelity of the generated state is
largely affected by the inefficiency of photon
Later, Zou et al',
multifold

detection. Although the scheme is insensitive to

detector. presented an

improved scheme via coincident
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quantum noise, high-Q cavity is required. Man et
al®, gave schemes for generation of Bell and W
states in cavity, in which no measurements on the
particles were required in the process. Recently,
several schemes to get the entanglement states are
cavity  input-output

based on  single-sided

processm’m .

In this paper, we demonstrate a
scheme to generate multiple-atom GHZ state via
the state-ol-the-art two-sided cavity'®*?!. When a
field is successfully injected into the two-sided
cavity, the input field could be reflected or
transmitted by the two-sided cavity which is
different from the single-sided cavity that just only
reflects the input photon pulse. This can result in
entanglement between the trapped atom and input
field. Using the

multiple-atom GHZ

property, we can
addition, the

numerical simulations show the high fidelity and

prepare

state. In

successful probability for generating a multiple-
atom GHZ state. The intrinsic noise only decreases
the successful probability and do not influence the
fidelity of generated state. In particular, either the
Lamb-Dicke condition of the trapped atom or the
good cavity is required which keeps the scheme

easy to be implemented in experiment.

1 The fundamental model and analysis

The basic building model involved in scheme is
shown in Fig. 1. The relevant atomic levels and
transitions are shown in Fig. 2. The states |0) and
[1) are two ground levels of the atom, and |e) is
an excited level. The transition | 0) = | e) is

assumed resonantly coupled to the cavity mode,
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denotedw,, which is resonantly driven by the
single-photon pulse injected into the cavity.

a™

a

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

le)

10)

1)

Fig. 2 Configuration of relevant atomic levels
The cavity mode a is driven by the input fields ai"
and a™ from both the left and right sides of the
cavity. The Heisenberg equations of motion for the
cavity field operator ¢ and atom operator ¢ , given
byj23—25j

da/dt=—igs — (iw,+k)a+VE(al+a™) (1)

A
do,/dt=1igc,a— (iw, +7/2) - +«/;GZN 2)
where k£ describes the cavity energy decay rate, g is
atom-cavity coupling rate, the parameter y denotes

the spontaneous emission rate of the atomic level |

ey os=l]e){e|—10)¢0]|, and ]ins the vacuum
noise operator which preserves the commutation
relation. Assume (¢ (2) > &= 1 in the weak
excitation limit.

The output fields a)" (x=1.r) are related to
the input fields by

a +ay =Jka (3)
They satisfy the following commutation relation
[ay(t) say ()] = [a(t)a? ()] = 8,0 &
(t—t).
waveguide output can be solved and given by the

Taking the Fourier transforms, the

expression
a) =R(w)a) +T(w)al (€D)
Where

[pspl=1l.r} or {r,l},
iwtg*/(iw—7/2)
R - 1(1). p 9
@ = e —i—g? (lw—7/2)
k
k_iw_gz/( la)_}’/Z) ’
and w measures the frequency detuning of the bare

T(w) =

cavity mode.

Consider the case that the pulse bandwidth ¢
(the range of w)<<k,g?/k. When the atom in the
state| 1), the field is resonant with the cavity and

out — _in

g=0, so we have a)" =a;’. In the opposite regime,

when the noise satisfies the condition2g®/y>k, we

out —

can get aj, —a), and we can also get the
condition under y << % in weak regime of smaller

value of g.

2 Generation of n- Atom GHZ State

Now we send the single-photon pulse | a?
down to one cavity, and the atom is assumed to be
initially in the state ( |0)>+]1)).
we can get

([O+I1) [a),>— 0], + 1) ]a); (5)
That is to say, the pulse will be kept in the same

In the ideal case,

side of the cavity if the atom is the state |0) or be
flipped to the other side if the atom is in the state |
1.

In Fig. 3, the optical paths from " = D, and

a™ in —{
1 a”=0

all)lll aA;\Il
N D
N 2 N
Fig. 3 Schematic setup for generation of
three-atom GHZ state

from a{">D, are assumed to be equal. The single
pulse | @) is sent down to the left side of the
cavity, and the other side has no input pulse. The

three atoms are initially in the state
1
‘@0>123 :ﬁ(|0>+ ‘ 1>)1(|O>+ | 1>)z .

C1OY+11)), (6)
The total process can be depicted as follow

L oy 11,00+ 112,10y + 1135 e
JzZ

cavityl,2.3

1
_ﬁ<‘000>123+ [011),,+

‘101>123+|]1O>123) ‘01>1+\/%( ‘001>123+

10100125 + 1000 125 + [ 111D 125) [ @), D)
If the left detector clicks, the state of the system
of atom 1,2,3 is projected into

|d§>=%( [000)+[011) 4+ [101) +1[110)) 15, (8)
If the right detector clicks, it is projected into

|@2>:%(‘001>+‘010>+‘100>+|111>)123 €D
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We perform the Hadamard operation on each

atom via Raman pulses that transforms |0) to %? 0.997

(100—=]1)) or | 1) to —= (|0y+]1)). After 0.9968

V2 I,

normalization, the states |@,) and |®,) become 0.9966

\q53>:71§( 1000 — [111)) 125 (10) 0.9964}
1 2 7 6 8 10

‘(PJ:*( ‘OOO>+‘111>)123 (1D gk

V2
Obviously, both states | ®;) and | ®,) are three-
atom GHZ states.
Now, we can extend the scheme to prepare n-
atom GHZ state with n cavities with trapped atoms

in Fig. 3, and each atom in cavities is initially in
1 .

the state — (|0>+|1>). In the similar way, a
V2

single pulse passes through the cavities. After the

left and right detectors click, we perform the
Hadamard operation on each atom. Then we can

get
1
| D) =—"(|0Qeeeeee 0)— | Leeeses 1)) fen (12)
N2
|@y) = ( [Oeeeere0) b [Toeee D)) o (13)

So n-atom GHZ states are prepared.

3 Simulation and discussion

In the following, we quantify the quality of
the three-atom GHZ state through the numerical
simulation method. Assuming that the input
single-photon pulse is taken to be a Gaussian pulse
flw) =exp (—o"/8)/(Jxd). The fidelity F =
| {Wigeat | P> | s where | Wign) refers to the state
of the atomic system in the ideal case; | ¥, is the

final state tracing over the noise. The fidelity can

2
’

be written finally as F:6f14|5 +38¢& +38& +&

where
| do| f(w) |*Rw)
& =— 7MCC ’
«/;\/;lﬂrdcu|f(cu)R(w) |
[ dol flw) |* T
&= = s

Jraf | dol flo) T(w) |*
in Ref. [26], i.e. g=6k, (k,7)/2r=1(4.2,2.6)
MHz. The results show that the fidelity is very

high, and is up to 0. 996 4. Fig. 4 shows the
fidelity F associated with g/k.

r=| dw| f(w) |*. We take the practical parameter

Fig. 4 Fidelity F as a function of g/k with §=0. 05k

From the simulation, we can see the change of
F is very small as long as the variation of g, which
means the produced GHZ state keeps high fidelity
even when the atom is brought out of the Lamb-
Dicke regime. The dominate noise in our scheme is
photon loss, which is especially aroused from
atomic spontaneous emission. The photon loss can
be calculated by P, =1 — (¥, | ¥ew). Fig. 5
shows P of the success probability for generation
three-particle GHZ state as a function of §/k,

which is simulated by the formula P=$[($§+
36 &)+ (& +3&¢6)%]. The photon loss caused by

intrinsic noises only affects the success probability
but has no influence on the fidelity of the state
since the single-photon detection will never occur
when the photon is lost. Moreover, we do not
need the high-Q cavity either.
condition 2g”/y>>k can be satisfied just when y<<k

in the solid-state cavity™®, which makes the

The previous

process easier to be implemented in actual
experiment,
1.00

0.98
A 0.96
0.94

0921, N A N . N A
0 0.1 0.2 0.3
olk
Fig. 5 Success probability P as a function of the scaled
bandwidth §/k with g=6k and k==y taken

for simplicity

4 Conclusion

In summary, a new scheme to generate
multiple-atom GHZ state is proposed. In numerical
simulations, the scheme has high fidelity even if
the Lamb-Dick condition of the trapped atom is not
required. The intrinsic noise, such as the atomic
spontaneous emission, only reduces the success

probability and has no effect to the fidelity. In the
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ideal case, the success probability of our protocol

can

approach unity. In particular, the high-Q

cavity also is not needed, which means the scheme

is better for experimental realization.
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| S i 45 n R GHZ 25

SERE, A%, 25T . MR . EmA
CHEFITE AR £ BB FRHEE B 6 75 BEOR S35 M 510006)

B ERET-HAARGOEMNEG SR T GHZ &7k SHEPRERTFATHEZEIN,BETRASA
Heg T hRF A TREHFEC. IAAFETAINRAER T MANBEHG L E. KAENE TH &G SR
TCHZ A EARGURAEFRRAFE. MEARTARBHFRNZI RS RS RIFRHZ 0, Mk L EILF
A 7 "’ILJ 77571‘ & QA RF 6 LD &4 69 RER BRI T R LI T4,

XEBW:EFAE;GHZ &0\
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