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Abstract  Generation and manipulation of multi-qubits or multi-partite entangled states are cornerstones of 
manufacturing quantum computers and developing quantum information. In this paper, we develop a new scheme 
for the generation of a multi-partite maximally entangled state generation. This method has less limitation and is 
simpler than the previous ones. It is based on the interactions of a chain of Rydberg Rubidium atoms with an array of 
five high quality cavities, including four classical and one quantum cavity in the middle. 
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1. Introduction 
The concept of entanglement which was widely studied 

by Einstein, Podolski and Rozen [1] has a main 
importance in the fundamental quantum mechanics. 
Furthermore, entangled states find many applications in 
quantum information [2], quantum Teleportation [3,4,5,6], 
quantum cryptography [7,8], test of fundamental quantum 
concepts [9,10] etc. Maximally entangled state for three or 
more partite is given by Greenberger-Horne-Zeilinger 
state [11,12]. Many theoretical and experimental schemes 
have been proposed to prepare multipartite entangled 
states [13-18]. 

Recently, many experimental schemes have been also 
achieved to produce N-qubits entangled states 
[19,20,21,22]. The development of theoretical and 
experimental methods of manipulation and generation of 
entangled states into the N-partite entangled state [23,24] 
is very important for the development of quantum 
information, quantum teleportation, quantum computers 
and so on. 

Cirac and Zoller [25] and Rauschenbeutel et al. [26] 
presented a scheme to prepare a GHZ (three-partite) 
entanglement state for three atoms. A GHZ state is an 
entangled state between three states of atoms (or photons' 
number, photon's polarization, ion trapped, spins and so 
on). In this paper, the generation of three-partite GHZ 
state is developed into an N-qubits entangled state  

 ( )1 2 3 1 2 3
1 ,
2 n nα = + + + + + − − − −  (1) 

where +  and −  are eigen states of a two-level system. 
In the Cirac and Zoller's method, they used a quantum 
cavity which was initially filled by a superposition 

state ( )0 3 / 2− . After the generation of a three-partite 
GHZ state, this quantum cavity was finally empty (or 
vacuum state). The three-qubits GHZ atomic state was 
produced where three atoms, which were initially in the 
g  state, interacted with a linear array of cavities, 

consisted of one quantum cavity in the middle of two 
classical cavities. The atoms had a non-resonance 
(resonance) interaction with the classical (quantum) 
cavities (cavity). The output state of atoms was a three-
quits GHZ entangled state. 

This method is straightforwardly developed for the 
generation of N-qubits entangled particle (called N-qubits 
GHZ entangled state or N-GHZ state) [27,28]. In this case, 
the quantum cavity in the proposed experimental setup is 
filled by a superposition state ( )0 / 2n−

 
and the 

previous procedure is followed to generate an N-qubits 
GHZ entangled state of atoms in the output of the 
experimental setup. In the Cirac and Zoller's method, the 
state of the quantum cavity which is initially in a 
superposition state ( )0 / 2n− , finally changed into 
the vacuum state. Therefore, the numbers of produced 
entangled particles depended on the initial state 0  of the 
cavity quantum electrodynamics. Here, another method is 
introduced for the generation of N-qubits GHZ state. 

A non-demolition experimental setup for detecting the 
existence of a single photon in a cavity quantum 
electrodynamics by the measurement of Wigner 
distribution function of the electromagnetic field in the 
cavity in the origin of phase space is proposed by 
Davidivich and Lutterbach [29] and is experimentally 
achieved by Negues et al. [30]. In this paper, an 
experimental setup is proposed which is very similar to 
the Negues's experimental setup so as to generate an N-
qubits GHZ entangled state. In the next section, the 
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method for the generation of N-qubits GHZ entangled 
state, including N-1 entangled atom all of which are 
entangled with one photonic state of quantum cavity, is 
introduced. In Section 3, the proposed method is 
developed to be used for the generation of N-qubits GHZ 
state of Rubidium atoms. The last section is devoted to the 
conclusions. 

2. Generation of N-qubits GHZ 
Entangled State 

An experimental setup containing an array of five 
microwave cavities is introduced; each one of them is a 
Fabry-Perot resonator made up of two spherical 
superconductor mirrors [30]. The cavities are labeled by 
R1, R2, C, R3 and R4 in the order of sequence, as shown 
in Figure 1. 

 

Figure 1. The Rydberg levels are at 49, 50 and 51th levels of Rubidium 
atom. The cavities R2 and R3 are tuned to interact resonantly at f and g 
levels and cavities C, R1 and R4 are tuned to interact (non-resonantly for 
C and resonantly for others) at g and e levels 

 

Figure 2. The experimental setup is made up of a quantum cavity C in 
the middle of four classical cavities labeled by R. Incoming atoms are 
interacted resonantly with the R's cavities and non-resonantly with the 
quantum cavity C 

A beam of Rubidium atoms is excited into the Rydberg 
states passing through the cavities' array and interacts with 
their electromagnetic fields. There are three Rydberg 
levels for the Rubidium atom with the main quantum 
numbers of 49, 50 and 51 and their states are denoted by 

f , g and e , respectively (see Figure 2) [30]. The 
atom-field interaction in the C, R1 and R4 cavities are 
tuned with two-levels of e and g with phase φ . The atom-
field interaction in the R2 and R3 cavities are tuned with 
the two-level of f and g with phase / 2π . The non-
resonant atom interaction with the quantized 
electromagnetic fields in the cavity C is investigated by 
the Jaynes-Cummings model [31]. Furthermore, the atom-
field interaction (with the classical electromagnetic fields) 
in the Ri (i=1, 2, 3 and 4) cavities is investigated by the 
Rabi's model [27]. It makes a non-resonant interaction by 
a Stark effect, where a DC electric field is applied in the 
cavity C. It makes a detuning ∆  between the 
electromagnetic and the transition frequencies for the 
corresponding two levels. 

The initial state of the first incoming atom is set to be 

0 1| aeψ = , where a1 denotes the atom number 1. The 
atomic state of incoming atom changes to 

( )1 1 1 / 2,R a ae i gψ = + where it passes through the 

cavity R1. In the next stage, it passes through the cavity R2. 
After atom-field interaction in the cavity R2, the first term 

1ae  remains the same because the cavity is tuned with g 

and f states; but, the second term is changed into 1af  
with an additional phase factor (a minus sign). Then, the 
outgoing of cavity R2 is given 
by ( )2 1 1  / 2R a ae fψ = − , when the state 2Rψ  

passes through the cavity C and interacts (non-resonantly) 
with its quantized electromagnetic fields, which is set to 
be initially in the superposition state ( )0 1 / 2+ , the 

eigenstate 1af  does not change; however, 1ae  changes 
by a phase which depends on the number of photons in the 
cavity C. For the vacuum 0  and one photon 1  states, 
the phase changing are -1 and +1, respectively. Therefore, 
the Rubidium atom and photons in the cavity become an 
entangled state which is denoted by: 

 1

1

( 0 1 ) / 21 .
2 ( 0 1 ) / 2

a
C

a

e

f
ψ

 − +
 =
 − + 

 (2) 

In the next stage, the atom-field interaction within the 
cavity R3, changes the eigenstate 1af into 1ai g ; 
therefore, the outgoing state is 

( )3 1 1
1

( 0 1 ) / 2 ( 0 1 ) / 2 .
2R a ae i gψ = − + − +

 
 

The atom, in its turn, interacts resonantly with the last 
cavity R4; therefore, in the state 3Rψ , the atomic states 

1ae and 1ag change into ( )1 1 / 2a ae i g+  and 

( )1 1 / 2a ag i e+ respectively. Therefore, the final 

state of atom-field is obtained as an entangled state 
between the first atom and photons' number in the cavity 
C 

 ( )(2)
1 14

1 1 0   .
2 a aR

e i gψ = −  (3) 

In this stage, an atom-photon entangled state is 

prepared. The upper index ( )
4

N
R

ψ denotes N-parts 

entangled states. Next, if the second atom follows the 
same procedure, the final state is an entangled state 
between three quantum states (two atomic and one 
photonic states), i.e., 

( )(3)
2 1 2 14

1 0 / 2a a a aR
e e i g gψ = − . If a 

chain of N-1 atoms passes through the cavities by the 
same procedure, an entangled state between N-1 atomic 
state and one photonic state is obtained 

 

( )

1

1 2 3 1

1
1

1 2 3 1

1 1
2

         0

N
N

a a a aN

N
N

a a a aN

e e e e

i g g g g

ψ
−

−

−
−

−
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+ − ⋅











 (4) 
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If the excited states ( e  or 1 ) and ground states ( g  

or 0 ) are considered as the atomic or photonic qubits 

and are represented by +  and − , respectively, 
therefore, the quantum state (4) is just an entangled GHZ 
state between N qubits (N-1 atoms and one photon) 

 

( )

( )

1

1
2

N

N
NGHZ

Ni

ψ
−

 
 + + + +
 = ⋅
 
 + − − − − − 









 (5) 

In this procedure, there is no limitation on the number 
of entangled atoms in the prepared quantum state. 

3. N-qubits GHZ of the Rubidium Atoms 
The next step is devoted to the separation of atomic and 

photonic states to obtain an N-qubits GHZ entangled state 
between N Rubidium atoms. To close the procedure in the 
previous section, after the generation of entanglement 
state between N-1 Rubidium atom and photon in the 
quantum cavity C, another Rubidium atom in the state e  
is entered into just the cavity C. Therefore, the last (Nth) 
Rubidium atom does not interact with the electromagnetic 
fields in the Ri’s cavities. Its atomic levels, e and g, now 
resonantly interact with the electromagnetic field within 
the cavity C, which is adjusted with the phase π . The 
photonic state in the quantum cavity C is finally separated 
from the N-1 entangled atomic states and the last 
Rubidium atom becomes entangle with the N-1 entangled 
atoms 

 

( )

1 2 3

1 2 3

1
2

                    1 .

N
N

N a a a NGHZ

N
n

a a a N

e e e e e

i g g g g

ψ

=




+ −











 (6) 

4. Conclusion 
The methods for the manipulations or generation of 

atomic or photonic qubits are the milestones for the 
manufacturing quantum computers and the developing 
quantum information processing. In the present article, a 
new and simpler method is introduced for the generation 
of N-qubits GHZ-like states. In this case, an array of five 
cavities (four classical cavities and one quantum cavity in 
their middle), interacting with a chain of Rydberg 
Rubidium atoms, is used. The cavity in the middle, is a 
quantum cavity initially filled with a superposition of 
photonic states, ( )0 1 / 2+ . In the present method a 
chain of Rubidium atoms, which are excited in a Rydberg 
state (49th level), are passed through the array of cavities 
and interacted with their electromagnetic fields. Finally, 
the Rubidium atoms are entangled with each other and 

with the electromagnetic field in the quantum cavity. The 
quantum cavity state is a stationary state during interaction 
therefore in spite of the previous methods has no technical 
limitation on the number of entangled parties. The 
outgoing state is an N-qubits GHZ-like entangled state. In 
this case, the whole N number of Rubidium atoms are 
entangled as an N-qubits GHZ state and the photonic state 
of the quantum cavity is separable, finally. In the 
generation of N-qubits GHZ-like entangled state, there is 
no limitation on the number of entangled atoms. 
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