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We studied a system that has two nonlinear oscillators with different
frequencies. These oscillators are coupled via a nonlinear interaction. With the
aim of excite the system, we used two external coherent fields. It follows from

numerical simulation that evolution of the system which is likely to be a
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combination of Fock states. Therefore, the deliberated system behaves as so-
called nonlinear quantum scissor. However, evolution of the system generates
Bell-like states in some times with exact high probability. The system creates a
truncation of optical states, which leads to obtain two-qubit states due to the
nonlinear properties of oscillators and their interaction.

1. Introduction

There are numerous published works in quantum
information, which concentrates studies of scientists
for some decades and several of them are in the form
of monographs [1, 2]. One of the central problems in
this field is
entanglement states in suitable physical systems that

looking mechanisms for create
can create a set of n-photon states, named ordinarily as
Kerr-like nonlinear systems. These systems often
include two nonlinear oscillators, which coupler with
each other in a linear or nonlinear method. A common
method to obtain special phenomena in nonlinear
optics is use laser to influence optical systems.
Therefore, one is able to find the quantum scissors,
which can generate a finite number of states from the
infinite-dimension states in the Hilbert space. Building
the linear quantum scissors [3, 4] or nonlinear
quantum scissors [5, 6], depend on the used optical
parts and the style of their interaction. Lately, several
special systems, in which the coupler between two
nonlinear oscillators are able to modeled by Werner-
like states [7] or delta function [8] are considered. The

generation of maximally entangled states is most
important result of these discussions. In these works,
several enjoyable phenomena have been found out as
sudden death and birth of entanglement states [9] or an
exciting field phase effect [10]. Here, we suggest a
model that consist of a Kerr-like nonlinear coupler
pumped in two modes in which two oscillators
nonlinearly coupler with each other and restrict
ourselves to the case without damping and compare
our results with that obtained previously.

2. The model

The model of the nonlinear coupler here consist of
two nonlinear oscillators that are specific to Kerr
nonlinearities ¥, and j, with the field modes a and
The
nonlinearity coupler with each other and pumped by

fields. Then, the
Hamiltonian depicting this system has the form as

I:I:I—}N+I:Iinl+1:15x1 (1)

b, respectively. nonlinear oscillators —are

two linear external coherent

in which
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iy =Zelafa + 2ol fir, 2)
A, =ulaF6 + a6, ©
H, =oca"+0c'a+6b" +6'D, 4

where component £ is a term of Hamiltonian which

describes nonlinear oscillators in two modes a and b,

H,, describes coupler between the modes while 7

depicts interaction of the modes with linear external

coherent fields. 4 and b are boson annihilation

At

operators, whereas 4* and b+ are boson creation
operators corresponding to two modes a and b,
respectively. We use complex parameters o and € to
depict coupling strength between the modes a and b
with external coherent fields, respectively. The
parameter 4 is the coupler strength between two
oscillators in the model.

The evolution of our system is depicted by wave
function of the time-dependent that is defined by the
Schrodinger equation in interaction picture has the

following form
d A
4l = Alwo), 5)
i—lv®)=Hly®)

in which time-dependent wave function |y(r))

depicting evolution of the system with complex

probability amplitudes cpq(t) as

p)=Ye,,0lp),

p.g=0

R ©

One can be cut (6) to the time-dependent wave
function which is depicted with only some n-photon
states of an infinite number of photons by use the
formalism of nonlinear quantum scissors as in [5].
Then the time-dependent wave function of system can

be represented only in a set of four states |2) ‘0>b,
‘0>a 2>b ’ l>a

‘ '//(t)>w, =Co (t)‘ 0>a ‘ 2>b +¢,(7) ‘ l>a ‘ 2>b +
cu(®)[2), 1), +¢5(0)[2),10),

2

1>b and

2>b with the following form

)

For general case, we put ¢ = k. Besides that, we
suppose that the linear external fields have the same
strength (o0=@) with ¢ and @ are real numbers and
the initial state of the system has zero photon in mode

a and two photons in mode b in the cavity, namely

98

620(0) =Cp (0)= C (0)=0 and Con (0) =1. Then the
solution of complex amplitudes c,, (t), cu(t), G l(t)

and coz(t) have the following form

()= —i(g1 sin(Q,7)-Q, sin(Q,7)),
2 f—
(= 2 (COS(Qlf)_COS(sz))v ®)
ey (1) = —;[w?l_l sin(Q,7)+ 9?2—1 sin(er)}
1 2

()= i—? (cos(le')— cos(er)),

where

Q =P+ +1, Q== +1,

C=AR+, 2% =p. ©
y7i

3. Generation of maximally entangled states

We will be here dedicated to depict the states that are
generated by our model. A significant feature of the
model is its ability to create maximally entangled states

(Bell-like states) \yx(t)) . To see that, we depict time-

cut
evolution of entanglement in terms of the von Neumann
entropy, which is discussed in [1, 8, 9]. From the formula

(6), the full density matrix p =‘y/(t)> ww(;//(t)

indications the time-evolution of the system. The partial
trace of p , with respect to the mode b has the following

form
Py =T1,Pu =eul |0),, (0
0),, (1]+ s 1), (0
e [0, 11+ (leaf +leal")12),, (21

10)

.
*+CyCy

Figure 1: Time-evolution of entropy of entanglement

E of the generated ‘y/([)> (dots) and the truncated state
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‘1//(;)> (solid curve). The coupling strengths 0 =7 /20

rad/s, U =o0/l4radls and the nonlinearities
X. =X =20 rad/s. Time unit is scaled in 1/y.

Therefore, the entropy von Neumann has the

following form
E = _Trpa 10g2 pu :_Trpb logZ pb

=—Alog, 4, — A, log, 4,,

in which 4 and A, are eigenvalues of p, .

(an

The entropy of entanglement is shown in the Fig. 1.
We can show that the highest entropy of entanglement

is almost equal to unit for some

cut

of the state \yl(t))

moments of time. From there, we can see that the
system behaves as a nonlinear quantum scissor that can
create maximally entangled states, namely the key
maximum and minimum values of entanglement divide
each other with a period T =50 (1/y unit). This
exhibition allows us to believe that the maximally
entangled states may be created in some times.

We expect that, our system can create maximally

entangled states. Two of the Bell-like states |B,) and

‘ Bz> that have the form as

8) =75 (2),]0), +10),12), ) 12
18)=7(2)/0), ~10),]2), ) (13

1y

Figure 2: The probabilities corresponding to the Bell-

like states |B,) (solid curve), Bz> (dashed curve).

The parameters are the same in the figure 1.

We can generate of Bell-like states |B,) by

calculating the probabilities of output state in Bell-like

states Kl// (¢ )‘ B, >‘ . The probabilities corresponding to

the output state in Bell-like states ‘ B1> and ‘ Bz> are

plotted in figure 2. We show that in this figure, the
maximum probabilities of these states are equal to unit
at some moments of time. These results are greater
than that are shown in [10]. Then, we trust that the

output state of our system can be in Bell-like states

‘Bi> (i=3,...,8) with the following form

8= (2),10), +l0), 2}, ) (14
8)=—(2),/0), -10),2),) (13)
B =—(1),2), +12),]0),) (16)
5)=75(10.]2),-12)0), ) a7
5.)=75(2),/0), +il), 2), ) as)
8)=—=(2),l0), - 1), |2), ) (19

5

The probabilities corresponding to states ‘ BS> and

|B,) are shown in figure 3, |p ) and |p ) are

shown in figure 4 and |B,) and |p, ) are plotted in

figure 5. In these figures we can see that time-
evolution of the probabilities corresponding to states

‘B;> @i = 3,...,8) approximate to 0.7 and they have the
same forms in pairs (\B3>, |B,)): (‘Bs>v |B,))
and (|B,),

different from the other by phase part. It means that

B,)). In addition, these pairs are only

there occur entangled states in time-evolution of this

system but they are not really Bell-states.
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Figure 3: The probabilities corresponding to the
Bell-like states \B3> (solid curve), ‘B4>(dashed

curve). The parameters are the same in the previous

figures.

Figure 4: The probabilities corresponding to the
Bell-like states ‘Bs> (solid curve), ‘BG>(dashed

curve). The parameters are the same in the previous

figures.

Figure 5: The probabilities corresponding to the
Bell-like states \B7> (solid curve), ‘Bs> (dashed

curve). The parameters are the same in the previous

figures.

4. Conclusions

In this work, a system containing two nonlinear
oscillators that is nonlinearity coupled with each other
and pumped in two modes have been discussed. By
using the nonlinear scissors formalism, we can be

expressed our system in a set of four states 2) |o)

‘0>u 2>I7, ‘2>u ‘1>”‘2>h'
entangled values of the system are almost equal to

s
b

The maximally

1>h and

1[ebit] in a greater number of moments of time than
the results in [6]. Thus, this system can create the
maximally entangled states with closely the same

results in analytical calculation and numerical
simulation. @ Moreover, we shown that the
entanglement and evolution of the system are

dependent on phase difference between two linear

100

pumped fields. Thus, we can expect that our system
can be applied both as a source to obtain maximally
entangled states and as a component of more complex
systems used in quantum information.
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Cac trang thai hiru han chiéu va sy tao trang thai dan roi
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Trang thdi réi; dao dgng tir
phi tuyén; kéo luwong i
trang thdi kiéu Bell; hé phi
tuyén kiéu Kerr.

Chiing t6i nghién ctru hé gdm hai dao dong tir phi tuyén véi tan s khéc nhau.
Céc dao dong tir nay twong tac phi tuyén voi nhau. Dé kich thich hé, chiing toi
sir dung hai truong két hop ngoai. Tir mé phong s chi ra ring, su tién trién cia
h¢ giéng nhu t6 hop clia cdc trang thdi Fock. Vi vay, hé hoat dong nhu kéo
lwong tir phi tuyén. Tuy nhién, su tién trién ciia hé tao ra cdc trang thdi kiéu
Bell trong mot sb 14n v6i xdc sudt rat cao. Hé tao ra sy cit cut céc trang thai
quang hoc, din dén viéc tim dugc cdc trang thdi hai qubit do tinh chat phi
tuyén ctia cdc dao dong tir va tuong téc ctia ching.
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