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We examine analytically the generation of Bell state in Bose condensates of two interacting species trapped in a

double well configuration. The density of probability for finding the entangled Bell state is given. The effect of the

tunnelling rate and the interspecies interaction strength on the generation of Bell state is discussed. We find that the

oscillation amplitude of the density of probability for finding the entangled Bell state becomes greater as the tunnelling

rate {2 increases, and the self-interaction strength of the component A(B) has no effect on it.
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1. Introduction

Quantum entanglement is of fundamental interest
since many of the most basic aspects of quantum the-
ory require its successful generation and manipulation.
In particular, the Bell maximally entangled states is
the starting point for fundamental discussions such as
the violation of Bell’s inequalities ! and the nonlo-
cality problem,2:34 as well as for teleportation [5:6:7]
and quantum cryptography.!8! Here we will show how

to generate maximally entangled states of two qubits

1
of the form | WB811>:E(|OO> +]11)) in Bose-Einstein
condensates (BECs) of two interacting species. The

Fig.1. A sketch of the double-well tunnelling system.
Initially, the atoms of the component A are trapped
in the left side and the atoms of component B are
trapped in the right side.

of BECs has
studied.[19 Recently, a theoretical model is proposed

quantum tunnelling been well
to examine the quantum tunnelling in BEC of two in-
teracting species trapped in a double well configura-
tion (see Fig.1). The atoms of the component A(B)

are initially prepared in the left (right) potential well.
2.The model and the solution

The Hamilton operator of the system in the two-

mode approximation is given by [11]

2
H = (aEaR + aEaL —+ b]i—bR —+ bEbL)
2
k
+ (6 b)? + (b b))

+ k(afaLbfij + aEaRbf;bR)a (1)

2
+ (o aL)? + (agar)’]

where the subscripts L. and R respectively denote
the localized modes in left and right potential wells.
The model in fact consists of four mode opera-
tors. We use E;r and Zj (=L, R) to denote the
creation operators of the component A and B re-
spectively. The parameters k,, k,, and k describe

the self-interaction strength of the components A,
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B and the interspecies interaction strength, respec-
tively, and {2 describes the tunnelling rate. We
consider the exactly solvable case with only one A
atom in the left well and one B atom in the right
well. In this case the system is spanned by four ba-
|170>A |170>B7|1’0>A |07 1>B’|07 1>A |1ﬂ0>B
and [0,1),]0,1)5 where |p,q) denotes the state
with p atoms of species S (S=A, B) in the left

sis vectors:

it
C1,1(t) =Cop(t) =

well and ¢ atoms of species S in the right well.

So we may express the state vector as |¥(t)) =

Zizo Z:n:O Crm(t) |n, 1 —n)s |m, 1 —m)g. The
amplitudes and C, ,,(t) are governed by the
9| ¥(t))

Schrodinger equation: i——= = H |¥(t)) (h = 1)
with the initial condition Cy, 1,(0) = §p,16m,0. We ob-

tain the following results:

Qexp [ - 7} (—1 + explif2ot])

282 ’
it (020 + k)t
exp [ - 17] <(—1 + exp[ifdot]))k + <1 + exp[if2ot] + 2exp [%} ) .QO)
Cio(t) =
1,0( ) 490 ’
it 1(£20 + k)t
exp [ - 17] ((—1 + exp[ifot))k + <1 + exp[if2ot] — 2exp [%} ) .(20)
Coa(t) = 2
0,1( ) 490 ’ ( )
where 2 = VE2+402%, X\ = k+ 2o + ka + k. N T =T
.. 1 ' . !’ H [
Similarly, the state |®gen) = E(H,O)A 0,1)5 + o~ 04 b o by .
[0,1), |1,0)5) is a form of Bell state that is max- = 5 oo L P
imally entangled in the two-particle two-mode 2 oosf ¢ / ' ! R ! .

o} \ ' !
subspace. =~ We centre our attention on the dis- NS ' ‘ A . ! \
cussion of finding the maximally entangled Bell = o2t v ! L . \
states. To achieve this, we project the state | Pgen) Vo L - \
over the wavefunction |¥(t)) to obtain the den- 0.1k e - - .

0 2 4 6 8 10

sity of probability, I'(Bell), for finding the en-

tangled Bell state in this coupled system, that
1

is, I'(Bell)=|< &| ¥(t) >|2:§|cl,0(t)+co,1(t)|2.

Thus we obtain

k? + 22 + 202 cos|2t]
2022

I'(Bell) = : 3)

From the equation, we can see that the density
of probability is independent of the self-interaction
strength of component A(B), and only depends on the
interspecies interaction strength k and the tunnelling
rate {2. In Fig.2, we can see that when {2 is weak,
the I'(Bell) almost stays at the initial value. As £2

increases, I'(Bell) has a bigger oscillation amplitude.

Fig.2. Density of probability for finding the entangled
k

Bell state versus time for —=10, 2=0.01 (solid curve),

2=0.1 (dashed curve) and 2=1 (double-dashed curve).

3. Conclusion

To conclude, we study analytically the generation
of Bell state in Bose condensates of two interacting
species trapped in a double well configuration. This
result provides some suggestion for obtaining the max-
imally entangled state. We studied the case with only
one A atom in the left well and one B atom in the

right well; other cases will be studied in our future
work.
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