Hindawi

Computational Intelligence and Neuroscience
Volume 2022, Article ID 7987716, 7 pages
https://doi.org/10.1155/2022/7987716

Research Article

Quantum Decoherence Technique for Two Two-level Interacting
Atomic Engineering in Dissipative Field

Pengli Shu

Department of Physics, Lvliang University, Lvliang, Shanxi 033000, China

Correspondence should be addressed to Pengli Shu; shupl@llu.edu.cn

Received 22 March 2022; Revised 21 April 2022; Accepted 2 May 2022; Published 29 May 2022

Academic Editor: Dalin Zhang

Copyright © 2022 Pengli Shu. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In order to improve the in-depth understanding and research on the dissipative field of atomic engineering, the research object of
this paper is the dissipative field of atomic engineering. Through the engineering of two two-level interacting atoms as the
background, an in-depth study of two two-level atoms is carried out, so the decoherence factor of two two-level atoms is obtained.
In this paper, the numerical simulation calculation experiment of the dissipative field of atomic engineering is carried out, and the
evolution of the quantum coherent oscillation of the dissipative field to the quantum decoherence is discussed. The results indicate
that the dissipation coefficient and strength of the atom-light field interaction not only affect the oscillation of the quantum
coherent evolution of atomic states but also the periodicity of the evolution. All preliminary results throw light on the nature of
two-level interacting atoms in the dissipative field of atomic engineering, which also provides a reference value for

related researchers.

1. Introduction

With the continuous social and economic development, the
studies on quantum mechanics have become more and more
in-depth gradually [1-5]. Quantum entanglement is a
unique property of quantum mechanics and its essential
application in the field of quantum information science,
which has attracted the increasing attention of humans
[6-8]. On the one hand, atoms can be used to store and
process quantum information and photons can be used to
transmit quantum information. However, nonlinear inter-
action is the physical foundation for quantum entanglement.
Hence, the interaction between the light field and atoms is
considered to be stored in the ideal carrier for processing
quantum information [9-11]. The interaction between two
atoms induced by the nonresonant interaction of the two
atoms and the cavity field can be used to implement the
Grover search. However, under the large detuning condi-
tions, when the single-mode optical cavity has energy ad-
dress loss, with respect to the evolution features of entropy in
the single-mode radiation field and the interaction system of

two two-level atoms, the impact of the cavity field loss on the
dynamic is significant. Hence, it is of great significance to
study the impact of the cavity field loss on the dynamic
behavior of the light field interacting with two two-level
atoms [12, 13].

In recent years, as the term quantum has gradually
moved from behind the scenes to the front, the practical
application of quantum mechanics has also appeared in all
aspects of human life. Quantum decoherence refers to the
process in which a coherent quantum state becomes an
incoherent quantum state under the influence of the outside
world (such as environmental noise). It includes properties
such as open quantum systems, quantum entanglement of
quantum and environment, and loss of coherence over time.
In this paper, the quantum decoherence technology in the
dissipation field of two two-level interacting atoms engi-
neering is analyzed based on the quantum theory. Through
digital analysis and calculation, the impact of the coupling
intensity coefficient g and the dissipation constant between
the cavity field and the atom on the evolution of the
quantum coherence in the atomic state is discussed [14-17].
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2. Model and Solution

The system is radiation field. After the light field is quan-
tized, from the perspective of the basic principle of the
interaction between light and atoms, the general Hamilto-
nian of field interaction of the atom and light in the case of
nonresonant interaction can be obtained. When it is far away
from resonance, that is, in a large detuning situation
(A = w— wy> g+/n, in which A stands for the amount of
atom-field detuning, w stands for the frequency of the light
field, after the rotation wave is approximated and subject to
adiabatic eliminated. The effective Hamiltonian can be
obtained as (y=1):

H=M Y (1), (llaa" -10),<0la*a) + (SS; +S1S;) |
j=12

(1)
In the above equation, A = g?/A, in which a-+a stands for
the generation (annihilation) operator of the light field, and

§;(j = 1,2) stands for the artificial spin operator of the j-th
atom.

2.1. The Characteristics of the Loss Field. If the cavity field loss
is considered, the density operator of the system shall meet
the master equation as the following:

dp(t) _

i ~i[H,p(t)] + Dp(t). (2)

In the above equation, Dp (t) describes the energy loss of
the cavity field, which can be written as the following:

Dp(t) = k[2ap(t)a” —a"ap(t) - p(t)a’al. (3)

In the above equation, k is the decay coefficient.
It is assumed that at the initial moment, the light field is
in a coherent state as the following:

(o] n
~(2)af? N ¥
0)) = = ——n) | 4
o (0)) =|a) =e ;}\M@ (4)
The atoms are in an entangled state as the following:

|94 (0)) =sin 6]0) ,0) , + cos 6|1) ,. (5)

pa(t) =Trpp(t) = Cy

Computational Intelligence and Neuroscience

In the above equation, |0) and |1) stand of a single atom,
respectively. The density operator of the system at the initial
moment is as the following:

prA(0) = sin20|00, ay {a, 00| + tsinnbq h .os x67/00, a)
(&, 00|C+; cos’Blar, 11) (11,0, (6)

Under the initial conditions given by equation (6), in an
interaction scene, through equation (2), the density can be
obtained as the following:

Pra () = o, |00, ()™ >y Cau(t)e ™, 00]
+ta,n|00, a(t)e 2 My (a(t)e M a, 11]
+a3| 1L, (e ™My Ca(t)e ™ a, 00
+tan|1l, a (e ™y (a(t)e Ma, 111 (7)

The reduced density operator of the atom at time ¢ can be
obtained by tracing the light field as the following:
pa(t) =tre(p(t)) = a,100) <00

+tanexpq(Ha(H)*(1 - **)]|hl00) (11]
+as exp[Ha ()P (1 - )] [11) <00| + ta,nl11) (11].
(8)

In general, the coherence phenomenon indicates that the
nondiagonal element is not zero. However, the modulus of
the nondiagonal element is of practical significance. Hence,

from equation (8), it is not difficult to obtain the deco-
herence factor as the following:

—2ilt k — 2 (k+2iA)t 2
e ex 1-e lo4
P [k +2iA ( )l |

X exp[—|(x|2(l - eizikt)] X exp[—|oc(t)|2](1 - ef4m)|.

fLak,t) =

(9)
After simplification, the following can be obtained:
klaf? -2k .
fAakt) = exp[m- [k +e (2] sin 4 Mt
—k cos 4 At)]] x exp[—|cx|2(1 - e_Zkt)]
X exp[%odze*zkt (1-cos 4 At)]. (10)

From equation (10), the reduced density operator of the
atom can be obtained as the following

1,1)t1,1|n + quzl’l exp [—I(X(t)|2(1 B e_ZiQt)]xll, 1>7{C1, 0]+

C13 exp[—|0c(t)|2(1 _ e—Zth)]‘l) 1) t0,1|n + qC14h exp [—'(X(t)|2(1 _ 674,‘Qt)]x|1, 1>7{CO0,0|+

Cyy exp[Ha(B)P(1 - &™)]|1,0) €1, 1ln + gCy, k1, 0) (1,01x + 7Cy,Cl1,0; €0, 1|

Gy, exp [—|oc(t)|2(l _ e—ZiQf)]‘1)0> t{0,0|n + qC31h exp [40((t)|2(1 _ eziQt)]xl(), 1)7({C1, 1|+
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C,, exp [—'(X(t)|2(1 _ e4iQt)]‘0’ 0)t{1,1|n+ qC42h exp[—la(t)|2(1 B e_ziQt)]xlo, 0>7{C1, 0|+

Cyz exp[Ha(D)*(1 - e)]]0,0) <0, 1l + gCyyhI0, 0) ( x0,0]. (11)

+7C4Cla(8)e™™); Ca(t)e™™|. (12)

From equation (10), the reduced density operator of the
light field can be obtained as the following

pr (D) =T, p(t) = Cy|a(t)e ™y tna(t)e ™|
+Cop|e(£)) t{ax ()ln + gCsshlac(t)) a (£)lx

S() =1-Typ*(t) =

From equation (10), the system can be obtained as the
following

3 1
(sm 6, + sin 62) —gsm *0,sin’6, _E(SIH 6, + sin’f, — sin’f;sin 02)

2 okt 2kQ o 2 2 2kt
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1.5y 2k° ke 4kQ 2
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g p{[k2+402( ) K+ 407 .

From equation (12), the linear entropy of the light field
can be obtained as the following

1
- (sm 6, + sin’6, — sinzelsinzez)x
1
exp[—ZIalze_Zkt (1 -cos 2 Qt)] - gsinzelsinzﬂ2

exp[—ZI(xlze_Zkt (I-cos4 Qt)]. (14)

Taking into consideration a system consisting of two
entangled ideal cavities (C1 and C2) and two independent
two-level Rydberg atoms (Al and A2), atom Al passes
through one cavity C1, and atom A2 passes through the
other cavity C2, as shown in Figure 1 below. Based on the
theory of the J-C model, the field composite system under

Patom feild = [Hl’ P]
+ (1) (1

—zg(alo p+ajo_p—pao,

P | field—reservoir —

In the above equation, k1 and k2 stand for the dissipation
coefficients of the cavities C1 and C2, respectively. It is
assumed that the eigenstates of the two single-mode cavity
fields have only [0) and [1), and they are initially

3
(sm 6, + sin’6 )—gsinzﬂlsinze2

—-pajo_

xexp [—2|oc|2<1 - eiZkt)].

the rotating wave approximation is shown as the
following:

1
H; = g(ala( )

+a, o4 aza(z) +a, (2)) (15)

In the above equation, g stands for the interaction
coupling intensity coefficient of the atomic cavity field; a+
and a stand of each cavity field; 6% (07) stand for the spin
operators of each atom. Without considering the atom
dissipation, if only the cavity field dissipation is taken into
account, the dynamic evolution equation of the composite
system in the interaction painting can be obtained based on
equation (16) as the following:

p = p|at0m—ﬁeld + p|ﬁeld—reservoir' (16)
In which,
T0" + a,0%p + aloPp - payo? - pal (2)) (17)

—ky (aya\p — 2a,pa; + paya,) — ky (aya,p — 2a,pa; + pa ay).

ly (t = 0)).., = (1/V2)(10,1,) +1140,)). The two atoms are
initially in the respective ground states |y (¢t = 0)) A= lg:”
and |y (t = 0)) A= |g,7- In addition, the atom and the cavity
field fall into the coherent resonance interaction. The initial
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FIGURE 1: System where two atoms in the ground state pass through
the C1 and C2 cavities in the maximum entangled state at the same
time.

state wave function of the aforesaid composite system is
shown as the following:
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91927, (18)

1
v(E=0))c a4, = W(|0112> <1102|)®

where the high-order terms of k/g are ignored, the density
operator of the system can be solved based on equations
(15)-(18) as the following:

P(t)ClCZAIA2 = 0‘1|01129192> t{0, 1291g2|” + qa2h|0112g1g2>< x0, 1291g2|

+“3|11029192> t<11029192|” + q(x4h|0112g1g2>< x0, 12!]192|+

(19)

“5|01129192> t<11029192|” + Q“5h|11029192>< x0, 129192|+
“6|011291!]2> t€0, 129192|” + qa6h|01 1291!]2>< x0, 129192|~

Based on equation (19), the reduced density matrix of the
two atoms can be obtained as the following:

p(O)aa, =Trecp(t) = (o) + “3)|91g2> t<g1gz|” + qa2h|g1e2)< x9132|

+“4|elgz> tdegaln + qo‘shlglez><gle2|x +70a5Cle 9, <9162|-

With the engineering of two two-level interacting atoms
as the background, the quantum decoherence in the reso-
nance interaction process of two two-level atoms with two
entangled single-photons in the dissipative cavity field is
studied to obtain the decoherence factor of two two-level
atoms. Through the numerical simulation calculation, the
evolution of the quantum coherence oscillation of the dis-
sipation field to quantum decoherence is explored.

3. Simulation Calculation and Discussion

When the two atoms are in the ground state (6, = 8, = 7) or
the excited state (0, = 8, = 0) at the initial moment, the
linear entropy of the atom-light field system, the atom, and
the light field is always zero. The reason is that in the case of
large detuning.

The position of fluid particles is evenly distributed, and
the velocity is randomly distributed according to the
system temperature. The state of solid wall particles is
given according to the specific boundary conditions. The
macro flow parameters are obtained by statistical method,
and the sampling time length is related to the equilibrium

process. In this paper, 104 time steps are taken, the flow
area is 20 x 20, 800 fluid particles, and 120 solid particles
are arranged, which is recommended according to the
literature. The DPD particle number density is between 2
and 10, which is taken as 2 in this paper. The horizontal
motion velocities V of the upper plate are 012, 118, and 5,
respectively.

From equations (13)-(15), it can be known that the linear
entropy of the atom-light field system, the atom, and the light
field are all related, and the evolution of each linear entropy
corresponding to various initial states of the atoms is also
different with the extension of time. When the two atoms are
in the ground state (6, =0, =m) or the excited state
(6, = 6, = 0) at the initial moment, the linear entropy of the
atom-light field system, the atom, and the light field is always
zero. The reason is that in the case of large detuning, it can be
known from equations (10) to (12) that when 6, = 6, = 7,
py (1) = |6 (D0 tna (e ¥),  p, (£) = 10,0 {0, 0],
p(t)=p,(H)®p 7 (1). From the above equations, the light
field is at [a(t)et? ™), and its amplitude decays
exponentially.

At the initial moment, if §, = 0 and 8, = 7, the following
can be obtained based on (10)
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p(t) =

N =

—isin 2 Qt]0, 1, a (£))<1,0, a(t)| + (1 — cos 2 O1)|0, 1, & (t)><0, 1, x (¢)|] =

[(1+cos 2 Qt)|1,0,a(t)>{1,0,x(t)] +isin 2 Qt|1,0, x(t))<0, 1, a(t)|

(21)

{(cos Qt]1,0) —i sin Q¢|0,1))(cos Qt{1,0| +i sin Qt0, 1|)} ® |a (¢)) e (t)].

If Ot = /4 is selected, the following can be obtained:

p(t) = %{(Il,O)t— nigl0, 1)) (<1,0] + i< 0, 1])}

®t{la(D)<a(t)}n = qyepr) H{¥Epr| ® x{la(t)) Ca (B)I}.
(22)

From the above analysis, it can be seen that under the
aforesaid conditions, the prepared EPR pair does not decay
in the whole evolution process. The reason is that the dipole
interaction between atoms leads to entanglement between
atoms (which can be observed from equation (1)), and there
is always no photon exchange between the light field and the
atomic system. Hence, the loss of the light field only results
in the exponential decay of the amplitude of the light field
but does not lead to the decay of the atomic EPR pair.

At the initial moment, the two atoms are in a state of
equal probability superposition; that is, when the sum of the
distribution angles 8, and 6, of the two atoms are both 7/2,
the linear evolution pattern of the atom-light field system,
the atoms, and light fields over time can be obtained from
equations (13) to (15). The linear entropy of the system is
greater than zero at any time, except the initial time when it
is zero, and it increases with the extension of time. When it
increases to a certain level, it tends to stabilized to a specific
value. The time from zero to a stable value is reduced with
the increase of the decay constant. The magnitude of the
stable value is related to the average photon number la)? of
the light field and increases with the increase of |a]?; the
linear entropy of the atom presents an oscillation situation
with decreasing amplitude, and the oscillation stops after a
period of time, which makes the linear entropy of the atom
tend to be linear with the system at the stable value of the
same entropy, and its oscillation time is quickly reduced with
the increase of the decay constant. Due to the large detuning
interaction between the atoms and the light field, the dy-
namic Stark shift and the atomic dipole-dipole interaction of
the atomic system that is dependent on the light field occur
in the atomic system. The shift of different atomic energy
levels is not the same. As a result, the reduced density
operator of the light field in the field interaction system
evolves periodically between the pure state and the mixed
state in atom-light interaction. Hence, the linear entropy of
the light field shows periodic oscillation with decreasing
amplitude, and the oscillation period is 7/Q. At
td:nﬂ/Q(n: 1,2,"‘), Sf(td)ZO, Su(td):S(td)>0’
where the oscillation stops after a period of time. The linear
entropy of the light field tends to reduce to zero; its

oscillation time is related to the decay constant, reduced with
the increase of the decay constant, and extended with the
increase of the average photon number of the light field).
From the above analysis, it can be seen that the system and
atoms are in a mixed state at all times except at the initial
moment when it is in a pure state, and the degree of mixing
remains unchanged after a period of time. At the moment of
t;, the light field is completely decoupled from the atom, and
the light field is reduced to the original pure state. However,
the atoms are still in a mixed state.

The nondiagonal element of the density matrix can be
used to describe the coherence of the quantum system, in
which the nondiagonal element is not 0, suggesting that
there is a coherence phenomenon. The decoherence factor
can be expressed by the modulus of the nondiagonal ele-
ment. Hence, the decoherence factor between two atoms can
be obtained based on equation (22) as the following:

1 k —kt/i2 k
F(g,k,t) =‘E(eklt/zsingt—le—+ 1)

29 29
k —kzt/z k
x<ek2t/zsingt—ze+2)|. (23)
29 29

From equation (23), it can be easily observed that the
decoherence factor is related to the atom-light field coupling
constant and the cavity field dissipation coeflicient. In order
to understand the evolution of the decoherence factor f (g, k,
t) over time more clearly, a numerical analysis was per-
formed (shown in Figures 2-6).

As shown in Figure 2, under the circumstance where the
system does not have any dissipation (k1=k2=0), the
amplitude of the decoherence factor F remains unchanged
with the extension of time, with a maximum value of 1 and a
minimum value of 0. When the decoherence factor F=1, the
coherence is the most intense, and when F =0, the coherence
disappears. From Figures 3-6, the situation where there is
dissipation in the cavity field can be observed (k/g+0). From
Figures 3-6, it can be seen that the decoherence factor
presents the amplitude-reducing oscillation.

After a certain period of time, it becomes stabilized to the
value 0, when the phenomenon of complete decoherence
appears. The system evolves from the initial pure state to the
final mixed state. In addition, it can be found that although
the decoherence factor presents an overall amplitude decay
situation, it does not keep decaying all the time, but the
amplitude may increase occasionally. Moreover, it can also
be observed that the larger the value of k/g is, the shorter the
time for the amplitude it takes to decay to 0, which suggests
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FIGURE 2: Diagram of the changes in the decoherence factor be-
tween two atoms with gt when k1 =k2=0.
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FIGURE 3: Diagram of the changes in the decoherence factor be-
tween two atoms with gt when k1=k2=0.05g.
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FIGURE 4: Diagram of the changes in the decoherence factor be-
tween two atoms with gt when k1=k2=0.1g.
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tween two atoms with gt when k1=0.1g, k2=0.05g.
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FIGURE 6: Diagram of the changes in the decoherence factor be-
tween two atoms with gt when k1=0.1g, k2=0.2g.

that the influence of the dissipation coefficient in the light
field on the coherence is apparent.

4, Conclusion

In this paper, the evolution features of quantum coher-

ence between the atoms and single-photons in the reso-

nant atomic states in two entangled ideal cavities and the

time evolution features of the atomic-light field system

linear entropy, the atomic linear entropy, and the light

field linear entropy are studied. The impacts of the initial
state of the two atoms, the decay constant, and the average
photon number of the light field on each linearity are
discussed. The results indicate that the dissipation factor
and the intensity of the atom-light field interaction can
affect not only the oscillation of the quantum coherence
evolution in the atomic state but also the periodicity of the
evolution. The decoherence factor presents an amplitude-
reducing oscillation and tends to be stabilized at a value of
0 after a certain period of time, with the occurrence of a
complete decoherence phenomenon.
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