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We propose schemes to realize quantum state transfer and prepare quantum entanglement in coupled cavity and
cavity—fiber—cavity systems, respectively, by using the dressed state method. We first give the expression of pulses shape
by using dressed states and then find a group of Gaussian pulses that are easy to realize in experiment to replace the ideal
pulses by curve fitting. We also study the influence of some parameters fluctuation, atomic spontaneous emission, and
photon leakage on fidelity. The results show that our schemes have good robustness. Because the atoms are trapped in
different cavities, it is easy to perform different operations on different atoms. The proposed schemes have the potential
applications in dressed states for distributed quantum information processing tasks.
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1. Introduction

Quantum state transfer, to transfer the state of one atom
to another one, is realized in many systems such as quan-
tum spin networks system,!! resonant cavity system,[?! dis-
ordered channels system,[*! spin chains system,*! coupled-
cavity arrays system.! In addition, a scheme is also proposed
to improve the quantum state transfer by quantum partially
collapsing measurements. [®) Quantum entanglement, an inter-
esting and important phenomenon in quantum mechanics, is
an important resource of quantum information processing,!’!
such as quantum teleportation, ®°) quantum secret sharing and

(101 location-dependent communications, ']

secret splitting,
quantum communication network,"?! and so on. Lately, the
preparation of quantum entanglement is becoming more and
more important and has been widely studied in cavity QED
systems, 1311 spin ensembles system, >’ multidimensional
engineering system,?!! solid-state spin system,*?! nitrogen-
vacancy centers system, 2! a quantum router,®¥! (in a quan-
tum router, an error-detected method has been proposed(®))
and so on. In addition, entangled states can also be prepared by
controlled phase gate. ! Some controlled phase gate schemes
have been well designed in trapped neutral atoms.>’3%! In re-
cent years, quantum entanglement and state transfer can be im-
plemented experimentally in remote microwave cavity memo-

ries system. 33

DOI: 10.1088/1674-1056/ab7e9a

In the experiments of quantum computation and quantum
information processing, some parameters fluctuations during
the whole experimental process are inevitable and would de-
crease the performance of the scheme. The adiabatic evolution
is a highly robust method*! to deal with some parameter fluc-
tuations. However, the adiabatic evolution takes a long time,
so the target may be affected by noise and other factors that
induce decoherence. In order to overcome the disadvantage,
many accelerated schemes have been proposed.!*-%1 The
transitionless quantum driving (TQD) is one of the promising
methods to accelerate the adiabatic evolution. 3! However,
when we use this method to accelerate the evolution, we will
encounter the difficulty that the initial state and the desired
state or two energy levels in the original Hamiltonian are dif-
ficult to couple directly in experiment. Although the require-
ment for additional unaccessible ground-state couplings may
be relaxed sometimes, the conditions on which the three-level
system can be simplified to effective two-level system should
be satisfied to further modify the pulses.!!”*>] Another way to
accelerate adiabatic evolution is Lewis—Riesenfeld invariants
with pulse either needs infinite energy gap to be perfect, or
cannot be opened or closed smoothly. [44:46-53:66]

Recently, Baksic ef al. proposed a dressed state method
to accelerate the adiabatic passage.>?! In dressed state scheme,
the modified Hamiltonian of the coupling of two states, which
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is easily realized in experiment is introduced. Through
two unitary transformations, the parameters of the modified
Hamiltonian can be determined and the form of driving pulse
can be obtained, which makes the scheme easy to implement
in experiment. Based on the dressed states scheme, Kang et
al. applied deressed state method to superconducting quan-
tum interference devices to realize the fast preparation of W
states; >3] Ban et al. indicated a design to fast create and trans-
fer coherence in triple quantum dots by using the dressed state
method;®* Wu ez al. proposed the schemes to accelerate state
transfer and entanglement preparation and realize a fast CNOT

55.56] and so on.

gate all by using the dressed state method, |

Based on the above schemes, we propose effective
schemes to realize the distributed quantum entanglement and
state transfer by trapping two atoms in two different cavities
in cavity—fiber—cavity system and coupled cavity system, and
accelerate the implementation of the schemes by using the
dressed state method. In this paper, the use of QED system
can avoid the interaction of the applied fields. Beyond that,
we give the expression of parameters used in the scheme of
the dressed state by boundary conditions, and the expression
of modified pulses obtained by the scheme of dressed state.
Then, the pulse which is similar to the modified pulse and easy
to realize in experiment is obtained by curve fitting. The re-
sults of numerical simulation show that our schemes have high
fidelity and have good robustness to dissipation caused by pho-
ton leakage, spontaneous emission, and fluctuation of some
parameters whether in coupled cavity system or in the cavity—
fiber—cavity system. In a word, we propose fast schemes for
the preparation of distributed quantum entanglement and state
transfer.

The structure of this paper is arranged as follows: In Sec-
tion 2, we briefly review the quantum Zeno dynamics. In Sec-
tion 3, we introduce the scheme of state transfer and entangle-
ment preparation in a coupled cavity system. In Section 4, we
introduce the scheme of state transfer and entanglement prepa-
ration in cavity—fiber—cavity system. In Section 5, we analyze
the influence of dissipation caused by spontaneous emission,
photon leakage, and the fluctuation on fidelity. In Section 6,
we come to the conclusion.

2. Basic theory about quantum Zeno dynamics

As we will use it below, let us briefly introduce quantum
Zeno dynamics. We express the Hamiltonian that controls the
evolution of quantum system as follows:

Hg :Hobs +KHmeaSa (1)

where H,,g can be regarded as the Hamiltonian of quantum
system and Hpeys as an additional Hamiltonian equivalent to
the measurement of a quantum system. K stands for coupling

strength. When a strong coupling condition, K — oo, is satis-

fied, the evolution operator of a system can be written as!6”!

U(t) = Knglwexp [—it Y (KAuP, + P.HobsPy)] )

where P, is the projection operator of Hyeas With eigenvalues
Ay (Hmeas = Y. AnPy). It is worth noting that the system will
evolve in the Zeno subspace where the initial state is located.
It is precisely shown that this characteristic of quantum Zeno
dynamics greatly simplifies the problem.

3. Preparation of entangled states and state
transfer in coupled cavity system

3.1. The coupled cavity model

As shown in Fig. 1, two identical A-type atoms are
trapped in the corresponding optical cavities, and the two cav-
ities can be directly coupled. Each one has two ground states
|0) and |1) and one excited state |2). The Hamiltonian of the
system can be written as (7 = 1)

Htotal(t) = Hs+Hj,

2

2
Hs(t) = 21 [;)wili)f(i\+waa;aj+gj(ajl2>j<1|+H-C~)]
j=1 =

—|—)((a1fa2 +H.c.),

HI(Z‘)

2
Zl (2;(1)0),;(2] +H.c.), 3)
=

where Hs (Hp) is the Hamiltonian of internal system (inter-
The w;
(i=0,1,2), and @, identify the energy of level i, and the

action between external applied field and atoms).

photon energy in the cavity 1 or 2 separately. a; (aj) is the
photon creation (annihilation) operator in cavity j (j = 1,2).
The /(1) and g; represent the external laser field applied to
the cavity j and coupling strength between energy levels |1)
and |2) in cavity j (j = 1,2). The yx is the photon trans-
fer strength between coupling cavities. To simplify the mat-
ter, we set g; = g» = g, @, = O, and introduce a detuning:
A = 0, — @] — ®. We introduce two bosonic modes ¢ and c_
as follows: 1% a; = (1/v/2)(cy+c_), aa = (1/v/2)(cy—c_).
By substituting the bosonic modes into Hs we have
2

2
Hs(t) = L. [ it +%[\2>1<1|<c++c7>

=1
+12)2(1](c+ —c-)+H.c
+(w+X)CT+C++((D*X)CT,C,. )

As you can see from Eq. (4), this system can be regarded as
two kinds of ¢y and c_ photons with the corresponding fre-
quencies @ + ¥ and ® — ) in one cavity and these photons
interact with atoms in this cavity. In interaction picture, equa-
tion (4) becomes
Hs(r) = V2

= 78“ 1)1 2|(cf el A= T ei(Aa+20)]
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2 ) ‘
- %g“1>2<2|(6161m71>’ —ct ei@+n)]

+H.c. &)

When A =y and A + ¥ > g, equation (5) can be reduced to

Hal)) = 612+ |12l +He.  6)

atom 1 atom 2

12)

A -
Y WA
1) by

Fig. 1. As shown in the figure, the two atoms are trapped in two separate
cavities which can be coupled directly, and the coupling strength is . In ad-
dition, the two atoms have the same three-level structure, two ground states
|0, 1), and one excited state |2) corresponding to energy @y, ;, and @,
respectively, and the energy levels |0) and |2) of atom 1 (2) are coupled by
adding laser (5 (#), and the energy levels |1) and |2) are coupled by cav-
ity, and the coupling strength is g; (). Here, the detuning between energy
levels |1) and |2) is equal to A.

We put the system in state [0)1|1)2|1). at# = 0. Therefore,
the total system will evolve in the following Hilbert space:

|¢1) =10)1]1)2(0)c,
|$2) = [2)1]1)2[0)c,
[93) = [1)1[1)2[1)c,
|¢2) = [1)1[2)2/0)c,
|§5) = [1)1]0)2/0). @)

Apparently, this system is in a state where the eigenvalue is
equal to 0 at # = 0. Under the Zeno limit condition £ (¢),
02,(1) < g, this system almost evolves in the dark state sub-
space of Heg, and this subspace can be represented as

HD:{|¢1>’|¢d>7|¢5>}’ 3

where the state |¢;) = (v/2/2)(—|¢2) + |¢4)). The projection
operator of Hp can be represented as

Py =190){(9nl, (n=1,d,5). ©
According to Eq. (2), the total Hamiltonian Hyy(7) is nearly
H(t) ~ ) PHi(1)P,
= ;2A(t)|¢1><¢d| +Qp(1)|95)(¢a| +He.  (10)

Here, Q4 (1) = —(v/2/2)Q:(t), 25(t) = (v/2/2):(t). Then
Q4(t) and Qp(t) can be chosen as!>!

Qu(t) = —Q(1)sin6(1),
Qp(t) = Q(t)cosO(2), (11)

where we make /Q3(t)+Q3(t) = Q(r) and 6(r) =

—arctan(Q4(¢)/Q2p(1)).
eigenstates of H (r)

By calculations, we can obtain the

[Wa(t)) = cos 0(1)[91) +sin 8(z)|9s),
[y (1)) = ?(Sine(t)lfl)l) F[9a) —cos6(1)[9s)) (12)

with the eigenvalues A; = 0 and A+ = £Q(¢), separately.
In order to clearly describe the evolution of the system, we
choose a new set of {|¢1), |@s), |¢s)} defined by a unitary
transformation

U= |Wn><qfn(t)| (13)
n=d,t

Under the new basis, the H(¢) changes to

H\(t) = U)H(OU +iU0(0)U (1)
Q(1)J.+0(t)Jy. (14)

In order to eliminate the error caused by the non-adiabatic term
and shorten the operation time, we choose a modified Hamil-
tonian H.,

He = U (gx(t)Jc +g:(1) 1)U (1), (15)
He = (gx(1)cos (1) — g:(1)sin 6(1))|¢1) (4|

+(8:(t) cos B(1) + g+() sin O(t))[95) (4|

+H.c. (16)

We can see from the expression of Eq. (16) that there is no
direct coupling between |@;) and |@s). The direct coupling be-
tween |@;) and |¢s) is difficult to realize in the experiment.
Here, g,(t) and g,(t) are time-dependent parameters; J;, Jj,
and J, are spin-1 operators. The general form of the spin-1

operators can be written as

V2

Je = —=(ly-){val = [y} (va| + He),
V2,
Iy = S i(ly=)(wal + v ) (yal + He),
Jo= |y )y [ = [y ) (pe | a7

The Hamiltonian of the system with H, addition is

Hs(t) = [gx(1) cos 0(1) — (g:(1) + (1)) sin O(1)]|91) (9|
+[8x(1)sin6(1) + (g:(2) + L2(¢)) cos 6 (1)]|¢5) (9|
+H.c. (18)

In order to express the influence of H; on system evolution

more clearly, we introduce a new unitary operator with Euler
angles 1(¢), p(t), and & (¢),

V([) B ein(t)-’zeili(t)Jyeig(t)-]z (19)
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and |@4 4(1)) = V' (t)| L 4). After the unitary transformation,
H, (l‘) +Hc(l) is

Hy(t) = V(1) (H (1) +H.)V() +iV(e)Vi (). (20)

The condition for diagonalizing H»(¢) is that the g, and g, must
be chosen as
L

cosE —6tané,

g(t) =

. fisiné — 6

&) =—Q+&+ anflcosE 1)

From Ref. [52], we know that u(7;) and p(#) must be equal
to 0, and the other two Euler angles can have arbitrary values.
For the sake of simplicity, we choose &(¢) = 1(¢t) = 0. In the

gx(l‘) =H, .
(1) == 20) ~ . )

Wa(0) =UT(OV' (1) |9a (1))
= cos fi(1)(cos 8(2)[91) +sin6(1)[95)) — isinp(z)|9a). (23)

The entire system will evolve along the state |y (¢)). As are-
sult, when 6(1;) =0, 0(¢) = m/2, pu(t;) = 0, and p(t) = 0, the
state transfer |@;) — |¢s) =10)1]|1)2|0)c — [1)1]0)2]0) is car-
ried out; when 6(f;) =0, 0(t;) = n/4, u(t;) =0, and u(t) =
0, the preparation of entangled state (v/2/2)(|¢1) + |@s)) =
(v/2/2)(|0)1]1)2]0)c 4 ]1)1|0)2|0)c) is carried out. Here, ¢ is
the initial time and ¢# is the final time, and the same below.

3.2. The design pulse

In order to realize state transfer and smooth opening and
closing of parameters, the conditions: 8(#) =0, 6(tr) = /2,
u(t) =0, u(t) =0, and 8(;) =0, 6(x) =0, u() =0,
[(tr) = 0 must be met. As a result, we choose the parame-

ters as follows:
1 1
0(t)=A [2+cos (7;)] sin* (;) ,

. 37wA 1
() = %sin3 (7;)

1662(D—d) 323(D—d) 16t*(D—d)
(1) = W(zﬂ + 3T +T2), 24)
where u(t) = u(t) ~ 0, because g,(t) = —Q(r) —

O(t)/tanu(t), u(t) # 0. The population of |¢;) decreases
with the maximum value of 1(z). But when p(¢) decreases,
T (where T is the interaction time) will increase when the
value of pulses amplitute Q(z) is determined.>*! Because of
the above contradictions, we choose the appropriate parame-
ters: A= 1/2, d =0.001, D = 0.5, where sin’(u(r)) < 0.23.

From the above analysis, the form of £,4(¢) and Q5(¢) is so
complex that it is difficult to achieve it experimentally. There-
fore, we use the superposition of two Gaussian pulses which is
easy to realize in experiment to replace €4 (¢) and Qp(¢), and
the parameters of the two Gaussian pulses can be determined
by numerical simulations. Similar to state transfer, when we
want to generate entangled states, the boundary condition be-
comes 0(t) =0, 0(t;) = /4, u(t) =0, u(tr) =0, 6(;) =0,
O(tr) =0, f1(;) =0, ft(t) = 0, and the parameters can be se-
lectedas A =n/4,d =0.001, D = 0.25. When state transfer is
realized, the form and parameters of the two Gaussian pulses
Q) (1), Qp(t) can be selected as

Q1)

2

Z QA ef[(tirAnJ/gAm]z’
m=1

2

Q4(1) = Y Qp, e ) o), (25)
m=1

Qu, =5.5/T, T4, =0.622T, & = 0.2564T,

Qu, = 1.315)T, 14, =0.227T, &, = 0.231T,

Qp, =5.5/T, 15, =0.38T, & =0.2564T,

Qp, = 1.306/T, 15, =0.765T, &g, =0.226T. (26)

When the entangled state is prepared, the parameters of the
two Gaussian pulses £} (1), Q5(r) can be chosen as

Qu, =3.346)T, 14, =0.62T, &, =0.238T,

Q4, =0.75/T, T4, =0.226T, &, = 0.198T,

Qp, =6.761)T, 15 =0.464T, &g =0.372T,

Qp, = —1.303/T, 15, =0.009T, &g, =0.2T. (27)

In order to compare two kinds of pulses, we plot ) (1), 24(t),
Qp(t), and Qp(r) versus t/T in Figs. 2 and 3.

T o6l - 2a0t) (a) |

& | =i

O

=

S

= 2

=<

S >
0% 02 04 06 08 1.0

t/T

o6l o 28(1) (b)

~

~

=

A~

Q«~

=

Q

S
% 02 04 06 08 1.0

t)T

Fig. 2. The pulses Q) (1), 24(t), Qp(), and Qp(r) versus t/T for realizing
state transition.

050306-4



Chin. Phys. B  Vol. 29, No. 5 (2020) 050306

aut) | ()

Qa(t), 2 4(t)/T 1

o 02 04 06 08 10
/T

2p(t), 2 5(t)/T 1

0 0.2 0.4 0.6 0.8 1.0
t/T

Fig. 3. The pulses Q) (t), Q4(r), Q4(¢), and Qp(t) versus t/T for
preparing entangled state.

3.3. Numerical simulations

In this section, we make numerical simulations with the
Hamiltonian of Eq. (3) to determine some parameters. We

10)1[1)2]00) 12,
where |¢{) means that atom 1 is in |0), atom 2 is in |1), and

choose the initial state of the system as |¢{) =

ox/x

cavity 1 and cavity 2 are all in the vacuum state. This system
will evolve in the Hilbert space

|01)
192)
193)
|04)
¢s)
%)

0)1[1)2[00)12,
2)1[1)2[00)12,
)1[1)2]10)12,
)1[1)2/01)
)112)2/00)
)1]0)2/00)

111)2]01)12,
1]2)2]00) 12,
110)2]00) 1.

| !/

1
1
1

90) = |1

(28)

As is known to all, the fidelity F () =
izing state transfer, the state |¢,) =

(9/]p(1)|6,). For real-
|¢¢). The maximum value
€ of the amplitude of pulses for state transfers £} and Q
in the range of time O to 7 is approximately equal to 7.89/T
(in other words, Q(t) = V22, (1), (1) = V2Q5(t)), and
the Zeno limit condition becomes ) < g. Besides, in or-
der to satisfy the condition of large detuning, || > g/2 must
be set. However, there are great experimental limitations on
the maximum values of g and v. As shown in Fig. 4(a) and
Fig. 4(b), even if the above two conditions are not strictly met,
the fidelity can almost reach 1. Where, we choose g/T = 20,
x/T = 400 for numerical simulations.
IO.S

(b) 60

& 40 0.6
= 90 0.4
I02
0_
400 600
(d) 0.10 0 9955
09950
>
> 0.9945
w
0.9840
—010 :

0.10
5x/x

Fig. 4. In the coupled cavity system, (a) the fidelity of state transfer versus g/T and x /T’ (b) the fidelity of entangled state preparation versus g/T
and /T (c) the fidelity of state transfer versus 8g/g and 6 /x (where g = 20T, y =400T); (d) the fidelity of entangled state preparation versus

0g/g and 8 /x (where g = 35T, y = 4007).

In order to prove the feasibility of our scheme, we plot
the fidelity and population via the numerical simulations in
Fig. 5. Seen from Fig. 5(a), when ¢/T > 0.95, the fidelity
F(r) ~ 1. Figure 5(b) shows the populations in the evolution
process, and it can be seen that the population of |¢) is no less
than 0.99 when ¢ /T = 1. Similar to state transfer, when entan-

(v2/2)(197) +19¢)).

In order to achieve the goal better, we can increase laser in-

gled state is prepared, the state |¢;) =

tensity appropriately. The maximum value € of the ampli-
tude of the corresponding pulses ) and Qj in the range of
time O to 7 is approximately equal to 9.86/T (that is to say,

Q(t) = V2.13Q4(1), Qa(t) = v2.13Q4(t)). And we choose
g/T =35 and x/T = 400 in the preparation of entangled
states. In addition, we study the effect of g and x fluctua-
tions on fidelity in Fig. 4(c) and Fig. 4(d). From Fig. 4(c) and
Fig. 4(d) we can see that the fidelities of the state transition
and entangled state preparation can still be larger than 0.984
and 0.993 when the values of g and y are in the range of —0.1
to 0.1. Figure 5(b) shows that the populations of |¢{) and |¢)
in the evolution process are almost equal to 0.5, and the fi-
delity F(¢) ~ 1 when #/T = 1. In order to better compare the
dressed state method with the traditional STIRAP method, we

050306-5
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introduce the following Gaussian pulses: [*%70]

QY1) = Qfsinaexp[—(t—t—T/2)*/3],  (29)
QR (1) = Qf cosaexp[—(t —t—T/2)* /1]
+Qf exp[—(1 — T+ T/2)*/15]. (30)

The parameters can be chosen as: T =0.17 and 7y = 0.157.
When we want to achieve the goals of state transfer and en-
tanglement preparation, o = /2, Qf = 5.58/T, Q{(t) =
V2QU (1), Q1) = V2Qp(t), and o = /4, Q) =5.58/T,
Q' (t) = V21324 (1), Q) (t) = V2.13Q)(t), respectively.
Where T’ is the operating time when using the classical pulse.
As we can see from Fig. 6, the dressed state method is nearly
four times faster than the Gaussian pulse method in the prepa-
ration of entangled state, especially nearly nine times faster
in the realization of state transfer. So, our scheme has been
effectively accelerated by the dressed state method.

1.0
(a)
= o
& 0.5f-----
— state transfer
- - entangled state
0 preparation
0 0.2 0.4 0.6 0.8 1.0

Populations

t)T

Fig. 5. (a) The fidelities of state transfer and entangled state preparation
versus t/T. (b) The populations of state transfer and entangled state prepa-
ration versus t/T. P (P[) and Ps (P}) are the populations of |¢{) and |¢;)
for state transfer (entangled state preparation) with the related parameters:
g/T =20, x/T =400 (g/T = 35, x /T = 400).

1.0 = T -
,I
’
’
_E: 0.5p
3 — state transfer
- - entangled states preparation
O 1 1 1
0 5 10 15 20

T'/T

Fig. 6. The fidelities of state transfer and the preparation of entangled states
versus T'/T (T' is the operating time when using the classical pulse) in
the coupled cavity system by using the STIRAP method. The parameters:
T=0.1T, to = 0.15T. The related parameters for state transfer (entangled
state preparation): o = /2, Q =5.58/T (o = m/4, Q =5.58/T). The
other related parameters used for state transfer and the preparation of entan-
gled state are the same as those used in Fig. 5.

4. Quantum state transfer and preparation of
entanglement in cavity—fiber—cavity system

4.1. The cavity—fiber—cavity model

As shown in Fig. 7, two identical A-type atoms are
trapped in the corresponding optical cavities connected by
a fiber. If the short fiber limit (Iv)/(27c) < 1 is satisfied,
only the resonant modes of the fibers interact with the cavity
modes,!”! where I, v, and ¢ are the length of the fiber, the
decay rate of the cavity field into a continuum of fiber modes,
and the speed of light, respectively. Each one has two ground
states |0) and |1) and one excited state |2).

atom 1 atom 2
12) 12)
fiber
o) g1 2, 92
[0) (1) W [1)

Fig. 7. As shown in the figure, two atoms trapped in an optical cavity are
connected by an optical fiber with a strength of 7. In addition, the two atoms
have the same three-level structure, two ground states |0), |1), and one ex-
cited state |2) corresponding to energies @y, ®;, and @ respectively, and the
energy levels |0) and |2) of atom 1 (2) are coupled by adding laser Q; (5 (t),
and the energy levels |1) and |2) are coupled by cavity, and the coupling
strength is g (). Here, the detuning between energy levels |1) and [2) is
equal to 0.

The Hamiltonian of the system can be written as (i = 1)
Hioal (t) = Hs +Hj,
2

2 '
Hg(t) = Z] [Zéwiﬁ)j(il+waa;d/+gj(aj|2>j<1|+H-C-)
j=1 i=

+n(ba} +H.c.)| + @pb'b,
2
Hi(t) = Y (2;(1)]0),(2|+H.c.), 31)
j=1

where Hs (Hj) is the Hamiltonian of internal system (inter-
The ;
(i=0,1,2), o, and w, identify the energy of level i, the pho-

action between external applied field and atoms).

-
J
(a;j) is the photon creation(annihilation) operator in the cav-

ton energy in the cavity 1 or 2 and the fiber separately. a

ity j (j=1,2) and b" (b) is the photon creation (annihilation)
operator in the fiber. The Q;(¢) and g; represent the exter-
nal laser field applied to the cavity j and coupling strength
between energy levels |1) and |2) in cavity j (j = 1,2). The
7 is the coupling strength between the mode in the fiber and
the modes in the cavities. To simplify the matter, we set
g1 = g» = g. There is an easy way to judge ®, = wp, and set
w, = 0, = ®. We introduce three bosonic modes!’! ¢ and ¢
as follows: a; = %(c++c,+ﬂco), a) = %(ch—i—c,—\@co),
and b = (1/v/2)(cy—c_). By substituting the bosonic modes
into Hg, we obtain

2 2 g
Hs(t) = X | el ] + 521 (1 e+ V2eo)

j=
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+12)2(1](cs e —v2¢0) +Heel]

+(@+V2n)cl ey

+ (chco +(0—V2n)clc_. (32)
As we can see from Eq. (32), this system can be regarded as
three kinds of cy, cg, and c_ photons with the correspond-
ing frequencies @ 4 /21, ®, and @ — v/27 in one cavity and

these photons interact with atoms in this cavity. In the interac-
tion picture, equation (32) becomes

Hs(t) _ §|1>1<2‘(C16i(w+\/§n_A)t _’_Ciei(w—ﬁn—ﬁ)t
+\/§COCi(w_A)t) + §|1>2<2|((Ciei(a)+\/§n—ﬁ)t
1t eil@-van-2) _ \f2c0 el L He., (33)
where A = @, — @;. When A = @, equation (33) becomes
Hs(t) = g[|1>1<2\(c1eiﬁm+cie*iﬁm+\fzcg)
FID22|(ch el V2 pof =iV /5ch]
+H.c. (34)

In the context of v/2|n| > g/2, equation (34) can be reduced
to

2
Hegr = gg(\l>1<2| — \1>2<2|)C(§+H.c. (35)

We put the system in the state |0)1|1)2|1). at ¢ = 0. Therefore,
the total system will evolve in the following Hilbert space:

|§1) = 10)1]1)2|0)c,
|$2) = [2)1]1)2[0)c,
[93) = [1)1[1)2[1)c,
|94) = [1)1/2)2[0)c,
|95) = [1)1/0)2|0)c. (36)

Apparently, this system is initially in a state with eigenvalue
0. Under the Zeno limit condition of Q,(¢), Q,(f) < g, this
system almost evolves in the dark state subspace of H.g, and

this subspace can be represented as

Hp = {|¢1>7|¢d>>|¢5>}’ (37)

where the state |¢;) = (v/2/2)(|¢2) + |4)), the projection op-
erator of Hp can be represented as

Py =9n)(0nl, (n=1,d,5). (38)
According to Eq. (2), Hioal (?) is nearly
H(t) ~ Y P.H(1)P,
n

= Qa(0)[91)(Pal + Qp(1)[¢5)(¢a| + Hec.,  (39)

here, Q4(t) = (V2/2)Q1(t), Qp(t) = (v/2/2)2(t). Then

Q4 (1) and Qp(t) can be chosen as!>!
Q4(t) = Q(t)sinb(2),
Qp(t) = Q(t)cos (1), (40)

where we make /Q3(1)+Q3(r) = Q(t) and 0(t) =

arctan(£4/Qg), and by calculatons, we can obtain the eigen-
states of H (r)

[Wa(t)) = cos 0(1)[91) —sin B(z)]¢s),

Iy (1)) = g(sine(f)lfi’l)i\¢d>+CO89(I)\¢5>) (41)

with the eigenvalues A; = 0 and AL = £Q(¢), separately.
In order to clearly describe the evolution of the system, we

choose a new set of {|¢1), |¢4), |¢s)} defined by a unitary
transformation
U= ) [yl (42)
n=d,+

Under the new basis, the H(¢) changes to
Hi(t) = U@)H (@)U +iU () U ()
= Q(t)J,+ 6(t)Jy. (43)

In order to eliminate the error caused by the non adiabatic term
and shorten the operation time, we choose a modified Hamil-

tonian H.,
H, = U' (g ()] 4+ g.(0) 1)U (1), (44)
H = (g.(t)sin0(t) — gx(t)cos 0(¢))[91)(Pa|

+ (8:(t) cos 0(1) + g:(1) sin (1)) |¢s) (9|
+H.c. (45)
We can see from the expression of Eq. (45) that there is no
direct coupling between |¢; ) and |¢s). The direct coupling be-
tween |¢; ) and |¢s) is difficult to realize in experiments. Here,
gx(t) and g.(t) are time-dependent parameters; J, Jy, and J;
are spin-1 operators. The general form of the spin-1 operators
can be written as

Jy = g(leWdI — |y )(wa| +H.c.),
V2,
Jy = 71(\‘I/7><ll/d| +|wy ) (ya| +H.c.),
Jo = W ) (W | = [y ) (w | (46)

The Hamiltonian of the system with H, addition is

Hy(t) = [(82(t) +Q(t))sinO(t) — g«(t) cos 0(¢)]|$1) (9|
+[(82(t) +Q(t)) cos O(t) + gx(t) sin 6(¢)]|5) (9|
+H.c. A7)

In order to express the influence of H; on system evolution
more clearly, we introduce a new unitary operator with Euler

angles 1 (¢), u(t), and & (¢) 15!
V([) = eirl(t)-]z eili(f)Jyeié(l)-’z (48)
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and |@4 4(1)) = V' (t)| L 4). After the unitary transformation,

H,(t) + H(t) becomes
Hy(t) = V(1) (H (1) +H.))V() +iV(e)Vi(r). (49)

The condition for diagonalizing H>(¢) is that g, and g, must
be obtained as

_ R,
8g(t) = cosé ftang,
ftsiné — 6
g:l1) = —Q+&+ tanpcos& (50)

From Ref. [52], we know that p(%), p(#) must be equal to 0,
and the other two Euler angles can have arbitrary values. For

the sake of simplicity, we choose & (r) = 1(¢) = 0. In the case,
g:(t) = &, '
&) = -0~ s, 1)
va(0)) = UT(0)V (1)l @a(1))
— cosa(1)(cos 0(1)|dr) —sin 6(1)|ds))
Fisinp(0)loa). (52)

The entire system will evolve along the state |y (7)).
As a result, when 6(r;) =0, 0(¢) = n/2, u(;) =0, and
w(tr) = 0, the state transfer |¢1) — —|¢s) = [0)1]1)2]0)c —
—|1)1]0)2]0)¢ is carried out; when 8(f) = 0, 6(fr) = /4,
w(t) =0, and u(t) = 0, the preparation of entangled state
(v2/2)(161) —195)) = (v'2/2)(0)1]1)2[0)c — [1)110)2]0).) is

carried out.

4.2. Numerical simulations

In this section, we make numerical simulations to deter-
mine some parameters. We choose the Hamiltonian of Eq. (31)

; 60!
i

600

(c) 0.10 Io 998
0.996

10.994

0.992
0.990
—0.10 0.988

—0.10 0.10

89/9

5v/v

and the initial state of the system as |@]) = |0)1|1)2]000) 2,
where |¢{) means that atom 1 is in |0), atom 2 is in |1}, and
cavity 1, fiber, and cavity 2 are all in the vacuum state. This

system will evolve in the Hilbert space to

[91) =10)1]1)2/000) 152,
92) = [2)1]1)2]000) 152,
93) = [1)1]1)2]100) 112,
164) = [1)1]1)2/010) 112,
95) = [1)1]1)2]001) 152,
96) = [1)1]2)2/000) 152,
197) = [1)110)2]000) 152 (53)

Here, the laser is also £ (¢) and ©(¢). In Figs. 8(a) and 8(b),
we plot the fidelity of the entangled state and the state trans-
fer versus g/T and v/T respectively. Here, the quantum Zeno
limit condition is also £() < g, but the large detuning condition
becomes |v| > (g/v/2). Figures 8(a) and 8(b) show that the fi-
delity is still close to 1 even when these two conditions are not
well satisfied. Different from the schemes in the coupled cav-
ity system, we choose parameters g/7 = 30, v/T = 200 both
for entanglement preparation and state transfer. The maximum
value Q of the amplitude of pulses is 10/7 (in other words,
Q1) =v2.21Q) (1), Q(t) = v/2.21Q4(t)) for entanglement
preparation and 7.89/T (that is to say, £;(t) = vV2Qa(t),
(1) = /2Q4(t)) for state transfer. In addition, we study
the effect of g and 1 fluctuations on fidelity in Figs. 8(c) and
8(d). From Figs. 8(c) and 8(d) we can see that the fidelity of
state transition and the fidelity of entangled state preparation
are still larger than 0.999 and 0.997 when the values of g and
v are in a range from —0.1 to 0.1.

(b) 60
e 40
~
>

20

o_i

600
v/T
0.9980

o _I
0.9978
0.9976
0.9874
—0.10 0.9872

—0.10 0.10

0.9982

59/g

5v/v

Fig. 8. In the cavity—fiber—cavity system: (a) fidelity of state transfer versus g/T and v/T; (b) fidelity of entangled state preparation versus g/T
and v/T; (c) fidelity of state transfer versus 6g/g and dv/v (where g = 30T, v = 2007); (d) fidelity of entangled state preparation versus 6g/g and

ov/v (where g = 30T, v =200T).
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As shown in Fig. 9(a), the fidelities of the preparation
of entangled states (|¢y) = (v/2/2)(|¢]) +[93))) and the state
transfer (|¢;) = |¢7)) are larger than 0.99 when 7'/t = 1. As we
can see in Fig. 9(b), when state transfer is realized, the popula-
tion of |¢7) is no less than 0.99, and when the entangled state is
prepared, the populations of |¢]) and |¢/) in the evolution pro-
cess are almost equal to 0.5 at 7/T = 1. We also use the same
method to compare the evolution time with the Gauss pulse
method and the dressed state method. The pulses used here
are somewhat different from those used in the coupled cavity
system. When we want to achieve the goals of state trans-
fer and entanglement preparation, o0 = 7/2, Q[ = 5.58/T,
Q1) = V24 1), Q5(t) = V2Qj(t), and a = /4, Q] =
5.58/T, Q!'(t) = V2.21Q/(1), Qy(t) = V/2.21Q2;(t) respec-
tively. Where T’ is the operating time when using the classical
pulse. Figure 10 shows, the dressed state method is nearly four
times faster than the Gauss pulse method in the preparation of

1.0
(a)
g 05F-----""
—state transfer
- -entangled states
preparation
0 L L "
0 0.2 0.4 0.6 0.8 1.0
t)T
1.0
2}
=}
9
2
= 0.5
5
aQ
o
[a WY
0
0

Fig. 9. (a) The fidelities of state transfer and entangled state preparation
versus t/T, (b) the populations of state transfer and entangled state prepa-
ration versus t/T. P (P]) and P; (P}) are the populations of |¢{) and |¢)
for state transfer and entangled state preparation with the related parameters:
g/T =30,1/T = 200.

1.0

Fidelity
o
5y

— state transfer
- - entangled state preparation

0 5 10 15 20
T'/T
Fig. 10. The fidelity of state transfer and the preparation of entangled states
versus T' /T (T’ is the operating time when using the classical pulse) in the
cavity—fiber—cavity system by using the STIRAP method. The parameters:
T =0.1T, to = 0.15T. The related parameters for state transfer (entangled
state preparation): o = /2, Q =5.58/T (o = /4, Q] =5.58/T). The
other related parameters used for state transfer and the preparation of entan-
¢gled state are the same as those used in Fig. 9.

entangled state, especially nearly nine times faster in the real-
ization of state transfer. Therefore, the dressed state scheme is
also suitable for the cavity—fiber—cavity system.

5. The influence of dissipation and parameter
fluctuation on fidelity

In this section, we consider the influence of photon leak-
age from cavity or fiber and atomic spontaneous emission on
fidelity. These dissipations are experimentally unavoidable.
When these dissipations are considered, the evolution of the
whole system can be described by the following master equa-
tion:

C K ;
p = ilp. o] + 5 [26pb" — (b"bp +pb'D)]

+) & [2aipal — (alaip + pala;))]

A 2
+Y ¥ %[26}321)05.]-—|2>i<2|P_p|2>i<2H
i=AB j=0.1

RN %(pZ PP +PP; pij)] (54
i=A,B j=0,1

where K4, Kp, and k¢ are the photon leakage rates of cavity
modes in cavity A, B, and fiber, respectively. 14 (¥s) is spon-
taneous emission rate of atom A (B) from excited state |2) to
ground states |0) or |1), where Gé,j = |2):(j]- qéj is the de-
phasing rate, and p; j = (|2);(2| —|)i(j|). Where i stands for
atom i (i = A,B) and energy level j (j = 0,1). For simplicity,
we set Ky = Kg = kKt = K, Yl’ =7, and yé,j = 7. Where, we
choose the same parameters and laser in coupled cavity and
cavity—fiber—cavity system as above to realize the state transfer
and the preparation of entangled states, and draw their fidelity
versus k /g and y/g through Eq. (54) in Fig. 11.

As shown in Fig. 11, in coupled cavity system, when state
transfer is realized and the preparation of entangled states, the
fidelity is about 0.96 and 0.976 and in cavity—fiber—cavity sys-
tem, when state transfer is realized and the preparation of en-
tangled states, the fidelity is about 0.95 and 0.97 even when
both k/g and /g are 0.01 when dissipation is considered. Be-
sides, it can be seen from Fig. 11 that the influence of sponta-
neous emission on fidelity is greater than that of photon leak-
age in the cavity—fiber—cavity system or coupled cavity sys-
tem, whether in the realization of state transfer or in the prepa-
ration of entangled state. Dephasing is a very troublesome de-
coherence factor.[”?! Therefore, we study the effect of dephas-
ing on the fidelity of coupled cavity and cavity—fiber—cavity
system in Fig. 12. When y = 0.01g, x =0, and y, = 0.001g,
it can be seen from Fig. 12(a) that in the coupled cavity sys-
tem, the fidelities of state transfer and the preparation of entan-
gled state are 0.957 and 0.97 respectively. When k¥ = 0.01g,
Y=0, and 7, = 0.001g, it can be seen from Fig. 12(a) that in
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the coupled cavity system, the fidelities of state transfer and
the preparation of entangled state are 0.983 and 0.978 respec-
tively. When y=10.01g, k=0, and ¥, = 0.001g, it can be seen
from Fig. 12(b) that in the cavity—fiber—cavity system, the fi-
delities of state transfer and the preparation of entangled state

(a) 0.010
0.99
20.005 0.98
F —

0.97

0

0 0.004 0.008
k/g

(C) 0.010
0.99
0.98

2 0.005
= 0.97
0.96

0.004 0.008

k/g

are 0.943 and 0.978 respectively. When k¥ = 0.01g, y =0,
and ¥, = 0.001g, it can be seen from Fig. 12(b) that in the
cavity—fiber-cavity system, the fidelities of state transfer and
the preparation of entangled state are 0.9832 and 0.9836 re-
spectively. Therefore, our scheme is robust to decoherence.

(b)0.010

k/g

Fig. 11. (a) The fidelity of state transfer versus x/g and /g in the coupled cavity system; (b) the fidelity of entangled state preparation versus k/g and
/g in the coupled cavity system; (c) the fidelity of state transfer versus k/g and /g in the cavity—fiber—cavity system; (d) the fidelity of entangled state
preparation versus k/g and y/g in the cavity—fiber—cavity system. In Figs. 11(a) and 11(b), the related parameters used for state transfer and entangled
state the preparation are the same as those used in Fig. 5. In Figs. 11(c) and 11(d), the related parameters used for state transfer and entangled state

preparation are the same as those used in Fig. 9.

1.00 )
_______________ (a)
X e LTI
B e T
T 0.95F " S7=001g, k=0
s — S,k=0.01g,y=0
=~ L E~y=0.01g, k=0

- E,H:(lolgv ’Y:O
0.90 '
0 0.5 1.0
(v¢/9)/1073
1.00
T (®)
>
b=
€ 005 e T 00l RO T
i — S$,k=0.01g, y=0
..... Ey=0.01g, k=0
0.90 L2 Er=0.01g, =0

0 0.5 1.0
(ve/9)/1073
Fig. 12. (a) the fidelity versus ¥ /g in the coupled cavity system, and the

related parameters used for state transfer and entangled state preparation are
the same as those used in Fig. 5; (b) the fidelity versus ¥ /g in the cavity—
fiber—cavity system, and the related parameters used for state transfer and
entangled state preparation are the same as those used in Fig. 9. In the figure
above, S and E represent the state transfer and the preparation of entangled
states, respectively.

In addition, the fluctuations of some parameters are also
inevitable in practical experiments. Therefore, we also study
the influence of some parameter fluctuations on fidelity. We
assume that the actual operating time is 7, the actual laser
T+6T, Q) = Q4+ 684,

Qg = Qp + 6Qp. Because the laser we choose is the super-

intensity is ) and Qj, and T, =

position of two Gaussian pulses, we use the fluctuation am-
plitude of the operation time of the two Gaussian pulses and
Q) and Qp correspond to the laser intensity for state trans-
fer or the preparation of entangled states in coupled cavity or
cavity—fiber—cavity system. As a result, in Figs. 13 and 14, we
show the fidelity varies with 67 /T, 6/}, and 62/ Q.
It can be seen from Figs. 13(a), 13(c), 14(a), and 14(c), in the
coupled cavity system even if the parameter fluctuates within
|5T| = 0.1 and | | = 0.1, the fidelity of state transfer is
larger than 0.9529 and the fidelity of entanglement prepara-
tion is larger than 0.9841, respectively. While in cavity—fiber—
cavity system with the same parameter fluctuations, the cor-
responding fidelities are larger than 0.959 and 0.9876. Simi-
larly, it can be seen from Figs. 13(b), 13(d), 14(b), and 14(d),
in the coupled cavity system, even if the parameter fluctuates
within |5T| =0.1 and |5“QB = 0.1, the fidelities of state trans-
fer and entanglement preparation are still larger than 0.9701
and 0.9671, respectively. While in cavity—fiber—cavity system
with the same parameter fluctuations, the corresponding fideli-
ties are larger than 0.9756 and 0.9788. According to Figs. 13
and 14, it is found that the influence of laser intensity fluctua-
tion on fidelity is larger than that of working time fluctuation in
general. In a word, our scheme is robust to dissipation caused
by spontaneous emission, photon leakage, and the fluctuation
of Q), Qp, and T.
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Fig. 13. In the coupled cavity system: (a) the fidelity of state transfer versus 62} /) and 8T /T (b) the fidelity of state transfer versus 625 /Qp and
8T/T; (c) the fidelity of entangled state preparation versus 62} /) and 8T /T; (d) the fidelity of entangled state preparation versus §Qp/Qp and
ST /T. The related parameters used for state transfer and entangled state preparation are the same as those used in Fig. 5.
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Fig. 14. In the cavity—fiber—cavity system: (a) the fidelity of state transfer versus 8 /) and 6T /T; (b) the fidelity of state transfer versus 6Qp/Qp
and 87T /T’ (c) the fidelity of entangled state preparation versus 8} /€2, and 8T /T'; (d) the fidelity of entangled state preparation versus 6825 /Qp and
ST /T. The related parameters used for state transfer and entangled state preparation are the same as those used in Fig. 9.

6. Conclusion

We proposed schemes of state transfer and entanglement
preparation in coupled cavity system and cavity—fiber—cavity
system respectively. The results of numerical simulations
show that our schemes have high fidelity, greatly reduce the
evolution time of the systems, and have high robustness for
some dissipation and parameter fluctuations. We hope that our
scheme can contribute to the processing of quantum informa-

tion when it is widely used.
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