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Abstract. We propose a scheme to prepare a maximally entangled state for two A-type atoms trapped
in separate optical cavities coupled through an optical fiber based on the combined effect of the unitary
dynamics and the dissipative process. Our work shows that the fiber loss, as well as the atomic spontaneous
emission and the cavity decay, is no longer undesirable, but requisite to prepare the distributed entangle-
ment, which is meaningful for the long distance quantum information processing tasks. Originating from
an arbitrary state, the desired state could be prepared without precise time control. The robustness of the
scheme is numerically demonstrated by considering various parameters.

1 Introduction

Quantum entanglement [1,2] is a fundamental and fasci-
nating quantum effect and has been a key resource for
Quantum Information Science (QIS) [3-5]. How to effec-
tively prepare entanglement influences the development of
QIS. One traditional obstacle for preparing entanglement
is the dissipation that induced by the inevitable coupling
between the quantum system and the environment, which
would degrade the quantum coherence of the system. The
usual methods to deal with the dissipation can be di-
vided into the following categories: quantum error cor-
rection [6-8], decoherence-free subspace [9-11], geometric
phase [12-15], quantum-control technique [16-18] and dis-
sipative dynamics [19-52]. Compared with the other meth-
ods, dissipative dynamics has unique characters since the
dissipation is used to prepare entanglement so that the
preparation process is robust against decoherence. In par-
ticular, Kastoryano et al. considered a dissipative scheme
for preparing a maximally entangled state of two A-type
atoms trapped in one optical cavity [30], whose perfor-
mance is better than that based on the unitary dynam-
ics. Subsequently, this scheme was generalized to cou-
pled cavity system [35], atom-cavity-fiber system [37] and
the circuit quantum electrodynamics system [42]. Besides,
Zheng et al. proposed two schemes to prepare the maxi-
mal entanglement between two atoms coupled to a decay-
ing resonator [44,45]. The common place of these schemes
is that the cavity decay is used as resource for state
preparation. On the other hand, Rao and Mglmer [46],
Carr and Saffman [47] considered two schemes to pre-
pare the entanglement of Rydberg atoms via dissipation,
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respectively. And Shao et al. gave two dissipative schemes
for three-dimensional entanglement preparation [48,49].
These schemes demonstrated that the atomic spontaneous
emission is quite capable of being the powerful resource
for entanglement preparation. Moreover, the schemes pro-
posed in references [31,50] indicate that the atomic spon-
taneous emission and cavity decay could be used simulta-
neously to prepare the desired entanglement for two atoms
in one cavity.

To realize the long distance and large-scale quantum
information processing, atom-cavity-fiber system is pro-
posed [53,54] and has been an excellent platform for
distributed quantum computation [55,56], quantum en-
tanglement preparation [57-62], and quantum communi-
cation [63]. For these unitary-dynamics-based schemes,
atomic spontaneous emission, cavity decay and the fiber
loss are three main and undesirable dissipative factors,
which would affect the practical applications of the scheme
in the QIS.

The previous dissipative schemes showed that the
atomic spontaneous emission or cavity decay is no longer
undesirable, but necessary for maximal entanglement
preparation for two atoms trapped in one cavity. In
this paper, we generalize the idea to the case when two
atoms trapped into two distributed cavities that connected
through an optical fiber. Interestingly, we find that the
fiber loss, like the other two dissipative factors, could also
be used to prepare the distributed entanglement, which
is meaningful for the long distance and large-scale quan-
tum information processing tasks. The present work has
the following features: (i) it has no specific requirement
of the initial state. (ii) It does not need to control evolu-
tion time accurately. And, it is robustness on parameter
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Fig. 1. Experimental setup and level diagram of A-type atoms.
v, k and (8 denote the atomic spontaneous emission rate, cavity
decay rate and fiber loss rate, respectively. Here, we assume
the cavity decay rate of the two cavities are the same, and the
excited state |e) spontaneously decays into two ground states
with branching rate /2.

fluctuations. (iii) Different with the unitary-dynamics-
based schemes in the atom-cavity-fiber system, the present
one shows that, the fiber loss, as well as the atomic spon-
taneous emission and the cavity decay, is no longer unde-
sirable, but requisite for the preparation of the distributed
entanglement. (iv) In contrast with the schemes based on
the similar system [37,38], the current one is special in
the sense that the decay of cavity and fiber modes are
considered uncorrelated since we do not define the normal
bosonic mode ¢ to rewrite the Hamiltonian.

2 Fundamental model

We consider the setup described in Figure 1, where two
identical A-type atoms are individually trapped into two
single mode cavities coupled through an optical fiber with
length I Each atom has two ground states |0) and |1)
and one excited state |e) with the corresponding ener-
gies wp, w1 and w,, respectively. The atomic transition
[1) < |e) is coupled resonantly to the corresponding cav-
ity mode with the coupling constant g. Besides, the transi-
tion |0) < |e) is driven by the corresponding off-resonance
optical laser with detuning A, and Rabi frequency (2. The
transition between two ground states |0) and |1) is cou-
pled resonantly by means of a microwave field with Rabi
frequency 2yvw. In the short fiber limit (19)/(27¢) < 1,
where v is the decay rate of the cavity fields into a con-
tinuum of fiber modes, only one fiber mode interacts with
the cavity mode [54-56]. For simplicity, we assume the in-
teraction between cavity mode and fiber mode is resonant.
Under the rotating wave approximation, the Hamiltonian
of the whole system could be written as (setting i = 1)
H = Ha,c,f + He + Hiw,

Ha,c,f = Z

i=A,B

> wild)i il + waala;

7=0,1,e

+ (gle)ii(lla; + H.c.)

+ wpb'b + [Vb (aL + a%) + H.c.} , (1)
H, =1 Z e™“'0) 4 (e] + Hec., (2)
i=A,B

Hpw = Qwe™™WH(|0)aa (1] — [0)pe(1]) + Hec., (3)
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Table 1. The eigenstates and the corresponding eigenener-
gies of Hamiltonian H, . s in zero excitation subspaces. Here,
|aB)|yde) represents that atom in cavity A (B) is in the state
|a) (|8)), optical mode of the cavity A (B) is in the state
|7) (J€)) and of the fiber is in state |d).

Eigenstate Eigenenergy
|00)|000) 0
|5)]000) w1
|T")|000) w1
|11)]000) 2wy

in which a; and a;r denote the annihilation and creation
operators for the optical mode of cavity i, respectively. b
and b' denote the annihilation and creation operator for
the fiber mode, respectively; w, and wy, denote the frequen-
cies of cavity mode and the fiber mode, respectively; w and
wmw stand for the frequencies of the classical laser field
and the microwave field, respectively; v is the coupling
strength between the cavity mode and the fiber mode.
Then, we define the excitation number operator of the to-
tal system Ne =Y., p(le)ii(e] + ala;) 4 b'b. Under the
weak excitation condition and if the initial state is in the
zero excitation subspace, we can safely discard the sub-
space with excitation number greater than or equals two.

With the dissipation being included, the dynamics of
the system in Lindblad form could be described by the
master equation

p=ilp H +Z[ Lkt - (LTprLpLL)} (4)

where L; is the so-called Lindblad operators govern-
ing dissipation. Specifically, in the current scheme the

Lindblad operators can be expressed as Lg v/ 3b,
o V1/200)an el Lo V200 anlels Lo
\/7/2|0>BB<€|a L, = \/7/2|1>BB<6|7 Ly, = \/KJGA and

ke = VKap. L describes the dissipation induced by the
fiber loss. L., and L., describe the dissipation induced by
the spontaneous emission of atom in cavity A. L., and L,
describe the dissipation induced by the spontaneous emis-
sion of atom in cavity B. L, = v/kaa and L, = v/kap
describe the dissipation induced by the leakage of cavi-
ties A and B, respectively. Since cavity A and cavity B
are distant from each other, the dissipation processes are
spatially separated.

3 Preparation of the distributed entanglement
3.1 Dressed states

To see clearly the roles of the classical laser field, mi-
crowave field and dissipative factors, we identify the eigen-
states of the Hamiltonian H, . ¢ in zero and one excitation
subspace and use them as dressed states.

In Tables 1 and 2, we show the eigenstates and the cor-
responding eigenvalues (setting wy = 0) with the notations
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Table 2. The eigenstates and the corresponding eigenenergies
of Hamiltonian H, . s in one excitation subspace.

FEigenstate Eigenenergy
) we —wn
lp)2 We — w1 — V2w
lo)s we — w1 + V2
lp)a We + w1
le)s We +wi1—g
lo)e we +wi+g
lo)7 We + w1 — g1
lp)s we + w1 + g1
IT1), [S1)  we —/gf — g3/ V2
IT2), [S2)  we + /g7 —93/V2
IT3), S3)  we — /97 +93/V2
IT4), |Ss)  we + /93 +93/V2

shown in Appendix, and |T) is the maximal entanglement
we want to prepare for the two distributed atoms.

3.2 Roles of the microwave field and the classical
laser field

Under the dressed state picture, Hamiltonian H,,,, can be
rewritten as

Hopw = V2 Qypw €MVE([S)]000) (000 (11

— ]00)|000){000|(S|)+ H.c. (5)
Similarly, H.; can be rewritten as

B \/2qu
Vi + g%g3 — 202g3
n \/2qu
Vi — g%g3 + 202g3
20
L V20
g1
g2

4 V2 ™ T[000) (7| + (ps])

n eriwt|s>|ooo><<sos| T {gol) + He. (6)

In the interaction picture with respect to the Hamiltonian
H, . s that expressed by the eigenvectors and eigenvalues
in zero and one excitation subspace, equations (5) and (6)
can be transformed to

Hy €**100)|000) ((T1| + (T2|)
€**100)|000) ((Ts| + (T4|)

e"“*|T)[000) (]

Hopew = /2 Orpw (15)]000)(000](11] — [00)[000)(000|(S|)
+ H.c. (7)
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and

B \/QQVQ
Vi + 9293 — 20293
X (Ty| 4 eVt =051Y2)100) |000) (T |

L \/29%(2
Va3 — 9293 + 2v°g3
x |000)(T3] + ei(”’“’@’\/9%+9§/\/2)t|00)|000>(T4|}

. V20u

g1
g2

" V2g1
n ei(w—we—gl)t|T>|000><808|]
N 2

V2
N ei(w—”e_g)t|5>|000><906|} + H.c. (8)

i, {ei(wweﬂ/g%fg%/\/?)t |00)|000)

[ei(w7w5+\/gf+g§/\/2)t|00>

e!“=e )| T)[000) (4]

[e/em 91 T)]000) (7
[ 97]5)[000) 5|

Equation (7) shows that Hamiltonian H,,, causes res-
onant transitions among states |[11)|000), |.S)|000) and
|00)|000), as we shall see later, which is exactly the rea-
son why the scheme is independent of the initial states.
From equation (8), one can see that classical laser field
causes interactions between the states in zero excitation
subspace and that in one excitation subspace, and the
detuning of the interaction could be adjusted through
choosing the values of w, we, g and v according to the
requirement of the scheme. For example, if one choose
we —w = —/g? + g3/V/2, |00)]000) would couple reso-
nantly to |T4), while other terms in equation (8) would un-
dergo non-resonant interactions with different detunings.

3.3 Roles of the dissipative factors

Dissipation, which can occur via the fiber loss, atomic
spontaneous emission and cavity decay, is an integrant
component of the current state preparation scheme. The
states in one excitation subspace would be transformed to
the corresponding states in zero excitation subspace via
dissipation. Interestingly, it is easy to find that the second
term of |Ty) would be transformed to the state |77)|000)
(have not considered the normalization factor) when Lg
works. The first and the third terms of |T,) would be
transformed to the state |7)|000) when L,;, and L, work.
Besides, the fourth term of |Ty) would also be converted
to |T)|000) when L., and L., work. Since |T7)|000) is the
product state of the atomic maximally entangled state |T'),
the cavity mode vacuum state, and the fiber mode vac-
uum state, the scheme would be considered successful if
|7)]000) is prepared. Therefore, in order to prepare the
desired state, it is better if other undesired states in zero
excitation subspace could be coupled resonantly to |Ty4) in
one excitation subspace directly or indirectly.
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3.4 Preparation process

If the parameters satisfy w, — w = —+/g} + ¢3/v/2,
|00)|000) would couple resonantly to |Ty) while the other
terms in equation (8) underdo non-resonant interactions
with different detunings. First, we take into account the
case that the initial state is [11)]|000). As shown in Sec-
tion 3.2, |11)|000) would be transformed to |00)|000)
through the intermediate state |S)|000). Since |00)|000)
couples resonantly to |Ty), the initial state |11)|000) would

be transformed to |7)|000) via dissipation finally. The pro-

cess could be expressed as |11)]000) L, |S)|000) Hmw,

100Y1000) <4 |7y) 22, 17Y]000). Similarly, if the ini-
tial state is |.S)|000) or |00)|000), it would also be con-
verted to the desired state finally. Besides, since |01)|000)
or |10)|000) could be regarded as a superposition of the
states |.5)|000) and |77)|000), and |S)|000) would be trans-
formed to |77)|000) finally, the desired state could also be
achieved if the initial state is [01)|000) or [10)|000). In
brief, if the initial state is |7°)|000), it is stable and keeps
invariant. Otherwise, it would be transformed to |7°)|000)
via unitary dynamics and dissipative process. As a result,
the population of |7)|000) accumulates as time grows.

In the above analysis, for simplicity we only consider
the dissipative channel |e) — |1) when we study the
roles of the atomic spontaneous emission. Nevertheless,
the atomic spontaneous emission has another possibilities,
|e) — |0). By the time that happens, the fourth term of the
state |T4) would be converted to |00)|000), which is cou-
pled resonantly to the state |Ty) through the classical laser
field and thus has little or no effect on the state prepara-
tion. The detailed level configuration and the transformed
process of the whole scheme are shown in Figure 2.

We also noticed that |T3), |T2), and |T3) could also be
transformed to the desired state through the dissipative
process. Thus, if the selection of w. — w could realize the
resonant interactions between the state |00)|000) and any
one of the three states |T1), |T%) and |T3), the desired state
could also be prepared via the dissipation.

4 Discussion

To verify the feasibility of the scheme, we solve the master
equation numerically in zero and one excitation subspace.
For the purpose of studying the effect of each of the dis-
sipative factors, we would first consider one factor at a
time. Then, the combined effect of the dissipative factors
would be considered. In Figures 3a and 3b, we plot the
populations and the fidelity of the scheme when the dis-
sipative factors satisfy 8 = 0.1g, k = 0, and v = 0. The
results show that the desired state could be prepared with
the fidelity more than 94% when the evolution time equals
10*/g. The inset in Figure 3b shows that when xk = v = 0,
the fiber loss is critical for the state preparation since the
fidelity would be zero if the fiber loss is not exist. Simi-
larly, numerical results in Figures 3c—3f indicate that the
cavity decay and atomic spontaneous emission could also

Eur. Phys. J. D (2015) 69: 123
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zero excitation |00)[000)

Fig. 2. Level configuration and the transitions of the states in
the dressed state picture. Microwave field causes resonant tran-
sitions among states |11)|000), |S)|000) and |00)|000). Classical
laser field causes resonant transitions between states |00)|000)
and |T4). The other transitions between state in zero excita-
tion subspace and that in one excitation caused by classical
laser field are non-resonant with different detunings. Dissipa-
tive factors, i.e., atomic spontaneous emission, cavity decay and
fiber loss, are critical to translate the state |T4) into the desired
state. We use the notations 21 = v/2gv82/+/g4 + 9292 — 20293
and 2> = V29v2// g4 — 92g3 + 21243 for simplicity.

be utilized as resources to prepare the maximal entangle-
ment with high fidelity, respectively. In Figure 4, we plot
the fidelity when two out of three dissipative factors are
considered at the same time. The result gives a further
verification that each of the dissipative factors could be
utilized to prepare the distributed entanglement.

In Figure 5, we plot the fidelity when the three dissi-
pative factors are considered at the same time. One can
see from Figure 5a that the fidelity increases as the dissi-
pative factors increases. However, as shown in Figure 5b,
further increase of the dissipative factors would decrease
the performance of the scheme. In fact, like most of the
dissipative schemes, the present one is based on the com-
bined effect of the unitary dynamics and the dissipative
process. When the values of the dissipative factors are set
to zero, the scheme would not succeed. As the dissipa-
tive factors increases, the role of the dissipative process
becomes evident and the fidelity increases. Nevertheless,
further increase of the dissipative factors would lead to
an adverse effect on the unitary dynamics and thus de-
crease the overall performance of the scheme. Besides, in
Figure 6a we plot the fidelity versus the fluctuations of (2
and (2yrw, which shows that the scheme is robust on the
variation of {2 and (2w since the fidelity remains higher
than 80% even when the relative errors of these two fac-
tors reach 50% simultaneously. And Figure 6b indicates
that the scheme is robust on the variation of the coupling
strength between the cavity mode and the fiber mode.
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Fig. 4. Fidelity of the desired state with the initial state
|11)|000) at the time 1.5 x 10*/g. The parameters are chosen
as 2 = 0.008g, 2uw = 0.2502, and v = g¢. (a) The dissipative
factors 8 and k vary from 0 to 0.06g, and ~ is set to zero.
(b) The dissipative factors 8 and 7 vary from 0 to 0.06g, and
K is set to zero. (¢) The dissipative factors v and k vary from
0 to 0.06g, and S is set to zero.
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Fig. 3. (a)(c)(e) Populations of the states in zero subspace

with the initial state |11)|000). (b)(d)(f) Fidelities of the de-
sired state with the initial state |11)|000). In (a) and (b), the
parameters are chosen as {2 = 0.008¢g, 2uw = 0.252,v = g.
And the dissipative factors are chosen as = 0.1g, k = 0,
and v = 0. The inset of (b) is plotted with the dissipative
factors k = 0, v = 0, and ( varies from 0 to 0.1g at the
time 8 x 10*/g. In (c) and (d), the parameters are chosen as
2 = 0.008g, 2w = 0.202,v = g. And the dissipative factors
are chosen as 8 = 0, kK = 0.1g, and v = 0. The inset of (d)
is plotted with the dissipative factors 8 = 0, v = 0, and &
varies from 0 to 0.1g at the time 1.6 x 10*/g. In (e) and (f),
the parameters are chosen as 2 = 0.008¢g, 2w = 0.202,v = g.
And the dissipative factors are chosen as 3 = 0, k = 0, and
v = 0.1g. The inset of (f) is plotted with the dissipative fac-
tors 8 = 0, k = 0, and ~ varies from 0 to 0.1g at the time
1.6 x 10*/g.

If we wuse the experimental -cavity-parameters
(g,k,7) 2 x (34,4.1,3.6) MHz [64] and select
2 = 0.015g9, 2w = 0.36£2, 8 ~ Kk, and v = 0.9¢g for
simulation, the fidelity is about 71.7%. And this value
may further decrease after considering various realistic
experimental conditions. Nevertheless, as shown in Fig-
ure 5b, the performance can be greatly improved as the
dissipative rate decreases within a certain range. Thus, a
better cavity with high cooperativity should be satisfied
for implementing the scheme experimentally. In addition,
the short fiber limit {7/2wc < 1 should be fulfilled during
the whole experimental process. On that premise, the
scheme has certain requirements about the value of v for
realizing long-distance quantum information processing.

In contrast with the unitary-dynamics-based
schemes [57-62,65], the fiber loss takes on a new
role since it constitutes a vital passage from the state in
one excitation subspace to the desired state in the zero

~
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Fig. 5. Fidelity of the desired state with the initial state
|11)|000). The parameters are chosen as 2 = 0.008g, 2uw =
0.25(2, and v = g. The dissipative factors are set as § = k = 7.
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Fig. 6. (a) Fidelity of the desired state versus the relative

fluctuations of £2 and 2w with the initial state [11)|000) at
the time 2 x 10*/g. The notations df2 and df2yw in the axis
labels denote the deviations of {2 and {2vw, respectively. The
parameters are chosen as {2 = 0.008¢g, 2w = 0.002g, and
v = g. (b) Fidelity of the desired state versus v and evolution
time with the initial state |11)|000). The parameters are chosen
as 2 = 0.008g and 2vw = 0.002g. Both figures are plotted
with the dissipative factors f =k = vy = 0.04g.

excitation subspace. In comparison with the dissipative
schemes [37,38] based on the similar system, the difference
is that the current scheme has not introduced the normal
bosonic modes. Therefore, the bosonic modes of the
cavity and the fiber are considered to be completely
uncorrelated in our scheme.
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5 Conclusion

In conclusion, we have designed an alternative scheme to
prepare the distributed entanglement in the atom-cavity-
fiber system via the fiber loss as well as the atomic spon-
taneous emission and cavity decay. And the dissipation is
an essential part of the scheme. We hope that out work
may be useful for the distributed quantum information
processing tasks in the near future.

Appendix
|19) = (01) — [10))/v2, |T) = (|01) +[10))/V2,
o)1 = (/00)[100) — [00)[001))/V2,
l¢)2 = (]00)100) + [00Y|001) — +/2]00)]010)) /2,
l)s = (]00Y[100) + 00)[001) + +/2/00)|010)) /2,
|pYa = (|el>|000>+|1e>|000) 1) |01o /\/
l¢)s = (]11)]001) + |e1)]|000) — |1e>|000 |11) |1oo /2
l¢)e = (|11)[100) + [€1)[000) — |16>|000> - |11>|001>)/2,
lp)7 = (|el)|000>+|1e 1000) + |11>|01o> |11>|oo1>
91|11 |100 /\/ o 2”) +2,
lp)s = <|61>|000>+|1e 1000) + |11>|010> 91|11>|001>
91|11 |100 /\/ 9 2”) +2,
_ |Vt -3 (*+43)
ITh) = 2\/32gv2 *7(101)[100) + [10)[001))
9222 93 (101)]010) + |10)]010))
Ve - g
V20 3(]01)]001) + 10)|100))

V2 (g3 +9293—29302)

)

+ (]0e)|000)+1€0)|000))

gv
| Vei—a3 (*+43)
5= [V 000 Gonjoo) — oo
_ et 93 (101)]010) — |10[010})
\/91 |01>|001> 110Y[100))

F(|06HOOO>|eO>KXX»)l//\/2(9§4‘929§“29§V2)

gv
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T2) = _ Vet 2\/2gzz+g3)(|01>|100>+|10>|001>)
922; 93 (101)[010) + |10)[010))
Vi — g3
S %(]01)]001) + |10)]100))
+(106)1000)-+ 03000y | / V2 (ggngf“g%ﬂ)’
2 .2 2 2
1So) = | — Vi 2gj2g(iz+g3)(|01>|100>—|10>|001>)
92 + 93
o (101]010)  [10)[010))
Vi — g3 _
+ V2 (onjoot) ~ 10)100)
¥ <|0e>|ooo>|eo>|ooo>>] / & a2,
Ve + a3 (¢*—g3)
Ty) = g (01)1100) + |10)j001))
+ 952;75 (101)]010) + [10)[010))
B \/92 +92
\;29 ?(/01)[001) +[10)[100))
+ (106)]000)+|e0}[000)) / V2 (ggg;fgﬁggﬂ)’
[V +ad (- a)
1S5) = e 01]100) ~[10)/001)
95— 95
" 3291/ (]01)]010) — 10)[010))
\/92+92
- ;29 ?(/01)[001) — [10)[100))
(106000} — [€0}]000) ‘|/\/2 9%93 +293V2),
Vi + g3 (g% - 9%)
7)) = N (101)]100) + |10)|001))
92_92
+ %, (j0n)jo1) + [10)[010))

2 2
\/91 + 93
+ (|01>|001> +
V2g

+ (|0e)|000) +1€0)|000))

[10)]100))

V2 (93— 9293 +2g31?)
gv '
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|S4)

e+ (B-9%

= N (|01)[100) — |10)|001))

93 — 95
01)/010) — [10)]010
+ % (j01)1010) ~ [10)/010))

Vi + g3
T gy (101)]001) —[10)[100))
+ (|Oe>|000>|eo>|ooo>)]/\/2 (9§_9;3§+2g§y2)7

(A1)

where g7 = g 4 202, g3 = g% — 2v% and g3 = \/g* + 4.
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