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Implementing W state of remote atoms
trapped in separated cavities
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Abstract: A scheme was proposed for implementing the entangled W state of three atoms trapped
in distant cavities connected by single-mode fibers. The scheme is robust to atomic spontaneous
decay, cavity decay and photon leaking out of the fiber due to that the atomic system, all the
modes of cavity fields and fibers are only virtually excited. Compared to the previous schemes,
the significant advantage is that the adiabatic passage is applied in the scheme. It does not need
precise control of the Rabi frequency, pulse duration and is insensitive to moderate fluctuations of
experimental parameters. In principle, the n-atom W state can be prepared by using such a method.
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1 Introduction

Quantum entanglement, as one of the remarkable features of quantum mechanics, not only provides a
basic ingredient for testing quantum nonlocality against local hidden theory!'™~3], but also plays a crucial part in
many quantum information processing task, such as quantum teleportation!!, quantum secret sharingl®l, and
distributed quantum computation!®! etc. Therefore, the entangled states have drawn more and more people’s
attention both in theory and experiment. It goes without saying that the generation of the entangled states

becomes increasingly hard with the number of relevant particles increase. In terms of three-particle entangled
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states, there are two typical forms: the GHZ state and the W statel”). Compared with GHZ state, the distinct
characteristic of W state is that when one of the three particles is traced out the rest of two particles remain
a relatively high entanglement degreel®. In other words, the W state is more superior to GHZ state in resist
particle losing[®.

It is no doubt that the cavity quantum electrodynamics (QED), one of the possible candidates for imple-
menting quantum information process, always attract much attention. It is due to the case that the atomic
systems are well suit for storing the quantum information over a long time scale and the photons are suitable
to communicate over long distance for distributing quantum information!'®’. On the other hand, entangle-
ment between separate subsystems play an important role in many quantum information processes!'!l and

distributed quantum computation'Z

. Therefore, recently, based on cavity QED system, various schemes have
been proposed to prepare entanglement state of distant atoms trapped in distant optical cavities connected
by fibers!3~19]. Ye et al.['! put forward a scheme to generate a three-dimension entangled state of two atoms
separately trapped in two cavities which is connected by an optical fiber. Zheng!*®! presented a scheme for
generating entangled GHZ states of multiple atoms trapped in distant cavities connected by fibers. Very
recently, Lii et al.l'”! proposed a scheme for achieving multipartite entanglement of distant atoms through
selective photon emission and absorption process and used the method of numerical simulate. However, the
deterministically generated is relying on the appropriate time. Inspired by the above-mentioned proposals, in
this paper, we present a scheme for generating the entangled W state for spatially separated atoms in separated
cavities through adiabatic passage along dark state. Compared with the paper!'® our scheme take advantage
of adiabatic passage for generating entangled state and it does not need precise control of the Rabi frequency
and pulse duration. What is more, neither the atomic system nor the modes of cavities and fibers are excited
during the whole interaction process so that the scheme is robust to atomic spontaneous emission, cavity decay

and fiber-losing.

2 Generation of W state for atoms trapped in separated cavities

We consider that three distant cavities (set Cy, Cy and C3) connected by two optical fibers A and B,
as depicted in Fig.1. Three atoms 1, 2 and 3 are individually trapped in cavities C;, C2 and Cgz, which
was respectively driven by three classical fields with Rabi frequencies (21, (% and (2. In addition, their
corresponding atom-field coupling constants are denoted by g1, g2 and gs. Ay, Ay and Agz are the frequency

detuning and satisfy the atom-photon resonance conditions, which can be found in Fig.2 clearly.

(29]

[ep=fe)={e]

< ]

Fig.1 Experimental setup of preparing entangled W state. Atom 1, 2 and 3 are trapped in three spatially
separated cavities C1, C2 and Cs, respectively. The cavities are linked by optical fibers A and B



194 B F ¥ T ¥ #H 30 &

R
X |">2
\
\
\‘ X
Q, 52 \
\\ 1
\
—_— \
| — 0 |1> —
‘ >2 |a>2 ‘ >2 1 |0>3
atom 1 atom 2 atom 3

Fig.2 The level configuration of each atom in the scheme

In the interaction picture, the total Hamiltonian of the cavity-fiber-cavity system under the dipole and

rotating-wave approximation can be written by (setting i = 1)[15:19:20]

H= 3 (—Anle)nle]) + (f2]e)1(1] + grai]e)1(0]+
n=1,2,3
(e)a{al + goazle)2{0] + 25]e)s (1] + gsas|e)s(0| + h.c.)+
[1aba(al + al) + nebe(al + al) + h.c], (1)

where 774 and 7 are the corresponding cavity-fiber coupling constants. by and bg are the annihilation operator
for the fibers A and B. aJ{, a; and ag are the creation operator for the cavity (C1, Cy and C3) mode, respectively.
In the above calculation, we assume the short fiber limit, that is, 22LTZ < 1. Under the condition of large-
detuning, |An| > |24, |gn](n = 1,2, 3), the excited states of atoms can be adiabatically eliminated. Therefore,

the effective Hamiltonian of the total system is given as
Heg= [.Qela1|1)1(0| + .(262&2|a)2<0| + .(263a3|1)3(0| + h.C.]+
naba(al +ab) +nebs(al +al) + h.c), 2)

where 2, = gnf2,/An(n = 1,2,3) are the effective Rabi frequencies relevant to the Raman transitions of
[0)1 = |e)y1 = |1)1,|a)2 = |e)2 — |0)2 and |0)s — |e)s — |1)3. Now, we will elaborate the generation of W
states of atoms based on the above model. Suppose that atom 1, 2, 3 are initially in the state |0a0)123 and
all the modes of cavities and fibers are in the vacuum state [000)¢,c,c5|00) 74 7. Then, the cavity-fiber-cavity
system remains in the subspace spanned by {|¢1),|d2), |¢3),|P4), |@5), |P6), |P7), |Ps)}, where

|$1) = |0a0)123]000)c; 0505100} 4 ss  |#2) = [000)123]010)c;c5¢5|00) 14 £ 5
|¢3> = | 0>123|000>C1C203|10>fAfB7 |¢4> = | 0>123|000>0102C3|01)fAfB7
3)
|¢5> = | )123|100>C10203|00>fAfB7 |¢6> = | 0>123|001>0102C3|00)fAfB7
|¢7) = [100)123]000)cyc¢4[00) fafms  |#8) = [001)123]000)c;c5c5(00) £4 £ -

The dark state with null eigenvalue is

| W) = N[—$1 2e3(na + 118)]0a0)123]000)c,coc5[00) fo s + Ze1 262 263/000) 123 X
|000>010203|10)fAfB + ‘961‘962‘963|000)123|000)0102C3|01)fAfB - ‘(262‘(263nAX
[100)123/000)c;cpc5/00) £4 fis — 2e1£2e2m8]001)123]000) ¢y c0e5100) 4 155 (4)

here

1
N = .
\/-QerQ (na +1B)? + 2022 22,02 + 22,02%n0% + 22, 2205
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At the beginning of the stage we set a4 = 8 = 1 and 2.1 = 22 = 23 = (2. Slowly decreasing (2, while
increasing n until it satisfy the condition of n > 2.. Then the dark state will given by

1
|¥) = %(2|0a0)123 +1100) 123 + [001)123)[000)c, cpc500) 14 fis - (6)

Perform a single-qubit rotation |a)2 — |1)2 on atom 2, the state of system becomes the following form

1
|¥) = %(2|010)123 + [100)123 + [001)123)|000)c; cpc5|00) 4 fis - (7)

In this case, we obtain the entangled W-like state of three separated atoms and meanwhile all the modes of
cavity fields and fibers are both in the vacuum state. Then, we design the course that change the W-like state
into the standard form of W state as
1
V3

Consider two identical two-level atoms simultaneously interacting with a single mode cavity field. Under
21]

(|010)123 + |100)123 + |001);23). (8)

the large-detuning condition, the effective Hamiltonian in interaction picture is!
H=A Z (|1m><1m|anr - |Om)<0m|a1a) + (11p){0p[0g)(1q| + 0p)(1p([1¢){Oq ), 9)
m(m=p,q)

where A = g2/4. If cavity field is initially in the vacuum state and the atoms are initially in the state |10),.

Then, the state evolution of the system is
[10)pq — € A [cos(At)[10) g — isin(At)|01),,], (10)

while the interaction Hamiltonian takes no effect on state [00),-
After atom 2 be released from cavity Cs, and atom a are simultaneously sent to another cavity. In the
condition of large-detuning and choosing the appropriate interaction time satisfy At = 7 /3, the state of system

is

8 1 im V3
|¥)12a3 = \/; X —= [(e_l§|010>123 + [100)123 + [001)123)[0)a — 1§|000>123|1)a:| =

V6
\/g X % [(e—i% |010)123 + [100)123 + |001)123)]0)s — i§|000)123|1)a]. (11)

Then, perform a rotation on atom 2 with |1)2 — €' |1),.
We perform a measurement on atom a. If the result of the state is |0),, we obtain the maximum entangled

1
W state 7?_)(|010)123 + ]100)123 + |001)123) of atoms with the probability of 4/5.

3 Discussion and conclusion

Now we briefly discuss the experimental feasibility of this scheme under the practical situations. Firstly,
the hyperfine-split levels for the D lines of cold alkali-metal atoms can be chosen in our scheme on the bases
of Ref. [14]. In order to experimentally realize, first we set no = ng = n and 21 = 22 = 2.3 = 2. and
then slowly decreasing (2, while increasing n until it satisfy the condition of adiabatically evolutes, n > (2.
In addition, under the large-detuning condition of |A,| > [2,],|gn|(n = 1,2,3) and n > 2, the atomic
excited states and fiber modes are only virtually excited, so the influence of atomic decay rate and fiber decay

rate can be well suppressed during the dark state evolution??l. In addition, the cavity-fiber coupling strength
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n= \/m relys on L and #. Here L is the length of the o;_)tical fiber and 7 is the decay rate of cavity field
into a continuum of fiber mode. In the short fiber limit 221171; < 1,L <1 m, n ~25 Q, and 7 ~1 GHz['3:17]
are the most realistic experimental conditions. Through decreasing the reflectivity R of the cavity mirror
connected to the fiber, we can increase the coupling strength 5. That is to say, the coupling strength n can
be controlled by regulating fiber length L and the reflectivity R of the cavity mirror expediently. The effect
of photon leaking out of the cavities and fibers have been discussed in Refs [17,23]. The decay rates of cavity
and fiber, according to the recent experimental parameters!?*25, might satisfy the demand of our system to
implement W state with high fidelity. Lastly, the required time in the process of W-like state into normal
style W state is about 2 x 10~*s with the coupling constant g = 27 x 24 kHz and 6=10 g*'). The decay time
of photo is about T, ~ 103 s[26] which is much longer than the require time. Therefore, on the basis of the
above analysis, our scheme might be realized in current experiment setup of cavity QED technique.

We note that the proposal can be generalized to generate W state for n atoms trapped in n separated
cavities connected by n — 1 fibers. Assume that the atoms are initially in the state |0)1]a)2|0)3 - --|0), and
meanwhile the modes of cavities and fibers are initially in the vacuum states. Under the condition of n > (2,
(na=m =-=np_1 =nand Ny = Q3 = N3 = -+ = R, = ), we get the n-atoms entanglement
W-like state during the adiabatic evolution passage, then sent atom 2 and another atom a into another cavity
experience the large-detuning interaction, thus we obtain the normal form of n-atom W state as |¥), =
L(|100---0) +1]001---0) +---+|000---1})).

v In conclusion, we propose a scheme for preparing a three-particle entangled state of spatially separated
atoms. During the operation, the atomic system, the modes of cavity fields and fibers are only virtually excited.
Thus our scheme is robust to atomic spontaneous decay, cavity decay, and photon leaking out of the fiber and
insensitive to moderate fluctuations of experimental parameters. In addition, taking advantage of adiabatic
passage, it does not need precise control of the Rabi frequency and pulse duration. Also we can extend
the scheme to prepare the n-particle entanglement state of distant atoms. The techniques of trapping atom,
releasing atom, manipulating and transforming quantum states in the system have been improved according to
the recent proposed schemes. Therefore, our scheme would be realized with current techniques and potentially

be used for the distribute quantum computation.
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