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This paper proposes a scheme for transferring an N-atom state between two distant cavities via an optical fiber.

The scheme is based on adiabatic passage along a dark state. In the scheme, all the atoms are always in ground state,

the field mode of the fiber remains in vacuum state, and the field mode of the cavities being excited can be negligible

under certain conditions. Therefore, the scheme is very robust against decoherence. The successful probability of

implementing the quantum state transfer increases with increasing number of atoms. Furthermore, the interaction time

does not need to be accurately adjusted as long as the adiabaticity condition is fulfilled.
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1. Introduction

In quantum information theory, transferring in-
formation in the form of a coherently prepared quan-
tum state is essential. Usually, there are two methods
to transfer quantum states. The first method of trans-
ferring a quantum state is quantum teleportation,!
which was first proposed by Bennett et al. In
the quantum teleportation process, unknown quan-
tum information can be transmitted from a sender
to a receiver without the transmission of the car-
Since the first
quantum teleporting protocol was suggested, there

rier of the quantum information.

have been numerous schemes proposed to implement
teleportation.2~4 Experimental realizations of quan-
tum teleportation have been reported, in which op-
tical systemsl®! and nuclear magnetic resonance were
used.[® Recently, Riebe et al and Barrett et al have
experimentally implemented the teleportation of the
states of Catl”l and Be™.!8!

The second method of transferring a quantum
state is through a quantum network, which is based
on the idea of transferring a quantum state from one
node to another node with the help of a career (a quan-
tum channel). Cirac et al have proposed a protocol to
implement quantum transfer of an unknown atomic
state using photons for ideal quantum transmission
between two cavities.[) Biswas et al have also pre-
sented a scheme for transferring an unknown quantum

state,[!% which is based on the interaction of a two-
mode cavity field with a A-type atom. In the scheme,
the cavities serve as nodes and the atoms serve as
qubit carriers. There are also many other schemes
for transferring quantum states through a quantum
network,'~13] in these schemes, the qubit carriers are
all atoms. As is well known, atoms with long-lived
internal states are well suited for storing qubits, and
photons are the best qubit carriers for fast and reliable
communication over long distances. Recently, Chen
et al proposed a scheme to implement the quantum
transfer of an unknown atomic state utilizing photons
as qubit carriers.[4

In order to implement quantum information pro-
cessing in two remote cavities, Pellizzari proposed a
scheme for transferring quantum information reliably
between two atoms in two distant cavities coupled by
an optical fiber.['®] By using the same system, there
have been several schemes proposed to generate en-
tangled states, to realize quantum gates or to imple-
ment quantum state transfer.16=20) Wilk et al have
reported an experimental scheme for deterministically
generating an atom-photon entangled state.[?!] In the
scheme of Ref.[20], Li et al proposed a scheme for
transferring an N-atom state, in which the atoms res-
onantly and collectively interact with the local cavity
fields but there is no direct interaction between the

atoms. Inspired by the work of Li et al,*) in this pa-
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per, we propose an alternative scheme for transferring
an N-atom state. Our scheme is based on adiabatic
passage along a dark state. Compared with the work
of Li et all®® our scheme has the following advantages:
(i) all the atoms are always in ground state; (ii) the
field mode of the fiber remains in vacuum state; (iii)
the field mode of the cavities being excited can be
negligible under certain conditions; (iv) the successful
probability of implementing the quantum state trans-
fer increases with the increasing number of atoms, (v)
the interaction time does not need to be accurately
adjusted as long as the adiabaticity condition is ful-
filled.

2. Transferring of an I/N-atom

state

We consider that N atoms are trapped in each of
two cavities, and the two cavities are linked by an opti-
cal fiber. Each atom has three levels: an excited state
|r), and two ground states |f) and |g). The transition
lg) — |r) of each atom is resonantly coupled to the
cavity mode and the transition |f) — |r) is resonantly
driven by a classical field. We assume that the size of
the space occupied by the N atoms in each of the cav-
ities is much smaller than the wavelength of the fields,
then all the atoms in the cavity “see” the same fields.
On the other hand, the atoms in each cavity are so sep-
arated that they have no direct interaction with each
other.?’! In the short fiber limit (2L7)/(2xC) < 1,
only one resonant mode of the fiber will interact with
the cavity modes, where L is the length of the fiber
and 7 is the decay rate of the cavity fields into a con-
tinuum of the fiber modes. Then in the interaction
picture, the Hamiltonian of the whole system can be

written as

N
H— [Z@m Pir {aly + @I (£l

i=1
+ g202 |T>i,2 <9‘i72 + {2 |T>¢,2 <f|12)

+ vb(al + ag)} +H.c, (1)

where aJ{ (a1) and al (az) are the creation (annihila-
tion) operators for cavity 1 and cavity 2 respectively,
b is the annihilation operator of the resonant mode
of the fiber, v is the coupling strength between the
cavity mode and the fiber mode, 2, ({2) is the Rabi
frequency of the classical field applied to cavity 1 (2),
and g1 (g2) is the coupling strength between the atom

and the field in cavity 1 (2). For simplicity, we assume
g1 =92=49-

We assume that the initial state of the system
is |f,N —1),]0,N),|000),, where [0, N) is the state
having N atoms in the state |g), |f, N — 1) is the state
having N — 1 atoms in the state |g) and one atom in
the state [f), and [n1nany)  is the state having ny, no,
and ny photons in cavity 1, cavity 2 and the fiber re-
spectively. The state evolves in the subspace spanned
by the basis state vectors:

|f7N - 1)1 |07N>2 |000>f7 |TvN - 1>1 |07N>2 |000>fv

10, N)1 10, N)5 [100) 5 |0, N)y |0, N), [001)

|0, N), |0, N), |010) \0,N>1|r,N—1>2\000>f,

fa
and
0,N), 1, N — 1),]000)

where |7, N — 1) has N — 1 atoms in the state |g) and
one atom in the state |r). There is a dark state with
null eigenvalue, which is

1) = cosfcosa|[f,N — 1), |0, N), [000) ;
+cosfsina [0, N), [f, N —1),]000),
+sin 6|0, N), [0, N), (|100>f - |010>f)7

where
200 12
sinf = V20 . (3
VNg203 + Ng2 0} + 207023
Ng222 + Ng2(?
cosf = \/29 2+ 29 L 55 (4)
VNg2023 + Ng2 2} + 20203
. VNgiy
sina = > =, (5)
VNG225 + Ng? 42
cosa = Ng 82z (6)

VNG203 + N2 07
Now we want to implement the quantum state
transfer as the following:

(@]0,N); +B[f, N —1);) ©]0,N),
= (|0, N)y + BIf,N = 1),) @|0,N);,  (7)

where |a]®> + [8> = 1. Initially, we choose
that %, VNg > 2, and let the system in
the state (a|0,N), + B[f,N —1),)[0,N), [000),.
Under the adiabatic condition, the state
|f,N —1),|0,N),|000), undergoes the evolution
decided by Eq.(2). If we adiabatically increase
2, and decrease 2 until 2, < N g and {2y,
then the state |f,N —1),[0,N),[000), evolves



No. 8

Transferring an N-atom state between two distant cavities via an optical fiber 3249

to [0,N), [f, N —1),]000),, leaving all the field
modes in the vacuum state. Meanwhile, the state
|0, N); 0, N),[000), remains unchanged during this
stage. Therefore, after the above procedure we can
implement the quantum state transfer decided by
Eq.(7).

Now we discuss the experimental feasibility of the
present scheme. We can see from Eq.(2) that during
the adiabatic transferring process

|f.N = 1), [0,N), [000) ; — [0, N), |f,N — 1), 000), ,

the atoms in the two cavities are always in ground
states, the mode of the fiber remains in vacuum state,
and the field mode of the cavities being excited can
be negligible under the condition that vNg > (2
and (2. However, if the condition VN g > (1 and
{25 is not ideally satisfied, there is a probability of the
cavity modes being excited, which will affect the suc-
cessful probability of the scheme. Now we discuss the
probability of the cavity modes being excited. We sup-
pose that initially 25 max = 9/4, 21 min &~ 0 and the
increasing rate of 2 is equal to the decreasing rate of
{25, then we have the relation £2; + % = g/4 (in ex-
periments, g more than four times larger than (25 .y
or 21 max has been achieved[22]). The probability of
the cavity modes being excited can be estimated as

1 Omax
P= / sin? 0d6. (8)
gmax 0
Because of the cavity decay, the probability

for the state [f,N —1),[0,N),|000), evolving to
10, N); 10, N), [000) ; through the intermediate state
0, N); |0, N), (]100) ; — [010) ;)/V/2 is approximately
€ = ktP, where k is the cavity decay rate and ¢ is the
interaction time.

|faN_ 1>1 |07N>2 ‘000>f
= V1=¢€|0,N);[f,N —1), |000>f
+v€|0,N), 0, N), [000) ;. (9)

According to Ref.[23], the time-dependent Rabi fre-

quencies )y and (% can be expressed as (» =
%e_(gt)z/w and )y = %(1 —e_(gt)2/32).
the interaction time ¢ = 20/g, the condition that

25, VNg > ( in the initial of the interaction and
2, < VN g, £, in the final stage of the inter-
action can be well fulfilled. Then we can calculate

If we set

the successful probability P’ to implement the quan-
tum state transfer decided by Eq.(7).
show the relation of P’ versus atom number N for

In Fig.1, we

k = 0.1g. In Ref.[24], the cavity QED parameters de-
scribing the cavity-atom interaction system were ob-
tained as (g, x)/2m = (16, 1.4) MHz, which satisfies
the condition K = 0.1g. It is obvious that the success-
ful probability increases with increasing atom num-
ber. If we use two high-finesse optical cavities,??
(g, k)/2m = (16, 0.14) MHz can be obtained, which
satisfies k = 0.01g. Then our scheme can be com-

pleted with a higher success probability.

0.9998 | 1
0.9994 } |
& 0.9990f 1
0.9986 | 1
0.9982 s . .
50 100 150 200
N

Fig.1. The probability P’ of transferring N-atom states
versus atom number N, taking k = 0.1g.

For the atomic level structure, we can take Cs as
our choice.!'! The states | f) and |g) correspond to the
hyperfine levels |FF =4, m = —1) and |F =4, m = 1)
of 65 /5 respectively, while the state |r) corresponds to
|FF=4, m =0) of 6P3/5. The transition [f) — |r) is
driven by a right-circular polarized laser pulse, while
the transition |g) — |r) is coupled to a left-circular
polarized cavity mode. In the above analyses, we as-
sume that: (i) the size of the space occupied by the N
atoms in each of the cavities is much smaller than the
wavelength of the fields, then all the atoms in the cav-
ity “see” the same fields; (ii) the atoms in the cavity
are so separated that they have no direct interaction
with each other. Can these assumptions be fulfilled
in current experiments? Suppose that all the atoms
are trapped in a flat-disk-shaped trap of transverse
radius dr and axis thickness 6z in the cavity. This
flat-disk trap with radius §r = 2.3 pm and thickness
8z = 33 nm has been realized experimentally.(?6] Ac-
cording to the current experimental parameters, 26 we
know that the nodirect interaction condition can be
satisfied very well when N < 200, and all the atoms
in the trap have nearly the same coupling strength
with the cavity, as the spatial variation in the trap
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results in a very small change of the coupling strength
8g/g0 < 1072.126] As for the classical fields, we employ
the idea of Ref.[27]: all the applied laser pulses are
incident from one mirror of their corresponding cavi-
ties and collinear with axes of their respective cavities.
Thus, the lasers share the same spatial mode structure
with their respective cavity, all the atoms in each cav-
ity “see” the same classical field.

3. Summary

In conclusion, a scheme is proposed for transfer-
ring an N-atom state between two distant cavities via
an optical fiber, which is based on adiabatic passage

along a dark state. In the scheme, all the atoms are
always in ground state, the field mode of the fiber re-
mains in vacuum state, and the field mode of the cavi-
ties being excited can be negligible under certain con-
ditions. Therefore, the scheme is very robust against
decoherence. The success probability of implementing
the quantum state transfer increases with increasing
atom number. Furthermore, the interaction time does
not need to be accurately adjusted as long as the adia-
baticity condition is fulfilled. According to the current
experiments, the assumptions employed in the present
scheme are reasonable and realistic. Thus, the scheme
can be realized with current optical cavity and atomic
trap techniques.
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