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We propose an experimentally feasible scheme to generate general entangled states between atoms in
spatially separate cavities, and then show one of the applications—a secure communication allowing asymp-
totically key distribution and quasisecure direct communication. The scheme involves laser manipulation of
atoms in a high-Q cavity, adjustable quarter- and half-wave plates, beam splitter, polarizing beam splitters, and
single-photon detectors, and well fits the status of the current experimental technology.
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I. INTRODUCTION

Over the last decade there has been much activity in the
theoretical[1,2] and experimental[3] study of simple non-
trivial models of quantum-optical interactions involving one
atom with a few energy levels and one or more near resonant
modes of the quantized electromagnetic field. Recently, trap-
ping of single atoms in high-Q cavities opens up exciting
possibilities which have wide applications such as for gen-
eration of nonclassical or entangled optical pulses[4,5], for
observing strong cavity-QED effects[6–8], and more re-
markably, for implementation of quantum communication
and computation[9–13]. The trapping potential for confining
single atoms can be created by diverse avenues, including
the cavity-QED light itself [6,7], by additional far-off-
resonant trapping beams[14], and by combining single trap-
ping atoms with high-Q cavities[15,16]. Remarkably, cavity
QED, where atoms interact with a quantized electromagnetic
field, has already proven to be an ideal system for generating
entangled state[17]. Very recently, some schemes with in-
herent robustness to diverse sources of noise have been pro-
posed for entangling atoms in one cavity[18–22] as well as
in spatiality separate cavities[23,24]. The protocols are
thereby probabilistic, succeeding only conditionally for par-
ticular measurement results. Imperfections and noise in these
schemes decrease the success probability, but have no influ-
ence on the fidelity of the intended state generation for the
“successful”subset of trials.

In the paper, we would like to propose a scheme for the
preparation of general entanglement between atoms in differ-
ent cavities. We consider a system consisting of a single
five-level atom, located inside an external driven optical cav-
ity. The atom interacts with environment via a partially trans-
parent mirror. The output field from the cavities monitored
using the single-photon detectors. Our scheme involves the
passage of an atom with Zeeman substructure through over-
lapping cavity and laser fields, and is based on the adiabatic
transfer of atomic ground-state Zeeman coherence to the cav-
ity mode. Compared with the previous scheme, our protocol
has the following favorable features:(1) It is much more

efficient in the sense that the success probability can be close
to 1 in the ideal case;(2) it is more insensitive to certain
practical sources of noise, such as randomness in the atom’s
position, atomic spontaneous emission, or detection ineffi-
ciency, which only decrease the success probabilities, but
have no influence on the fidelity of the intended state gen-
eration for the successful subset of trials;(3) individual ad-
dressing of atoms is not required, nor are single-photon
states as initial resources.

This paper is organized as follows: in the following sec-
tion, we explain the basic idea of the method in the ideal case
where no dissipation takes places, and then describe and
solve the model Hamiltonian analytically following some
well-known approach based on the adiabatic approximation.
In Sec. III, the scheme is analyzed in the more realistic situ-
ation. We propose a protocol that allows the generation of a
maximally entangled state between individual atoms held in
spatially separate cavities. Two Raman interactions are used
to entangle the electronic levels and the quantized cavity
field in each atom-cavity system. The output fields of the two
cavities are superimposed and detected by single-photon de-
tectors. In Sec. IV, by making use of quantum memory avail-
able in atomic internal levels, the “EPR” states can be put
into many applications, for example, secure direct communi-
cation allowing asymptotically secure key distribution and
quasisecure direct communication, and in the latter case, the
communication protocol is quasisecure, i.e., an eavesdropper
is able to gain a small amount of message information before
being detected. In case of a key distribution, the protocol is
asymptotically secure. In contrast to other quantum crypto-
graphic schemes, the presented scheme is instantaneous, that
is, the information can be decoded during the transmission.
This improvement is obtained via random switching between
two distinct communication modes—a transmission mode
and detection mode. The key(or plain text) is generated(or
transmitted) in the transmission mode, while the eavesdrop-
ping is detected in the other mode. The only parameter which
has to be analyzed in order to detect the eavesdropper is the
correlation of bits generated in the detection mode. The basic
idea of the protocol has been raised by Boströmet al. [25].
In the last section, we summarize our proposal, and discuss
how some states are more robust than other ones against
dissipation and loss. The derivation of the evolution in the
presence of dissipation uses the standard method of adiabatic
elimination and produces quite complicated equations.
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II. CAVITY QED WITH A TRAPPING ATOM
IN AN IDEAL CASE

First we explain the basic idea of this method by consid-
ering a single trapping atom, with relevant level configura-
tion shown as Fig. 1. We consider a double-L-type five-level
configuration of atomic state of87Rb by way of example. In
this case,ugl, uhl, and uvl with energy differencesvgh and
vgv of the simplified five-level modes can be achieved in
pairs of Zeeman sublevels of electronic ground-states5S1/2d
87Rb atoms, corresponding respectively, touF=1,MF=0l,
uF=2,MF=−2l, and uF=2,MF=2l, with magnetic quantum
numbers differing by 2. The upper levelsuehl and uevl with
energy splittingsvgeh

andvgev
to the ground stateugl ("=1)

are the Zeeman sublevels of electronic excited 5P1/2 state,
corresponding touF=2,MF=−1l and uF=2,MF=1l, respec-
tively. The two pairs of Zeeman sublevels of the ground
statesugl,uhl and ugl,uvl are coupled via two far-detuned Ra-
man transition, i.e., all fields have the same large detuningD
on their respective transitions to the upper levelsuehl and
uevl. The transitionsuesl→ usl (heres=h,v) are coupled reso-
nantly to the cavity-QED modeĉs with the coupling rates
gssr ,td which depends on the atom’s positionr and the time
of the atom across the cavity field profile, and can be factor-
ized as

gssr ,td = g0
sstdxsr d. s1d

We assume for simplicity thatĉh and ĉv have the same spa-
tial mode structure with the same frequencyvo sfor example,
they can be of different polarizationsd. Two classical lasers
with the same frequencyvl and different polarizations
couple to the transitionsugl→ uesl with the Rabi frequencies
Vssr ,td, through other cavity modesĉs8. The two lasers are
far-off-resonant to the cavity modesĉs with a large detuning
vgs denoting the splitting between the levelsugl and usl. For
simplicity, we assume thatĉs and ĉs8 have the same spatial
mode structure with the same frequency and different polar-
izations. Then the Rabi frequency will depend on the atom’s
positionr by the same mode functionxsr d, i.e., Vssr ,td can
be factorized as

Vssr ,td = V0
sstdxsr d. s2d

The density matrixr of this system satisfies the equation

dr

dt
= − ifHef f,rg, s3d

and the effective HamiltonianHef f is given by

Hef f = − o
s=h,v

F uVssr ,tdu2

4
uglkgu + ugssr ,tdu2ĉs

†ĉsuslksu

+ SVssr ,tdgs
*sr ,td

2
ĉs

†uslkgu + H.c.DG . s4d

Here we adiabatically eliminate the excited state of the atom
by assuming that the population of that state is negligible.

The effective HamiltonianHef fstd has the property that it
couples only state within the family, or manifold,
hug,nl , uh,n+1l , uv ,n+1lj where unl represents ann-photon
Fock state of the cavity mode. The adiabatic energy eigen-
values of the Hamiltonian associated with a particular family
of states are

E1 = nvo, s5d

E2 = nvo +
g2sr ,tdsn + 1d

D
,

E3 = nvo +
2g2sr ,tdsn + 1d + V2sr ,td

2D
.

For simplicity, we assume that the Rabi frequencies and the
coupling coefficients are real and satisfyghsr ,td=gvsr ,td
=gsr ,td, andVhsr ,td=Vvsr ,td=Vsr ,td. Of particular interest
to us is the eigenstate corresponding toE1=nvo which is
given by

uEnl =
2g0stdÎn + 1ug,nl − V0stdsuh,n + 1l + uv,n + 1ld

Î4g0
2stdsn + 1d + 2V0

2std
.

s6d

This eigenstate does not contain any contribution from the
excited stateshence the term “dark” stated, and is indepen-
dent of the detuningD. The possibility for adiabatic passage
arises from the following behavior ofuEnl:

uEnl → ug,nl for V0std/g0std → 0, s7d

uEnl → uh,n + 1l or uv,n + 1l for g0std/V0std → 0,

that is, for the pulse sequence in which theV0std pulse is
time delayed with respect tog0std, the stateug,nl may be
adiabatically transformed into the stateuh,n+1l or uv ,n+1l
with the same probability.

III. ANALYSIS INCLUDING DISSIPATION AND NOISE

The main purpose of this paper is to demonstrate that it is
possible to use two different cavities to entangle atoms even

FIG. 1. The relevant-type double-L-level structure of the alkali
atoms in the ensembles. The metastable lower statesugl, uhl, anduvl
can be achieved by, for example, Zeeman sublevels of electronic
ground states 5S1/2

87Rb atoms, anduehl and uevl s5P1/2d are the
excited states.
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in situations where substantial dissipation is present. In this
section, we analyze the performance of our proposal in the
presence of the two main decoherence mechanisms, sponta-
neous emission and cavity decay.

The full master equation for the density operatorr then
takes the form

dr

dt
= − ifH8,rg + Ĵ1rĴ1

† + Ĵ2rĴ2
† + Ĵ3rĴ3

† + ĴcrĴc
†, s8d

where we have defined the effective non-Hermitian Hamil-
tonianshere, we have adiabatically eliminated the upper lev-
els uehl and uevld

H8 = − o
s=h,v

H D + iG/2

D2 + G2/4
FV2sr ,td

2
uglkgu + g2sr ,tdĉs

†ĉsuslksu

+ SVsr ,tdgsr ,td
2

ĉs
†uslkgu + H.c.DG +

i

2
ksĉs

†ĉsJ . s9d

The excited stateuehl sor uevld is assumed to have three in-
dependent decay channels: each of them may decay to their
two lower statesugl and uhl sor ugl and uvld with decay rates
g1 and g2, respectively, and it may decay to some other
statesuol with a decay rateg3. And G is the total decay rate
of the excited statesG=g1+g2+g3. The total effect of the
spontaneous emission is described by three relaxation opera-
tors

Ĵ1 =
Îg1

D − iG/2
fgsr ,tdsĉvuglkvu + ĉhuglkhud + Vsr ,tduglkgug,

s10d

Ĵ2 =
Îg2

D − iG/2
Fgsr ,tdsĉvuvlkvu + ĉhuhlkhud

+
Vsr ,td

2
suvlkgu + uhlkgudG ,

Ĵ3 =
Îg3

D − iG/2
fgsr ,tdsĉvuolkvu + ĉhuolkhud + Vsr ,tduolkoug.

To describe the decay of the cavity with the rateskh andkv,
we introduce a relaxation operator

Ĵc = Îkhĉh + Îkvĉv. s11d

The interaction Hamiltonian in the rotating frame is

Hint = − o
s=h,v

F D + iG/2

2D2 + G2/2
Vsr ,tdgsr ,td

3sĉs
†uslkgu + H.c.d +

i

2
ksĉs

†ĉsG . s12d

We then adiabatically eliminate the cavity in the Heisenberg
picture by assuming the “bad cavity” limit ks
@Vsr ,tdgsr ,tdD / sD2+G2/4d. Settingdĉs/dt=−ifĉs,Hintg=0
we obtain

ĉs = −
2Vsr ,tdgsr ,td
ikssD − iG/2d

uslkgu + noise, s13d

where the noise ensures the communication relation of the
operator. The cavity outputĉout

s std is connected with the cav-
ity modes ĉs through the standard input-output relation
ĉout

s std= ĉin
s std+Îksĉs, whereĉin

s std is the input vacuum field
with the propertyfĉin

s std , ĉin
s†st8dg=dst− t8d.

We are interested in the limit for which the variation
rate of V0std is significantly smaller than the cavity decay
rates kh and kv. In this limit, we can define an effective
single-mode bosonic operatorĉef f

s (here s=h,v) from the
cavity output operatorĉout

s std asĉef f
s =e0

Tfsstdĉout
s stddt, whereT

is the pulse duration andfsstd is the output pulse shape,
which is determined by the shape ofV0std as fsstd
=Îkssin ustdexpf−sks/2de0

t sin2ustddtg with sin ustd
=V0std /Î2g0

2std+V0
2std.

The atom in each cavity is initially prepared in the ground
stateugl, but the basis vectors of a qubit are represented by
the statesuhl and uvl. The cavity mode is put in the vacuum
state. The atom in each cavity is illuminated by the two
driving lasers with the same frequency and different polar-
izations (s+ and s−), and transferred with the probability
pc<1 to the metastable statesuhl and uvl by emitting a pho-
ton from the transitionsuehl→ uhl anduevl→ uvl, and the final
state between the atom and the corresponding cavity output
will quickly approach the form

uwll = suhluHlc + uvluVlcd/Î2, s14d

where l=1,2. Here, H and V, respectively, represent the
right ss+d and left ss−d circular polarization which can be
turned into horizontal and vertical polarizations of a photon
by a quarter-wave platesQWPd. In the following, uHlc and
uVlc represent the photon states with the horizontal and ver-
tical polarizations, respectively. If the two driving pulses
have the same shapeVsr ,td for the two cavities, the output
single-photon pulses from the two cavities will also have the
same shapefsstd and they will interfere with high visibility at
the polarizing beam splittersPBSd. If one gets a “click” from
each of the detectors at the outputs of the PBS, the two
incoming photons can both be either inuHlc or uVlc, and the
possibility amplitudes are coherently superposed when the
incoming photon pulses overlap with each other with the
same shape. Therefore, the measurement in Fig. 2, together
with the half-wave platesHWPd, corresponds to projecting
the whole stateuwl1 ^ uwl2 between the atoms and photons
onto a subspace with the projection operator given byP
= uHVlckHVu+ uVHlckVHu. Within this measurement scheme,
the stateuwl1 ^ uwl2 is effectively equivalent to the state

uwef fl ~ Puwl1 ^ uwl2 ~ suhvl ^ uHVlc + uvhl ^ uVHlcd/Î2.

s15d

The 45° polarizer projects the photon polarizations from
the huHlc, uVlcj basis tohsuHl+ uVldc/Î2,suHl− uVldc/Î2j. Af-
ter the measurement, the two atoms will be prepared in
EPR stateuC+la=suhvl+ uvhld /Î2. The polarizer can also
be replaced by HWP and PBS with both of its output
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detected by single-photon detectors. The overall success
probability of this scheme becomesp=1/2. Before intro-
ducing the applications of the EPR state, we offer a few
remarks about this two-cavity scheme. First, it is evident
that the scheme is inherently robust to atomic spontaneous
emission, output coupling inefficiency, and detector inef-
ficiency, all of which contribute to loss of photon. Since a
click from each of the detectorsD1 and D2 is never re-
corded if one photon is lost, these processes simply de-
crease the success probabilityp by a factor ofh2 swhere
1−h denotes the loss for each of the photonsd, but have no
influence on the fidelity of the final state. Second, our
scheme does not require localization of the atom in the
cavity to the Lamb-Dick limit. For the standing-wave cav-
ity and with the collinear pumping configuration proposed
in Ref. f23g, Vsr ,td and gsr ,td depend on the atom’s po-
sition through approximately the same cavity mode func-
tion. The pulse shapesfhstd and fvstd, which are deter-
mined by ratio V0std /g0std, thus become basically
independent of the random variation in the same cavity
mode function. For a traveling-wave cavity or for a free-
space configuration, the atom’s position only affects the
common phase of the coupling rategsr ,td and in the case,
a transverse pumping configuration also suffices since the
randomness in the common phase ofgsr ,td has no influ-
ence on the final entangled state.

IV. THE EXPERIMENTAL REALIZATION OF SECURE
DIRECT COMMUNICATION

After the maximally entangled state has been established
between two distant sites, we would like to use it in one of
the communication protocols, for example secure direct
communication, which is achieved with the setup shown in
Fig. 3. There are two users, Alice and Bob, who are con-
nected by a quantum channel and a classical public channel.
The quantum channel consists usually of an optical fiber. The
public channel, however, can be any communication link.
Suppose that Bob wants to communicateN-bit messagemN

=sm1, . . . ,mNd to Alice. Each of them has a set of atoms
trapping in optical cavities. Let us give an explicit algorithm
for the protocol.

Step 1. Initially, they prepareN pairs of atoms in the dif-
ferent cavities in the maximally entangled stateuC+la follow-
ing the way proposed above.

Step 2. The atoms of each pair belonging to Alice are
considered as home qubits, while the other ones belonging to
Bob are travel qubits.

Step 3. There are two different repumping pulsed lasers
with the same transition frequencyvrepump=vo and different
polarizations(s+ and s−), which induce Raman transitions
uhl↔ ugl and uvl↔ ugl, respectively. We are particularly in-
terested in the forward-scattering Stokes light from the two
Raman transitions. The two users apply both laser pulses
synchronously to measure their atoms. It can be achieved by
a Hadamard transformation using a beam splitter(BS). The
excitations in the modesuhl and uvl can be transferred to
optical excitations(i.e., the forward-scattering Stokes light),
which can be used in the secure direct communication. In
fact, we use the polarization degree of freedom of the pho-
tons from optical excitations. The effective state of the pho-
tons after the QWPs which turn the Stokes light to linearly
polarized photon is

uC+lc = suHVl + uVHldc/Î2. s16d

When two photons are maximally entangled in their polar-
ization degree of freedom, each single photon is not polar-
ized at all. One bit of information can be encoded in the state
uC+lc, which is completely unavailable to anyone who has
only access to one of the photons. For each user, there are
two modes, the detection mode to detect any eavesdropper,
and the transmission mode to transmit the message from Bob
to Alice.

Step 4. With a probabilityld, Bob switches to the detec-
tion mode and proceeds with step(d1); else, he starts with
step(t1) (the transmission mode).

FIG. 2. We consider a setup in which individual atoms are
trapped inside two spatially separated optical cavities 1 and 2. The
atoms are illuminated by the synchronized pumping laser pulses
and the forward-scattering Stokes pulses can leak out the cavities
and are collected in the beam splitter after the filters. The dashed
line represents the pumping laser pulses with the frequencyvl and
the solid line represents the Stokes pulses.

FIG. 3. Schematic setup for the realization of the secure direct
communication between two users. In each station, there is a device
called “space optical switch” which causes the photons to be sent to
the proper mode via fiber. The dashed line represents the repumping
laser pulses with the frequencyvo and the solid line represents the
forward-scattering Stokes pulses.
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A. The detection mode

The detection modes are the following.
(d1): For each photon from the optical excitation, Bob has

two types of measurementsBi. One measurement is along
rectilinear basis(i.e., B0=huHlc, uVlcj), and the other is along
diagonal basis [i.e., B1=hs1/Î2dsuHl+ uVldc,s1/Î2dsuHl
− uVldcj]. He chooses between the two types at random,
which can be achieved by a HWP and PBS. If he detects his
photon in the stateuHlc or s1/Î2dsuHl+ uVldc (i.e., the detec-
tor DH

2 is fired), he obtains the valuej =0; else, the measure-
ment yields the resultj =1, and potentially reveals one bit of
information. He writes down his measurement bases and the
results of the measurements.

(d2): He sends the two bitsi and j through the public
channel to Alice.

(d3): When Alice receives the two bits, she switches to the
detection mode and measures her photon from the optical
excitation in the same basisBi resulting in the valuek [26].

(d4): For the perfect anticorrelation of the stateuC+lc, if j
equalsk, Eve is detected, and they abort the protocol; else,
they go to Step 3.

B. The transmission mode

The transmission modes are the following.
(t1): For one bit of messagemn, Bob encodes the message

on his photon from the optical excitation. Ifmn=0, Bob ap-
plies the coding operation—single-bit rotationsz on his pho-
ton, else, ifmn=1, he does nothing, i.e., performs the opera-
tor I. And then he sends it back to Alice’s Bell-state analyzer.
For polarization encoding, the necessary transformations of
Bob’s photon from the optical excitation are performed by
rotating the optic axis of the first QWP to turn the Stokes
light to linearly polarized photon, and using a HWP for
changing the polarization and the second QWP to generate
the polarization-dependent phase shift. The component polar-
ized along the axis of the second QWP is advanced byp /2
relative to the other. Reorienting the optical axis from verti-
cal to horizontal causes a net phase change ofp between
uHlc and uVlc. The photon manipulated in this way in Bob’s
encoding station is then combined with the other photon at
Alice’s Bell-state analyzer.

(t2): After Alice receives the photon from Bob, she per-
forms a (partial) Bell measurement on both photons. The
Bell-state analyzer consists of a BS followed by two channel
PBSs in each of its outputs and proper coincidence analysis
between four single-photon detectors. If she obtains a coin-
cidence between detectorsDH andDV8 or betweenDH8 and
DV, the result state isuC−lc. If a coincidence between detec-
tors DH and DV or betweenDH8 and DV8 is achieved, she

obtains the result stateuC+lc. And then she achieves the op-
erator which Bob performed on the travel qubit. If there are
other invalid coincidences registered, they will go to step(t1)
for the same round again; else, they will go to the next step
(see Table I).

(t3): If n,N, they go to Step 3; else, the transmission of
the N-bit information is completed.

C. Security proof

Now we provide an analysis proposed by Boströmet al.
[25] that guarantees the security of our scheme against arbi-
trary eavesdropping strategy. Assume that Eve is an eaves-
dropper whose aim is to find out which operation Bob per-
forms. Since she cannot access Alice’s home qubit, the state
of the travel qubit is indistinguishable from the complete
mixture

rA = TrBhuC+lckC+uj = 1
2suHlckHu + uVlckVud, s17d

which corresponds to the situation where Alice sends the
travel qubit in either of the statesuHlc or uVlc, with the same
probability 1

2. In order to gain the information about Bob’s
operation, Eve prepares photons in an ancilla stateuflc
PHE, whereHE is an ancilla space of dimension dimHE
ø sdim HAd2. Then, Eve performs a unitary attack opera-
tion E on the composed systemrAE=rA ^ uflckfuPHE

^ HA.
We choose the case where Bob sendsuHlc by way of

example. Eve adds an ancilla stateuflc and performs the
unitary operationE on the composed system, resulting in the
state

ucl = EuHlc ^ uflc = auH,f0lc + buV,f1lc, s18d

where uf0lc and uf1lc are pure states determined by the op-
eratorE, and uau2+ ubu2=1. Hence, the detection probability
for Eve’s attack isd= ubu2. After the attack operation of Eve,
the state of the composed system is shown as

rAE8 = uclckcu, s19d

which is usually written in the orthogonal basis
huH ,f0lc, uV,f1lcj as

rAE8 = S uau2 ab*

a*b ubu2
D . s20d

Bob encodes the information by performing the operation
I or sz on his photon, with the probabilityp0 or p1, respec-
tively. Then, the state of the composed system is

TABLE I. Overview of possible manipulations and detection events of the transmission mode in secure
direct communication with the correlated photons.

mn Bob’s operator HWP QWP State sent Alice’s registration events

0 I 0° 0° uC+lc coinc. betweenDH andDV or DH8 andDV8
1 sz 0° 90° uC−lc coinc. betweenDH andDV8 or DH8 andDV
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rAE9 = S uau2 ab*sp0 − p1d
a*bsp0 − p1d ubu2

D . s21d

Since a probable detection measurement by Bob takes place
before Eve’s final measurement, the operation performed by
Bob has no influence on the detection probabilityld for
Eve’s attack. Now we give the maximal amountI0 of classi-
cal information gain, which can be represented by the von
Neumann entropy,

I0 = SsrAE9 d = − TrhrAE9 log2rAE9 j = − l1log2l1 − l2log2l2,

s22d

wherel1,2 are the two eigenvalues ofrAE9 ,

l1,2= 1
2h1 ± Î1 − 4uabu2f1 − sp0 − p1d2gj

= 1
2 ± 1

2
Î1 − s4ld − 4ld

2df1 − sp0 − p1d2g. s23d

The functionI0sld,p0d has a maximum atld=1/2, andp0

=1/2, and for a certain p0, can be inversed on the
interval f0,1/2g, giving a monotonous function 0øldsI0d
ø1/2, I0P f0,1g. By choosing a desired information gain
I0sldd.0 per attack, the detection probabilityldsI0d.0,

which means any effective eavesdropping attack can be
detected.

V. SUMMARY

Finally, we have a brief conclusion. In this paper, we have
studied the possibilities of preparing general entangled states
between two different cavities. Then we show one of the
applications—secure direct communication allowing asymp-
totically secure key distribution and quasisecure direct com-
munication. From the application, it is easier to find the fol-
lowing favorable features: First, it is robust to realistic noise
and imperfections which only decrease the success probabil-
ity but have no influence on the fidelity of the EPR state
generation. As a result, the physical requirements of this
scheme are moderate and well fit the experimental technique.
Second, one can store the local qubit in the atomic internal
states instead of the photonic states since it is different to
store photons for a reasonably long time.
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