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An experimentally feasible scheme for implementing quantum dense coding in cavity QED is proposed. In
the scheme the atoms interact simultaneously with a highly detuned cavity mode with the assistance of a
classical field. The scheme is insensitive to the cavity decay and the thermal field. Bell states can be exactly
distinguished via detecting the atomic state, and the quantum dense coding can be realized in a simple way.
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Quantum dense codingf1g is one of the important appli-
cations of quantum entanglement in quantum communica-
tion. Dense coding can transmit two bits of classical infor-
mation by sending only one quantum bit with the help of
entanglement if the sendersAliced and the receiversBobd
share a maximally entangled statesBell stated. Two-particle
quantum dense coding has been experimentally demon-
strated by using optical systems and techniques of nuclear
magnetic resonancef2–4g. Some theoretical schemes for
quantum dense coding have been proposedf5–10g by using
GHZ state and the nonmaximally two-particle entangled
state. As one of the possible candidates for engineering quan-
tum entanglement, the cavity quantum electrodynamics sys-
tem always attracts much attentionf11g. This is due to the
fact that cold and localized atoms are not only the important
resource of entanglement, but also well suited for storing
quantum information in long-lived internal states. Particu-
larly, Riebeet al. f12g and Barrettet al. f13g have imple-
mented quantum teleportation of atomic qubits by using Ca+

ions in a linear Paul trap and using Be+ ions in a segmented
ion trap, respectively. It shows that the techniques of ma-
nipulating and transforming quantum states have made a
striking progress in cavity QED. However, the decoherence
of the cavity field is still one of the main obstacles for the
implementation of quantum information in cavity QED. Re-
cently, Zheng and Guo proposed a schemef14g, where atoms
interact with a nonresonant cavity and the cavity is only
virtually excited. Osnaghiet al. f15g have experimentally
demonstrated this scheme by the use of two Rydberg atoms
crossing a nonresonant cavity. Following this idea, Linet al.
f16g proposed a scheme to implement quantum dense coding
for two three-level atoms via cavity QED. In their scheme
the photon-number-dependent Stark shifts cannot be can-
celed; the scheme requires that the cavity remains in the
vacuum state throughout the procedure. Thus it is insensitive
to the cavity decay. However, it is sensitive to the thermal
field. Here we propose an alternative scheme for realizing
quantum dense coding in cavity QED. The distinct advantage
of the scheme is that during the passage of the atoms through

the cavity field, a strong classical field is accompanied so
that the photon-number-dependent parts are canceled. Thus
this scheme is insensitive to both the cavity decay and the
thermal field. More importantly, four Bell-state measure-
ments can be exactly discriminated only by one step with the
probability of success 1.

We consider two identical two-level atoms simultaneously
interacting with a single-mode cavity field and driven by a
classical field. In the rotating-wave approximation, the
Hamiltonian isf17,18g

H = v0Sz + vaa
+a + o

j=1

2

fgsa+Sj
− + aSj

+d + VsSj
+e−ivt + Sj

−eivtdg,

s1d

where Sz=
1
2o j=1,2uejlkeju− ugjlkgju, Sj

+= uejlkgju, Sj
−= ugjlkeju,

and uejl, ugjl are the excited and ground states of thej th
atom, respectively.a+, a are the creation and annihilation
operators for the cavity mode,g is the atom-cavity coupling
strength,V is the Rabi frequency,v0 is the atomic transition
frequency,va is the cavity frequency, andv is the frequency
of the classical field. Assumingv0=v, in the interaction pic-
ture, the interaction Hamiltonian isf17,18g

HI = Vo
j=1,2

sSj
+ + Sj

−d + go
j=1

2

se−idta+Sj
− + eidtaSj

+d, s2d

where d is the detuning between the atomic transition fre-
quencyv0 and cavity frequencyva.

In the strong driving regimeV@d ,g and in the cased
@g, there is no energy exchange between the atomic system
and the cavity. Then in the interaction picture, the effective
interaction Hamiltonian readsf18g

He =
l

2Fo
j=1

2

suel j jkeu + ugl j jkgud + o
i,j=1,iÞ j

2

sSi
+Sj

− + Si
+Sj

+ + H.c.dg,

s3d

wherel=g2/2d. We note that the effective Hamiltonian is
independent of the cavity field state, allowing it to be in a
thermal state.

Then the evolution operator of the system is given by
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Ustd = e−iH0te−iHet, s4d

whereH0=Vo j=1,2sSj
++Sj

−d.
Assume two atoms are initially in the stateugel12. The two

atoms interact simultaneously with a single-mode cavity, at
the same time the atoms are driven by a classical field, the
state evolution of the system is

ucl12 = e−ilthcossltdfcossVtdugl1 − i sinsVtduel1gfcossVtduel2

− i sinsVtdugl2g − i sinsltdfcossVtduel1

− i sinsVtdugl1gfcossVtdugl2 − i sinsVtduel2gj. s5d

With the choice ofVt=p, lt=p /4, we obtain the maxi-
mally two-atom entangled state

ucl12 =
1
Î2

sugel12 − i uegl12d. s6d

Suppose that atom 1 belongs to Alice and atom 2 belongs
to Bob.

To realize the quantum dense coding, Alice performs on
her atom 1 one of the four local operationshI ,sx , isy ,szj
swhereI is the identity operator andsi are three Pauli opera-

torsd, which will, respectively, transform the state of two
atoms into one of the following four states:

uc−l12 =
1
Î2

sugel12 − i uegl12d, s7d

uf−l12 =
1
Î2

sueel12 − i uggl12d, s8d

uf+l12 =
1
Î2

sueel12 + i uggl12d, s9d

uc+l12 =
1
Î2

sugel12 + i uegl12d. s10d

Then Alice sends her atom 1 to Bob. In this case Bob
possesses two atoms 1 and 2. Now what Bob wants to do is
know how to discriminate the four states.

Bob let atom 1 and atom 2 simultaneously interact with
another single-mode cavity and at the same time two atoms
are driven by a classical field. The system evolution is de-
scribed by Eq.s4d. After an interaction timet the statesuc−l
and uf−l evolve to

uc−l12 =
e−ilt

Î2
hcossltdfcossVtdugl1 − i sinsVtduel1gfcossVtduel2 − i sinsVtdugl2g − i sinsltdfcossVtduel1 − i sinsVtdugl1g

3fcossVtdugl2 − i sinsVtduel2g − i cossltdfcossVtduel1 − i sinsVtdugl1gfcossVtdugl2 − i sinsVtduel2g − sinsltd

3fcossVtdugl1 − i sinsVtduel1gfcossVtduel2 − i sinsVtdugl2gj, s11d

uf−l12 =
e−ilt

Î2
hcossltdfcossVtduel1 − i sinsVtdugl1gfcossVtduel2 − i sinsVtdugl2g − i sinsltdfcossVtdugl1 − i sinsVtduel1g

3fcossVtdugl2 − i sinsVtduel2g − i cossltdfcossVtdugl1 − i sinsVtduel1gfcossVtdugl2 − i sinsVtduel2g − sinsltd

3fcossVtduel1 − i sinsVtdugl1gfcossVtduel2 − i sinsVtdugl2gj. s12d

If we choose the interaction timet and Rabi frequencyV
appropriately so thatlt=p /4, Vt=p, the above quantum
states will be

uc−l → − i uel1ugl2, s13d

uf−l → − i ugl1ugl2. s14d

In this case the other two states evolve to

uf+l → uel1uel2, s15d

uc+l → ugl1uel2. s16d

Hence, the Bell-state measurement can be achieved by de-
tecting atoms 1 and 2 separately. With the outcome of the

measurement on Bob’s two atoms, Bob can distinguish Al-
ice’s operation on atom 1. So he receives two bits of classical
information from Alice. That is, the dense coding is
achieved.

Next we give a brief discussion on the experimental mat-
ters. For the Rydberg atoms with principal quantum numbers
49, 50, and 51, the radiative time is aboutTr =3310−2 s, and
the coupling constant isg=2p324 kHz f14,15g. The re-
quired atom-cavity-field interaction time is on the order of
T<10−4 s. Then the time needed to complete the whole pro-
cedure is much shorter thanTr. Meanwhile it is noted that the
atomic state evolution is independent of the cavity field state,
thus based on cavity QED techniques presently the proposed
scheme might be realizable.

In summary, we have proposed a simple scheme to realize
quantum dense coding using the interaction of two two-level
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atoms with a single-mode nonresonant cavity with the assis-
tance of a strong classical driving field. Four states codified
by Alice can be completely discriminated only via the atom-
cavity-field interaction. The success probability of this
scheme is equal to 1. In the scheme we provide a way to
achieve all operations of dense coding from generation of
entangled state to Bell-state measurement. During the prepa-
ration of the entangled state and the Bell-state measurement,
our scheme only involves atom-field interaction with a large
detuning and does not require the transfer of quantum infor-
mation between the atoms and cavity. In addition, with the
help of a strong classical driving field the photon-number-

dependent parts in the evolution operator are canceled. Thus
the scheme is insensitive to the thermal field and the cavity
decay. Our scheme may offer the identification of a conve-
nient and reliable Bell analyzer in cavity QED, which could
also be used for realizing teleportation and other purposes.
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