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Following a recent proposal (Phys. Lett. A 346 (2005) 330) about quantum dense coding using a tripartite

entangled GHZ state and W state, this paper proposes an experimentally feasible scheme for dense coding in cavity

QED by using another peculiar tripartite entangled state.

In the scheme the atoms interact simultaneously with a

highly detuned cavity mode with the assistance of a classical field, the successful probability of dense coding scheme

with this peculiar tripartite entangled state equals 1.
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1. Introduction

Quantum entanglement has played a key role in
recent years as a potential resource for quantum com-
munication and quantum information processing.!* 5!
Also multi-particle entanglement, involving sev-

eral distant parties, has been explored exten-

teleportation,6—13]

sively: for instance, quantum
telecloning,'*1% quantum secret sharing,'6~18! quan-
tum computation,® quantum cryptography?? and
SO on.

Another important application of multi-particle
entanglement is quantum dense coding which can
transmit two bits of classical information by send-
ing only one qubit with the help of entanglement
while the sender and the receiver share an entangled
quantum state.l?!] Two-particle quantum dense cod-
ing has been demonstrated by using optical systems
and nuclear magnetic resonance techniques.[?2—24
Some theoretical schemes of quantum dense coding
has been proposed by using bipartite or tripartite
entanglement.[25=29 As for two different kinds of gen-
uine tripartite entanglement, the GHZ state and W
state are proposed to utilize in the scheme for quantum
dense coding also.3°~32 In this paper, the main object
is to realize quantum dense coding by using a pecu-

liar tripartite entangled state which is a different GHZ

state or W state in cavity QED. In our scheme the
atoms of the entangled tripartite are shared by three
parties. During the passage of the atoms through the
cavity field, a strong classical field is present, so the
photo-number dependent parts are cancelled. Thus
this scheme is insensitive to both the cavity decay and
the thermal field.[?0—33] Compared with the scheme
of quantum dense coding by using the GHZ state or
W state, the scheme using this peculiar tripartite en-
tanglement has some distinctive improvement. The
scheme can be realized and is controlled by the mea-
surement basis of the third particle.

2. Quantum dense coding with
the peculiar tripartite entan-

gled state

In our previous work, we have prepared a pe-
culiar tripartite entangled state via cavity QED as

follows:[34—37]

[Y) = A\ |eeg>123 + A2 |898>123 + A3 |gee>123
+A11999) 193 » (1)
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where >, |)\i|2 = 1, and the parameters A1, A2, A3, A\g
can be chosen independently according to our require-
ment. This peculiar tripartite entangled state has fea-
tures of both the GHZ state (i.e. 7123 > 0) and the W
state (i.e. the remaining reduced density matrices p;;
retain entanglement according to the positive partial
transposition (PPT) criterion) simultaneously. How-
ever, its entanglement properties are not completely
identical to either the GHZ state or the W state.

When A\ = Xy = 5 A3 =M = 51, Eq.(1) becomes
1,
[v) = 3 |eeg>123 + 3 |696>123 + 51 |gee>123
1,
+511999)123 (2)

where the three atoms 1, 2 and 3 are held by Alice,
Bob and Charlie respectively.

The purpose of this scheme is that the sender (Al-
ice) sends classical information to the receiver (Bob),
while the third party (Charlie) supervises and controls
the transmission through his measurement. To realize
the quantum dense coding, Alice performs one of the
four local operations I, 6%, icY, 0#(I is the identity op-
erator and o are three Pauli operators) on her atom
(atom 1). The operation denotes 2 bits of classical in-
formation, and will transform the state of three atoms
into one of the following four states respectively:

1 1,
6125 = (5 eehua + 3ilo0)1a) 9
1 1.
+ ) leg)1o + 51 lge)1o ) le)s . (3a)
1 1
‘¢2>123 = (5 g€ 15 + bR |69>12> 19)3
1 1
+ ) 199) 12 + 51 lee)1o | le)s, (3b)
1 1,
5%) 130 = (3 19¢ha + gileshia ) 9
1 1,
+ -3 199)10 + 51 lee)1n ) le)s, (3c)
1 1,
’¢4>123 = (_5 le€)1s + bR |99>12> 19)3
1 1,
+ D) leg) 1o + 51 l9€)15 | le)z - (3d)
Now the information is encoded into the pure entan-
gled state, which is shared among the three parties
(Alice, Bob and Charlie), then Alice sends her atom

With the help of
Charlie’s computation measurement on his atom 3, if

to one of the receivers (i.e. Bob).

the measurement result is |g), the quantum states of

atoms 1 and 2 will collapse into

[0 = 5 (eeh +ilaghs). ()
0% = 5 gy +ilea). (D)
0912 = 75 (b +ilea)) . (40
[04)12 = 5 (~lechs +ilag))s (40

if the measurement result is |e), the quantum states
of atoms 1 and 2 will collapse into

‘¢1>12 = % (leg)in +1lg€)1) s (5a)
‘¢2>12 = % (199)12 +1le€)ys) s (5b)
610 = = (~lagyy +ilec)),  (50)

V2
L
V2

Now Bob let atom 1 and 2 be simultaneously in

’¢4>12 = (—leg) i +1ilge)ss) - (5d)

a single mode cavity and at the same time two atoms
are driven by a classical field. The interaction between
the single-mode cavity and the two driven atoms can
be described, in the rotating-wave approximation as
follows: 138,39
2
H= wS,+wsata+ Z {g(a"’S{ + aS;r)
j=1

—|—Q[S;f exp(—iwr) + S} exp(iwr)]}, (6)

where a* and a are the creation and annihilation op-
erators for the cavity mode, g is the coupling constant
between cavity and particle, {2 is the Rabi frequency,
wo, W, and w are atomic transition frequency, cav-
ity frequency and the frequency of the driven clas-
sical field respectively. While the case of wyg = w,
the evolution operator of the system, in the interac-
tion picture is U(t) = exp(—iHot) exp(—iHct), where

Z 2(S; 4+ S5;), He is the effective Hamilto-

nian. In the strong driving regime {2 > § and the
case d > g, there is no energy exchange between the
atomic system and the cavity, thus the scheme is in-
sensitive to both the cavity decay and the thermal
field. Then in the interaction picture, the effective

interaction Hamiltonian reads:[38:39]
A2 2
He= 2| D (le); (el +lg)y; (o) + D (S7s7
Jj=1 J=1i#5
S*Si +H.c) (7)
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where A\ = ¢g/24§. If two atoms are simultaneously sent into the cavity, then using the above cavity, we can verify

the following evolution:30—33]

—isin(27) |g))(cos
(

lg) le) — e AT [cos(AT)(cos(27

—isin(27) |g))(cos(27) |g) — isin(27

(cos( (
le} lg) — e [cos(AT)(cos(£27) )
—isin(£27) |e))(cos(£27) |e) — isin(27
le) |e) — e [cos(AT)(cos(£27) |e) — isin(27) |g)
—isin(£27) |€))(cos(£27) |g) — isin(

Choosing to adjust the interaction time At = 7/4 and
modulate the driving field 27 = 7, after interaction
we can lead the quantum state of the two atom system
in Eq.(4) to

|1/)1>12 - |e>1 |€>25 (9a)
%) 1, — 191 le)s (9b)
|1/}3>12 —ile)y [9)s, (9¢)
9% 15 — 1191 19) (9d)
and similarly the other 4 states in Eq.(5) will evolve
to:
’¢1>12 — €)1 19)2 (10a)
16°) 1, — 19)1 19)2 (10b)
[6°) 10 — iledile) (10c)
|¢4>12 — 1 |g>1 |€>2 . (10(1)

Hence, the Bell-state measurement can be achieved by
detecting atoms 1 and 2 separately. With the outcome
of the measurement on his two atoms, Bob can distin-
guish Alice’s operation on atom 1. That is to say,
Bob receives two bits of classical information from Al-
ice while Alice only sends him one qubit and the whole
process is controlled by Charlie in a quantum way. So,
the goal of dense coding is achieved, and if they coop-
erate with each other, they can read original informa-
tion with probability equal to one. That is to say, the
role of Charlie is very important. Charlie can control
the transmission by sending his measurement result or
not to Bob. Only after Bob receives Charlie’s classi-
cal information (measurement result) can he know the
state of his two atoms. Otherwise, if one of them is
dishonest, for example Charlie, Bob still knows which
type Alice’s operation belongs to, (I,ic?) or (¢%,0,).
But he cannot further discriminate which one Alice’s

|
(
|
(cos(027) |e) — isin(£27) |g)
|
(
|

071) ey —isin(£27)|g))], (8a)
e))l, (8b)
9l (8¢)

cos(£27) ley — isin(£27) |g)) — isin(A7)(cos(£27) |g)
e))l- (8d)

operation is. On the other hand, if Bob is dishonest,
Charlie will know nothing about Alice’s operation. So
the one who received Alice’s atom has a higher prob-
ability of being a successful cheat compared with the
party who has not.

3. Conclusion

In conclusion, we have proposed a simple scheme
for quantum dense coding via a peculiar tripartite en-
tanglement using the interaction between atoms and
cavity field. Our quantum dense coding scheme is re-
alized between two parties by the control of the third
one. If and only if when they cooperate with each
other can they read Alice’s operational information.
Any attempt to get complete information without the
cooperation of the third party cannot succeed in a de-
terministic way. In comparison with previous work, %!
our scheme has some distinctive improvement. The
successful probability of the dense coding scheme with
this peculiar tripartite entangled state equals 1 in com-
parison with the scheme using W state which is a
probabilistic one. On the other hand, in comparison
with the scheme using the GHZ state, in our scheme,
Charlie does not need a Hadamard operation before he
performs the computation measurement on his atom.
In the experiment, the Rydberg atoms with principal
quantum numbers are 49, 50 and 51, so the radiative
time is about T, = 3 x 10~2s, and the coupling con-
stant is g = 27 x 24kHz.[*% The required atom-—cavity—
field interaction time has the order of T ~ 10~ *s.
Then the time needed to complete the whole scheme
is much shorter than T;. That is to say, all the op-
eration are within current techniques, so this scheme
based on cavity QED techniques might be realizable
at present.
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