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Feasible Scheme for Teleportation of an Arbitrary N-Atom State with Thermal
Cavity *
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We present a scheme for teleportation of an arbitrary N-atom state without Bell state measurement in thermal
cavity QED, and show the feasibility in experiment. Our scheme is also insensitive to both cavity decay and
thermal field, and the fidelity of teleportation is only slightly affected by the experimental errors. In addition,

the success probability reaches 1.0.
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Quantum teleportation has attracted much atten-
tion since the first scheme was proposed by Bennet
et all'l The seminal research concerned has wildly
started and greatly developed theoretically?>=6l and
experimentally.["14 Usually, to realize the teleporta-
tion, a joint measurement must be operated on the
particles the sender possesses, and then the initial par-
ticles can be properly reconstructed by the receiver
according to the measurement results informed from
the receiver. Most schemes are considered with cer-
tain entangled resource as their quantum channels,
such as Einstein—Podolsky—Rosen (EPR) pair or GHZ
triplet as well as combination of EPR pair and GHZ
triplet.[?3] Yan and Ding/¥! put forward a scheme for
probabilistic teleportation of entangled states with
pure entangled state. Cao and Song!® proposed to
teleport an unknown two-particle entangled state via
W class state. In Ref. [6], the authors suggested a new
way of teleportation with a three-Bell-state analyser,
which was soon successfully realized in experiment.!”]
Recent years, cavity QED technology has been widely
used in the quantum information, such as genera-
tion of entangled states!®® and teleportation.[*0—18]
Almeida et al.'9 presented a scheme for teleport-
ing a superposition of coherent states from a high-
quality cavity to another with a successful probabil-
ity 0.5. Cao et al.l''l presented a scheme for prob-
abilistic teleportation and entanglement purification
based on cavity QED. Zheng Guol'?! suggested to re-
alize the logic gates and teleportation by adding a ex-
tra classical field, and in this paper the requirement
on quality factor of cavities is greatly loosened. Cao
and Yang!'3! proposed a physical scheme of probabilis-
tic teleportation by using W states as its quantum
channel. Zheng'¥ showed a method of approximate
conditional teleportation of an unknown state without
Bell measurement by using cavity as the memory, but
the probability of success is only 0.25. Xue et al.l1]
proposed an experimentally feasible scheme for tele-
portation of entangled states by entanglement swap-
ping. More recently, Ye and Guol'®! put forward a
protocol of teleportation of an unknown atomic state

within a vacuum cavity, the joint measurement is also
avoided and the probability reaches 0.5. However, it
was proven that the scheme of Ye and Guo is sensi-
tive to thermal field.['”] The scheme of Jin et al.'® is
insensitive to cavity decay, with a probability 1.0 by
using a GHZ state as its quantum channel, but is just
limited to teleport a two-atom entangled state.

Inspired by teleportation!" =7 and quantum infor-
mation processing in cavity QED,®-18] in this Letter
we propose a scheme for teleporting an arbitrary N-
atom state without Bell state measurement, and the
probability reaches unity. The cavity is only virtu-
ally excited and no transfer of quantum information
will appear between the atoms and the cavity. Dur-
ing the passage of atoms through the cavity field, a
strong classical field is accompanied, thus this scheme
is insensitive to both cavity decay and thermal field.
By the atom—cavity field interaction, we bring a small
amount of ground state atoms into entanglement as
the quantum channel, with which an arbitrary N-
atom state can be perfectly transmitted. In the fol-
lowing, we show a simpler and more straightforward
way for state transfer, in which even the preparation
of quantum channels is not needed. In addition, to
consider the experimental errors in practice, we show
that the fidelity of teleportation is just slightly affected
under a loose experimental requirement.

Suppose that Alice wants to transmit a certain two
level N-atom state to the receiver Bob. Without loss
of generality, it can be written as

[¥)1~n =(a1lgg ... g9) + azlgg. .. ge)
+aslgg...eg) + -+ asnlee...e€))iun,

(1)

where ay, as, as, ..., asny are unknown coefficients, sat-

isfying |ai|® + aa|* + -+ + |agv|* = 1; |g) and |e) are

the ground and excited states of the atom, respec-

tively. In addition, there exists 2N atoms, which are

all initialed in the ground state, namely the quantum

state of the whole system reads

[Y) 1N @999 .- 9)1a~na @999 ... 9)1B~NB- (2)
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Now, we send atoms 1A and 1B into a single-mode
cavity.

Here we consider two identical two level atoms si-
multaneously interacting with a single mode cavity
field, and at the same time driven by a classical field.
The interaction between the atoms and the cavity can
be described by the Hamiltonian!!?!

2 2
H =wy Z S.;+ waata + Z[g(aTSJT + aSJT)
j=1 j=1

T —iwt — iwt
+Q(Sje +S;e )], (3)
1
where S.; = 2(lej)(ej| — 95)(9il), ST = le;)(gsl;
S; = |g){e;l; a' and a are the creation and annihi-

lation operators for the cavity mode; ¢ is the atom—
cavity coupling strength; €2 is the Rabi frequency; wq
is the atomic transition frequency (g > €); w, is the
cavity frequency; and w is the frequency of the clas-
sical field. Considering the case of w = wq, in the
large detuning § > g/2 and the strong driving regime
/2> 4, g (¢ is the detuning between the atomic tran-
sition frequency and the cavity field frequency), there
will exist no energy exchange between the atomic sys-
tem and the cavity. In the interaction picture, the
evolution operator of the system is[2"!

U(t) _ efngtefiHet7 (4)

where Hy = E?Zlﬁ(S;f +57), and H, is the effective
Hamiltonian, which is independent of the cavity field
state, in the form

He =5 | 3 es)tes] +19;) (03]

2
+ Y (Sisf+sisp +He)|  (5)
Jok=1,j#k
where x = ¢2/24.
After an interaction time ¢, the two ground state

atoms 1A and 1B evolve into
~X[cos xt(cos Qt|g)1a

14)(cos Qt|9)1B

1B) — tsin xt(cos Qt|e)r 4
14)(cos Qtle)1p

18)]- (6)

We choose the interaction time and Rabi frequency
appropriately so that Qt = m and xt = 7/4, then we
obtain a maximally two-atom entangled state, the Bell
state,

9)14lg)1B —e
— isin Qt|e
— isin Qt|e

— isin Qt|g

= O~~~

— isin Qt|g

1

ﬁ(lg>1A|g>1B —ile)1ale)1p). (7)

Continuing to send atoms (jA,jB);j-1,23,.. n into the
single mode cavity simultaneously, and at the same
time the atoms driven by a classical field also with
the choices of Qt = m and xt = /4, we can bring

these 2N ground state atoms into N EPR pairs. De-
note the EPR pair generated from particles (jA,jB)
by
1 )
)i = E(|9>jA\9>jB —ile)jale);p)-  (8)

Then the whole system shown in Eq. (2) will become

o) = [$)1~n @ (®L,]6);) (9)
which can also be written in the form

) = %ug» ® la) + le); ® |6))
® (|9}1A|9>jA —ile)1ale)ja)
® (®]_118)%) ® (®h_j11l0)k)  (10)

with the notation

la) =(a1lgg- .. g9) + azlgg...ge) + -+
+agn_gn-jlee...e€))inj—1,j+1~N,
18) =(asv-it1l99.--.99) + asv—italgg ... ge) + - -
+agnlee...ee))1mj1,j+1~N- (11)
If atoms (1,2,3,...,N) and (14,24,3A,...,NA)

belong to  Alice, and the other atoms

(1B,2B,3B,...,NB) belong to the receiver Bob.

Then Alice let atom j and atom jA simultaneously

interact with the single mode thermal cavity and be

also driven by a classical field at the same time. Af-

ter an interaction time 7, the evolution of the whole

system shown in Eq. (10) is given by

lp) — Eeﬂ'”ﬂa)[cos XT(cos Q7|g); — isinQrle);)

- (cosQ7T|g)ja —isinQrle);a)

— isin x7(cos Qrle); — isin Qrlg);)

~(cos Qrle)ja —isinQ7lg);a)llg)in

— i]a)[cos xT(cos QT|g); — isin Q7|e),)

- (cosQTle)ja — isinQ7|g);a)

— isin x7(cos Q7le); — isin Qrlg);)

- (cosQ7|g)ja —isinQrle);a)lle) ;B

+ |B)[cos xT(cos Qr|e); — isin Q7|g);)

- (cos QT|g)ja — isinQrle);a)

— isin x7(cos Q7|g); — isin Qrle);)

- (cosQrle)ja —isinQr|g);a)ll9);B

— i|B)[cos xT(cos Qrle); — isin Q7|g);)

- (cosQrle)ja —isinQ7(g);a)

— isin x7(cos Q7|g); — isin Qrle);)

- (cosQT|g)ja —isinQrle);a)]le)jn}

® (@121l0)k) ® (®11;11(9)1). (12)

We realize the condition Qr = 7 and x7 = w/4,
Eq. (12) will become

l) — %[|a>(|g>j|g>jA —ile)jle);ja)lg) i

—idla)(lg)jle)ja —ile);lg)ja)le);m
+16)(le)jlg)ja —ilg)jle)ja)lg)im
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— iB)(le)jle)ja —ilg)jlg)jalle)in]
® (@7 _119)%) ® (912 ;4119)k)
A

=—[Ig> 9)54(19)i8le) = le)iB|5))

—ilg)jle)jale)iple) + 19);88)
—le)jlg)jalle)jple) —9);B!8))
—ile)jle)jallg)inle) +le)jnlB))]

® (R1_118)k) @ (®hjy1|8)k)- (13)

Then if Alice detect the atoms j and jA, we can
see from Eq.(13) that the remaining particles of the
system would collapse into a corresponding quan-
tum state. For the results |g);|g);a, |9);le)ja and
le)jlg)ja, up to a simple local unitary transforma-
tion 0, 0, and o, on the atom jB respectively, we
can obtain |g),;5 ® |a) + |e);p ® |3), and for the re-
sult |e);|e);4, Bob needs to do nothing, the remaining
particles is just projected into |g),;p ® |a) + |e)jB ®
|3), which is equivalent to the original N-atom state
|Y1~n, that is to say, the atom j can be replaced by
the atom jB essentially after operation on the atom
jB.

Similarly, Alice repeat this procedure on all the
atoms (j,jA);j=123,. .~ and inform Bob the measure-
ment results, and then Bob needs to perform a corre-
sponding Pauli operation on jB, the state of particles
1B ~ NB is reconstructed to

)

g9) + azlgg ... ge)
eg) 4+ ..
))1B~NB, (14)

which is identical to |¢);~n. Now the information is
thereby successfully teleported from the sender to the
receiver, with a successful probability 1.0.
Particularly, as an example, we try to teleport
a three-particle cat-like state supposed by |¢)1.3 =
alggg)i~s + bleee)1 3, where a and b are unknown co-
efficients satisfying |a|? + |b]? = 1. Assume Alice and
Bob to share three EPR pairs generated by the way
discussed above. The whole system is given by

|V)1BoNB = (a1]9g ...
+ aslgg ...
+ agnlee. .. ee

m=mw®wﬂ%mwmmwﬂ<m

Then Alice has the atoms (1,1A4),(2,24),(3,34) si-
multaneously cross a single-mode thermal cavity re-
spectively, and at the same time these atoms are
driven by a classical field with an appropriate interac-
tion time such that x7 = 7/4 and Q7 = 7, the system
evolves to

@) — [‘I’%lAq’zi2A\Ij3 s4(alggg) = = & bleee))1psn
+ ‘I’1i1A‘I’2i2A<D§3A(a|99€> + £ + bleeg))1B~3B
+ ‘I/1i1A‘I)2i2A\I’i alalgeg) £ + +blege))1p~sp
\I’icmq’;tzA(I)::at?,A(a gee) £ = £ blegg))1p~3B

( )

( )

(I)itlA\Ijg:ZA\IIg:SA alegg) £ £ £ b|gee))1~3B

‘I’lim‘l’zizA‘bs 3A alege) £ & + blgeg))1B~3B

+ (I)li,lA(I'zigA\I/:zi,sA(a‘eew + £ £ blgge))1B~3B

+ q)fm@bi,mq)im(akee) + + +blgg9))1B~3B];s
(16)

where ¥ s Ui <I>”A and @7 4 (j=1,2,3) sym-
bolize the four possible measurement results of atoms

7 and jA, denoted by

Uro,=—ilee)jja, Vi ia=199)ija,
OF 4= —ilge)jja, Bja=—leg)jja

(17)

If the results of measurement are |gg);1.14, |€g)2,24 and
lee)s 34, we can know from Eq. (16), that the remain-
ing particles would collapse into a certain state, to
perform a corresponding transformation on the atoms
1B, 2B and 3B respectively, then Bob will obtain

W) 18~sp =0 P oPP16B)i(algeg) + blege)) 1538
=al999)1B,2B,38 + bleee)1B 2B,3B- (18)

Thereby, the teleportation of an unknown three-
particle cat-like state is successfully realized.

Stimulated by the approach of teleportation sug-
gested above, here we put forward a more straightfor-
ward way for perfect-state transfer with thermal cav-
ity, in which even the preparation of quantum channels
is also avoided.

Suppose that an arbitrary two-level N-atom state
|Y1~n is required to be transferred to another N
atoms 1’ ~ N’. Firstly, all the initial atoms 1’ ~ N’
are located in the ground state, then we let the atoms
j and j' simultaneously interact with the cavity and
the companied classical field. After an appropriate in-
teraction time 7’ that satisfies the condition Q7' = =
and x7' = 7/4, the evolution of the whole system |¢)
composed of the arbitrary state and N ground state
atoms is given by

lo) =(l9); ® ) + |e); ®[B)) @ |g---99) 1~y
= 19)i(l9); ® o) —ile);» @ |B))
—ile);j(le); @ |a) +1lg);r ®[6))]
@19 9917~ (—1), (1) ~N"- (19)

Obviously, only measuring the atom ;7 and taking a
corresponding transformation on the particle j', we
can obtain |9 @ |a) + [e)j @ [B) = )1, Which
indicates that the atom j' can replace the atom j in
this way. Continuing this procedure on all the atoms
(4,3")j=1,2,... N, then we can see that an arbitrary N-
atom state is perfectly transferred from the particles
1 ~ N to the atoms 1’ ~ N’, and furthermore the
steps of atom—cavity—field interaction and single-qubit
measurements have been reduced by half compared
with the way of teleportation suggested above.

Now we give a brief discussion on the experi-
ment. For Rydberg atoms, the radiation time is
about T, = 3 x 10~2s, and the coupling constant is
g = 27 x 24kHz. With the choice of 6 = 10g, the re-
quired atom—thermal—cavity—field interaction time is
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on the order of T~ 10~%s. Then the time required
to complete the whole procedure is much shorter than
T.. Meanwhile it is noted that the atomic state evo-
lution in the cavity is independent of the cavity field
state, thus the cavity decay will not affect the gener-
ation of EPR pairs and the teleportation of quantum
state.

T T T L B

1.004 J

0.96+ A
f=

0.924 A

0.88 T T T LU T

0 5 10 15 20 25
N

Fig. 1. Fidelity of teleportation F' as a function of N

(N < 30), with the choices of Qt = 7 and xt = x7 = 7/4
for At =0.01t, A7 = 0.017 and AQ = 0.01Q2.

One of the difficulties for the present scheme is
that two atoms are required to be simultaneously sent
through the cavity, otherwise there will appear an er-
ror. In addition, the fluctuation of the Rabi frequency
will also bring about an error. Considering these ex-
perimental errors in practice, here we give an estima-
tion of the fidelity of teleporting an arbitrary N-atom
state. When we send two ground-state atoms into
the cavity to prepare EPR pairs, we can assume that
one atom is earlier to enter into the cavity than the
other with time At (At < t) on average. In the tele-
portation procedure, during the passage of two atoms
through the cavity, we can also suppose that one atom
is earlier to enter into the cavity than the other with
time A7 (A7 < 7) on average, and the fluctuation of
the Rabi frequency is assumed to be AQ (AQ <« Q).
Then we find that the fidelity of teleportation is not
only dependent on the interaction time delay At, At
and the fluctuation of Rabi frequency A, but also is
related to the number of particles to be teleported and
even the measurement results. To consider the worst
situation, if the measurement results all are |ee); ;a
(j =1,2,...,N), then the fidelity would be at a min-
imum described by such a relationship

F> {1 + [tan?(Q — AQ)(t — At)

+tan®(Q — AQ) (T — AT)]
- [sin® x(t — At) cos® x(T — A7)
11N
+ cos? x(t — At) sin® x(1 — AT)] } ,
(20)
0.017 and

where we assume At = 0.01t, A7 =

AQ = 0.01Q as an example, and show the fidelity F
with different particle numbers N (N < 30) in Fig. 1,
where it is shown that the fidelity decrease caused by
these experimental errors is less than 0.1, which in-
dicates that our scheme is slightly affected in these
cases. For the way of state transfer proposed in this
study, the affection caused by experimental errors is
much less because of a great reduction of interaction
with the cavity, thus its fidelity would be even higher.
For simplicity, here we have omitted the errors caused
by other experimental causes.

In summary, we have proposed a simple and feasi-
ble scheme to realize the teleportation of an arbitrary
N-atom state with thermal cavity QED. This scheme
dose not require any auxiliary levels or classical fields
for implementing Control-NOT gate and Hadamard
transformation to discriminate the Bell state, which
can largely reduce the experimental steps and time.
In addition, the insensitivity to the cavity decay and
thermal field will also contribute to fidelity in practice.
In addition, note that in this study, all the atom-field
interactions are relatively independent, and the mea-
surements are of no order as well, namely, it can be
performed simultaneously, which will largely enhance
the efficiency of teleportation. In the research of quan-
tum communication and quantum computation based
on a network, it is always demanded to transmit some
multi-atom states, but not only limited to a two-atom
statel>18] or some especial entangled states, such as
cat-like state. Therefore, an efficient teleportation of
a multi-atom arbitrary state with a high fidelity is
practically useful for the quantum communication and
quantum computation.
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