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Near-complete teleportation of a superposed coherent state
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The four Bell-type entangled coherent states| -a)+|-a)| @) and|a)| a)£|-a)| —«), can be discriminated
with a high probability using only linear optical means, as long|@sis not too small. Based on this
observation, we propose a simple scheme to almost completely teleport a superposed coherent state. The
nonunitary transformation that is required to complete the teleportation can be achieved by embedding the
receiver’s field state in a larger Hilbert space consisting of the field and a single atom and performing a unitary
transformation on this Hilbert space.
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I. INTRODUCTION It should be emphasized that, while the teleportation

Since its first proposdl], a large number of theoretical SCheme for continuous-variable light staggswhich a 100%
and experimental investigations have shown that teleporta2Uccess probability can in principle be achieved through
tion of superposed polarization state, superposed one- ideal homodyne.detect|o[14]).|s dg5|gned to teleport the
particle and vacuum stat¢8], and continuous-variable light duadrature amplitudes of a light field, our scheme takes a
stateg4] can be accomplished. The major obstacle to a demdiScréte system with the coherent states of opposite phases,
onstration of a complete teleportation for discrete system&?) @nd|-a), as the two basis states for a qubit. An input
with 100% success probability is that a clear distinction ofState for the continuous-variable teleportation is typically a
four Bell states, a necessary requirement for a succes&oherent state, whereas for our teleportation scheme it is a
guaranteed teleportation, is not possible with linear opticaP!Perposed coherent state.
means[5]. Alt_hough this obstacle can in _p_rinciple be over- Il. TELEPORTATION SCHEME
come by various means such as exploiting feedback from o ) .
detectors, employing additional degrees of freedom or utiliz- _The scheme we propose is identical to the standard linear-
ing nonlinear optical interactiongs], its experimental real- OPtical teleportation scheme, except that Bob's station needs
ization seems difficulf7]. to be equipped with an additional system, i.e., a single atom

Quantum teleportation of a superposed coherent Stalréapped in a cavity, to perform a state transformation, as de-
(known as the Schrdinger cat stata superposition of two scribed later. At the source station, the entangled coherent
nonorthogonal coherent states with opposite phases, has alétgte
been studied in the pag8]. Theoretical investigations have |¥)ag=N(|a)a— a)g — |- a)ala)p) (1)
revealed that an interesting feature that characterizes telepar- ted. whera andB refer to th that i
tation of a superposed coherent state is that the four “quasi® ggnera €d, whera an i reter to the waves il %re .sen
Bell states,” four Bell-type entangled coherent st4@8scan {0 Alice and Bob, respectively, arld [=1/y2(1-e™“")] is
be distinguished with a probability approaching unity usingthe normalization constant. At Alice’s station, the wavés
only linear optical devices. The main purpose of this work iscombined via a 50/50 beam splitter with another waMiat
to propose a simple scheme that can perform a near-compleg@ntains an unknown superposed coherent state to be tele-
teleportation of a superposed coherent state with the succeBgrted,

o S 0

probablhty and fldel|_ty of nearly 100%. The_ scheme uses [¥)e =X a)e + Y- @), (2)
linear optics except in the state transformation process that o _
needs to be carried out in the final stage of the teleportationyhere the unknown coefficienisandy satisfy the normal-
where an additional system, an atom, is brought in contadgation condition(¥|W¥).=1. The staté¥),g/¥)c is trans-
with the field and the subsequent atom-field interaction idormed, by the action of the beam splitter, into the state
utilized. V) ek,

N — — — — — =
|W)erp = E{‘ I0e(|V2a)r = V= 2a)p) (X|a)g + Y= @)p) = O)e(|V2a)r + [V = 2a)p) (X|a)g — Y| = a)p)+ ([N 2a)e — [N — 2a)g) [0)&(X|

- a)g+yla)p)+ (| \"ZK)E + |\”E>E)|O>F(X|‘ a)g—Yla)p)}, (3)
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whereE and F denote the waves that exit through the two nonunitary transformation is needed. This nonunitary trans-
output ports of the beam splitter, which lead to the detectorgormation can be accomplished approximately by applying a
De and Dg, respectively. Equatio3) indicates that, as has unitary transformation that displaces the state by an appro-
already been note@8], the four “quasi-Bell states,|a)| priate amoun{10], or probabilistically by performing tele-
—a)+|-a)|a)) and (|a)|a@)£|-a)|-a)), can be distinguished portation repeatedly with entangled ancilla photons until the
by observing which detectob or Dg, measures an odd or desired transformation is reachgtl]. We show in the next
even number of photons and which detects no photon. Thgection that one can perform the required nonunitary trans-
only indistinguishable case is when both detectors detect nt®rmation successfully with a high probability by bringing an
photon, in which case no distinction can be made betweegdditional system, a single atom trapped in a cavity, in con-

(|a)|-a)+|-a)|a)) and (|a)|a)+|-a)|-a)). The probability
that Alice’s Bell measurement fails is then given B¢
=[¢l(0(0| W)erel*=|c(0la(0| ¥)ael¥)c|* and can easily be
calculated to be

—2‘a|2

Pe=Pr(x,y) = —_2‘|2|X+ y[2. (4)
1+e 4«

This is negligible for sufficiently largéx|.

tact with the field to be transformed and utilizing the inter-
action between the field and the atom.

Ill. STATE TRANSFORMATION

Let us consider the case when dete®@grdetects no pho-
ton andDg measures a nonzero even number of photons. The
transformation needed i81(x|a)-y|-a) 0 (X|a)+y|-a)),
where M is the normalization constant [M

——

After being informed of Alice’s Bell measurement result, =1/y2(|x|2+|y|>)=1]. In order to achieve this transforma-
Bob needs to perform an appropriate transformation on théon, we allow the field to interact with a single two-level

field stateB to complete the teleportation. If detectbr:

atom prepared in its lower levét). We assume that the

detects no photon and detecd¢ measures an odd number atomic transition between the upper leVel and the lower

of photons, corresponding to the first term of E8), then

level |g) is resonant with the field frequency. The state of the

Bob need do nothing and the teleportation is achieved. Ibystem, atom +field, at the initial tim&=0, is |(t=0))
detectorDg measures an odd number of photons and detector M|g)(x|a@)—y|-a)). The state at a later time>0 is given,

Dr detects no photon, corresponding lo the third term of Equnder the rotating-wave approximation, by the solution of

(3), then the unitary transformauc(ﬁl)a @ brings the state of
the field B to the original state.

the Jaynes-Cummings model, provided that spontaneous
emission and the cavity decay can be neglected. We then

The difficulty arises when either of the two detectors mea-obtain, for the fidelity of the field state at tintevith respect
sures a nonzero even number of photons, because thentathe desired stat&|a)+y|-a)),

F(xy) = (X {a| +y (- a))p(X| @) + y|- @)) = |M|2e 2’

* 2n+1
/n+ 1got
+ 2 Lb(_i_ (_ 1)ny|2 sin(ﬂ
n=0 vn!(n+1)! 2

wherep is the reduced density operator of the field at time

2

\e‘“ﬁgot )
2

o @ 2n
n=0 )

coherent state It is seen that, ase| becomes larger, the

and gy is the single-photon Rabi frequency. The fidelity fidelity att=/|a|g, becomes close to unity. We note that the

F(x,y) depends upor andy as well ase andt. In Figs. 1a)
and 1b), we show the fidelity- we computed as a function
of time for the casea=5 and for x=y= 1/w [2(1+e7%9)

~1/42, and x= \r2y—\/2/(3+2\2e \2/3 along with

the probabilityP, at timet that the atom is found in its upper
level |e). It is seen that= and P, show similar temporal
behavior. The time at whick takes on the largest value is
given roughly byt=7/|a|g,, as long ase| is not too small
(Ja|=3). Figure 2 shows(t=/|algy), the fidelity F at t

=ml|lalgy, as a function of a for the case x=y
=1/42(1 +e‘2|“‘2) (when|W), is the even coherent statend

for the casex=-y=1/2(1-e2<) (when|¥), is the odd

fidelity F(t=m/|a|gy) varies slowly with respect t& andy
for |a|= 1. For example, the plot foF(t=7/|a|gy) for the

case x:\Ey: V2/(3+2/2e759 and for the case<:—v’5y
=1/2/(3-22759 is almost indistinguishable from Fig. 2. It

should be remarked that, when we fix the values,of, and

y and follow the time variation of the fidelit{?, the maxi-
mum valueF ., occurs at the time very close to but not
exactly equal tor/|a|go. Thus, the actual maximum value
Fmax Of the fidelity is slightly greater than the value(t
=ml|algy) that Fig. 2 indicates. The difference, however, is
negligibly small if|a| = 3. One can conclude that, as long as
|a| is not too small(|e| = 3), the transformation of the field

032327-2



NEAR-COMPLETE TELEPORTATION OF A SUPERPOSED PHYSICAL REVIEW A 70, 032327(2004)

(a) (b)

F&P, F&P,
1 1
0.8 0.8
- 5 FIG. 1. The fidelity F (solid
0.6 0.6 B

curve) of Eq. (5 and the excita-
tion probability P, (dotted curve

0 0.4 as a function of time for the case
o ¥ o2 a=5 and(a) x=y=1/,2(1+e™),
(b) x=12y=/2/(3+2\2e759).
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state fromM(X|a@)-y|-a)) to (X|a)+y|-a)) can be achieved rate. We call attention to the factaron the right-hand side
with high fidelity by allowing the field to interact with a of the second inequality, which arises because the super-
single two-level atom in its lower level and waiting for a posed coherent state interacting with an atom in a cavity
time of 7/|a|g, (i.e., waiting until the atom is excitedAt ~ decoheres fast into a statistical mixture in timel/nx
this instant, if one wishes, one can measure the state of tH82,13. Because of this factor, strong coherent fields cannot
atom, decoupling the atom from the field, and confirm thatoe used in our scheme. As an example, let us take the ex-
the atom has indeed been excited. perimental parametersgo/2mw=47 KHz, 75,=1/y=30 ms,
When detectoDg measures a nonzero even number of7,.=1/x=1 ms, quoted in a recent cavity quantum electrody-
photons and detect®; detects no photon Bob needs to first namics (QED) experiment with circular Rydberg states of
apply the unitary transformatlo(ﬁl)a ato the field state and rubidium atoms in a millimeter wave super-conducting high-
then allow the field to interact with a single atom as de-finesse cavityf14]. The first mequallty is easily satisfied, but
scribed above. the second inequality requwem<go/;< 300, i.e.,n<10".
We remark that, as our analysis of the atom-field interacif we take go/27=32 MHz, y/27=2.6 MHz, and «/2m
tion neglects spontaneous emission and the cavity decay, the MHz from an experimen{l5] conducted in the near-
successful operation of our scheme requires a setting imfrared regime with cesium atoms trapped |n a far-off-
which coherent atom- f|eld interaction dommates dissipationresonance trap, the first inequality reqU|re$1> vl do
Specifically, it requiresy ngo>y and \ng0> nk, wheren  =0.081, i.e.,n>0.066, and the second requwee<go/:<
(=|af?) is the average photon number in the fiejdhe spon- =8, i.e.,n<64.
taneous decay rate of the atom, anthe cavity field decay

F( . IV. AVERAGE FIDELITY
‘W)

We now wish to calculate the average fidelity of the entire
teleportation process. The average fidefity can be defined
as

5
Fav= 2 Pix,Y)Fi(x,y), (6)
i=1

where P, P,, P5;, P,, and P5 represent, respectively, the
probability that the number of photons measured by detec-
tors (Dg,Dg), is (0,0dd, (odd,0, (O,nonzero-even
(nonzero-even)) and (0,0); F; denotes the fidelity of the
field stateB with respect to the original state of E¢R),
. . ‘ obtained after an appropriate transformation performed ac-
2 3 4 5 cording to the result of Alice’s Bell measurement; and the
|a| bar on the right-hand side indicates averaging over the un-
known coefficientsx andy. It is cIear thatP,=P,=1 7 Ps
FIG. 2. The fidelityF(t=m/|a|go) as a function ofla| for the  =p.(x,y) [see Eq.(4)], Ps=P,= 4 2P,:(x y), F1=F,=1,
casex=y=1/12(1+e"24") (solid curvg and for the case=-y  and F3=F,=F,.(X,y), where the actual maximum value
=1/\2(1-e2P) (dotted curve FrnaxX,Y) of the fidelity of Eq.(5) can be replaced biy(x,y)
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small, the average fidelity is close to unigfor example,
F,,=0.955 atla|=3), and for reasonably larde/, F,, can be
regarded as practically equal to 1.

0.95 4

090~ V. DISCUSSION

°‘85'. In this section, we remark on the issue concerning experi-

ool i mental realization of our proposed scheme. The scheme re-
yi quires generation and manipulation of the entangled coherent

0754 state, and photodetection that distinguishes between even
and odd photons, all of which are highly demanding experi-

070 mentally. There have, however, been suggestions and propos-

als that would help to overcome the difficulties. The

0'65'_ entangled coherent state of E@l) can be generated
0.60 : . : . : . : . by iIIuminatingra 50/59 beam splitter with a superposed
2 4 i 8 10 coherent state/2a)—|-v2a) through one of the input ports.
o] The superposed coherent state can in turn be generated by

exploiting nonlinear interaction between a coherent state
FIG. 3. The average fideliti,, as a function ofe|. The solid  fie|d and atomg13,1§, or by means of a conditional mea-

and dotted curves represefy, computed using, for the value of g ;rement on a beam splittgr9). Discriminating even to odd
F3=F,, the actual maximum valuén,yand the value of the fidelity  yhot0ns requires in principle detectors with single-photon
att=m/|algo, respectively. resolution that can distinguish betweeand(n+1) photons.

Visible light photon counters have recently been constructed
at time t=m/|algo if o is sufficiently large. We can also that can distinguish between no photon and a single photon
calculate easilyF5 and obtainFsz[(l—e‘z‘“|2)/2]|x—y|2. In with a quantum efficiency exceeding 7J%0], and that can
order to perform averaging overandy, it is convenient to  distinguish between a single photon and two photons with a
express the statpl), of Eq. (2) in orthonormal bases. We quantum efficiency of 47%21]. Using such counters in an
choose to express it in terms of even and odd coherent statasrangement of detector casca@2®] or N-ports[23], itis in

|aey and|a,) [16] as principle possible to distinguish betweenand (n+1) pho-
tons. It has also been suggested thahd(n+ 1) photons can
)= Sing|ae>c+ COSgei¢|ao>c- (7) be distinguished by utilizing homodyne detection looking at

the imaginary quadraturll], or by coupling the field to a
two-level atom through nonlinear interactiof24]. Our
scheme also requires the superposed coherent state to enter
the cavity without destruction. This represents another ex-
perimental challenge, because the superposed coherent state

2m w 5 is in general highly fragile.

Fa\,=J d¢f sin 6d6>, Pi(6,p)Fi(0, ). (8) In conclusion, we have shown that a near-complete tele-

0 0 i=1 portation of a superposed coherent state is possible using

In Fig. 3, we show the average fidelify,, as a function of only a linear-optical scheme and an atom-field interaction.

a, that we computed using the Monte Carlo method, wherd he average fiQeIity of t'he proposed scheme ex'ceeds that of
the solid and dotted curves are obtained by using the actulfl® Standard linear-optical scheme for teleporting a super-

maximum valueF ., andF(t=/|a|go), respectively, for the posed polarization state, as long|ag= 1.33. We mention as _
value of the fidelity Fs=F,=F(x,y). Compared with the the last remark that another advantage of the teleportation

standard linear optical scheme of teleporting a superpose%cneme uslng dcoher(;.\ﬁt sttate qufb|tsb|$ that,hcompalreq V\t’.'th
polarization state, where a beam splitter and two polarizin chemes based on other types o qubils such as polarization

beam splitters are used for Bell-state measurements, in whic ibits, it is in gen_eral more r_obust agains'_t a'_mp"‘“de errors
e ' that can occur during generation or transmission of entangle-

case the average fidelity is given @1 the present case ment[25]

yields a higher average fidelity fgst| = 1.33. If || is not too '

The probabilities?; and the fidelitied~; can be expressed as
a function of § and ¢, and P;(6,¢) and F,(0, ¢), and the
averaging can then be performed according to
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