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Quantum teleportation using quantum nondemolition technique
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We propose a scheme and a protocol for quantum teleportation of a single-mode optical field state, based on
the entanglement produced by the quantum nondemol{{@ND) interaction. We show that the recently
attained results in the QND technique allow one to perform the teleportation in the quantum regime. We also
show that an application of QND coupling to squeezed fields will significantly improve the quality of telepor-
tation for a given degree of squeezing.

PACS numbds): 03.67—a, 03.65-w, 42.50.Dv

Quantum teleportation is a transport of a quantum state of he quadratureX, andY, are the so-called QND variables,
a system to another similar system via a classical channelhich are not affected by coupling. The conjugated quadra-
[1]. The principles of quantum mechanics demand that foturesX, andY, become correlated witK, andY,, respec-
realization of such a transport, the sender and the receiveively, and for infinitely large QND gain, or for infinitely
must have two ancillary quantum systems, which aresqueezed’, (X,), the measurement of, (X,) gives a result
strongly quantum-mechanically correlatedentangledt  proportional to that of measurement 6f (X,). This is the
Quantum teleportation is a fundamental phenomenon ofnain idea of a QND measurement. In our approach this mea-
quantum world and also one of the key procedures in th&urement is not performed, but the entanglement produced
rapidly growing area of quantum informatig@]. Recently by QND coupling is used for quantum teleportation, as de-
several teleportation schemes have been prop&dfiand  scribed below.
the successful realization of some of them has been reported: One of the beams, resulting from the QND interaction
teleportation of the polarization state of a single phd®6],  (E,) passes to the sender Alice, and another &g passes
of the state of a single-mode optical fie]d@,8], and of to the receiver Bob for further reconstruction of the tele-
nuclear spin statd]. In this paper we propose a new schemeported state. The protocol of quantum teleportation is as fol-
for quantum teleportation of the state of single-mode opticalows. Alice superimposes the fiel,,, which is to be tele-
field. In contrast to the existing schemiés8], where a su-  ported, with the fieldE, at a beam splitter with the
perposition of two squeezed fields has been used as a sourg@nsmittancee, and, using homodyne photodetection, mea-

of entanglement, we propose to use the entanglement pr@yres thex quadrature of the reflectetbr E;,) field and the
duced by the quantum nondemolitiqf@ND) interaction

[10,11], realized in the last years for optical fields in various E, Eou
media[12], the best results being obtained for coupling two . £, 2T

optical beams by parametric interaction iy& crystal[13] * > onp i N\
or using cold atoms in a trad4]. ' \

Our scheme is depicted in Fig. 1. The nonlinear QND
interaction produces the following coupling between two
bright coherent field&, andE,, [11]:

E. | AucE BOB

Ein
~ g .,
E,=E,+ E(Eb +Ep), (1)
~ g .,
Ey,=Ep+ E(Ea—Ea), (2
whereE andEb are the outgoing fields anglis the QND FIG. 1. Schematic of quantum teleportation arrangement. Two
a =~ jod .
gain. It is easy to find that the quadratudés E*+E and entangled beamg, andE, are produced by the QND device. The
Y=i(E*—E) of both fields are transformed as incoming field E;, is mixed by Alice with one of the entangled
beams and the quadratures of the resulting fields are measured by
_ _ two homodyne detectors, using a purely real local oscillator field
Xa=Xa+agX,, Ya=Yg, &0 and a purely imaginary one, . The measurement results are
~ ~ sent via a classical channel to Bob who prepares a laser beam in a
Xp=Xp, Yp=Yp—=gY,. proper coherent state by means of the amplitude and phase modu-
lator M. This coherent field is superimposed with the second en-
tangled beam, resulting in the output field. The state of the latter
*Electronic address: horoshko@ifanbel.bas-net.by reproduces closely the state of the incoming field.
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Y quadrature of the transmitted field, obtaining the values

Teleportation

x= €Y Xa+gXy) +(1- €)%y, ()

y=€e"2Y;—(1-e)V?Y,, (4)

0 | PM i)

where the field variables are written in the Wigner represen- “
tation. The measured values are sent to Bob via a classical . %
. . . 0 T
channel, and upon receiving them Bob prepares the bright LN S ——— =\
laser beank ; by means of phase and amplitude modulation o

in a coherent state with the amplitugg=T"G(x+igy)/2,
whereI’>1 andG are some real gains. After that Bob su- FIG. 2. The verification procedure. The verifier, completely in-

perimposes the fiel& ; with the bearrEb at a beam splitter dependent of Alice and Bob, prepares an ensemble of states for field
with very low transr/r}littances’ =T 2«1 so that the re- E,. This field can be directly sent to the homodyne dete@eashed

; o . . . line) for measuring the distribution of its real quadrature. Alterna-
flected fieldE, is just shifted byG(x+igy)/2, but no noise tively it can be sent to Alice for teleportation with a subsequent

is added. The result of interference of the reflected figld  measurement of the field received from Beolid line). The dif-

and the transmitted field ; is the outputE,: ference in the noise level between two paths is a measure of the
_ teleportation success. The phase shifts, introduced by the phase
2E oui= zrflEﬁ_ 2E,=G(x+igy)—X,—iY,+igY, modulators(PM) allow one to control the noise added to the corre-

sponding quadrature of the teleported field.
=Ge"X,+(Gge’ = 1)X, + G(1- €)X,

+igl1-G(1— €YY, —iY,+iGge¥s,,.  (5) 2E gu= V2(x+iy) +2E,,
Now, if the electronic gailG and the transmittance satisfy =Xinti1Yint X, =Y, + Xy +iYy,
for a given QND gaing the relations G=(1—¢) 7, €)

— _ \12_-1/2 :
g=(1~€)""e ™ the output field reads whereE,,=(X,,+1Y)/2 is the vacuum fluctuation inevita-

_ ; - ; bly added at the reconstruction stdgeg., as in the previous
2Eou=XintiYint g Xa—iYy, 6 . .
out—“%in nTg %a b © protocol, Bob can superimpose a strong coherent fiélg 2
that is, for(X,)=(Y,)=0, it reproduces the incoming field =,F\/§_(;<+|y) with vacuum fieldE,, at a low transmittance
with additional noise caused by quadraturesandY, . For € =1 ° beam splitter and use the reflectéar E,,) field as
infinite QND gaing and infinitely squeezed quadraturg  the outpu}. Now, to compare quantupiq. (6)] and classical
the teleportation is ideal. However, even for finite QND gainlEd- (9] teleportation, we must calculate a quantitative mea-
and not squeezed, the proposed teleportation scheme SUré of teleportation success, connected with some verifica-
works in an essentially quantum regime. tion procedure. S o

This can be seen from comparing this scheme to classical €t US consider the verification scheme shown in Fig. 2,
teleportation. In the latter case Alice and Bob do not haveMilar to that of Ref[7]. The verifier Victor, independent of
correlated ancillary systems and all they can do in order tg\ic& and Bob, prepares an ensemble of states of figld
accomplish a true reproduction of the average valuex,of Victor can d|_rectly measure the average value and _the vari-
andY,,, is to measure these quadratures with the uncertaintg"ce ©f the field quadratud&. Alternatively he can shift the
imposed by the Heisenberg’s principle and create a cohereff1@se of the field by a random phag¢t) and give it to
field with the average values of quadratures equal to the medC€ Who teleports the state to Bob. After receiving the state
sured ones. So the protocol of classical teleportation is aSout oM Bob, Victor again shifts the phase, this time by
follows. Alice divides the incoming fiel&;, in two parts by ~— (1) and measures the quadrature of the obtained field
a 50:50 beam splitter and measures ¥hquadrature of the E;. If the tele_portatlon is ideal, the average value ant_d vari-
reflected field and the quadrature of the transmitted field, @1C€ Of Xy will be the same as foX,. The teleportation

obtaining the values scheme in this paper gives the following expressionXer
X:=Xo+9g X, cose—Y,sine. (10

= —Xjn+ —=X 7
X NZEREN I @ So for (X,)=(Y,)=0 the average value of; is equal to

that of X,. The variance oK is given by

—1Y 1Y
y_\/im \/EU,

where E,=(X,+iY,)/2 is the vacuum field at the unused where §X=X—(X) and the bar denotes averaging over the
port of the beam splitter. The measured values are sent t@ndom phase shift. If the phase is distributed homoge-
Bob who creates a coherent state neously in[0,27], thencoSe=sirfe=3, and

) <<5xT>2>=<<5xo>2>+g—2<<5xa>2>coszso+<<5Yb>2>%)
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Nag=((6X7)2)—{(6X0)?) trap as a nonlinear mediufi4] the valueVy,=0.45 has
been measuredV{,=0.37 with corrections for optical
1 1 losses. At the same time, our requirements for field phases
:—2<(5Xa)2)+ §<(6Yb)2>’ are exactly that needed for the QND interaction based on the
29 cross-phase modulation, implemented in this experiment. For
(12 QND schemes based op? crystals, a valueV),=0.65

whereN,q4q4is the noise added to the teleported light. We use_, 0.7 has been achieved3], without restrictions on the

the added noise as a measure of teleportation success insté)htilses of interacting beams. These results speak about a very
of commonly used fidelitye = i) pod i) (Where| g is g% d possibility to reach the quantum regime of teleportation

) . . . . using the existing experimental techniques and the protocol
the incoming state and,, is the density matrix of the out- 9 g exp q P

put), for the two following reasons. First, fidelity generally presented in this paper.

q d the i . tat hile for the tel ati Let us briefly compare our scheme to that using squeezed
'epends on the incoming state, while for the teleportation ogtates[7,8]. In classical teleportation the output field is a sum
field state, which is a linear in field transformation, the out-

S . . ;- =70 of the input one and four additional noiseguantum duties
put field is always the incoming one plus some noise; so it ﬁAf]) as shown by Eq(9), the noise added to a random
S:Lugﬁgé%tdgfs&r'ebﬁ] ég;fg&esgtft'ggcgﬁéhE:%i?gu?ggtaé Ic %qﬁadrature being always more than 2. Quantum teleportation
differ from the input one in two ways: in averag@ssplace- n be realized by using correlated ancillary fieljs and

. X . . R E, , produced by mixing two squeezed fiels andE, at a
men) and in variances of quadraturédistortion). Fidelity w " ) 2
(as well as the parameters introduced in R8f) takes into 50:50 beam splitter, so that in Ec_p) ).(”+.XW_ V2X; and
account both these effects. However, classical teleportatio ~ Yw™= V2Y2, and the added noise is given by
always can be arranged so that the average vétiegiadra-
tureg are transported correctly. So only a measure of state NS= Vit Vs, (15
distortion is necessary for characterizing the quantum nature
of teleportation, and the added noise just provides such &hereV. andV. are the variances of the quadraturgsand
measure. The added noise is related closely to other meg; ! 2

sures of quantum teleportation: it coincides with one half of_ 2’ respectively. When .the quadrature§ and Y, are .
. . + - . squeezed, the added noise becomes less than the classical
the sum of conditional variancég,, + V., of Refs.[8,15] in

il £ uni . 4 wi 1 of Ref 71 value of 2. In our approach the ancillary fields are correlated
a partl_cu Iar case o ;Jnlt);]gam, an Wm";m ore '_[ ]r']n via a QND interaction. Two QND variableXf andY,) are
a particular case of coherent input stéwenere oy is the automatically cancelled in the output field due to QND cor-
variance of the Wigner function of the output sate

. . . relations. One of the remaining noise$,j can be made as
It is easy to find from Eq(9) that for classical teleporta- small as desired by increasi?]g the gND gain and/or by
tion

squeezing this quadrature. The noise/gfcan be reduced by
1 squeezing this quadrature only. The added noise in this case

NE= 5 ((3X,)2) 5 (8%, + 5((BX2) + 5((0Y,)2)  reads Van=1)

=2 (13 1 V 1
QND_ — sim -
add =7 1_VS|mVa+ 2Vb, (16)

for any states of field&, andE,,, which can be seen from
the inequalitya®?+b?=2ab and the Heisenberg’s uncer-
tainty principle. So, to reach the quantum regime of teleporwWhereV, andV, are the variances of the quadratukgsand
tation, one must reach added noise,4<2, under con- Yp, respectively. Comparing E¢16) with Eq. (15 we see
dition that (X1)=(X,) for any phasee. In the proposed that with decreasing conditional variance the QND coupling
scheme it can be obtained by using coherent figldandE,, decreases significantly the requirements for the degree of
(with imaginary and real amplitudes, respectiyeind QND ~ Squeezing of ancillary beaniso that forvg,<3 they can
gaing>1/\3. be not squeezed at all o .

The entanglement produced by a QND deviee its It should be noted that a principal possibility to use QND
quantum state preparation regijmis usually characterized C€oupling for quantum teleportation has been pointed out in
by the conditional variance of signal given a measured valu®ef. [17]. However this paper considers only a QND gain
of meter,Vg, [16]. For the transformation described by Egs. 9= 1 and two ideally squeezed ancillary beams, in which
(1), (2) and coherent input fieldg, andE,, this variance is CaS€ no benefits from QND coupling can be seen, compared

given by to mixing these beams at a beam splitter. On the other hand,
as a QND device can be approximated by mixing the signal
~ |<5§< 5;(b>|2 1 beam.with a squeezed one on a beam spljttél, the tele-
VS‘mE<(5Xb)2>— a = (14) portation protocols relying on two squeezed states can be
((8X4)?) 1+g? considered as a particular case of our approach.

In summary, we have described a protocol for quantum
and the conditiong>1/,/3 corresponds to the condition teleportation of a single mode optical field using QND cou-
Vs‘m<%. In a recent QND experiment using cold atoms in apling as a source of entanglement of ancillary laser beams. In
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our scheme the QND device is used in the quantum statend using QND coupling for squeezed ancillary beams can
preparation regime, and the recent achievements for realizingrovide further improvement of quantum teleportation tech-
this regime satisfy the requirements for quantum teleportal'que.

tion very well. On the other hand, the existing schemes for \We thank T. Ralph and B. Buchler for valuable com-

guantum teleportation of single-mode field state are limitednents. This work was supported by INTAS, Grant No. 96-
by the restricted degree of squeezing, available at presem167.
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