PHYSICAL REVIEW A 67, 032302 (2003
Experimental investigation of continuous-variable quantum teleportation
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We report the experimental demonstration of quantum teleportation of the quadrature amplitudes of a light
field. Our experiment was stably locked for long periods, and was analyzed in terms of fifleitg with
signal transfefT;=T"+T~ and noise correlatior\/qzviﬁ‘ outVinout- We observed an optimum fidelity of

0.64+0.02, T,=1.06=0.02, andV,=0.96+0.10. We discuss the significance of bdip>1 andV <1 and
their relation to the teleportation no-cloning limit.
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Quantum teleportatiofil] is a key part of quantum infor- Teleportation is usually described as the disembodied
mation technology both in terms of communicatif®j and  transportation of amnknown quantum statfieom one place
processing 3] quantum information. Experimental demon- (Alice) to another(Bob). In our experiment, as in Ref6],
strations of teleportation have so far fallen into three mairthe teleported states are modulation sidebands of a bright
categories: teleportation of photon staféd; of ensemble optical beam. The teleportation process can be described us-
properties in liquid NMR[5]; and of optical-field statefs].  ing the field annihilation operataa=(X*+iX")/2 where
An important feature of the technique used in the optical-X*=2q4*+ 5X* are the amplitude {) and phase {)

field state experiment of Furusavea al. [6] is its high effi- quadratures of the ﬁe|d¥¢=<5(i>/2 are the real and imagi-

ciency. This results in the ability to faithfully teleport arbi- nary parts of the coherent amplitudes, abH® are the

trary input states continuously. This is due to the in pr|nC|pquuadrature noise operators. Throughout this paper, the vari-

ability to perform the required joint measurements exactly . o 42 s
and the technical maturity of optical-field detection. In con-2nces of these noise operators Wre=(5X™*). The fidelity

. . . . can be evaluated from the overlap of the inga) and out-
trast, the efficiency of single-photon experiments is presentlyf)ut (out) states, and for the Gausspian statespisbgiven by
restricted in principle due to the inability to identify all four '

Bell states, and also in practice by the low efficiency of F—

i - i b Vi Vi

single-photon production and detection. Fne— (KT +K) inVin e
Since the Furusawat al. experiment, there have been (Vi;+v;ut)(vi;+vgm)’

many proposals for how quantum teleportation may be re-
peated using different systerpiz—9]; applied to different in-  wherek™ = a;;2(1—g*)%/ (Vs + Vou) andg™ = ag, a;, are
put stated 10,11); generalized to multiparty situatiod2];  the teleportation gains. For a sufficiently broad set of coher-
and more comprehensively characterif&8,14. Inspite of  ent states, the best average fidelity at unity gain without en-
the considerable interest, to date no new experiment has beeémglement isF s 0.5. Another interesting limit is af
performed[15]. =2/3. This limit guarantees that Bob has the best copy of the
This paper reports the quantum teleportation of thenput state and is commonly referred to as ti@cloning
quadrature amplitudes of a light beam. Our scheme has limit [14]. Ideal teleportation would result iF=1.
number of notable differences to the previously published Alternatively, quantum teleportation can be defined as the
experiment. The input and output states are analyzed by tHgansfer ofquantum informatiorbetween Alice and Bob us-
same homodyne detector, allowing a more consistent evaling the T-V measure. This more general definition includes
ation of their properties. Our experiment is based on &ases for which only the useful quantum features of a system
Nd:YAG (yttrium aluminum garnétlaser that produces two have been transferred. In such cases a demonstrably quantum
squeezed beams in two independently pumped opticaresult may be obtained even though other features of the
parametric amplifier§OPAS. We use a more compact con- State, for example, the state amplitude, have been distorted
figuration for Alice’s measurements. Finally, the encodingsufficiently to degrade fidelity. In the absence of entangle-
and decoding of the input and output signals uses a total ghent, strict limits are placed on both the accuracy of mea-
four independent modulators. This allows us to completelysurement and reconstruction of an unknown state. These are
span the phase space of the input state. the so-called two quantum duties. In contrast to fidelity, the
We analyze our results using the fidelify between the T-V measure is state independent and therefore invariant un-
input and output states, and also with signal trangfeand ~ der local symplectic operations. _
noise correlatio’V, in a manner analogous to quantum non- Bob’s reconstruction is limited by the generalized uncer-
demolition analysi§7] (which we refer to as th@-V mea- tainty principle of Alice’s measurement;,Vy,=1 [16],
sure henceforth This enables us to give a more detailedwhereV,, are the measurement penalties, which holds for
characterization of the performance of our teleporter. simultaneous measurements of conjugate quadrature ampli-
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tudes. In the absence of entanglement, this places a stric
limit on Bob’s reconstruction accuracy. The limit can be ex- o
pressed+ in te+rms of quadrature signal transfer coeffic[&iits - Lo 2 5050
T*=R /R, as P =

1
Tq=T++T—T+T(1— + _)sl 2

inVin

whereR *=a*/V™ are the signal-to-noise ratios. For mini- |
mum uncertainty input statesv/f,V,,=1), this expression !
reduces toT (=T " +T" .

Bob’s reconstruction must be carried out on an optical
field, the fluctuations of which obey the uncertainty prin-
ciple. In the absence of entanglement, these intrinsic fluctua-
tlons, remain present on a”Y _reconStru,Cted fleld' Th+us thﬁM, removable mirror; 50/50, symmetric beam splitter; 98/2, 98%
ampIIEudeA and phase conditional Var'ance%l out™ Vout transmitting beam splitterip, phase control; /)M, amplitude
— (8K X oup |21 V4, , which measure the noise added during (phas¢ modulators.
the teleportation process, must satisﬂﬂ outVin|oue= 1. This

can be written in terms of the quadrature variances of the Our experimenta| setup to generate entang|ement and per-

FIG. 1. A schematic diagram of the teleportation experiment.

input and output states and the teleportation gain as form teleportation is shown in Fig. 1. We produced the en-
tanglement by combining a pair of amplitude squeezed
Vo= Vau= 9 Vi) (Vo 972V, =1 (3)  beams with ar/2 phase shift on a 50/50 beam splitf&8].

The squeezed beams were produced by the two OPAs, each

It should be noted that\'(i;\out—i_vi;\our)zz has also been Pumped with half of the 532 nm Iigl1j20_]_. We characterized
proposed for the conditional variance limit. For cases wherdn€ entanglement with the inseparability measure proposed
both quadratures are symmetric, as considered previously Duanet al. [21]; and obtained the result(X; —X;)?)
[7,10], both limits are equivalent. The product limit, how- +<(§(;+xg)2>]/2=o,44i0,02, where subscripta and b
ever, is significantly more immune to asymmetry in the tele-abel the two entangled beams; this result is well below the
portation gain and is, therefore, preferred. The criteria ofinseparability limit of unity. In our situation, this value be-
Egs.(2) and(3) enable teleportation results to be represente¢omes equivalent to the average of the squeezed variances of
on aT-V graph similar to those used to characterize quantunthe two OPAs. This corresponds to 3.6 dB of squeezing on
nondemolition experimentsl7]. each beams. Taking account of 16% loss in post-

Both theT, andV,, limits have independent physical sig- entanglement optics, we infer 4.8 dB of squeezing at the
nificance. If Bob passes thig, limit, this forbids any others  output of each OPA.
parties from doing so, therefore, ensuring that the transfer of The teleportation experimeriEig. 1) consisted of three
information to Bob is greater than to any other party. This isparts: measuremertfllice), reconstructionBob), and gen-
an “information cloning” limit that is particularly relevantin eration and verificatiorfVictor). At the generation stage, a
light of recent proposals for quantum cryptographg]. Fur-  beam was independently phase and amplitude modulated at
thermore, if Bob passes thi, limit at unity gain @ =1), 8.4 MHz. Alice then took one of the entangled beams and
then Bob has beaten the no-cloning limit and f&82/3.  combined it on a 50/50 beam splitter with the input state with
Surpassing th¥ limit is a necessary prerequisite for recon- 7/2 phase shift. The intensities of these two beams were
struction of nonclassical features of the input state such asalanced so that the sufdifference of the photocurrents
squeezing. Tha@-V measure coincides with the teleportation obtained through detection of the two beam splitter outputs
no-cloning limit at unity gain when both,=V,=1. Clearly  provided a measure of the amplitu¢iehas¢ quadrature of
it is desirable that thdy andV, limits are simultaneously the input state combined with the entangled beam. These
exceeded. Perfect reconstruction of the input state would reghotocurrents were sent electronically to Bob. Bob used
sultin Tq=2 andV,=0. them to modulate an independent laser beam that was then

The laser source for our experiment was a 1.5 W monoeombined with the second entangled beam on a 98/2 beam
lithic nonplanar ring Nd:YAG laser at 1064 nm. Its output splitter. One output of this beam splitter was Bob’s recon-
was split into two roughly equal power beams. One beanstructed output state.
was mode matched into a MgO:LiNRQrequency doubler By using removable mirrors, Victor could measure the
producing 370 mW of 532 nm light. The other beam wasWigner functions of both the input and output states. Assum-
passed through a high finesse ring cavity to reduce spectraig the states are Gaussian, Victor need only measure the two
noise. This spectrally cleaned beam, which was quantumuadratures to fully characterize the input state. We achieved
noise limited above 6 MHz, was then used to generate théhese measurements in a locked homodyne detector. It is in-
signal for teleportation; to seed a pair of MgO:LINHO teresting to note that imperfections such as inefficiency and
OPAs; and to provide local oscillator beams. low local oscillator power actually improve the results ob-
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FIG. 2. The input and output states of the teleporter, as mea<g 0-4{(c) “;.@; x (d)
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FIG. 3. Measured fidelity plotted; versus teleportation ggirn
effects.

Active control of the entire experiment required ten lock- (a) and(b); versus coherent amplitude separation between input and

ing loops and four temperature control loops. They ensure§UtPut states ifc); and on phase space (). In (a) the input signal
that the mode cleaner, frequency doubler, two OPA cavities>2 Was & ",a")=(2.9,3.5) and inb) (a”,a")~(4554).9

hases of the OPA pump beams, Alice and Bob phases, Vi Was calculated as the ratio of the input and_output co_here_nt ampli-
P ’ ' udes. The dashe@olid) lines show the classicdho-cloning lim-

tor homodd)lgne detectlon,”and l;lhel re:fltgleAphaselbet;NEendtqg of teleportation at unity gain. The solid curves are calculated
Squgeze eams were a Sta.l y loc e. : .sampg:- of the aF@suIts based on available entanglement, the dot-dashed curves in-
obtained from our teleporter is shown in Fig. 2. Figuré® 2 | de the experimental asymmetric gains: far g~ =0.84y" and

and 2Zb) show the noise of the output state as a functiqn Oftor (b) g~ =0.929". In (c) and(d) axes are normalized to the QNL.
time. The complete system maintained lock for long periods.

The data in Figs. @) and 2d) show the measurement of the satisfied perfectly by a classical teleportee., one with the
two quadratures over a 100 kHz bandwidth. Over this rangentangled state replaced by two coherent statéth zero
the noise floor of the system was constant. The signal-togain. The fidelity criterion, therefore, requires proof that the
noise-ratio was, therefore, found by comparing the pealgain of a teleportation event is unity. A subset of our data is
height at 8.4 MHz to the noise at 8.35 and 8.45 MHz. Everyshown in Figs. 8) and 3b). Each diagram plots fidelity as a
set of teleportation data consisted of four spectra, such &sinction of teleportation gain for results with identical input
those shown in Fig. (@) and 2d), as well as a quantum noise states. The solid curves show the best possible performance
calibration(not shown. Also drawn in each part of Fig. 2 are of our system, based on our entanglement, detection effi-
lines corresponding to the classical linggolid line at 4.8  ciency, dark noise, and assuming equal gain on each quadra-
dB) and the no-cloning limitdashed line at 3 dB For this  ture. Both plots demonstrate that the highest fidelity occurs
dataset, the noise floor of both quadratures lies convincinglyor gain less than unity. The increased fidelity is less obvious
below the classical limit and approaches very close to thén Fig. 3(b) where the signal is approximately twice as large
no-cloning limit. Note that these limits are those calculatedas that in Fig. 8). For small signals it is, therefore, crucial
for an ideal lossless teleporter. The fidelity obtained for thisto ensure unity gain. Obtaining the correct gain setting is
data wasF=0.64+0.02. actually one of the more troublesome experimental details.
Figure 3d) shows the area of phase space that our experifo illustrate this point, we have plotted the dashed curves on
ment has probed. All points shown here satisffed0.5. For  Figs. 3a) and 3b) for a teleporter with asymmetric quadra-
the most part, our input states had nonzero coherent ampliture gains. Such asymmetry was not unusual in our system,
tude components, thereby allowing verification of the gainsand explains the variability of the results shown in Fi¢p)3
of both quadratures. One of the features of fidelity is a strong\ summary of all our fidelity results is shown in Figic3 as
dependence on gain and signal size. For example, in the limé function of deviation from unity gain.
of a vacuum input state, the fidelity criterion will actually be  Analyzing teleportation results onfaV graph has several
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perimental conditions, particularly the gain, we have mapped
out some portion of th&-V graph.

Perhaps the most striking feature of these results are the
points with T,>1, the best of which ha3,=1.06+0.03.
Since only one party may havig,>1, this shows that Bob
has maximal information about the input signal and we have
broken the information cloning limit. The lowest observed
conditional variance product wag, = 0.96+0.10. This point
also hadrl ;=1.04+0.03. This is the first observation of both
T¢>1 and V<1, and with unity gain this would imply
breaking of the no-cloning limit for teleportation. This par-
ticular point, however, had a fidelity of 0.63.03. The main
reason for this low fidelity is asymmetric gain, the amplitude
gain wasg’=0.92+0.08, while the phase gain was
=1.12+0.08. Such gain errors have a dramatic impact on

oretical curve was calculated based on the available entanglemelflé measured fidelity because the output state then has a
and experimental losses. Representative error bars are shown féifferent classical amplitudea(") to the input, a difference

some points.

advantages when compared to fidelity. Th& graph is two

in the classical properties of the input and output states to
which fidelity is very sensitive.

In conclusion, we have performed stably locked quantum
teleportation of an optical field. The best fidelity, we directly

dimensional, and, therefore, conveys more information aboWpserved was = 0.64+0.02. The maximum two quadrature

the teleportation process. It tracks the quantum correlatiog;
and signal transfer in nonunity gain situations. In particular,yisg observed a conditional variance
it identifies two particularly interesting regimes that are not+ g 19 coincident withr

evident when using fidelity: the situations where the outpu
state has minimum noigeninimumV,), and when the input
signals were transferred to the output state optimaigxi-

gnal transfer for our apparatus waig=1.06=0.03. We
product\gf=0.96
q=1.04=0.03. This is the first ob-
Servation of bothr,>1 andV,<1. At unity gain this would
ensure violation of the no-cloning limit for teleportation. The
asymmetry in our gain, however, prevented a direct measure-

mumT,). OurT-V results are shown in Fig. 4. The classical ment of 7>0.67, thereby leaving the no-cloning limit as a
limit curve shows the ideal achievable result as a function Oiantalising prospect for future experiments.

gain if the entanglement was replaced with two coherent
states. The unity gain curve shows the locus of points ob- We thank the Australian Research Council for financial
tained at unity teleportation gain with increasing entangle-support and the Alexander von Humboldt foundation for sup-

ment. Finally, a theoretical curv@s a function of gainis
shown for our experimental parameters. By varying our ex

porting R.S. This work was a part of EU QIPC, Project No.
1ST-1999-13071(QUICOV).
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